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 !" 539.376 

 .!."#$%&'(), *.+. !&,-$./' 

 !"#$%&' ()$*+,"$-.!//0' -!1/&2!$%&' */&.!"$&-!- 

0 10234* "3510136 !*73890+0 :0;323!*<  

9; 5=3;>6 8"3904 * 90!8"5?9=*@ *A !*6 

3,$$#)-"!/) 4)$-")!/&! )4"!+!5678&1 $))-/)9!/&' -!"#)#!1,/&2!$%)() 4).!+!/&6 

%.,":!.01 $-!%)5 . *$5).&61 $-!%5).,/&6 & ",;#6(2!/&6 +.*#6 ",;5&2/0#& $4)$)<,#&. =$-,-

/).5!/), 2-) )<, 4)+1)+, 4")(/);&"*7- 4",%-&2!$%& &+!/-&2/0! ;,%)/0 >.)57:&& /,4"6?!/&' . 

%.,":!.)# $-!"?/! . *$5).&61 $-!%5).,/&6.  )%,;,/) 4"&#!/!/&! )+/)' &; #)+!5!' +56 )4&$,-

/&6 @)"#&").,/&6 4)5!' /,4"6?!/&' & +!@)"#,:&' . $45)9/)# %"*().)# /!)+/)")+/)# %.,"-

:!.)# :&5&/+"! (;,()-).%! $&5).)() $-!"?/6 ,/&;)-")4/)() )4-&2!$%)() .)5)%/,) . *$5).&61 

)15,?+!/&6 & /,("!.,. 

 

9BCDE)FE GB()&: %.,":!.0! $-!%5,, -!"#)#!1,/&2!$%,6 %"&.,6, $-!%5).,/&!, "!5,%$,-

:&)//0' 4!"!1)+, 2&$5!//)! #)+!5&").,/&!, )$-,-)2/0! /,4"6?!/&6. 

 !"#"$%" 

#$%&'%() )*+,-.*/&) 0/1 .23&+&'/,%.1 -*2/.4%(5 +.6&' &6+.-

4,$7.5 '&/&7&% 1'/1,+$1 4.$+&, 7'*-8,'&, $+,7/& . 7'*-8,'&, $+,7/& 

$ 0&9*'/,%.,) /,3.-:;<.5 =/,),%+&'. >,3.-&'*%., )*/(). (0–10 %) 

0&9*'7*). +*7.5 &7$.0&', 7*7 GeO2, B2O3, P2O5, $:<,$+',%%& '/.1,+ %* 

$'&?$+'* 7'*-8,'&3& $+,7/*: 7&=@@.8.,%+ /.%,?%&3& +,)6,-*+:-%&3& 

-*$A.-,%.1 . 2*'.$.)&$+B '127&$+. &+ +,)6,-*+:-( (' 4*$+%&$+., %* 

+,)6,-*+:-: -*2)134,%.1 . $+,7/&'*%.1). 

C*.9&/,, *7+.'%& .$6&/B2:,+$1 /,3.-&'*%%&, 7'*-8,'&, $+,7/& 

' %*6-*'/,%.. $6,8.*/B%(5 PM (polarization-maintaining) &6+.4,$7.5 

'&/&7&%, ' 7&+&-(5 2* $4,+ 7&%$+-:7+.'%& 2*/&D,%%&? *%.2&+-&6.. 

$+,6,%. /,3.-&'*%.1 . $&&+',+$+',%%& $'&?$+' )*+,-.*/* 6-. &5/*D-

0,%.. &+ +,)6,-*+:- '(A, +,)6,-*+:-( -*2)134,%.1 @&-).-:;+$1 

6&/1 &$+*+&4%(5 %*6-1D,%.?. E $'&; &4,-,0B, %*6-1D,%%&, $&$+&1%., 

'/.1,+ %* &6+.4,$7., 5*-*7+,-.$+.7. )*+,-.*/*, +*7., 7*7 6&7*2*+,/B 

6-,/&)/,%.1, ' 4*$+%&$+. 0':/:4,6-,/&)/,%.,. C* =+&) =@@,7+, . &$-

%&'*%* -*9&+* PM &6+.4,$7.5 '&/&7&%, ' 7&+&-(5 7&%$+-:7+.'%(, 

=/,),%+( 6&0&9-*%( . -*$6&/&D,%( +*7.) &9-*2&), 4+&9( ' $',+&-

6-&'&01<,? D./, =@@,7+ 0':/:4,6-,/&)/,%.1 9(/ )*7$.)*/B%(). 

F:<,$+':,+ 9&/BA&, 7&/.4,$+'& '*-.*%+&' .$6&/%,%.1 &6+.4,$7.5 
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PM '&/&7&% – bow-tie, elliptical, pseudo-rectangle, elliptical core bow-tie, 

panda, &+/.4*;<.5$1 ),D0: $&9&? @&-)&? . -*$6&/&D,%.,) &9/*$+,? 

/,3.-&'*%%&3& $+,7/*. G+. &9/*$+. %*2('*;+$1 SAP (stress applying 

part). E PM '&/&7%*5 +.6* Panda .$6&/B2&'*%* SAP 8./.%0-.4,$7&? 

@&-)( $ .2),%1;<,?$1 6& -*0.:$: 6& &6-,0,/,%%&): 2*7&%: $+,6,-

%B; /,3.-&'*%.1. 

#0%&? .2 '*D%(5 2*0*4 *%*/.2* %*6-1D,%%&3& $&$+&1%.1 ' 7&%-

$+-:78.15 .2 /,3.-&'*%%(5 7'*-8,'(5 $+,7&/ ' 6-.),%,%..  7 6-&.2-

'&0$+': 2*3&+&'&7 &6+.4,$7.5 '&/&7&% -*2/.4%&3& +.6* 1'/1,+$1 2*0*-

4* &6-,0,/,%.1 &$+*+&4%(5 %*6-1D,%.? 6-. &5/*D0,%.. &+ +,)6,-*-

+:- '(A, +,)6,-*+:-( -*2)134,%.1 0& 7&)%*+%&? +,)6,-*+:-(. H*7, 

%*6-.),-, ' [1, 2] +*7*1 2*0*4* -,A,%* ' +,-)&:6-:3&? 6&$+*%&'7,. 

H*7D, 6-,0$+*'/1,+ .%+,-,$ ),5*%.4,$7&, 6&',0,%., 2*3&+&'7. 6-. 

6&$/,0:;<,) %*3-,',, ' 4*$+%&$+. 6-&3%&2.-&'*%., ='&/;8.. ,, 

'%,A%,3& -*0.:$* (3*9*-.+%&3& -*2),-*). 

E :$/&'.15 7&30* $+,6,%B /,3.-&'*%.1 7'*-8,'&3& $+,7/* $./B%& 

%,&0%&-&0%* 6& &9I,):, %,&95&0.)& :4.+('*+B ,, 2%*4.+,/B%&, '/.1-

%., %* $'&?$+'* )*+,-.*/*. J&=+&): 0/1 *%*/.2* %*6-1D,%%&3& $&-

$+&1%.1 ' 2*3&+&'7*5 SAP 0/1 PMF +.6* Panda, $+,6,%B /,3.-&'*%.1 

' 7&+&-(5 2*0*%* &6-,0,/,%%&? 2*'.$.)&$+B; &+ -*0.:$*, )( '(9-*/. 

*%*/&3.4%(? [1, 2] 6&05&0, ' 0&6&/%,%., 7 7&+&-&): %*). .$6&/B2&'*-

%* )&0,/B +,-)&),5*%.4,$7&3& 6&',0,%.1, $6&$&9%*1 *0,7'*+%& :4.-

+('*+B '7/*0 ' @&-).-&'*%., 6&/,? &$+*+&4%(5 %*6-1D,%.? -,/*7$*-

8.&%%(5 6-&8,$$&' . 6,-,5&0&' ($+,7/&'*%.1), '&2%.7*;<.5 6-. &5-

/*D0,%.. 2*3&+&'7.. 

&'#"() *"+,',"-.$%/"01'2' 3'!"#"$%4 1!.+5"!'2' 0*"1(.  

! 60('!%4- +"(.10.5%'$$'2' 3"+"-'#. 

E %*$+&1<,, '-,)1 @.2.7&-),5*%.4,$7., $'&?$+'* . 7&%$+*%+( 

4.$+&3& 7'*-8,'&3& $+,7/* 0&$+*+&4%& 5&-&A& .2:4,%( . 0&$+:6( ' 

/.+,-*+:-, [3–5].  

K&0:/B :6-:3&$+. -*$+,+ &+ 6500 73/))
2
 6-. 7&)%*+%&? +,)6,-*-

+:-, 0& 2%*4,%.? %* 9–11% 9&/BA.5 6-. 200T  !F, 6-. =+&) 7&=@@.-

8.,%+ J:*$$&%* /.%,?%& .2),%1,+$1 &+ 0,17 0& 0,2. "&=@@.8.,%+ +,)-

6,-*+:-%&3& -*$A.-,%.1 4.$+&3& 7'*-8* )*/ (5"10
–7 
 

-1
) . 6-.),-%& 

6&$+&1%,% ' &9/*$+. +,)6,-*+:- $+,7/&&9-*2%&3& $&$+&1%.1. C*6-&-

+.', 2*'.$.)&$+B '127&$+. &+ +,)6,-*+:-( $:<,$+',%%*.  
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C*.9&/BA,, '/.1%., %* ='&/;8.; %*6-1D,%%&-0,@&-).-&'*%%-

%&3& $&$+&1%.1 ' 7'*-8,'(5 $+,7/*5, 7*7 6&7*2('*,+ 6-,0'*-.+,/B%(? 

-*$4,+, &7*2('*,+ +,)6,-*+:-%*1 2*'.$.)&$+B '127&$+. #  (-.$. 1). 

E -*9&+, [6] 0/1 ,L *66-&7$.)*8.. 6-,0/&D,%& :-*'%,%., M&3,/1–

H*))*%*–M:/B3,-* 

 
0

lg( ( ))
B

T A
T T

#  $
%

, (1) 

30, 2, 487A  % , 15004B  , 0 253T  ". 

#0%*7& :0&9%,, .$6&/B2&'*+B $&&+%&A,%.1 N--,%.:$* '.0* 

 2
1lg( ( ))

K
T K

T
#  $ , (2) 

30, 1 5,4154K  % , 4
2 2, 2316 10K  " . 

 

O.$ 1. H,)6,-*+:-%*1 2*'.$.)&$+B '127&$+. 4.$+&3& 7'*-8* 

 4.+('*1, 4+& %* 6-&+1D,%.. '$,? +,5%&/&3.4,$7&? 8,6&47. 

' 2*3&+&'7*5 . 3&+&'&) 7'*-8,'&) '&/&7%, 6-&.$5&01+ ' &$%&'%&) +,)-

6,-*+:-%(, 0,@&-)*8.., 7&+&-(, ' $'12. $ )*/&$+B; 7&=@@.8.,%+* 

/.%,?%&3& +,)6,-*+:-%&3& -*$A.-,%.1 (>"HO) 710%& '  %,',/.7., 9(-

/* 6-.%1+* 3.6&+,2* )*/(5 0,@&-)*8.?. 

E &0%&&$%&) $/:4*, %,$'12*%%*1 7'*2.$+*+.4,$7*1 7-*,'*1 2*0*4* 

& %*6-1D,%%&-0,@&-).-&'*%%&) $&$+&1%.. $ :4,+&) )*/&$+. 0,@&--

)*8.? . %,$:<,$+',%%&$+B; '7/*0* )*$$&'(5 $./ '7/;4*,+: 
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:-*'%,%., -*'%&',$.1 

 0
x

()
 

(
, x l* , (3) 

3,&),+-.4,$7., $&&+%&A,%.1 "&A.:  

 
u

x

(
+  

(
, x l* . (4) 

30, , -,u x t  – 6,-,),<,%., '0&/B &$. !, , -,x t+  – 6&/%*1 0,@&-)*8.1, 

* +*7D, 3-*%.4%(, :$/&'.1 ' 6,-,),<,%.15 . %*6-1D,%.15. 

E -*9&+, [7] ' 7*4,$+', &6-,0,/1;<.5 $&&+%&A,%.? .$6&/B2&'*-

%( $&&+%&A,%.1 )*7$',/&'$7&3& +.6* 

 ( )T BE)  + % + %+ , 
, -

B

t T

(+ )
 

( #
. (5) 

!/1 '('&0* &6-,0,/1;<.5 $&&+%&A,%.? '&$6&/B2:,)$1 $5,)&?, 

6-,0/&D,%%&? ' [6] $ .$6&/B2&'*%.,) @:%78.. -*$6-,0,/,%.1. J,-,-

5&0 .2 '127&+,7:4,3& ' $+,7/&&9-*2%&, $&$+&1%., ' 0*%%&) $/:4*, &6.-

$('*,+$1 @:%78.,? -*$6-,0,/,%.1 , -N T , 7&+&-*1 6-,0$+*'/1,+ $&9&? 

&+%&$.+,/B%:; 0&/; &9I,)%&3& $&0,-D*%.1 2*$+,7/&'*%%&3& )*+,-

-.*/* ' &9<,) 7&/.4,$+', )*+,-.*/*. H&30*, 6-,06&/*3*1, 4+& 0/1 2*-

$+,7/&'*%%&3& )*+,-.*/* $6-*',0/.' :6-:3.? 2*7&% P:7*, * 0/1 -*2-

)134,%%&3& $+,7/* – /.%,?%& '127., $&&+%&A,%.1, . .$6&/B2:1 $),$,-

'(, $&&+%&A,%.1, 6&/:4.) 

 ( )( ) ( )(1 ( ))TE N T T N T
t

(+
)  " + % + $ # %

(
. (6) 

#+),+.), 4+& 6-. .$6&/B2&'*%.. 0*%%(5 $&&+%&A,%.? %,&95&-

0.)& 2%*+B .%+,-'*/ +,)6,-*+:- $+,7/&'*%.1. J&$7&/B7: 6-&8,$$ 

$+,7/&'*%.1 &6.$('*,+$1 @:%78.,? -*$6-,0,/,%.1, '127&$+B :0&9%& 

2*0*'*+B 7:$&4%&-%,6-,-('%&? @:%78.,? +.6* 

 

2
1

2
1

,

.

,
2

lg( ( ))
,

2
2

g

g

g

K LK T T
T

T
K LK T T

LT

.
/
/
0
/
/
1

$ 2 $

#  
$ 3 $

$

 (7) 

!/1 6&0+',-D0,%.1 %* 7*4,$+',%%&) :-&'%, *0,7'*+%&$+. 6&-

$+-&,%%(5 @.2.4,$7.5 $&&+%&A,%.? (6) 6-. -,/*7$*8.&%%(5 6,-,5&-

0*5 9(/ 4.$/,%%& $)&0,/.-&'*% &0%&&$%(? +,-)&),5*%.4,$7.? =7$-

6,-.),%+ %* 7'*-8,'&) $+,-D%,, 2*7-,6/,%%&) $ &9&.5 7&%8&': 
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 , - , -0, , 0u t u l t  . (8) 

!/1 $&&+%&A,%.? (6) 9(/ .$6&/B2&'*% 2*7&% -*$6-,0,/,%.1 >*6/*$*: 

1 0,5exp ,

0,5exp ,

g

g

L

g

g

T T
T T

L
N

T T
T T

L

. %4 5
% 6/ 7 89/ : ;

 0
%4 5/ % <7 8/ 9: ;1

 

30, L9  – 6&7*2*+,/B 0/.%( 6-&),D:+7* $+,7/&'*%.1, gT  – +,)6,-*+:-* 

$+,7/&'*%.1. 

C* 6,-'&) =+*6, (-.$. 2) &9-*2,8 &5/*D0*,+$1 $ 6&$+&1%%&? $7&-

-&$+B; &+ +,)6,-*+:-(, 6-,'(A*;<,? gT . C* '+&-&) =+*6, 6-&.2'&-

0.+$1 -*23-:27* $+,-D%1. C* +-,+B,) =+*6, %,%*6-1D,%%(? $+,-D,%B, 

2*<,)/,%%(? $ &9&.5 7&%8&', -*'%&),-%& $ 6&$+&1%%&? $7&-&$+B; %*-

3-,'*,+$1. C*6-1D,%., '&2-*$+*,+ 2* $4,+ +,)6,-*+:-%&3& -*$A.-,%.1 

0& +,5 6&-, 6&7* +,)6,-*+:-* %, 6-,'($.+ +,)6,-*+:-: -*2)134,%.1 

)*+,-.*/*. J-. 0*/B%,?A,) %*3-,', 6-&.$5&0.+ -,27.? $6*0 %*6-1D,-

%.?, 4+& &9I1$%1,+$1 :),%BA,%.,) 5*-*7+,-%(5 '-,),% -,/*7$*8.. 0& 

',/.4.%, $&6&$+*'.)(5 $& '-,),%,) 6-&',0,%.1 =7$6,-.),%+* 2* $4,+ 

:),%BA,%.1 '127&$+.. 

 

O.$. 2. H,-)&),5*%.4,$7*1 7-.'*1 2*<,)/,%%&3&  

7'*-8,'&3& &9-*28* 6-. $7&-&$+. &5/*D0,%.1 . %*3-,'*  

10T   !F/).%:  – $ .$6&/B2&'*%.,) $&&+%&A,%.?  

(4), -- $ .$6&/B2&'*%.,) $&&+%&A,%.? (5) 



 

 90

J-. '*-B.-&'*%.. $7&-&$+. &5/*D0,%.1 . %*3-,'* 9(/& 2*),4,-

%&, 4+& +,)6,-*+:-* $+,7/&'*%.1 ),%1,+ $'&. 2%*4,%.1. !/1 $7&-&$+,? 

1 20T  % ! F/).% 6&/:4,%& $,),?$+'& 7-.'(5 (-.$. 3). #9-*+.) '%.)*-

%., %* +&+ @*7+, 4+& =+. 7-.'(, 7'*2.6*-*//,/B%(, . '&$6&/B2:,)$1 

.) 0/1 6&$+-&,%.1 2*'.$.)&$+. +,)6,-*+:-( -*2)134,%.1 &+ $7&-&$+. 

&5/*D0,%.1 (-.$. 4). Q*),+.), 4+& 6-. :',/.4,%.. $7&-&$+. &5/*D0,-

%.1 -&$+ +,)6,-*+:-( $+,7/&'*%.1 2*),0/1,+$1. 

R.$/,%%&, -,A,%., 2*0*4. +,-)&),5*%.7. (3), (4), (6)–(8) 9:0,) 

6-&.2'&0.+B 6&A*3&'() ),+&0&). 

 

O.$. 3. F,),?$+'& +,-)&),5*%.4,$7.5 7-.'(5 2*<,)/,%%&3&  

7'*-8,'&3& &9-*28* 6-. $7&-&$+15 &5/*D0,%.1 1 20T  % !F/).% 

 

O.$. 4. Q*'.$.)&$+B +,)6,-*+:-( -*2)134,%.1  

&+ $7&-&$+. &5/*D0,%.1 T  
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F =+&? 8,/B; '',0,) ' -*$$)&+-,%., $,+7: %* &$. '-,),%. $ :2-

/*).: 0 1 2 10,   ,  ,...,  ,  ,...m mt t t t t $ . H&30* )&D%& 6&$+-&.+B 0.$7-,+%(? 

6& '-,),%. -*2%&$+%(? *%*/&3 7-*,'&? 2*0*4. (3), (4), (6)–(8), 7&+&-(? 

6-. &$:<,$+'/,%.. m-3& A*3* 6& '-,),%. 9:0,+ .),+B '.0 

 ( )m m m m
T BE)  + % + % + , (9) 

 , -

1

1

m m m
" "

m m mt t T

%

%

+ % + )
 

% #
, (10) 

 m m
T T+  &= , (11) 

4+& $&&+',+$+':,+ %,1'%&? $5,), &+($7*%.1 %,.2',$+%(5 %* m-) '-,-

),%%&) $/&,. H,&-,+.4,$7.? *%*/.2 $5&0.)&$+. 6-&8,$$* %, 6-&.2'&-

0./$1. J-*7+.4,$7., '(4.$/,%.1 6& &6.$*%%&): */3&-.+): 6&0+',--

D0*;+ $5&0.)&$+B $5,)( 6-. :),%BA,%.. '-,),%%&3& A*3*.  

H*7.) &9-*2&), .$6&/B2&'*%., &6-,0,/1;<.5 $&&+%&A,%.? (5) 

. (6) 6-.'&0.+ 7 7*4,$+',%%& . 7&/.4,$+',%%& .0,%+.4%() -,2:/B+*+*). 

F/,0&'*+,/B%&, &6.$*%., +,-)&),5*%.4,$7&3& 6&',0,%.1 7'*-8,'(5 

$+,7&/ ' :$/&'.15 -,/*7$*8.&%%&3& 6,-,5&0* '&2)&D%& %* &$%&', &6-,-

0,/1;<.5 $&&+%&A,%.?, 6-,0/*3*,)(5 ' -*9&+, [6] 0/1 &6.$*%.1 +,--

)&),5*%.4,$7&3& 6&',0,%.1 $+,7/:;<.5$1 6&/.),-%(5 )*+,-.*/&'. 

7'0*.$'!1. % /%0("$$'" +"8"$%" 9.#./% *"+,',"-.$%1% 

0*"1(6:;"2'04 5%(%$#+. 

O*$$)*+-.'*,+$1 2*0*4* &6.$*%.1 ='&/;8.. %*6-1D,%%&3& $&-

$+&1%.1 ' &$,$.)),+-.4%&) 0/.%%&) 8./.%0-.4,$7&) $+,-D%, .2 %,-

&0%&-&0%&3& 6& -*0.:$: )*+,-.*/* ' 6-&8,$$, &5/*D0,%.1 . 6&$/,-

0:;<,3& %*3-,'*, $&6-&'&D0*;<,)$1 -,/*7$*8.&%%() 6,-,5&0&) .2 

-*2)134,%%&3& ' 2*$+,7/&'*%%&, $&$+&1%., ($+,7/&'*%.,) . -*2)134,-

%.,)). 

!/1 6-&3%&2.-&'*%.1 ='&/;8.. %*6-1D,%%&3& $&$+&1%.1 %,&9-

5&0.)* )*+,)*+.4,$7*1 )&0,/B +,-)&),5*%.4,$7.5 6-&8,$$&', 6-&.$-

5&01<.5 6-. &5/*D0,%.. 7&%$+-:78.. .2 /,3.-&'*%%(5 7'*-8,'(5 

$+,7&/ &+ +,)6,-*+:- '(A, +,)6,-*+:-( $+,7/&'*%.1 0& +,)6,-*+:-( 

&7-:D*;<,? $-,0(, $6&$&9%*1 *0,7'*+%& &+-*2.+B 6&',0,%., )*+,-

-.*/* 7*7 ' 2*$+,7/&'*%%&) ./. -*2)134,%%&) $&$+&1%.15, +*7 ' :$/&-

'.15 6,-,5&0%&3& -,/*7$*8.&%%&3& 6-&8,$$*. "/;4,'&? ' =+&) '&6-&-
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$, 1'/1,+$1 2*0*4* 6&$+-&,%.1 &6-,0,/1;<.5 $&&+%&A,%.?, &+-*-

D*;<.5 $'12B +,%2&-&' %*6-1D,%.? . 0,@&-)*8.. ' A.-&7&) 0.*6*-

2&%, .2),%,%.1 +,)6,-*+:-. E 0*%%&) $/:4*, .$6&/B2&'*% *%*/&3 )&-

0,/. (5), 2*6.$*%%(? 0/1 $/&D%&3& %*6-1D,%%&3& $&$+&1%.1. 

 4.+('*1, 4+& %* 6-&+1D,%.. '$,? +,5%&/&3.4,$7&? 8,6&47. 

' .20,/.. 6-&.$5&01+ ' &$%&'%&) +,)6,-*+:-%(, 0,@&-)*8.., 7&+&-

-(, ' $'12. $ )*/&$+B; 7&=@@.8.,%+* /.%,?%&3& +,)6,-*+:-%&3& 

-*$A.-,%.1 (>"HO) 7 110 K% %& '  %,',/.7., 9(/* 6-.%1+* 3.6&+,2* )*-

/(5 0,@&-)*8.?. S2',$+%& [5], 4+& -,/*7$*8.&%%(, 6,-,5&0( ($+,7/&-

'*%., ./. -*2)134,%.,) %, $&6-&'&D0*;+$1 '(0,/,%.,) ./. 6&3/&<,-

%.,) +,6/*. J-.%.)*1 '& '%.)*%., &+$:+$+'., .$+&4%.7&' +,6/* ' )*-

+,-.*/,, )*/&$+B 0,@&-)*8.? . 6-,%,9-,D.)& )*/&, 0.$$.6*+.'%&, 

+,6/&'(0,/,%.,, )&D%& -*20,/.+B 7-*,':; 2*0*4: %,$+*8.&%*-%&? +,-

6/&6-&'&0%&$+. . 7-*,':; 2*0*4: +,-)&),5*%.7. & %*6-1D,%%&-

0,@&-).-&'*%%&) $&$+&1%.., 7&+&-(, ' +*7&? 6&$+*%&'7, 1'/1;+$1 

%,$'12*%%().. T:0,) 6-,06&/*3*+B, 4+& ' $+,-D%, -,*/.2:;+$1 :$/&-

'.1 $:<,$+'&'*%.1 &9&9<,%%&3& 6/&$7&0,@&-).-&'*%%&3& $&$+&1%.1 

6-. %*/.4.. &$,'&? $.)),+-.. ' -*$6-,0,/,%.. $'&?$+' )*+,-.*/* . 

+,)6,-*+:-%(5 6&/,?. H&30* ' 8./.%0-.4,$7&? $.$+,), 7&&-0.%*+ 6&-

$+*%&'7* 2*0*4. %,$+*8.&%*-%&? +,6/&6-&'&0%&$+. 9:0,+ .),+B $/,-

0:;<.? '.0 [8]: 

#$%&'(')( *(+,-+$-&-.'-/*) 

 
( , ) 1 ( , )

( , ) ( , ) ( , )
 

T r t T r t
c r T r T r r T

t r r r

( ( (4 5>  ?7 8( ( (: ;
, @ A0,r b* , (12) 

30, , -,c r T , , -,r T? , , -,r T>  – $&&+',+$+',%%& +,6/&,)7&$+B, +,6/&6-&-

'&0%&$+B . 6/&+%&$+B %,&0%&-&0%& /,3.-&'*%%&3& )*+,-.*/*, b  – -*-

0.:$ $+,-D%1; 

0$%')1'2( #/,-&)3 

 , -, - , -4c 0
0

( , ) ( , )
0,    ( , ) , , ,

r r b

T r t T r t
b T h T b t T T b t

r r  

( (
 %?  % $ +)

( (
 (13) 

30, 6,-'&, $/*3*,)&, 6-*'&? 4*$+. &6.$('*,+ 7&%',7+.'%(? +,6/&6,-

-,%&$, * '+&-&, – .2/:4,%., (2*7&% F+,@*%*–T&/B8)*%*), +  – 7&=@@.-

8.,%+ 4,-%&+(, 0)  – 6&$+&1%%*1 F+,@*%*–T&/B8)*%*, h  – 7&=@@.8.-

,%+ +,6/&&+0*4., cT  – +,)6,-*+:-* &7-:D*;<,? $-,0(; 
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'%1%,4'2( #/,-&)3 

 , - 0,0T r T , @ A0,r b* . (14) 

C,$'12*%%*1 7'*2.$+*+.4,$7*1 7-*,'*1 2*0*4* ),5*%.7. $ :4,+&) 

)*/&$+. 0,@&-)*8.? . %,$:<,$+',%%&$+B; '7/*0* )*$$&'(5 $./ 

'7/;4*,+ [9]: 

#$%&'(')( $%&'-&(/)3 

 
( , ) ( , )( , )

0
rr

r t r tr t

r r

B) %)()
$  

(
, , -0, ;r b*  (15) 

0(-5(*$)1(/6)( /--*'-7(')3 

 

@ A

( , ) ( , )
( , ) ,     ( , ) ,    

 

( ) const,     0, ;

r r
r

z

u r t u r t
r t r t

r r

t r b

B

(
+  +  

(
+  *

 (16) 

0$%')1'2( #/,-&)3 

 
@ A

0

( , ) 0,     (0, ) 0,     

( , ) 0,    0, . 

r r

b

z

b t  u t

r r t dr r b

)   

)  *C
 (17) 

F.$+,)* :-*'%,%.? 2*0*4. & %*6-1D,%%&-0,@&-).-&'*%%&) $&-

$+&1%.. '7/;4*,+ +*7D, &6-,0,/1;<., $&&+%&A,%.1 [9]. !/1 &6.$*-

%.1 %* ,0.%&? &$%&', ),5*%.4,$7&3& 6&',0,%.1 7'*-8,'&3& $+,7/* 

' +,)6,-*+:-%&) 0.*6*2&%,, '7/;4*;<,) -,/*7$*8.&%%(? 6,-,5&0, 

9(/. .$6&/B2&'*%( &6-,0,/1;<., $&&+%&A,%.1 '.0* (6)–(7), &9&9-

<,%%(, %* $/:4*? $/&D%&3& %*6-1D,%%&3& $&$+&1%.1:  

, -4
( , ) ( ) ( , ) ( , ) ( , )

3

2
( ) ( , ) ( , ) ( , ) ( ) ( , ) ( , ) ,

3

r r Br T

B T z Bz T

r t B G r t r t r t

B G r t r t r t t r t r tB B

)  $ + % + % + $

D E$ % + % + % + $ + % + % +F G

 

 
, -

@ A

4
( , ) ( ) ( , ) ( , ) ( , )

3

2
( ) ( , ) ( , ) ( , ) ( ) ( , ) ( , ) ,

3

B T

r Br T z Bz T

r t B G r t r t r t

B G r t r t r t t r t r t

B B B)  $ + % + % + $

$ % + % + % + $ + % + % +

 (18) 

, -4
( , ) ( ) ( ) ( , ) ( , )

3

2
( ) ( , ) ( , ) ( , ) ( , ) ( , ) ( , ) ,

3

z z Bz T

r Br T B T

r t B G t r t r t

B G r t r t r t r t r t r tB B

)  $ + % + % + $

D E$ % + % + % + $ + % + % +F G
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 , -

1
( , ) ( ),

1
( , ) ( ), 0, ,

1
( , ) ( ),

B

Br r

Bz z

r t

r t r b

r t

B B

.
+  ) %)/ #/
/
+  ) %) *0

#/
/
+  ) %)/

#1

 

 

 

 (19) 

30, 

0

( , ) ( , )

T

T

T

r t r T dT+  &C  – /.%,?%*1 +,)6,-*+:-%*1 0,@&-)*8.1; B – 

)&0:/B &9I,)%&3& $D*+.1; G – )&0:/B $0'.3*; ( , )B r tB+ , ( , )Br r t+ , 

( , )Bz r t+  – 7&)6&%,%+( +,%2&-* '127.5 0,@&-)*8.? ˆ ( , )B r t+ , 

, -, ( ) / 3r zr t B)  ) $) $)  – $-,0%,, %*6-1D,%.,; , -
, -
, -,

0( , )

K r

T r t
r T r e#  # , 

( , )r T&  – '127&$+B . 7&=@@.8.,%+ +,)6,-*+:-%&3& -*$A.-,%.1 )*+,-

-.*/*, 2*'.$1<., &+ +,)6,-*+:-( . &+ %,&0%&-&0%& -*$6-,0,/,%%(5 

6& &9I,): +,/* /,3.-:;<.5 6-.),$,?; 0T  – %*4*/B%*1 +,)6,-*+:-*, 

6-. 7&+&-&? 6-,06&/*3*,+$1 &+$:+$+'., ' +,/, %*6-1D,%.?, 0,@&-)*-

8.? . .5 6-&.2'&0%(5 6& '-,),%.; t+  (+ ( . "&)6&%,%+( 0,'.*+&-* 

+,%2&-* '127&? 0,@&-)*8.. ' $./: +&3&, 4+& ' -*$6/*'/,%%&) $&$+&1-

%.. )*+,-.*/ 6-,06&/*3*,+$1 %,$D.)*,)&? D.07&$+B; 

, -0rB B zBB+ $ + $ +  , -*'%( $&&+',+$+':;<.) 7&)6&%,%+*) +,%2&-* 

'127.5 0,@&-)*8.? (/,'(, 4*$+. (19)). 

!/1 4.$/,%%&3& -,A,%.1 2*0*4. +,6/&6-&'&0%&$+. .$6&/B2&'*% 

),+&0 7&%,4%(5 =/,),%+&' ' +-*0.8.&%%&? -,*/.2*8.. [10]. !/1 -,-

A,%.1 2*0*4. +,-)&),5*%.7. (13)–(19) .29-*% 6&A*3&'(? ),+&0. 

F =+&? 8,/B; ''&0.+$1 ' -*$$)&+-,%., $,+7* %* &$. '-,),%. $ :2/*).: 

0 1 2 10,   ,  ,...,  ,  ,...m mt t t t t $ . H&30* )&D%& 6&$+-&.+B 0.$7-,+%(? 6& 

'-,),%. -*2%&$+%(? *%*/&3 7-*,'&? 2*0*4. (4)–(10), $&&+',+$+':;<.? 

%,1'%&? $5,), &+($7*%.1 %,.2',$+%(5 %* m-) '-,),%%&) $/&, $ .+,-

-*8.&%%() :+&4%,%.,) %* 7*D0&) A*3, ',/.4.% '127.5 0,@&-)*8.? 

6& $&&+%&A,%.1) (8): 

 

( ) ( )( ) ( ) ( )( )
0

m k m km k
rr

r rr

r r

B) %)()
$  

(
, , -0, ;r b*  (20) 
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@ A

( ) ( )
( ) ( )

( )

 ( ) ( )
( , ) ,     ( , ) ,    

 

const,     0, ;

m k m k
m k m kr r

r

m k

z

u r u r
r t r t

r r

r b

B

(
+  +  

(
+  *

 (21) 

 
@ A

( ) ( )

( )

0

( , ) 0,     (0, ) 0,     

( , ) 0,    0, . 

m k m k

r r

b

m k

z

b t  u t

r r t dr r b

)   

)  *C
 (22) 

, -( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( ) ( )

4
( ) ( ) ( ) ( ) ( )

3
2

( ) ( ) ( ) ( ) ( ) ( ) ,
3

m k m k m k m k
r r Br T

m k m k m k m k m k m k
B T z Bz T

r B G r r r

B G r r r r rB B

)  $ + % + % + $

D E$ % + % + % + $ + % + % +F G

 

 
, -( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( ) ( )

4
( ) ( ) ( ) ( ) ( )

3
2

( ) ( ) ( ) ( ) ( ) ( ) ,
3

m k m k m k m k
B T

m k m k m k m k m k m k
r Br T z Bz T

r B G r r r

B G r r r r r

B B B)  $ + % + % + $

D E$ % + % + % + $ + % + % +F G

 (23) 

, -( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( ) ( )

4
( ) ( ) ( ) ( )

3
2

( ) ( ) ( ) ( ) ( ) ( ) ( ) ,
3

m k m k m k m k
z z Bz T

m k m k m k m k m k m k
r Br T B T

r B G r r

B G r r r r r rB B

)  $ + % + % + $

D E$ % + % + % + $ + % + % +F G

 

( ) 1( ) ( 1) ( 1) 11
( ) ( ) ( )( )m k m k m k m k m m

Bi Bi ir r t t% % % %+ % +  ) %) %
#

, , ,i r z B ; , -0,r R* , (24) 

 

0

( ) ( )
mT

m

T

T

r T dT+  &C ; , -
, -
, -

0( , ) m

K r

T r

mr T r e#  # , (25) 

30, 1,2,3,...k   – %&),- .+,-*8.. 6-. &+($7*%.. %,.2',$+%(5 %* m-) 

$/&,. E 7*4,$+', %*4*/B%(5 2%*4,%.? %,.2',$+%(5 0/1 .+,-*8.&%%&3& 

6-&8,$$* %* m-) $/&, '(9.-*;+$1 %*?0,%%(, 2%*4,%.1 %* 6-,0(0:<,) 

(m – 1)-) '-,),%%&) $/&,. C*4*/B%(, 6& '-,),%. :$/&'.1 0/1 '$,5 ',-

/.4.% &6-,0,/1;+$1 .2 :$/&'.1 ,$+,$+',%%&3& %*4*/B%&3& %,%*6-1-

D,%%&3& . %,0,@&-).-&'*%%&3& $&$+&1%.1. 

H,&-,+.4,$7.? *%*/.2 $5&0.)&$+. .+,-*8.&%%&3& 6-&8,$$* %, 

6-&.2'&0./$1. J-*7+.4,$7., '(4.$/,%.1 6& &6.$*%%&): */3&-.+): 

6&0+',-D0*;+ $5&0.)&$+B .+,-*8.?.  

E(4.$/,%.1 %* 7*D0&? .+,-*8.. m-3& A*3* 6& '-,),%. ' -*$4,+-

%&? $5,), (20)–(25) $'&01+$1, 6& $:+., 7 -,A,%.; 7-*,'&? 2*0*4. /.-

%,?%&? +,-)&:6-:3&$+.. !/1 4.$/,%%&? -,*/.2*8.. .$6&/B2&'*% ),+&0 

7&%,4%(5 =/,),%+&'.  
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<%0("$$=> .$.(%9 ?!'(:5%% $.3+4@"$%> 

#6.$*%%*1 )*+,)*+.4,$7*1 )&0,/B 6-.),%,%* 0/1 *%*/.2* ='&-

/;8.. %*6-1D,%%&3& $&$+&1%.1 6-. .23&+&'/,%.. $./&'(5 $+,-D%,?, 

1'/1;<.5$1 4*$+B; 7&%$+-:78.. 2*3&+&'7. *%.2&+-&6%&3& &6+.4,$7&-

3& '&/&7%*, .5 %*2%*4,%., – @&-).-&'*%., ' $',+&6-&'&01<,? D./, 

*%.2&+-&6.. 6&/1 &$+*+&4%(5 %*6-1D,%.? 0/1 &9,$6,4,%.1 -*2%&$+. 

6&7*2*+,/,? 6-,/&)/,%.1 )*+,-.*/* ' &-+&3&%*/B%(5 %*6-*'/,%.15. 

F./&'(, =/,),%+( .23&+*'/.'*;+$1 .2 7'*-8,'&3& $+,7/*, /,3.-&'*%-

%&3& )*/(). 0&9*'7*). (0& 10 %) &7$.0* 9&-* ././. @&$@&-*, 7&+&-

-(, %* 6&-10&7 :',/.4.'*;+ >"HO $+,7/* . .2),%1;+ 0.*6*2&% +,)-

6,-*+:- $+,7/&'*%.1 ' $+&-&%: 9&/,, %.27.5 2%*4,%.?.  

E PM '&/&7%, +.6* Panda ' 7*4,$+', SAP .$6&/B2:;+$1 8./.%0-

-.4,$7., $+,-D%. $ 6,-,),%%&? 2*'.$.)&$+B; &+ -*0.:$* 7&%8,%+-*-

8.,? /,3.-:;<.5 =/,),%+&'. E %*4*/, 6-&8,$$* .23&+&'/,%.1 $./&'(5 

$+,-D%,? &$:<,$+'/1,+$1 '($&7&+,)6,-*+:-%&, 5.).4,$7&, &$*D0,-

%., /,3.-:;<.5 =/,),%+&' .2 6*-&'&? @*2( %* '%:+-,%%;; 6&',-5-

%&$+B 7'*-8,'(5 +-:9 (),+&0 MCVD),  6&$/, 4,3& +-:97* «$5/&6('*,+-

$1», +.,. 6-,'-*<*,+$1 ' )&%&/.+%(? $+,7/1%%(? 8./.%0- 6:+,) -*2&-

3-,'* 0& 1800!F ' 6/*),%. 3*2&'&? 3&-,/7.. E 0*/B%,?A,) 2*3&+&'7* 

&5/*D0*,+$1 %* '&20:5, 0& +,)6,-*+:-( &7-:D*;<,? $-,0(. F &5/*D-

0,%%&3& $./&'&3& $+,-D%1 6/*'.7&'&? 7.$/&+&? $+-*'/.'*;+$1 %*-

-:D%(, (%,/,3.-&'*%%(,) $/&.. J-. 6-&,7+.-&'*%.. $./&'&3& $+,-D-

%1 %,&95&0.)& '(9-*+B 2*'.$.)&$+B 7&%8,%+-*8.. /,3.-:;<.5 0&9*-

'&7 &+ -*0.:$*, &9,$6,4.'*;<:; )*7$.)*/B%:; +,)6,-*+:-%:; 

0,@&-)*8.; $+,-D%1 6-. $&9/;0,%.. :$/&'.? $&5-*%,%.1 6-&4%&$+. 

%* 6-&+1D,%.. '$,3& 6-&8,$$* &5/*D0,%.1 2*3&+&'7.. E -*9&+, -*$-

$)&+-,%( 2*'.$.)&$+. 7&%8,%+-*8.. /,3.-:;<.5 =/,),%+&' &+ -*-

0.:$* 6-. @.7$.-&'*%%&) )*7$.)*/B%&) 2%*4,%.. 10 %. 

J-. -*$4,+*5 6& $5,), (1.20)–(1.25) 6-.%1+* 2*'.$.)&$+B 0.%*-

).4,$7&? '127&$+. &+ +,)6,-*+:-( 8 . 7&=@@.8.,%+* 7&%8,%+-*8.. 

/,3.-:;<,3& =/,),%+* µ '.0* 2
1

( )
lg( ( , )) ( )

k
T k

T

H
# H  H $ . Q*'.$.)&$+. 

0/1 '(4.$/,%.1 ( , )T& H , 1( )k H , 2 ( )k H  6&/:4,%( 4.$/,%%& ' '.0, 7:-

$&4%&? $6/*?%-.%+,-6&/18.. ' -,2:/B+*+, &9-*9&+7. 0*%%(5 =7$6,-.-

),%+* [8]. 
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F./&'&? $+,-D,%B 6-,0$+*'/,% 8./.%0-&) 9,$7&%,4%&? 0/.%( 

$ -*0.:$&) b, 7&+&-(? 0& 0r r b 6  .),,+ 6,-,),%%:; 6& -*0.:$: $+,-

6,%B /,3.-&'*%.1 7'*-8* &7$.0&) 9&-* E2#3. !/1 )&0,/.-&'*%.1 -*$-

6-,0,/,%.1 7&%8,%+-*8.. /,3.-:;<.5 0&9*'&7 6& -*0.:$: .$6&/B2&-

'*%( '*-.*%+( 2*'.$.)&$+,? '.0* 

 , - max

0

1

n

r
r

r

4 54 5
7 8H  H %7 87 8: ;: ;

, @ A00,r r* , (26) 

30, maxH  – )*7$.)*/B%*1 7&%8,%+-*8.1 /,3.-:;<,? 0&9*'7. ' 8,%+-, 

$./&'&3& =/,),%+*.  

J-. -,A,%.. 2*0*4. +,6/&6-&'&0%&$+. (12)–(14) 6-.%.)*/&$B 

0&6:<,%.,, 4+& 7&=@@.8.,%+ +,6/&6-&'&0%&$+., +,6/&,)7&$+B . 6/&+-

%&$+B ' .$$/,0:,)&) 0.*6*2&%, 7&%8,%+-*8.? (0& 10 %) $/*9& 2*'.$1+ 

&+ )*$$&'&3& $&0,-D*%.1 /,3.-:;<,? 0&9*'7., 4+& $&&+',+$+':,+ =7$-

6,-.),%+*/B%& :$+*%&'/,%%() @*7+*) [11]. S5 +,)6,-*+:-%*1 2*'.-

$.)&$+B '(9.-*/*$B *%*/&3.4%&? 2*'.$.)&$+. 0/1 4.$+&3& 7'*-8*. 

!/1 *%*/.+.4,$7&3& &6.$*%.1 +,)6,-*+:-%(5 2*'.$.)&$+,? .$-

6&/B2&'*/*$B $6/*?%-.%+,-6&/18.1, 6&$+-&,%%*1 %* =7$6,-.),%+*/B%(5 

2%*4,%.15. J/&+%&$+B 6&/*3*/*$B 6&$+&1%%&? . -*'%&? 2200 73/)
3
 [11]. 

A$.(%9 $.3+4@"$$'2' 0'0*'4$%4 ! 0%('!=- ?(","$*.-  

E -,2:/B+*+, 4.$/,%%&3& *%*/.2* +,)6,-*+:-%&3& 6&/1 ' 6-&8,$-

$, &5/*D0,%.1 2*3&+&'7. $./&'&3& $+,-D%1 $0,/*% '('&0 & +&), 4+& 

%,-*'%&),-%&$+B -*$6-,0,/,%.1 +,)6,-*+:-( 6& -*0.:$: $./&'&3& 

$+,-D%1 %,2%*4.+,/B%* . %, 6-,'(A*,+ 10 
&
". F/,0&'*+,/B%&, &$%&'-

%&, '/.1%., %* 6&/, &$+*+&4%(5 %*6-1D,%.? &7*2('*,+ 7&%8,%+-*8.1 

/,3.-:;<,3& =/,),%+*. 

E,/.4.%( +,5%&/&3.4,$7.5 %*6-1D,%.? ' SAP 6-. &5/*D0,%.. 

6&$/, $5/&6('*%.1 .$5&0%&? 2*3&+&'7. 2%*4.+,/B%& %.D, &$+*+&4%(5 

. &6*$%&$+. %, 6-,0$+*'/1;+. C* -.$. 5 6-.',0,%( 2*7&%( .2),%,%.1 

'& '-,),%. .%+,%$.'%&$+. %*6-1D,%.? Ui . 6,-'&3& 3/*'%&3& %*6-1-

D,%.1 U1 ' +-,5 5*-*7+,-%(5 +&47*5 $,4,%.1: r = 0 – 8,%+- $,4,%.1, 
3

0 3 10r r %  " ) – 3-*%.8* /,3.-&'*%%&? 2&%( . 4.$+&3& 7'*-8*, 

35 10r b %  " ) – %*-:D%*1 3-*%.8*. 
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O.$. 5. G'&/;8.1 .%+,%$.'%&$+. %*6-1D,%.? 
i)  . 

1)   

' +-,5 5*-*7+,-%(5 +&47*5 $,4,%.1 $./&'&3& $+,-D%1 '& '-,)1  

&$%&'%(5 =+*6&' .23&+&'/,%.1 &6+.4,$7&3& '&/&7%* +.6* Panda 

"*7 '.0%& .2 6-.',0,%%(5 =6;-, %*.9&/,, &6*$%() 1'/1,+$1 %&--

)*/B%&, -*$+13.'*;<,, %*6-1D,%., 1)  ('0&/B &$. $+,-D%1) ' 8,%+-, 

$+,-D%1 . .%+,%$.'%&$+B %*6-1D,%.? %* 3-*%.8, ( 3
0 3 10r r %  " )).  

B.1(:/"$%" 

H*7.) &9-*2&), 0*%& &6.$*%., 0':5 6&05&0&' 7 6&$+-&,%.; 

&6-,0,/1;<.5 $&&+%&A,%.? +,-)&),5*%.4,$7&3& 6&',0,%.1 7'*--

8,'(5 $+,7&/ ' :$/&'.15 $+,7/&'*%.1 . -*2)134,%.1.  $+*%&'/,%&, 

4+& &9* 6&05&0* 6-&3%&2.-:;+ 6-*7+.4,$7. .0,%+.4%(, 2*7&%( 

='&/;8.. %*6-1D,%.? ' 7'*-8,'&) $+,-D%, ' :$/&'.15 $+,7/&'*-

%.1. J&7*2*%& 6-.),%,%., &0%&? .2 )&0,/,? 0/1 &6.$*%.1 @&-).-

-&'*%.1 6&/,? %*6-1D,%.? . 0,@&-)*8.? ' $6/&A%&) 7-:3&'&) 

%,&0%&-&0%&) 7'*-8,'&) 8./.%0-, (2*3&+&'7, $./&'&3& $+,-D%1 

*%.2&+-&6%&3& &6+.4,$7&3& '&/&7%*) ' :$/&'.15 &5/*D0,%.1 . %*-

3-,'*. 
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