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Â ïîñëåäíèå ãîäû àêòèâíî èññëåäóþòñÿ ðàçëè÷íûå ñïîñîáû óâåëè÷åíèÿ èíôîðìàöèîííîé åìêîñòè êà-

íàëîâ ïåðåäà÷è èíôîðìàöèè ñ ïîìîùüþ ëàçåðíûõ ïó÷êîâ. Â àòìîñôåðíî-îïòè÷åñêèõ êàíàëàõ ñâÿçè âàæíîé 
çàäà÷åé ÿâëÿåòñÿ îïðåäåëåíèå õàðàêòåðèñòèê ïó÷êîâ, êîòîðûå ìîãóò íåñòè äîïîëíèòåëüíóþ èíôîðìàöèþ, 
ïðè èõ èñêàæåíèè â òóðáóëåíòíîé àòìîñôåðå. Ñèñòåìû êîãåðåíòíîãî ñëîæåíèÿ ëàçåðíûõ ïó÷êîâ ÿâëÿþòñÿ 
ïåðñïåêòèâíûìè äëÿ çàäà÷ ïåðåäà÷è èíôîðìàöèè, çàêîäèðîâàííîé â ïîëÿðèçàöèîííîé ñòðóêòóðå ëàçåðíîãî 
ïó÷êà, ïîñêîëüêó îíè ïîçâîëÿþò èçìåíÿòü åå ñ âûñîêîé ÷àñòîòîé. Êðîìå ðàçðàáîòêè ìåòîäîâ êîäèðîâàíèÿ 
èíôîðìàöèè ïàðàìåòðàìè ñòðóêòóðèðîâàííîãî ïó÷êà íåîáõîäèìî òàêæå ðàçðàáàòûâàòü ìåòîäû èõ ïðèå-
ìà/äåêîäèðîâàíèÿ. Îïðåäåëåíèå ïîëÿðèçàöèîííîé ñòðóêòóðû èñêàæåííîãî òóðáóëåíòíîé àòìîñôåðîé ïó÷êà 
ÿâëÿåòñÿ íåòðèâèàëüíîé çàäà÷åé. Öåëüþ äàííîãî èññëåäîâàíèÿ ÿâëÿåòñÿ îöåíêà âîçìîæíîñòè îïðåäåëåíèÿ 
ïîëÿðèçàöèîííîé ñòðóêòóðû ñèíòåçèðîâàííûõ ëàçåðíûõ ïó÷êîâ ïî èñêàæåííûì àòìîñôåðíîé òóðáóëåíòíî-
ñòüþ êàðòèíàì ðàñïðåäåëåíèé èíòåíñèâíîñòè ñ ïîìîùüþ íåéðîííûõ ñåòåé. Èññëåäîâàíèå âûïîëíåíî íà îñ-
íîâå ÷èñëåííîãî ìîäåëèðîâàíèÿ. Âïåðâûå ïîêàçàíî, ÷òî ïðèìåíåíèå íåéðîííûõ ñåòåé ïîçâîëÿåò ðàçëè÷àòü 
ëèíåéíî ïîëÿðèçîâàííûé ñèíòåçèðîâàííûé ïó÷îê îò ïó÷êà ñ íåîäíîðîäíûì ðàñïðåäåëåíèåì ïîëÿðèçàöèè, 
ñôîðìèðîâàííûì ñóáïó÷êàìè ñ àçèìóòàëüíî èëè ðàäèàëüíî ðàñïðåäåëåííûìè ïîëÿðèçàöèÿìè â òóðáóëåíò-
íîé àòìîñôåðå.  

  

Êëþ÷åâûå ñëîâà: ïîëÿðèçàöèÿ, ïîëÿðèçàöèîííàÿ ñòðóêòóðà, êîãåðåíòíîå ñëîæåíèå, òóðáóëåíòíàÿ àò-
ìîñôåðà, íåéðîííàÿ ñåòü. 

 
Ââåäåíèå 

 

Óâåëè÷åíèå èíôîðìàöèîííîé ¸ìêîñòè àòìîñôåðíî îïòè÷åñêèõ êàíàëîâ ïåðåäà÷è èíôîðìàöèè ñ ïîìî-
ùüþ êëàññè÷åñêèõ ïîäõîäîâ ôàçîâîé è àìïëèòóäíîé ìîäóëÿöèè ïîäõîäèò ê ñâîåìó ïðåäåëó. Àêòèâíî èññëå-
äóþòñÿ ðàçëè÷íûå ïîäõîäû äëÿ ïðåîäîëåíèÿ ýòîãî ïðåäåëà [1, 2], îäíèì èç êîòîðûõ ÿâëÿåòñÿ èñïîëüçîâàíèå 
ðàçëè÷íûõ íàïðàâëåíèé ïîëÿðèçàöèè â êà÷åñòâå äîïîëíèòåëüíîé ñòåïåíè ñâîáîäû [3], â òîì ÷èñëå â ñèñòå-
ìàõ êîãåðåíòíîãî ñëîæåíèÿ ëàçåðíûõ ïó÷êîâ [4, 5]. Îäíàêî, îïðåäåëåíèå ðàñïðåäåëåíèé ïîëÿðèçàöèé â ïðè-
åìíîé ïëîñêîñòè â òóðáóëåíòíîé àòìîñôåðå òðåáóåò ñïåöèàëüíûõ îïòè÷åñêèõ ýëåìåíòîâ è ïðèìåíåíèÿ îñî-
áûõ ïîäõîäîâ [6]. 

Â ïîñëåäíèå ãîäû íåéðîííûå ñåòè çàðåêîìåíäîâàëè ñåáÿ â êà÷åñòâå èíñòðóìåíòà, ïîçâîëÿþùåãî ñíèçèòü 
âëèÿíèå òóðáóëåíòíîñòè â àòìîñôåðíî-îïòè÷åñêèõ êàíàëàõ ñâÿçè, èñïîëüçóþùèõ îðáèòàëüíûé óãëîâîé ìî-
ìåíò (ÎÓÌ) ëàçåðíûõ ïó÷êîâ [7–9]. Ñóòü äàííîãî ïîäõîäà çàêëþ÷àåòñÿ â îïðåäåëåíèè âåëè÷èíû ÎÓÌ, 
çàäàííîé â íà÷àëüíîé ïëîñêîñòè, ïóò¸ì àíàëèçà ðàçðóøåííîé òóðáóëåíòíîñòüþ êàðòèíû ðàñïðåäåëåíèÿ èí-
òåíñèâíîñòè â ïðè¸ìíîé ïëîñêîñòè. Òàêèì îáðàçîì, äàííûé ïîäõîä ïîçâîëÿåò ïðàêòè÷åñêè èñêëþ÷èòü âëèÿ-
íèå òóðáóëåíòíîé àòìîñôåðû, à òàêæå äåêîäèðîâàòü èíôîðìàöèþ áåç èñïîëüçîâàíèÿ äîïîëíèòåëüíûõ îïòè-
÷åñêèõ ýëåìåíòîâ è ñëîæíûõ ìåòîäèê. 

Â äàííîé ðàáîòå ìû èññëåäîâàëè ïðèíöèïèàëüíóþ âîçìîæíîñòü ïðèìåíåíèÿ íåéðîííûõ ñåòåé äëÿ îòëè-
÷èÿ ñëó÷àÿ îäíîíàïðàâëåííûõ ïîëÿðèçàöèé ñóáïó÷êîâ îò ñëó÷àåâ àçèìóòàëüíî è ðàäèàëüíî ðàñïðåäåëåííûõ 
ïîëÿðèçàöèé ñóáïó÷êîâ ïî ìãíîâåííûì èçîáðàæåíèÿì èíòåíñèâíîñòè â ïðè¸ìíîé ïëîñêîñòè, êîòîðûå â ñëó-
÷àå îäíîðîäíîé ñðåäû ÿâëÿþòñÿ òîæäåñòâåííûìè è èìåþò êîëüöåîáðàçíûé âèä. 

 
Îïèñàíèå ÷èñëåííîãî ýêñïåðèìåíòà 

 

Èçîáðàæåíèÿ èíòåíñèâíîñòè ðàññ÷èòûâàëèñü íà îñíîâå ÷èñëåííîãî ìîäåëèðîâàíèÿ ðàñïðîñòðàíåíèÿ ëà-
çåðíûõ ïó÷êîâ â òóðáóëåíòíîé àòìîñôåðå. Îïèñàíèå ÷èñëåííîãî ýêñïåðèìåíòà ïîäðîáíî îïèñàíî â [4, 5, 
11], à ñõåìà ïðåäñòàâëåíà íà ðèñ. 1. 

Òîæäåñòâåííûå (â îäíîðîäíîé ñðåäå) ðàñïðåäåëåíèÿ èíòåíñèâíîñòè â ïðè¸ìíîé ïëîñêîñòè ôîðìèðóþòñÿ 
ïðè çàäàíèè ðàçëè÷íûõ ñäâèãîâ ôàç â íà÷àëüíîé ïëîñêîñòè äëÿ ðàçíûõ ðàñïðåäåëåíèé ïîëÿðèçàöèè ñóáïó÷-
êîâ. Òàê, äëÿ çàäàíèÿ êîëüöåâîãî ðàñïðåäåëåíèÿ èíòåíñèâíîñòè â ñëó÷àå îäíîíàïðàâëåííûõ ïîëÿðèçàöèé 
ñóáïó÷êîâ çàäàåòñÿ /3 îòíîñèòåëüíûé ñäâèã ôàç ìåæäó ñóáïó÷êàìè, ÷òî ñîîòâåòñòâóåò ïó÷êó ñ ÎÓÌ ðàâ-
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íûì +1 [10]. Â ñëó÷àå ðàäèàëüíî è àçèìóòàëüíî ðàñïðåäåëåííûõ ïîëÿðèçàöèé ñóáïó÷êîâ îòíîñèòåëüíûé 
ñäâèã ôàç ìåæäó ñóáïó÷êàìè îòñóòñòâóåò [4,5,11]. 

 

 
Ðèñ. 1. Ñõåìà ÷èñëåííîãî ýêñïåðèìåíòà: 1 – óçêîïîëîñíûé ëàçåð; 2 – 1×6 âîëîêîííûé ðàçâåòâèòåëü; 3 – ôàçîâûé ìîäó-
ëÿòîð; 4 – óñèëèòåëü ìîùíîñòè; 5, 6 – âîëîêîííûå êîëëèìàòîðû; 7 – äëèííîôîêóñíàÿ ëèíçà; 8 – òóðáóëåíòíûå ôàçîâûå 
ýêðàíû; 9 – èçìåðèòåëü ïðîñòðàíñòâåííûõ õàðàêòåðèñòèê ïó÷êà; 10 – ðàñïðåäåëåíèå èíòåíñèâíîñòè â ïðèåìíîé ïëîñêî- 
  ñòè; 11 – îïòèìèçèðóþùèé SPGD-ïðîöåññîð, 12 – êîìïüþòåð. 

 
Íà ðèñ. 2 ïðèâåäåíû ïðèìåðû çàäàâàåìûõ â íà÷àëüíîé ïëîñêîñòè ôàçîâûõ ñìåùåíèé è íàïðàâëåíèé 

ïîëÿðèçàöèè ñóáïó÷êîâ è ðåçóëüòèðóþùèå ðàñïðåäåëåíèÿ èíòåíñèâíîñòè, ðåãèñòðèðóåìûå â ïðèåìíîé ïëîñ-
êîñòè â îäíîðîäíîé è òóðáóëåíòíîé ñðåäå. Íåñìîòðÿ íà òóðáóëåíòíûå èñêàæåíèÿ ìãíîâåííûõ èçîáðàæåíèé 
èíòåíñèâíîñòè (ðèñ. 2, â), óñðåäíåííûå èçîáðàæåíèÿ ðàñïðåäåëåíèé èíòåíñèâíîñòè ÿâëÿþòñÿ òîæäåñòâåí-
íûìè (ðèñ. 2, ã), êàê è â ñëó÷àå îäíîðîäíîé ñðåäû (ðèñ. 2, á). 

Äëÿ ïðîâåäåíèÿ èññëåäîâàíèÿ áûëî ðàññ÷èòàíî ïî 1000 èçîáðàæåíèé ðàñïðåäåëåíèé èíòåíñèâíîñòè  
â ïðèåìíîé ïëîñêîñòè (ðèñ. 2, â) äëÿ êàæäîãî èç çíà÷åíèé Cn2 = i  10 – 15, ãäå i ϵ {1/10; 1; 2; 3; 4; 5; 6; 
7; 8; 9; 10; 20; 30; 40; 50} äëÿ êàæäîãî ðàñïðåäåëåíèÿ ïîëÿðèçàöèé. Òàêèì îáðàçîì, âñåãî áûëî ñôîðìèðî-
âàíî ïî 15000 èçîáðàæåíèé äëÿ êàæäîé çàäàííîé ïîëÿðèçàöèîííîé ñòðóêòóðû. Èç ïîëó÷åííûõ èçîáðàæåíèé 
áûëî ñîçäàíî äâà íàáîðà äàííûõ: 

– íàáîð ñ ðàäèàëüíî ðàñïðåäåëåííûìè è îäèíàêîâî íàïðàâëåííûìè ïîëÿðèçàöèÿìè ñóáïó÷êîâ (íàáîð 
ðàäèàëüíûõ è îäíîíàïðàâëåííûõ ïîëÿðèçàöèé); 

– íàáîð ñ àçèìóòàëüíî ðàñïðåäåëåííûìè è îäèíàêîâî íàïðàâëåííûìè ïîëÿðèçàöèÿìè ñóáïó÷êîâ (íàáîð 
àçèìóòàëüíûõ è îäíîíàïðàâëåííûõ ïîëÿðèçàöèé). 

Êàæäûé èç ýòèõ íàáîðîâ äàííûõ áûë ðàçäåëåí íà òðåíèðîâî÷íóþ (60% èçîáðàæåíèé íàáîðà äàííûõ), 
âàëèäàöèîííóþ è òåñòîâóþ âûáîðêè (ïî 20% èçîáðàæåíèé íàáîðà äàííûõ). Òðåíèðîâî÷íûå è âàëèäàöèîí-
íûå âûáîðêè èñïîëüçîâàëèñü â ïðîöåññå îáó÷åíèÿ íåéðîííûõ ñåòåé, à òåñòîâûå âûáîðêè – äëÿ àíàëèçà ðå-
çóëüòàòîâ ðàáîòû îáó÷åííûõ íåéðîííûõ ñåòåé. 

 

 
à                     á                     â                     ã 

Ðèñ. 2. Èçîáðàæåíèÿ ðàñïðåäåëåíèé èíòåíñèâíîñòè â ïðèåìíîé ïëîñêîñòè: à – íàïðàâëåíèÿ ïîëÿðèçàöèé (ïîêàçàíû êðàñ-
íûìè ëèíèÿìè) è ñäâèãè ôàç ìåæäó ñóáïó÷êàìè (ïîêàçàíû ãðàäàöèåé ñåðîãî öâåòà), çàäàâàåìûå â íà÷àëüíîé ïëîñêîñòè; 
á, â – ìãíîâåííûå èçîáðàæåíèÿ ðàñïðåäåëåíèé èíòåíñèâíîñòè, ôîðìèðóþùèåñÿ â ïðèåìíîé ïëîñêîñòè äëÿ äàííîãî ñëó-
÷àÿ â îäíîðîäíîé è òóðáóëåíòíîé ñðåäå ñ Cn

2 = 5  1015 ì2/3 ñîîòâåòñòâåííî; ã – óñðåäíåíèå ïî 9000 ìãíîâåííûõ 
   èçîáðàæåíèé â òóðáóëåíòíîé ñðåäå 
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Ðåçóëüòàòû ïðèìåíåíèÿ íåéðîííûõ ñåòåé 
 

Â êà÷åñòâå àðõèòåêòóðû íåéðîííîé ñåòè áûëà âûáðàíà âåðñèÿ ñâ¸ðòî÷íîé íåéðîííîé ñåòè InceptionV3 
[12]. Êðèâûå îáó÷åíèÿ ïðèâåäåíû íà ðèñ. 3. 

 

 
à                                                                             á 

Ðèñ. 3. Êðèâûå îáó÷åíèÿ íåéðîííûõ ñåòåé: à – äëÿ ðàñïîçíàâàíèÿ ðàäèàëüíî ðàñïðåäåëåííûõ è îäèíàêîâûõ íàïðàâëåíèé  
  ïîëÿðèçàöèè; á – äëÿ ðàñïîçíàâàíèÿ àçèìóòàëüíî ðàñïðåäåëåííûõ è îäèíàêîâûõ íàïðàâëåíèé ïîëÿðèçàöèè 

 
Òàêèì îáðàçîì áûëè îáó÷åíû äâå íåéðîííûõ ñåòè: íåéðîííàÿ ñåòü, ðàçëè÷àþùàÿ ñëó÷àé îäèíàêîâûõ 

íàïðàâëåíèé ïîëÿðèçàöèè ñóáïó÷êîâ îò ðàäèàëüíî ðàñïðåäåë¸ííûõ íàïðàâëåíèé, è íåéðîííàÿ ñåòü, ðàçëè-
÷àþùàÿ ñëó÷àé îäèíàêîâûõ íàïðàâëåíèé ïîëÿðèçàöèè îò àçèìóòàëüíî ðàñïðåäåë¸ííûõ íàïðàâëåíèé. Ñõî-
äèìîñòü êðèâûõ äëÿ òðåíèðîâî÷íûõ è âàëèäàöèîííûõ âûáîðîê íà ïîñëåäíèõ ýïîõàõ ïîçâîëÿåò ñäåëàòü âû-
âîä îá îòñóòñòâèè ïåðåîáó÷åíèÿ ìîäåëåé. 

Îáó÷åííûå íåéðîííûå ñåòè äàëåå áûëè ïðèìåíåíû äëÿ ðàñïîçíàâàíèÿ ïîëÿðèçàöèîííîé ñòðóêòóðû ïî 
èçîáðàæåíèÿì èíòåíñèâíîñòè òåñòîâûõ âûáîðîê. Íà ðèñ. 4 ïðèâåäåíû ìàòðèöû îøèáîê (confusion matrix) 
äëÿ äâóõ îáó÷åííûõ íåéðîííûõ ñåòåé. Îøèáêà ðàñïîçíàâàíèÿ çàäàííîé â íà÷àëüíîé ïëîñêîñòè ïîëÿðèçàöè-
îííîé ñòðóêòóðû íà òåñòîâîé âûáîðêå ñîñòàâèëà ìåíåå 1,1% (ðèñ. 4). Òàêèì îáðàçîì âïåðâûå ïîêàçàíî, ÷òî 
íåéðîííûå ñåòè ïîçâîëÿþò îòëè÷èòü ëèíåéíî ïîëÿðèçîâàííûé ñèíòåçèðîâàííûé ïó÷îê îò ïó÷êà  
ñ íåîäíîðîäíûì ðàñïðåäåëåíèåì ïîëÿðèçàöèè. 

 

 
à                                                 á 

Ðèñ. 4. Ìàòðèöû îøèáîê (confusion matrix) íà òåñòîâûõ âûáîðêàõ: à – íåéðîííàÿ ñåòü äëÿ ðàñïîçíàâàíèÿ ðàäèàëüíî ðàñ-
ïðåäåëåííûõ (R) è îäèíàêîâûõ íàïðàâëåíèé ïîëÿðèçàöèè (U); á – íåéðîííàÿ ñåòü äëÿ ðàñïîçíàâàíèÿ àçèìóòàëüíî  
  ðàñïðåäåëåííûõ (A) è îäèíàêîâûõ íàïðàâëåíèé ïîëÿðèçàöèè (U) 

 
Íàì íå óäàëîñü óñïåøíî îáó÷èòü íåéðîííóþ ñåòü äëÿ ðàçëè÷èÿ ñëó÷àåâ àçèìóòàëüíî è ðàäèàëüíî ðàñ-

ïðåäåëåííûõ ïîëÿðèçàöèé ïî èçîáðàæåíèÿì èíòåíñèâíîñòè â ïðè¸ìíîé ïëîñêîñòè: îøèáêà ðàñïîçíàâàíèÿ íà 
âàëèäàöèîííîé âûáîðêå ñîõðàíÿëàñü íà óðîâíå 50%. Ìû ñ÷èòàåì, ÷òî äàííûé ýôôåêò ñâÿçàí ñ òåì, ÷òî ôà-
çîâûå ñìåùåíèÿ â íà÷àëüíîé ïëîñêîñòè äëÿ ýòèõ ñëó÷àåâ ÿâëÿþòñÿ òîæäåñòâåííûìè. 
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Çàêëþ÷åíèå 
 

Â ðåçóëüòàòå èññëåäîâàíèÿ óñòàíîâëåíî, ÷òî ïðèìåíåíèå íåéðîííûõ ñåòåé ïîçâîëÿåò ðàñïîçíàâàòü çà-
äàííûå ðàñïðåäåëåíèÿ ïîëÿðèçàöèè ñèíòåçèðîâàííûõ ëàçåðíûõ ïó÷êîâ â òóðáóëåíòíîé àòìîñôåðå ïî ìãíî-
âåííûì èçîáðàæåíèÿì èíòåíñèâíîñòè â ïðè¸ìíîé ïëîñêîñòè. Ðàíåå íàìè ïîêàçàíî, ÷òî ïðèìåíåíèå íåéðîí-
íûõ ñåòåé ïîçâîëÿåò ðàçëè÷àòü çíàê ÎÓÌ âèõðåâûõ ïó÷êîâ [9]. Ïðîâåä¸ííàÿ ñåðèÿ èññëåäîâàíèé óêàçûâàåò 
íà òî, ÷òî ïðèìåíåíèå íåéðîííûõ ñåòåé ïîçâîëÿåò îòëè÷àòü ïó÷êè ñ ðàçíûìè ôàçàìè â íà÷àëüíîé ïëîñêîñòè 
ïî ðàçðóøåííûì òóðáóëåíòíîñòüþ èçîáðàæåíèÿì èíòåíñèâíîñòè â ïðè¸ìíîé ïëîñêîñòè. Äàííûé ýôôåêò 
òàêæå îáúÿñíÿåò íåïðèìåíèìîñòü íåéðîííîé ñåòè äëÿ ðàçëè÷èÿ ñëó÷àåâ ðàäèàëüíî è àçèìóòàëüíî ðàñïðåäå-
ëåííûõ ïîëÿðèçàöèé ñóáïó÷êîâ, íå èìåþùèõ îòëè÷èé â ñäâèãàõ ôàç ìåæäó ñóáïó÷êàìè â íà÷àëüíîé ïëîñêî-
ñòè. 
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E.A. Bogach, E.V. Adamov, V.V. Dudorov, V.V. Kolosov. Recognition of the polarization structure 

of synthesized vector beams in a turbulent atmosphere from intensity images by neural networks. 
In recent years, various approaches to using laser beams to increase the capacity of information 

transmission channels have been actively studied. In atmospheric optical communication channels, it is 
important to determine the characteristics of beams that can carry additional information when beams are 
distorted in the turbulent atmosphere. Coherent laser beam combining systems are promising for transmitting 
information encoded in the polarization structure of a laser beam, as they allow it to be changed at high 
frequencies. In addition to developing methods for encoding information with structured beam parameters, it is 
also necessary to develop methods for their receiving and decoding. Determining the polarization structure of a 
beam distorted by a turbulent atmosphere is a non-trivial task. The aim of this study is to investigate the 
possibility of using neural networks to determine the polarization structure of synthesized laser beams through 
intensity distribution images distorted by atmospheric turbulence. The study is based on numerical simulation. 
For the first time, it has been shown that the use of neural networks makes it possible to distinguish a linearly 
polarized synthesized beam from a beam with an inhomogeneous polarization distribution formed by sub-beams 
with azimuthally or radially distributed polarizations in a turbulent atmosphere. 
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