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Âèõðåâûå áåññåëü-ãàóññîâû ëàçåðíûå ïó÷êè ÿâëÿþòñÿ îäíèì èç ïåðñïåêòèâíûõ òèïîâ âèõðåâûõ ïó÷-

êîâ, ïîñêîëüêó â èçâåñòíîé ñòåïåíè îáëàäàþò ñâîéñòâîì èíâàðèàíòíîñòè. Â äàííîé ðàáîòå ïðåäñòàâëåíà îï-
òè÷åñêàÿ ñèñòåìà ñâÿçè, èñïîëüçóþùàÿ âèõðåâûå áåññåëü-ãàóññîâû ëàçåðíûå ïó÷êè. Ñòðàòåãèÿ îáíàðóæåíèÿ 
äàííîé îïòè÷åñêîé ñèñòåìû ñâÿçè îñíîâûâàåòñÿ íà îðòîãîíàëüíîñòè âèõðåâûõ áåññåëü-ãàóññîâûõ ëàçåðíûõ 
ïó÷êîâ. Ïåðåäàò÷èê êîäèðóåò ñèìâîëû ñîîáùåíèÿ â çíà÷åíèÿ òîïîëîãè÷åñêèõ çàðÿäîâ âèõðåâûõ áåññåëü-
ãàóññîâûõ ëàçåðíûõ ïó÷êîâ. Íà ïðèåìíèêå ìíîãîêàíàëüíûé êîððåëÿöèîííûé äåòåêòîð ïî âåëè÷èíå êîððå-
ëÿöèîííûõ ìåòðèê âçàèìíîé êîãåðåíòíîñòè ïîëåé âèõðåâûõ áåññåëü-ãàóññîâûõ ïó÷êîâ îïðåäåëÿåò âåëè÷èíó 
òîïîëîãè÷åñêîãî çàðÿäà, ò.å. ñèìâîë ñîîáùåíèÿ. Ïðåäñòàâëåíû ðåçóëüòàòû òåîðåòè÷åñêîãî èññëåäîâàíèÿ 
êîððåëÿöèîííûõ ìåòðèê âçàèìíîé êîãåðåíòíîñòè íà ïðèåìíîé àïåðòóðå ïîëåé âèõðåâûõ áåññåëü-ãàóññîâûõ 
ïó÷êîâ ñ ðàçëè÷íûìè òîïîëîãè÷åñêèìè çàðÿäàìè â òóðáóëåíòíîé àòìîñôåðå. Âûðàæåíèå äëÿ ôóíêöèè âçà-
èìíîé êîãåðåíòíîñòè âòîðîãî ïîðÿäêà âèõðåâûõ áåññåëü-ãàóññîâûõ ïó÷êîâ â òóðáóëåíòíîé àòìîñôåðå ñ ðàç-
ëè÷íûìè òîïîëîãè÷åñêèìè çàðÿäàìè ïîëó÷åíî â ïàðàêñèàëüíîì ïðèáëèæåíèè ñ èñïîëüçîâàíèåì ðàñøèðåí-
íîãî ïðèíöèïà Ãþéãåíñà–Ôðåíåëÿ. Ïðè ïîñòðîåíèè ðåøåíèÿ ïðèìåíÿëàñü êâàäðàòè÷íàÿ àïïðîêñèìàöèÿ 
ôóíêöèè, îïèñûâàþùåé èñêàæàþùåå âëèÿíèå ñëó÷àéíûõ íåîäíîðîäíîñòåé ñðåäû. Ïðîâåäåí àíàëèç êîððå-
ëÿöèîííûõ ìåòðèê âçàèìíîé êîãåðåíòíîñòè íà ïðèåìíîé àïåðòóðå ïîëåé áåññåëü-ãàóññîâûõ ïó÷êîâ ñ ðàç-
ëè÷íûìè òîïîëîãè÷åñêèìè çàðÿäàìè â çàâèñèìîñòè îò îïòè÷åñêîé òîëùè àòìîñôåðíîé òóðáóëåíòíîñòè. Ïî-
êàçàíî, ÷òî âîçìîæíîñòü îïòè÷åñêîé ñèñòåìû ñâÿçè, èñïîëüçóþùåé áåññåëü-ãàóññîâû ïó÷êè, íà îñíîâå êî-
äèðîâàíèÿ ïî òîïîëîãè÷åñêîìó çàðÿäó ïó÷êà ñ ìíîãîêàíàëüíûì êîððåëÿöèîííûì äåòåêòîðîì íà ïðèåìíèêå 
íå îãðàíè÷åíà ñóùåñòâåííî èñêàæàþùèì âëèÿíèåì àòìîñôåðíîé òóðáóëåíòíîñòè. 

 

Êëþ÷åâûå ñëîâà: îïòè÷åñêèé âèõðü, áåññåëü-ãàóññîâ ïó÷îê, îïòè÷åñêàÿ ñèñòåìà ñâÿçè, àòìîñôåðíàÿ 
òóðáóëåíòíîñòü, êîãåðåíòíîñòü, ñðåäíÿÿ èíòåíñèâíîñòü; optical vortex, Bessel-Gaussian beam, optical 
communication system, atmospheric turbulence, coherence, mean intensity. 

 
Ââåäåíèå 

 

Êîíêðåòíîå èñïîëüçîâàíèå îïòè÷åñêèõ ìîä, íåñóùèõ îðáèòàëüíûé óãëîâîé ìîìåíò, â îïòè÷åñêèõ ñèñòå-
ìàõ êîììóíèêàöèè ãëóáîêî è âñåñòîðîííå îáñóæäàëîñü â îáçîðíîé ñòàòüå [1]. Ïðîèçâîäèòåëüíîñòü ïðèåìíè-
êà ïðÿìîãî îáíàðóæåíèÿ â âèäå ìàññèâà êîëüöåâûõ äåòåêòîðîâ ïðîàíàëèçèðîâàíà â ðàáîòå [2] äëÿ áåñïðî-
âîäíîé îïòè÷åñêîé ñèñòåìû ñâÿçè, èñïîëüçóþùåé âèõðåâûå ëàçåðíûå ïó÷êè. Ñðàâíåíèå ïðîèçâîäèòåëüíîñòè 
îïòè÷åñêèõ ñèñòåì ñâÿçè, èñïîëüçóþùèõ ñîîòâåòñòâåííî «èäåàëüíûå» âèõðåâûå ïó÷êè è âèõðåâûå ëàãåðð-
ãàóññîâû ïó÷êè, ïðîâåäåíî â ïóáëèêàöèè [3], ïðè ýòîì ïîêàçàíî, ÷òî ïåðâàÿ èç îïòè÷åñêèõ ñèñòåì ñâÿçè 
äàåò ìåíüøóþ ÷àñòîòó îøèáîê ïðè òîé æå ìîùíîñòè ïðèåìà. Â èññëåäîâàíèè [4] ñèìâîëû ñîîáùåíèé êîäè-
ðóþòñÿ â ðàäèàëüíîì èíäåêñå êîàêñèàëüíûõ âèõðåâûõ ëàãåðð-ãàóññîâûõ ïó÷êîâ, à íà ïðèåìíèêå îáíàðóæå-
íèå äîñòèãàåòñÿ áëàãîäàðÿ îðòîãîíàëüíîñòè ýòèõ ïó÷êîâ. Îïòè÷åñêàÿ ñèñòåìà ñâÿçè ñâîáîäíîãî ïðîñòðàíñò-
âà, ïðåäíàçíà÷åííàÿ äëÿ îïòè÷åñêîãî âèõðåâîãî ìóëüòèïëåêñèðîâàíèÿ è äåìóëüòèïëåêñèðîâàíèÿ áîëüøîãî 
îáúåìà, ïðåäñòàâëåíà â ðàáîòå [5], ãäå â ïðîöåññå äåòåêòèðîâàíèÿ èñïîëüçóåòñÿ âèõðåâàÿ ðåøåòêà Äàììàííà. 
Âëèÿíèå óñðåäíåíèÿ àïåðòóðû íà îáíàðóæåíèå òîïîëîãè÷åñêîãî çàðÿäà ðàññìîòðåíî â ñòàòüå [6], ðåçóëüòàòû 
êîòîðîé äàþò êîëè÷åñòâåííóþ îöåíêó ýôôåêòèâíîñòè äåòåêòîðà òîïîëîãè÷åñêîãî çàðÿäà, èñïîëüçóåìîãî  
â âèõðåâûõ îïòè÷åñêèõ ñèñòåìàõ ñâÿçè. Êàê ïîêàçàíî â ðàáîòå [7], ìîæíî óñòðàíèòü èñêàæåíèÿ èíòåíñèâíî-
ñòè è ôàçû ïó÷êîâ ñ îðáèòàëüíûì óãëîâûì ìîìåíòîì, âûçâàííûå òóðáóëåíòíîñòüþ àòìîñôåðû, èñïîëüçóÿ 
àäàïòèâíóþ ñèñòåìó êîìïåíñàöèè ôàçû áåç äàò÷èêà âîëíîâîãî ôðîíòà. Ýêñïåðèìåíòàëüíûå, òåîðåòè÷åñêèå  
è ÷èñëåííûå èññëåäîâàíèÿ, ïðîâåäåííûå â [8], ïðèâåëè àâòîðîâ ê íåîäíîçíà÷íîìó âûâîäó, ÷òî èñïîëüçîâà-
íèå áàçèñíîãî íàáîðà ñ ïîëÿìè, ñîäåðæàùèìè îïòè÷åñêèå âèõðè, íå óâåëè÷èâàåò òåëåêîììóíèêàöèîííûå 
âîçìîæíîñòè îïòè÷åñêîé ñèñòåìû ñâÿçè. Â ñòàòüå [9] áûëà ïðåäëîæåíà åùå îäíà âîçìîæíàÿ ñòðàòåãèÿ îáíà-
ðóæåíèÿ ñèãíàëà, îñíîâàííàÿ íà ñâîéñòâå îðòîãîíàëüíîñòè âèõðåâûõ ãàóññîâûõ ïó÷êîâ ïðè êîäèðîâàíèè ïî 
òîïîëîãè÷åñêîìó çàðÿäó ëàçåðíîãî ïó÷êà ñ ìíîãîêàíàëüíûì êîððåëÿöèîííûì äåòåêòîðîì íà ïðèåìíèêå. 

Äàííàÿ ïóáëèêàöèÿ ïîñâÿùåíà òåîðåòè÷åñêîìó îáîñíîâàíèþ èñïîëüçîâàíèÿ ïîäîáíîé ñòðàòåãèè îáíà-
ðóæåíèÿ äëÿ îïòè÷åñêîé ñèñòåìû ñâÿçè íà îñíîâå âèõðåâûõ áåññåëü-ãàóññîâûõ ïó÷êîâ. Â ðàáîòå ïðîâåäåí 
àíàëèç êîððåëÿöèîííûõ ìåòðèê âçàèìíîé êîãåðåíòíîñòè âòîðîãî ïîðÿäêà íà ïðèåìíîé àïåðòóðå ïîëåé áåñ-
ñåëü-ãàóññîâûõ ïó÷êîâ ñ ðàçëè÷íûìè òîïîëîãè÷åñêèìè çàðÿäàìè â çàâèñèìîñòè îò îïòè÷åñêîé òîëùè àòìî-
ñôåðíîé òóðáóëåíòíîñòè. Îáñóæäàåòñÿ âîçìîæíîñòü ñîçäàíèÿ îïòè÷åñêîé ñèñòåìû ñâÿçè íà îñíîâå âèõðåâûõ 
áåññåëü-ãàóññîâûõ ëàçåðíûõ ïó÷êîâ, èñïîëüçóþùèõ êîäèðîâàíèå ïî òîïîëîãè÷åñêîìó çàðÿäó ïó÷êà ïðè ìíî-
ãîêàíàëüíîì êîððåëÿöèîííîì äåòåêòîðå íà ïðèåìíèêå, êàê â îäíîðîäíîé ñðåäå, òàê è â òóðáóëåíòíîé àòìî-
ñôåðå. 
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Îñíîâíûå îïðåäåëåíèÿ 
 

Äëÿ âèõðåâîãî áåññåëü-ãàóññîâà ëàçåðíîãî ïó÷êà, ðàñïðîñòðàíÿþùåãîñÿ â íàïðàâëåíèè îñè êîîðäèíàò 
, íà÷àëüíîå ðàñïðåäåëåíèå ïîëÿ ( ) çàïèñûâàåòñÿ ñëåäóþùèì îáðàçîì [10, 11]: x 0x 

        
2

2
0 0 0 2

00

, exp exp
22

m
k

U U E i J im
Ra

 
          

 
ρ ,  (1) 

ãäå  – íà÷àëüíàÿ àìïëèòóäà ïîëÿ íà îïòè÷åñêîé îñè ëàçåðíîãî ïó÷êà;  – íà÷àëüíûé ðàäèóñ ãàóññîâà 
ôàêòîðà ïîëÿ ëàçåðíîãî ïó÷êà;  – ðàäèóñ êðèâèçíû ïàðàáîëè÷åñêîãî âîëíîâîãî ôðîíòà â öåíòðå èçëó-
÷àþùåé àïåðòóðû; 

0E 0a

0R
2k     – âîëíîâîå ÷èñëî îïòè÷åñêîãî èçëó÷åíèÿ;   – äëèíà âîëíû îïòè÷åñêîãî èçëó-

÷åíèÿ â âàêóóìå; 2 2
xk k    – êîìïîíåíòà âîëíîâîãî âåêòîðà, îðòîãîíàëüíàÿ îñè  (ïàðàìåòð áåññåëåâà 

ïó÷êà, ñêàëÿðíàÿ âåëè÷èíà ñ ðàçìåðíîñòüþ 
x

1ì ); xk  – êîìïîíåíòà âîëíîâîãî âåêòîðà ïî íàïðàâëåíèþ îñè 
; x    , ,y z   ρ  – ïîïåðå÷íàÿ ê íàïðàâëåíèþ ðàñïðîñòðàíåíèÿ îïòè÷åñêîãî èçëó÷åíèÿ ïðîñòðàíñòâåííàÿ 

êîîðäèíàòà; 2 2y  z ,  y z  arctan
m

 – ìîäóëü è àðãóìåíò ýòîé êîîðäèíàòû;  – òîïîëîãè÷åñêèé çà-
ðÿä âèõðåâîãî ëàçåðíîãî ïó÷êà (  – öåëîå ÷èñëî, áåçðàçìåðíàÿ âåëè÷èíà); 

m
 mJ   – ôóíêöèÿ Áåññåëÿ ïåð-

âîãî ðîäà m -îãî ïîðÿäêà. 
 

Îñíîâíûå ñîîòíîøåíèÿ 
 

Àíàëèòè÷åñêîå ðåøåíèå äëÿ ôóíêöèè âçàèìíîé êîãåðåíòíîñòè âòîðîãî ïîðÿäêà âèõðåâûõ áåññåëü-
ãàóññîâûõ ïó÷êîâ (1) ñ ðàçëè÷íûìè çíà÷åíèÿìè òîïîëîãè÷åñêèõ çàðÿäîâ, ðàñïðîñòðàíÿþùèìèñÿ â òóðáó-
ëåíòíîé àòìîñôåðå ïî îäíîé è òîé æå òðàññå, çàïèñàíî â ïàðàêñèàëüíîì ïðèáëèæåíèè ñ èñïîëüçîâàíèåì 
ðàñøèðåííîãî ïðèíöèïà Ãþéãåíñà–Ôðåíåëÿ [12, 13]. Ïðè íàõîæäåíèè ðåøåíèÿ èñïîëüçîâàëàñü êâàäðàòè÷-
íàÿ àïïðîêñèìàöèÿ ôóíêöèè, îïèñûâàþùåé èñêàæàþùåå âëèÿíèå ñëó÷àéíûõ íåîäíîðîäíîñòåé ñðåäû. 

Äàííîå âûðàæåíèå äëÿ ôóíêöèè âçàèìíîé êîãåðåíòíîñòè âòîðîãî ïîðÿäêà âèõðåâûõ áåññåëü-ãàóññîâûõ 
ëàçåðíûõ ïó÷êîâ èìååò ñëåäóþùèé âèä: 

 

         
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2
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R
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E
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g x g x g x

g x
im i R

g x

g x q
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g x

 

 

 

     

              


          

 
       

  

       



R R R






 

 
2 2

2

0

cos ,
rg x

  
   

  

 (2) 

ãäå  ,x R  – êîîðäèíàòû òî÷êè íàáëþäåíèÿ; x  – ðàññòîÿíèå îò ïëîñêîñòè èñòî÷íèêîâ äî ïëîñêîñòè ïðèåì-

íèêà;  , RR R  – ïîëÿðíûå êîîðäèíàòû âåêòîðà òî÷êè íàáëþäåíèÿ; R k xR  – êîîðäèíàòà ìîäóëÿ 

âåêòîðà òî÷êè íàáëþäåíèÿ, íîðìèðîâàííàÿ íà äèàìåòð ïåðâîé çîíû Ôðåíåëÿ x k ;     1
01fg x i       – 

ãåîìåòðè÷åñêèé ôàêòîð;  – òåêóùåå çíà÷åíèå ðàäèóñà ãàóññîâà ëàçåðíîãî ïó÷êà [13];    0 ra x a g x

   21   2
0r
  0

4
1

3
q   

 
g x  – ãåîìåòðè÷åñêèé ôàêòîð, îïèñûâàþùèé èçìåíåíèÿ ðàäèóñà ãàóññîâà ëà-

çåðíîãî ïó÷êà â òóðáóëåíòíîé àòìîñôåðå [13]; 0x R   – ïàðàìåòð ôîêóñèðîâêè ëàçåðíîãî ïó÷êà [13]; 
2

0 0ka x   – ÷èñëî Ôðåíåëÿ ïåðåäàþùåé àïåðòóðû [13]; x k    – íîðìèðîâàííûé ïàðàìåòð êîýôôèöè-

åíòà áåññåëåâà ôàêòîðà ëàçåðíîãî ïó÷êà;  2
0q x k   – ïàðàìåòð, îïðåäåëÿþùèé îïòè÷åñêóþ òîëùèíó òóð-

áóëåíòíîé àòìîñôåðû [10, 11];  – ðàäèóñ êîãåðåíòíîñòè ïëîñêîé îïòè÷åñêîé âîëíû â òóðáóëåíòíîé àòìî-
ñôåðå [13]. 

0

 
Ôóíêöèè âçàèìíîé êîãåðåíòíîñòè âòîðîãî ïîðÿäêà âèõðåâûõ áåññåëü-ãàóññîâûõ 

ïó÷êîâ ñ ðàçëè÷íûìè çíà÷åíèÿìè òîïîëîãè÷åñêèõ çàðÿäîâ â òóðáóëåíòíîé àòìîñôåðå 
 

Ìîäóëü ôóíêöèè âçàèìíîé êîãåðåíòíîñòè âòîðîãî ïîðÿäêà ïîëåé âèõðåâûõ áåññåëü-ãàóññîâûõ ëàçåðíûõ 
ïó÷êîâ ñ ðàçëè÷íûìè çíà÷åíèÿìè òîïîëîãè÷åñêèõ çàðÿäîâ â òóðáóëåíòíîé àòìîñôåðå îïðåäåëèì ñëåäóþùèì 
îáðàçîì: 
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    
     

 

2 2
2 2

2 0

Re , ,0 Im , ,0
, , , ,

Max , ,0

mn mn
mn R mn

mn q

x x
x R x R

x


        
    

   

R R

R
 (3) 

ãäå  2 0
Max , ,0mn q

x



R 


 – ìàêñèìàëüíîå çíà÷åíèå ôóíêöèè âçàèìíîé êîãåðåíòíîñòè âòîðîãî ïîðÿäêà âèõ-

ðåâûõ áåññåëü-ãàóññîâûõ ëàçåðíûõ ïó÷êîâ ñ ðàçëè÷íûìè çíà÷åíèÿìè òîïîëîãè÷åñêèõ çàðÿäîâ â îäíîðîäíîé 
ñðåäå, ò.å. ïðè . 0q 

Â íàãëÿäíîé ôîðìå ïðîöåññ òðàíñôîðìàöèè ìîäóëåé ôóíêöèè âçàèìíîé êîãåðåíòíîñòè âòîðîãî ïîðÿäêà 
âèõðåâûõ áåññåëü-ãàóññîâûõ ëàçåðíûõ ïó÷êîâ â òóðáóëåíòíîé àòìîñôåðå  ,mn x R  ïðè 1,0x k  , 0    

è  ñ ðàçíûìè òîïîëîãè÷åñêèìè çàðÿäàìè ïðåäñòàâëåí íà ðèñ. 1. Ýòè ðèñóíêè ÿâëÿþòñÿ öâåòíûìè 

(100 ïñåâäîöâåòîâ) êîíòóðíûìè ãðàôèêàìè 
0  

 ,mn x R  äëÿ âèõðåâûõ (m  1, n  1) áåññåëü-ãàóññîâûõ ëàçåð-

íûõ ïó÷êîâ (    , 1;mn x R  0 ) êàê ôóíêöèè îò íîðìèðîâàííîé ðàäèàëüíîé êîîðäèíàòû  0;20k xR    

è íîðìèðîâàííîãî ïàðàìåòðà (îïòè÷åñêîé òîëùè òóðáóëåíòíîé àòìîñôåðû)  0;10q  , ðàññ÷èòàííûå ïî ôîð-

ìóëàì (2) è (3). 
 

 
à 

 
á 

 
â 

 
ã 

 
ä 

 
å 

 
å 

 
æ 

 
ç 

Ðèñ. 1. Ýâîëþöèÿ ìîäóëÿ êîððåëÿöèè âèõðåâûõ áåññåëü-ãàóññîâûõ ïó÷êîâ ñ ðàçíûìè òîïîëîãè÷åñêèìè çàðÿäàìè: 1m  , 

 (à); ,  (á); ,  (â); 1n  1m  2n  1m  3n  2m  , 1n   (ã); 2m  , 2n   (ä); ,  (å); 2m  3n  3m  , 

    (å); m1n  3 , 2n   (æ) è m 3 , 3n   (ç) 
 
Ìîæíî âûäåëè òðè òèïà ãðàôèêîâ. Ïåðâûé òèï ãðàôèêîâ – ïî äèàãîíàëè ìàòðèöû ãðàôèêîâ: â ýòîì 

ñëó÷àå òîïîëîãè÷åñêèå çàðÿäû îáîèõ ïó÷êîâ ñîâïàäàþò, à íà ãðàôèêàõ ïðåäñòàâëåíà ýâîëþöèÿ ñðåäíåé èí-
òåíñèâíîñòè âèõðåâûõ áåññåëü-ãàóññîâûõ ïó÷êîâ. Âòîðîé òèï – íåïîñðåäñòâåííî ðÿäîì ñ äèàãîíàëüþ ìàòðè-
öû ãðàôèêîâ: òîïîëîãè÷åñêèå çàðÿäû ïó÷êîâ îòëè÷àþòñÿ íà åäèíèöó, íà ãðàôèêàõ íàáëþäàåòñÿ îäèí «ãëî-
áàëüíûé» ìèíèìóì, óñòîé÷èâûé ê âëèÿíèþ àòìîñôåðíîé òóðáóëåíòíîñòè. Òðåòèé òèï – âñå îñòàëüíûå ãðà-
ôèêè: êîãäà òîïîëîãè÷åñêèå çàðÿäû ïó÷êîâ îòëè÷àþòñÿ äðóã îò äðóãà íà äâà è áîëåå, òî êîëè÷åñòâî 
«ãëîáàëüíûõ» ìèíèìóìîâ, óñòîé÷èâûõ ê âëèÿíèþ àòìîñôåðíîé òóðáóëåíòíîñòè, ðàâíî äâóì. 

Îòìåòèì òàêæå, ÷òî ìîäóëè ôóíêöèè âçàèìíîé êîãåðåíòíîñòè ïîëåé âèõðåâûõ áåññåëü-ãàóññîâûõ ëàçåð-
íûõ ïó÷êîâ â òóðáóëåíòíîé àòìîñôåðå îäèíàêîâû äëÿ ñèììåòðè÷íûõ ïàð çíà÷åíèé òîïîëîãè÷åñêèõ çàðÿäîâ 
âèõðåâûõ ëàçåðíûõ ïó÷êîâ (ñëåäóåò íàïðÿìóþ èç òîãî ôàêòà, ÷òî êîìïëåêñíîå ñîïðÿæåíèå âûðàæåíèÿ (2) 
íå ìîæåò èçìåíèòü âûðàæåíèå (3)). 
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Êîððåëÿöèîííûå ìåòðèêè âçàèìíîé êîãåðåíòíîñòè íà ïðèåìíîé àïåðòóðå 
 

Êîððåëÿöèîííûå ìåòðèêè âçàèìíîé êîãåðåíòíîñòè âòîðîãî ïîðÿäêà íà ïðèåìíîé àïåðòóðå äëÿ âèõðåâûõ 
áåññåëü-ãàóññîâûõ ëàçåðíûõ ïó÷êîâ ñ ðàçëè÷íûìè çíà÷åíèÿìè òîïîëîãè÷åñêèõ çàðÿäîâ ìîæíî îïðåäåëèòü 
ñëåäóþùèì îáðàçîì [9]: 

  
 

   

2

2

0 0
2

0 0

d d , ,

,

ra

R mnR x R

M m n
P m P n



  


 

,

R

 (4) 

   2 2 2 2
0 0 0 0 0

1 1
exp ,

2 2mP m a E I           
  

 


  (5) 

ãäå  0P m

m

 – ïîòîê îïòè÷åñêîãî èçëó÷åíèÿ âèõðåâîãî áåññåëü-ãàóññîâà ëàçåðíîãî ïó÷êà ñ òîïîëîãè÷åñêèì 

çàðÿäîì  â ïëîñêîñòè ïðèåìíèêà;  – ðàäèóñ ïðèåìíîé àïåðòóðû; ra  mI   – ìîäèôèöèðîâàííàÿ ôóíêöèÿ 
Áåññåëÿ -ãî ïîðÿäêà. Êîððåëÿöèîííûå ìåòðèêè âçàèìíîé êîãåðåíòíîñòè âòîðîãî ïîðÿäêà äëÿ âèõðåâûõ 
áåññåëü-ãàóññîâûõ ëàçåðíûõ ïó÷êîâ (4), (5) ïðè ðàñïðîñòðàíåíèè â îäíîðîäíîé ñðåäå èëè òóðáóëåíòíîé àò-
ìîñôåðå, âñëåäñòâèå îðòîãîíàëüíîñòè âèõðåâûõ áåññåëü-ãàóññîâûõ ïó÷êîâ, ïðèíèìàþò ñëåäóþùèé âèä: 

m

  
   

 
2

2

, 1
,

0 .

,M m m m n
M m n

m n

  


 (6) 

Êîððåëÿöèîííûå ìåòðèêè âçàèìíîé êîãåðåíòíîñòè äëÿ n m   (6) ïðè   ðàâíû åäèíèöå, à ïðè 
êîíå÷íîì ðàçìåðå ïðèåìíîé àïåðòóðû r  âñåãäà ìåíüøå åäèíèöû. Êîððåëÿöèîííûå ìåòðèêè âçàèìíîé êîãå-
ðåíòíîñòè âòîðîãî ïîðÿäêà âèõðåâûõ áåññåëü-ãàóññîâûõ ïó÷êîâ, ðàññ÷èòàííûå ïî ôîðìóëàì (2), (4) è (5), 
èçîáðàæåíû íà ðèñ. 2. 

 ra 
 a

 

 
Ðèñ. 2. Êîððåëÿöèîííûå ìåòðèêè âçàèìíîé êîãåðåíòíîñòè âòîðîãî ïîðÿäêà íà ïðèåìíîé àïåðòóðå äëÿ âèõðåâûõ áåññåëü-- 

  ãàóññîâûõ ëàçåðíûõ ïó÷êîâ ïðè 1,0x k  , 0   è 0 100   
 
Óðîâåíü êîððåëÿöèîííûõ ìåòðèê âçàèìíîé êîãåðåíòíîñòè âòîðîãî ïîðÿäêà íà ïðèåìíîé àïåðòóðå äëÿ 

âèõðåâûõ áåññåëü-ãàóññîâûõ ëàçåðíûõ ïó÷êîâ äîñòèãàåò 0,80  ïðè ðàçìåðå ïðèåìíîé àïåðòóðû 

10...12rk xa   (ñì. ðèñ. 2). 
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Çàêëþ÷åíèå 
 

Â ðàáîòå ïðîâåäåí òåîðåòè÷åñêèé àíàëèç ïîâåäåíèÿ êîððåëÿöèîííûõ ìåòðèê âçàèìíîé êîãåðåíòíîñòè 
âòîðîãî ïîðÿäêà íà ïðèåìíîé àïåðòóðå ïîëåé âèõðåâûõ áåññåëü-ãàóññîâûõ ëàçåðíûõ ïó÷êîâ ñ ðàçëè÷íûìè 
çíà÷åíèÿìè òîïîëîãè÷åñêèõ çàðÿäîâ â çàâèñèìîñòè îò ïàðàìåòðîâ ëàçåðíûõ ïó÷êîâ, ðàçìåðà ïðèåìíîé àïåð-
òóðû è îïòè÷åñêîé òîëùè àòìîñôåðíîé òóðáóëåíòíîñòè. Ïîêàçàíî, ÷òî âîçìîæíîñòü îïòè÷åñêîé ñèñòåìû 
ñâÿçè, èñïîëüçóþùåé âèõðåâûå áåññåëü-ãàóññîâû ëàçåðíûå ïó÷êè, íà îñíîâå êîäèðîâàíèÿ ïî òîïîëîãè÷åñêî-
ìó çàðÿäó âèõðåâîãî ëàçåðíîãî ïó÷êà ñ ìíîãîêàíàëüíûì êîððåëÿöèîííûì äåòåêòîðîì íà ïðèåìíèêå íå îãðà-
íè÷åíà ñóùåñòâåííî èñêàæàþùèì âëèÿíèåì àòìîñôåðíîé òóðáóëåíòíîñòè. 

 

Ôèíàíñèðîâàíèå. Ðàáîòà áûëà âûïîëíåíà â ðàìêàõ ãîñçàäàíèÿ ÈÎÀ ÑÎ ÐÀÍ.  
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I.P. Lukin. Optical communication system based on vortex Bessel-Gaussian beams. 
Vortex Bessel-Gaussian laser beams are one of the promising types of vortex beams, since they have the 

property of invariance to a certain extent. This paper presents an optical communication system using vortex 
Bessel-Gaussian laser beams. The detection strategy of this optical communication system is based on the or-
thogonality of vortex Bessel-Gaussian laser beams. The transmitter encodes the message symbols into the values 
of the topological charges of vortex Bessel-Gaussian laser beams. At the receiver, a multichannel correlation de-
tector determines the value of the topological charge, i.e. the message symbol, by the value of the correlation 
metrics of the mutual coherence of the fields of vortex Bessel-Gaussian beams. The results of a theoretical study 
of correlation metrics of mutual coherence at the receiving aperture of fields of vortex Bessel-Gaussian beams 
with various topological charges in a turbulent atmosphere are presented. The expression for the second-order 
mutual coherence function of vortex Bessel-Gaussian beams in a turbulent atmosphere with different topological 
charges is obtained in the paraxial approximation using the extended Huygens – Fresnel principle. When con-
structing the solution, a quadratic approximation of the function describing the distorting influence of random 
inhomogeneities of the medium was used. The correlation metrics of mutual coherence at the receiving aperture 
of fields of Bessel-Gaussian beams with different topological charges are analyzed depending on the optical 
thickness of atmospheric turbulence. It is shown that the possibility of an optical communication system using 
Bessel-Gaussian beams based on topological charge coding of a beam with a multichannel correlation detector at 
the receiver is not significantly limited by the distorting effect of atmospheric turbulence. 
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