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 1.1. !46K4?ьAV C<F4AAO 

1. �>A;V465==O =5@V2=><V@=>ABV �+) H8@>:>A<C3>2>3> 
?V4A8;N20G0. 

2. �>A;V465==O 70;56=>ABV :>5DVFVє=B0 ?V4A8;5==O 0=B5=8 2V4 
284C ?>;O@870FVW A83=0;C =0 ?@89<0;ь=><C 1;>FV. 

1.2. !46K4?ьA4 @9F4 
1. �:A?5@8<5=B0;ь=5 4>A;V465==O G0AB>B=8E B0 

?>;O@870FV9=8E E0@0:B5@8AB8: H8@>:>A<C3>2>3> ?V4A8;N20G0 7 
?5@5B2>@5==O< A83=0;C 

1.3. &9BD9F<KAV 6V8B@BEFV 
#B?OD<;4JVO 9?9>FDB@47AVFA<I I6<?ь. #>;O@870FVєN 

5;5:B@><03=VB=>W E28;V =07820NBь >@Vє=BC20==O 25:B>@0 5;5:B@8G=>3> 
?>;O I>4> ?;>I8=8 ?>H8@5==O. #>;O@870FVO 287=0G0є 70:>= 7<V=8 
=0?@O<:C 9 25;8G8=8 25:B>@0 =0?@C65=>ABV 5;5:B@8G=>3> ?>;O 2 
40=V9 B>GFV 70 ?5@V>4 :>;820=ь. 

#;>I8=0, I> <VAB8Bь 25:B>@8 Е 8  , =07820єBьAO ?;>I8=>N 
?>;O@870FVW. �CB α <V6 ?;>I8=>N ?>;O@870FVW 9 ?;>I8=>N 
?>H8@5==O =07820єBьAO :CB>< ?>;O@870FVW. 

$>7@V7=ONBь :V;ь:0 284V2 ?>;O@870FVW 5;5:B@><03=VB=8E E28;ь. 
/:I> 25:B>@ Е ;568Bь C ?;>I8=V ?>H8@5==O (B>1B> α = 0), 0 25:B>@ � 

?5@?5=48:C;O@=89 4> FVєW ?;>I8=8, B> =570;56=> 2V4 B>3>, G8 є =0E8; 
D@>=BC E28;V G8 =5<0є, ?@89=OB> 22060B8 ?>;O@870FVN 25@B8:0;ь=>N 
(@8A. 1.1, 4 B0 1.1, 5). #@8 Fь><C ?;>I8=0 ?>;O@870FVW 71V30єBьAO V7 
?;>I8=>N ?>H8@5==O. /:I> 25:B>@ � ;568Bь C ?;>I8=V ?>H8@5==O, 
0 25:B>@ Е ?5@?5=48:C;O@=89 4> FVєW ?;>I8=8, ?>;O@870FVO E28;V 
=07820єBьAO 3>@87>=B0;ь=>N. 

' B><C 28?04:C, :>;8 25:B>@ Е 709<0є 4>2V;ь=5 ?>;>65==O, 2V= 
<>65 1CB8 ?@54AB02;5=89 C 283;O4V 42>E A:;04>28E: 25@B8:0;ь=>W Е6 V 
3>@87>=B0;ь=>W Е7  (@8A. 1.2). 
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�5@B8:0;ь=0 A:;04>20 Е6 ;568Bь C ?;>I8=V ?>H8@5==O S, 0 
3>@87>=B0;ь=0 Е7 – ?5@?5=48:C;O@=0 ?;>I8=V S V ?0@0;5;ь=0 4> 
?>25@E=V 75<;V (3>@87>=BC). �8?04>: >4=>G0A=>3> =0E8;C D@>=BC 
E28;V 9 ?>2>@>BC ?;>I8=8 ?>;O@870FVW ?@54AB02;5=89 =0 @8A. 1.3. 

 
$8A. 1.1. #>;O@870FVO 9 =0E8; D@>=BC 5;5:B@><03=8B=>W E28;V: 4 – 

?>;O@870FVO 25@B8:0;ь=0, =0E8; D@>=BC E28;V 2V4ACB=V9; 5 – 
?>;O@870FVO 25@B8:0;ь=0, D@>=B E28;V =0E8;5=89 

 

 
$8A. 1.2. – #>2>@>B ?;>I8=8 
?>;O@870FVW ?@8 2V4ACB=>ABV 
=0E8;C D@>=BC E28;V 

 
$8A. 1.3. – #>2>@>B ?;>I8=8 

?>;O@870FVW 
?@8 =0E8;V D@>=BC E28;V 



�<FB@<DEь>4 
CB?VF9IAV>4 

 �!�%&�$%&�" "%��&� � !�'�� '�$��!�  

��$�А�!�� '!���$%�&�& «��&" �$%Ь�А 
#"��&�)!��А» 

%<EF9@4 GCD46?VAAO O>VEFN 6V8CB6V84є �%&' ISO 9001:2015  

(-22.06-

05.02/2/172.00.1/  

/��2.3-2021 

Е>;9@C?OD № 1 �D>  79 / 5 

 

 

 

)0@0:B5@ ?>;O@870FVW @04V>E28;V 287=0G0єBьAO 
A?V22V4=>H5==O< 0<?;VBC4 V D07 Е6 B0 Е7. !0 @8A. 1.4 ?>:070=> ?'OBь 
(G5@57 1/8 ?5@V>4C) <8BBє28E 7=0G5=ь 25:B>@0 Е B0 9>3> A:;04>28E Е6 V 
Е7 ?@>BO3>< >4=>3> =0?V2?5@V>4C @04V>G0AB>B8 4;O @V7=8E 28?04:V2 
?>;O@870FVW. #;>I8=0 :@5A;5==O 71V30єBьAO V7 D@>=B>< E28;V. $8A. 4, 4 

2V4?>2V40є 25@B8:0;ь=V9 ?>;O@870FVW 25:B>@0 Е, @8A. 1.4, 5 – 

3>@87>=B0;ь=V9. 

 
$8A. 1.4. )0@0:B5@ ?>;O@870FVW ?@8 @V7=8E 0<?;VBC4=8E V D07>28E 

7=0G5==OE 25@B8:0;ь=>W 9 3>@87>=B0;ь=>W A:;04>28E 5;5:B@><03=VB=>W 
E28;V: 4 – 25@B8:0;ь=0 ?>;O@870FVO; 5 – 3>@87>=B0;ь=0 ?>;O@870FVO; 6 

– 7030;ь=89 28?04>: ?;>A:>-?;>A:>-?>;O@87>20=>W E28;V; 7 – 

5;V?B8G=0 ?>;O@870FVO; 8 – :@C3>20 ?>;O@870FVO 
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 /:I> 25@B8:0;ь=0 9 3>@87>=B0;ь=0 A:;04>2V 25:B>@0 Е 
?5@51C20NBь C D07V, B> 25:B>@ Е ;<V=Nє BV;ь:8 A2>N 25;8G8=C, 
?C;ьACNG8 274>26 >AV, I> ;568Bь C ?;>I8=V ?>;O@870FVW (@8A. 1.4, 6). 
&0:0 @04V>E28;O =07820єBьAO ;V=V9=>N 01> ?;>A:>-?>;O@87>20=>N. 

/:I> 6 <V6 A:;04>28<8 Е9 B0 Е7 є 7AC2 D07, B> E28;O AB0є 
5;V?B8G=> ?>;O@87>20=>N V 25:B>@ Е, I> 4>@V2=Nє 35><5B@8G=V9 AC<V 
270є<=> ?5@?5=48:C;O@=8E 25:B>@V2 Е6 B0 Е7, 7<V=Nє =5 BV;ь:8 A2>N 
25;8G8=C, 0;5 9 =0?@O<>:. �V=5Fь 25:B>@0 Е ?@>BO3>< ?5@V>4C >?8ACє 
5;V?A (@8A. 1.4, 7). &0: O: 25:B>@   ?@8 Fь><C 715@V30є A2V9 =0?@O<>: 
(?5@?5=48:C;O@=> 4> D@>=BC E28;V), B> ?;>I8=0 ?>;O@870FVW, I> 

<VAB8Bь 25:B>@8   B0 Е, 157?5@5@2=> >15@B0єBьAO. 
/:I> 25@B8:0;ь=0 9 3>@87>=B0;ь=0 A:;04>2V 25:B>@0 Е @V2=V ?> 

0<?;VBC4V 9 2V4@V7=ONBьAO ?> D07V =0 90°, B> 2 Fь><C 28?04:C 
?>;O@870FVO <0є :@C3>289 E0@0:B5@ (@8A. 1.4, 8). 

"EAB6AV F<C< ##+. ' B5?5@VH=V9 G0A 2 @04V>?@89<0G0E !�+ 

?5@5206=> 70AB>A>2CNBьAO =0ABC?=V B8?8 ?V4A8;N20GV2 ?@><V6=>W 
G0AB>B8: 

– ##+ 7 >4=>:>=BC@=8<8 :0A:040<8, =0AB@>є=8<8 =0 >4=C 
G0AB>BC –##+ I B8?C; 

– ##+ 7 >4=>:>=BC@=8<8 270є<=> @>7AB@>є=8<8 :0A:040<8 – 
##+ II B8?C; 

– ##+ 7V 72'O70=8<8 :>=BC@0<8 2 :>6=><C :0A:04V – ##+ III 

B8?C. 
�;>:-AE5<0 ##+ I B8?C =02545=0 =0 @8A. 1.5. !0 FV9 AE5<V 

;0<?8 7>1@065=V :@C6:0<8, 0 :>;820;ь=V :>=BC@8 – :204@0B0<8. 

 
$8A. 1.5. – �;>:-AE5<0 ##+ I B8?C 

!04 :204@0B0<8 ?>7=0G5=V @57>=0=A=V G0AB>B8 :>;820;ь=8E 
:>=BC@V2. �>65= :0A:04 ##+ I B8?C <VAB8Bь >4=C ;0<?C B0 >48= 
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:>;820;ь=89 :>=BC@, ?@8G><C :>=BC@8 2AVE :0A:04V2 =0AB@>є=V =0 
=><V=0;ь=C ?@><V6=C G0AB>BC fCD0. 

##+ II B8?C A:;040NBьAO 7 >4=VєW 01> 45:V;ь:>E >4=0:>28E 
3@C? :0A:04V2. �>6=0 3@C?0 <>65 <VAB8B8 420, B@8, G>B8@8 9 1V;ьH5 
>4=>:>=BC@=8E :0A:04V2, ?@8G><C :>=BC@8 2AVE :0A:04V2 C 3@C?V 
270є<=> @>7AB@>є=V. 

 
$8A. 1.6. – �;>:-AE5<0 ##+ II B8?C 

##+ II B8?C ?@8 B><C 6 A0<><C G8A;V :0A:04V2 4>72>;ONBь 
>45@60B8 1V;ьHC 5D5:B82=VABь, =V6 ##+ I B8?C, ?@8G><C, G8< 1V;ьH5 
:0A:04V2 C 3@C?V, B8< 28I0 5D5:B82=VABь. "4=0: 71V;ьH5==O G8A;0 
:0A:04V2 C 3@C?V 7=0G=> CA:;04=Nє =0AB@>N20==O 9 @53C;N20==O 
##+, 0 B0:>6 7=86Cє 9>3> ABV9:VABь (AB01V;ь=VABь E0@0:B5@8AB8:). 
&><C ?@0:B8G=> 70AB>A>2CNBь ##+ II B8?C 7 42><0 (@V4H5 7 B@ь><0) 
270є<=> @>7AB@>є=8<8 :0A:040<8 2 3@C?V. 

�;>:-AE5<0 ##+ II B8?C 7 ?0@0<8 270є<=> @>7AB@>є=8E 
:0A:04V2 =02545=0 =0 @8A. 1.6. &CB, O: V 2 ##+ I B8?C, :>65= :0A:04 
<VAB8Bь >4=C ;0<?C B0 >48= :>;820;ь=89 :>=BC@, 0;5 2 :>6=V9 ?0@V 
:>=BC@ ?5@H>3> :0A:04C =0AB@>є=89 =0 G0AB>BC, <5=HC (1V;ьHC) 70  
fCD0, 0 :>=BC@ 4@C3>3> :0A:04C – =0 G0AB>BC, 1V;ьHC (<5=HC) 70  fCD0. 

##+ III B8?C (@8A. 1.7) A:;040єBьAO 7 >4=0:>28E :0A:04V2. 
�>65= :0A:04 <VAB8Bь >4=C ;0<?C 9 420 72'O70=8E :>=BC@8, I> 
=0AB@>є=V =0 =><V=0;ь=C ?@><V6=C G0AB>BC. 

 
$8A. 1.7. – �;>:-AE5<0 ##+ II� B8?C 
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1.4. "C<E ?45BD4FBDABW GEF4AB6>< 

�01>@0B>@=0 CAB0=>2:0 A:;040єBьAO 7 ?5@54020;ь=>3> 1;>:C, 
O:89 2:;NG0є 35=5@0B>@ !�+ – A83=0;V2 (10-12,5) ��F V @C?>@=C 
0=B5=C B0 ?@89<0;ь=>3> 1;>:C, O:89 2:;NG0є 475@:0;ь=C 0=B5=C, 
?5@5B2>@N20G G0AB>B8, I> ?5@5B2>@Nє G0AB>BC A83=0;C =0 ?@><V6=C 
(0,95 – 2,05) ��F, B0 ?0=>@0<=>3> 0=0;V70B>@0 A?5:B@0. 

%B@C:BC@=0 AE5<0 ?@89<0;ь=>3> 1;>:C 7>1@065=0 =0 @8A. 1.8.  

 
$8A. 1.8. – %B@C:BC@=0 AE5<0 ?@89<0;ь=>3> 1;>:C 

 

1.5. #BDO8B> 6<>BA4AAO DB5BF< 

1. "7=09><8B8AO 7 ?@028;0<8 5:A?;C0B0FVW �+ 35=5@0B>@0 �4-

109 B0 0=0;V70B>@0 A?5:B@0. �82G8B8 B5>@5B8G=V 2V4><>ABV. 
2. �V1@0B8 ;01>@0B>@=C CAB0=>2:C. �;O Fь>3> ?V4:;NG8B8 

?5@54020;ь=C @C?>@=C 0=B5=C 4> 35=5@0B>@0 �4-109; ?V4:;NG8B8 
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2C7>; ?@89><C 475@:0;ь=>W 0=B5=8 4> 0=0;V70B>@0 A?5:B@0; 
?V4:;NG8B8 682;5==O B0 28AB028B8 =0?@C3C 682;5==O U:  = 18 �. 

3. �87=0G8B8 =5@V2=><V@=VABь �+) H8@>:>A<C3>2>3> 
?V4A8;N20G0. �8EV4=V C<>28: 4V0?07>= 4>A;V46C20=8E 
G0AB>B ГГцf ]123,10[  ; :@>: 7=OBBO 40=8E МГцh 100= . �;O Fь>3> 
28:>=0B8 =0ABC?=V 4VW. 

3.1. !0?@028B8 ?5@54020;ь=C @C?>@=C 0=B5=C 2 AB>@>=C 
?@89<0;ь=>W 475@:0;ь=>W B0 4>18B8AO <0:A8<C<C 0<?;VBC48 A83=0;C. 

3.2. !0 35=5@0B>@V �4-109 28AB028B8 @CG:C 7<V=8 4V0?07>=C 
@>1>G8E G0AB>B 2 ?>;>65==O II. �8AB028B8 ?>G0B:>2C G0AB>BC 
35=5@0B>@0 10,3 ��F. 

3.3. �+) ?@>?>=CєBьAO 7=V<0B8 70 =0ABC?=>N <5B>48:>N: 4;O 
:>6=>3> 7=0G5==O G0AB>B8 @CG:>N 7<V=8 ?>A;01;5==O ?>BC6=>ABV 
A83=0;C 35=5@0B>@0 )/( mWdbРс  4>1820B8AO AB0;>3> 7=0G5==O 
0<?;VBC48 ?VA;O ?@89<0;ь=>3> 1;>:C, B0 7=V<0B8 7=0G5==O 
?>A;01;5==O. �8<V@8 0<?;VBC48 ?@>2>48B8 2 ;>30@8D<VG=><C @568<V. 

3.4. #>1C4C20B8 3@0DV: =5@V2=><V@=>ABV �+). 
4. �=OB8 70;56=VABь :>5DVFVє=B0 ?V4A8;5==O 0=B5=8 2V4 284C 

?>;O@870FVW A83=0;C =0 ?@89<0;ь=><C 1;>FV. 
�<V=0 ?>;O@870FVW A83=0;C ?@>2>48BьAO 70 4>?><>3>N 7<V=8 

=0?@C38 682;5==O ?@89<0;ь=>3> 1;>:C:  ?@8 U6 = 12-14 � –  
?@89<0NBьAO A83=0;8 7 25@B8:0;ь=>N ?>;O@870FVєN; ?@8 U6 = 16-18 

� – ?@89<0NBьAO A83=0;8 7 3>@87>=B0;ь=>N ?>;O@870FVєN; 
5. �@>18B8 28A=>2:8 ?> >B@8<0=8< 40=8< B0 =0?8A0B8 72VB.  
1.6. "5DB5>4 D9;G?ьF4FV6 

1. �0 ?>1C4>20=>N �+) B0 @57C;ьB0B0<8 ?. 4 287=0G8B8 
>A=>2=V ?0@0<5B@8 !�+ ?@8AB@>N ?@89><C B0 >1@>1:8 @04V>A83=0;C. 

2. �0 @57C;ьB0B0<8 4>A;V465=ь V @>7@0EC=:V2 7@>18B8 28A=>2:8. 
3. $57C;ьB0B8 4>A;V465=ь V @>7@0EC=:V2 >D>@<8B8 C 283;O4V 

72VBC, O:89 ?V4;O30є V=482V4C0;ь=><C 70E8ABC. 
1.7. �@VEF ;6VFG. �2VB ?>28=5= <VAB8B8: 
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1. %E5<0 ;01>@0B>@=>W CAB0=>2:8 B0 @57C;ьB0B8 4>A;V465=ь. 
2. $57C;ьB0B8 @>7@0EC=:V2 B0 2V4?>2V4=V 3@0DV:8. 
3. �@>18B8 28A=>2:8: ?@> >1’є< 28:>=0=>W @>1>B8, G8 4>AO3=5=0 <5B0 
@>1>B8, G8 ?@0:B8G=V @57C;ьB0B8 A?V2?0;8 7 B5>@5B8G=8<8. 

1.8. �BAFDB?ьAV F9EFB6V C<F4AAO 

 1. -> B0:5 ?>;O@870FVO 5;5:B@><03=VB=8E E28;ь? 
 2. /:V є 2848 ?>;O@870FVW 5;5:B@><03=VB=8E E28;ь 2 70;56=>ABV 
2V4 DV3C@8, O:C >?8ACє :V=5Fь 25:B>@0 Е ?@>BO3>< ?5@V>4C? 
 3. /:V B8?8 ?V4A8;N20GV2 ?@><V6=>W G0AB>B8 70AB>A>2CNBьAO 2 
@04V>?@89<0G0E !�+? 
 4. � O:8E 5;5<5=BV2 A:;040єBьAO ?5@5B2>@N20G G0AB>B8? 
 5. /: 7<V=NєBьAO :><?;5:A=89 A?5:B@ H8@>:>A<C3>2>3> 
A83=0;C ?@8 ?5@5=5A5==V A83=0;C =0 ?@><V6=C G0AB>BC? 
 6. /:V >A=>2=V ?0@0<5B@8 <0є �+) H8@>:>A<C3>2>3> 
?V4A8;N20G0? 

 7. /: 287=0G0єBьAO :>5DVFVє=B ?@O<>:CB=>ABV �+)?  
 8. +><C 28=8:0є =5@V2=><V@=VABь �+) 2 H8@>:>A<C3>2><C 
?V4A8;N20GV? 
 9. /:89 B8? E28;V 28?@><V=NєBьAO 2 ?V@0<V40;ь=><C @C?>@V? 
 10. -> B0:5 4V03@0<0 A?@O<>20=>ABV 0=B5=8? 
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�45BD4FBDA4 DB5BF4 №2 
�BE?V8:9AAO !�+ C9D9F6BDN64KV6 K4EFBF< 

 

1.1. !46K4?ьAV C<F4AAO 

1. �>A;V48B8 0<?;VBC4=>-G0AB>B=V E0@0:B5@8AB8:8 
?5@5B2>@N20GV2 G0AB>B8. 

2. �>A;V48B8 G0A>2V E0@0:B5@8AB8:8 ?5@5B2>@N20GV2 G0AB>B8. 

1.2. !46K4?ьA4 @9F4 
1. �:A?5@8<5=B0;ь=5 4>A;V465==O G0AB>B=8E E0@0:B5@8AB8: 

!�+ ?5@5B2>@N20GV2 G0AB>B8. 
1.3. &9BD9F<KAV 6V8B@BEFV 
%@G:>B6V V @V>DBE@G:>B6V ?VAVW C9D984KV. "EAB6AV F<C< 

?VAV=. 
%<C6:>2>N ;V=VєN ?5@540GV =07820NBь B0:C ;V=VN, 2 O:V9 

?@>2V4=8: AB@VG:>2>3>, :@C3;>3> 01> :204@0B=>3> ?5@5B8=V2 
@>7B0H>20=89 =0 45O:V9 2V4AB0=V 2V4 <5B0;52>W ?;>I8=8 (>A=>28) 01> 
?><VI5=89 <V6 42><0 <5B0;528<8 >A=>20<8. #@>ABV@ <V6 
?@>2V4=8:>< V >A=>20<8 <>65 1CB8 70?>2=5=89 ?>2VB@O< 01> 
4V5;5:B@8:><. �V=VW 7 4V5;5:B@8G=8< 70?>2=5==O<, I> 28:>=CNBьAO 
4@C:0@Aь:8< A?>A>1><, =07820NBьAO 4@C:0@Aь:8<8 A<C6:>28<8 
;V=VO<8. $>7@V7=ONBь 420 >A=>2=V B8?V2 A<C6:>28E ;V=V9: (@8A. 2.1) V 
A8<5B@8G=V (@8A. 2.2) 

 
0)    1) 

$8A. 2.1. !5A8<5B@8G=V A<C6:>2V  ;V=VW: 0 – 7 ?>2VB@O=8< 
70?>2=5==O<; 1 – 7 4V5;5:B@8G=8< 70?>2=5==O< 

 

!5A8<5B@8G=0 4@C:>20=0 A<C6:>20 ;V=VO є ?;0AB8=>N 
4V5;5:B@8:0, =0 >4=V9 AB>@>=V O:>W =0=5A5=V ?@>2V4=8:8 (?@>2V4=V 
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A<C6:8) AE5<8, 0 =0 V=HV9 – <5B0;V7>20=5 ?>:@8BBO, I> AB2>@Nє 
?;>I8=C, I> ?@>2>48Bь (7075<;5=C). &0:0 ;V=VO O2;OєBьAO ?@>AB>N 2 
=0;0HBC20==V, 283>B>2;5==V V 5:A?;C0B0FVW. 

!54>;V:0<8 =5A8<5B@8G=>W A<C6:>2>W ;V=VW є 2V4ACB=VABь 
5:@0=C20==O V ?V428I5=V 2B@0B8 (C ?>@V2=O==V 7 A8<5B@8G=>N ;V=VєN). 
#@>B5 O:I> 4V5;5:B@8G=0 ?@>=8:=VABь ?V4:;04:8 ;V=VW 28A>:0, B> 
5;5:B@8G=5 ?>;5 :>=F5=B@CєBьAO 2 >1;0ABV <V6 ?@>2V4=8:>< V 
7075<;5=>N ?;0AB8=>N, 0 B><C 2B@0B8 =0 28?@><V=N20==O =525;8:V. 
*O >1AB028=0 4>72>;Oє CA?VH=> 28:>@8AB>2C20B8 =5A8<5B@8G=V ;V=VW 2 
V=B53@0;ь=8E !�+ AE5<0E (WE =07820NBь <V:@>A<C6:>28<8 ;V=VO<8 
?5@540GV). %:>@>G5==O 3010@8BV2 2 <V:@>A<C6:>28E V=B53@0;ь=8E !�+ 
AE5<0E 70157?5GCєBьAO 70 @0EC=>: 281>@C 4V5;5:B@8:0 7 28A>:>N 
2V4=>A=>N 4V5;5:B@8G=>N ?@>=8:=VABN ( õ  – ?>@O4:C 10). 

 
0)     1) 

$8A. 2.2. %8<5B@8G=V A<C6:>2V ;V=VW: 0 – 7 ?>2VB@O=8< 70?>2=5==O<, 1 – 
7 4V5;5:B@8G=8< 70?>2=5==O< 

 

' A8<5B@8G=V9 4@C:0@Aь:V9 A<C6:>2V9 ;V=VW (@8A. 2.2,1) 
F5=B@0;ь=89 ?@>2V4=8: ?><VI5=89 <V6 42><0 4V5;5:B@8G=8<8 
?;0AB8=0<8 7 <5B0;V7>20=8<8 7>2=VH=V<8 ?>25@E=O<8. &0:V ;V=VW 
2>;>4VNBь E>@>H8< 5:@0=C20==O<, ?@>B5 2>=8 A:;04=V C 283>B>2;5==V 
V =0;0HBC20==V, 28<030NBь 4>B@8<0==O <5E0=VG=>W A8<5B@VW 4;O 
70157?5G5==O <0;8E 2B@0B =0 28?@><V=N20==O. *5=B@0;ь=89 
?@>2V4=8: A8<5B@8G=>W A<C6:>2>W ;V=VW 2 7V1@0=><C 283;O4V 
01A>;NB=> =54>ABC?=89 4;O @53C;N20==O, I> AB2>@Nє ?52=V 
=57@CG=>ABV ?@8 =0;0HBC20==V AE5<. �8A>:>4>1@>B=V A<C6:>2V ;V=VW 
(B01;8FO. 2.1) 70AB>A>2CNBьAO C B><C 28?04:C, :>;8 =5>1EV4=>, I>1 
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4>1@>B=VABь =5=020=B065=>W ?5@54020;ь=>W ;V=VW 1C;0 4>A8Bь 28A>:>N 
(?>@O4:C 2000). �8A>:>4>1@>B=0 ;V=VO ?5@540GV <0є >1'є<, 1V;ьH89, 
=V6 A8<5B@8G=0 4@C:0@Aь:0 A<C6:>20 ;V=VO, 0;5 <5=H89, =V6 
:>0:AV0;ь=0 ;V=VO 01> E28;52V4. &0:0 ;V=VO 70157?5GCє E>@>H5 
5:@0=C20==O V <5=H GCB;820 4> B5E=>;>3VG=8E 7<V= 4V5;5:B@8G=>W 
AB0;>W V B>2I8=8 ?V4:;04:8. �81V@ B8?C A<C6:>2>W ;V=VW ?>28=5= 
?@>2>48B8AO 7 2@0EC20==O< 28:>=0==O @O4C 28<>3: <0;V 2B@0B8, 
<>6;82VABь A5@V9=>3> 28@>1=8FB20, ?@>AB>B8 =0;0HBC20==O, <0;89 
>1'є< V 2030, AB01V;ь=VABь ?0@0<5B@V2, =87ь:0 20@BVABь. 

' B01;8FV. 2.1 ?@82>4OBьAO E0@0:B5@8AB8:8 >A=>2=8E B8?V2 
A<C6:>28E ;V=V9, =03>;>HCNBьAO WE >A=>2=V ?5@52038 V =54>;V:8. 

 

&01;8FO 2.1 
&8? A<C6:>2>W ;V=VW #5@5@V7 ;V=VW #5@52038 !54>;V:8 

!5A8<5B@8G=0 
A<C6:>20 ;V=VO 7 
?>2VB@O=8< 
70?>2=5==O< 

 

!525;8:0 2030 �V4ACB=VABь 
5:@0=C20==O, 
25;8:V 2B@0B8, 
?>B@V1=5 
:@V?;5==O 

!5A8<5B@8G=0 
4@C:0@Aь:0 
A<C6:>20 ;V=VO (7  
<0;8<  32 õ  

?V4:;04:8) 

 
 

 0;V 3010@8B8, 
<0;0 2030, =87ь:0 
20@BVABь, =5 ?>B@V1=5 
:@V?;5==O 

�5;8:V 2B@0B8 2 
=5A8<5B@8G=>W 
;V=VW, 2V4ACB=VABь 
5:@0=C20==O 

 V:@>A<C6:>20 
;V=VO (7 28A>:8< 

10õ ) 

 

%8<5B@8G=0 
A<C6:>20 ;V=VO 7 
?>2VB@O=8< 
70?>2=5==O< 

 
 

 0;V 2B@0B8, <0;0 
2030 

�5;8:V 3010@8B8, 
?>B@V1=5 
:@V?;5==O 
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 V:@>A<C6:>2V ;V=VW ?5@540GV 70AB>A>2CNBьAO 2 3V1@84=8E V 
<>=>;VB=8E V=B53@0;ь=8E AE5<0E (�%) !�+ 4V0?07>=C. ' 3V1@84=8E �% 
@V7=V 48A:@5B=V :><?>=5=B8 (B@0=78AB>@8, 4V>48 V B. 4.) ?><VI5=V C 
=525;8:><C :>@?CAV (01> <>4C;V) <V:@>A<C6:>2>W :>=AB@C:FVW. � 
<>=>;VB=8E �% 2AV 5;5<5=B8 AE5<8 @50;V7CNBьAO CA5@548=V 7030;ь=>W 
=0?V2?@>2V4=8:>2>W ?;0AB8=8 V G0AB:>2> =0 WW ?>25@E=V. �V1@84=V AE5<8 
2 ?>@V2=O==V 7 <>=>;VB=8<8 2>;>4VNBь: :@0I8<8 5;5:B@8G=8<8 
E0@0:B5@8AB8:0<8, H8@>:>N A<C3>N ?@>?CA:0==O, <0;8<8 HC<0<8, 
28A>:>N 4>1@>B=VABN V AB01V;ь=VABN.  >=>;VB=V AE5<8 <0NBь =86GC 
20@BVABь, <5=HV 3010@8B8 V 1V;ьH>N <V@>N ?@8AB>A>20=V 4;O 
02B><0B87>20=>3> 28@>1=8FB20. 

$B5BK4 E@G74 K4EFBF. �B6:<A< I6<?ь. 
  &5>@5B8G=8E >1<565=ь 4;O 26820==O A<C6:>28E ;V=V9 2 
>1;0ABV =87ь:8E G0AB>B =5 VA=Cє. ' 45O:8E ?@8AB@>OE A<C6:>2V ;V=VW 
A;C60Bь 4;O ?5@540GV ?>ABV9=>3> AB@C<C (=0?@8:;04, 2 45B5:B>@=8E 
A5:FVOE). #@0:B8G=>, >A:V;ь:8 @>7<V@8 A<C6:>28E @57>=0=A=8E 
5;5<5=BV2 =0 4C65 =87ь:8E G0AB>B0E AB0NBь 7=0G=8<8, 
@5:><5=4CєBьAO 70AB>A>2C20B8 A<C6:>2V ;V=VW, =0 G0AB>B0E 28I5 
100  3F. 

%8<5B@8G=0 
A<C6:>20 ;V=VO 
28A>:>W 3@0=8G=>W 
?>BC6=>ABV  

 

�5;8:0 3@0=8G=0 
?>BC6=VABь,  2B 

�5;8:V 3010@8B8, 
28A>:0 20@BVABь, 
?>B@V1=5 
:@V?;5==O 

%8<5B@8G=0 
4@C:>20=0 
A<C6:>20 ;V=VO 

 

 0;V 3010@8B8,  =5 
?>B@V1=5 :@V?;5==O 

#>@V2=O=> 25;8:V 
2B@0B8, 25;8:0 2030 

�8A>:>4>1@>B=0 
A<C6:>20 ;V=VO 

 
 

 0;V 2B@0B8 

 

#>B@V1=5 
:@V?;5==O, 
?>@V2=O=> 25;8:V 
3010@8B8 
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 !0 28A>:8E G0AB>B0E 26820==O A<C6:>28E A8AB5< >1<565=5 
28<>30<8 28A>:8E 4>?CA:V2 =0 283>B>2;5==O, 0 B0:>6 =0O2=VABN 2B@0B 
2 ;V=VW ?5@540GV. !0 E28;OE :>@>BH5 70 1 A< 3010@8B=>-203>2V ?5@52038 
A<C6:>28E ;V=V9 2 ?>@V2=O==V 7 E28;52>40<8 ?@0:B8G=> 2V4ACB=V, B><C 
2 :>@>B:>E28;ь>2V9 G0AB8=V <V;V<5B@>2>3> 4V0?07>=C E28;ь 2 
>A=>2=><C 28:>@8AB>2CNBь E28;52>4=V ;V=VW ?5@540GV. 
 �V0?07>= G0AB>B <V:@>A<C6:>28E ;V=V9 7=0G=> H8@H5, =V6 C 
AB0=40@B=8E ?@O<>:CB=8E E28;52>4V2 V AB0=>28Bь 100-30000  �F. 
#@8 ?@>5:BC20==V V=B53@0;ь=8E AE5< A;V4 2@0E>2C20B8, I> @>1>G0 
G0AB>B0 <V:@>A<C6:>2>W AE5<8 ?>28==0 1CB8 =86G5 :@8B8G=>W 
G0AB>B8 f

c
 (G0AB>B8 7@V7C) ?>?5@5G=>W 5;5:B@8G=>W ?>25@E=52>W E28;V 

=09=86G>3> ?>@O4:C, I> 287=0G0єBьAO 70 D>@<C;>N: 

2
1

)1(

75

−
=

õh
f
c

   ��J , (2.1) 

45 h – B>2I8=0 ?V4:;04:8, <<. 
&0:, =0?@8:;04, 4;O <V:@>A<C6:>2>W ;V=VW 7 :5@0<VG=>N 

?V4:;04:>N ( 10õ ) 702B>2H:8 h = 0,5 << :@8B8G=0 G0AB>B0 f
c
50 

��F. 
!0 28A>:8E G0AB>B0E  f >14 ��F (<V;V<5B@>289 4V0?07>= E28;ь) 

?5@52030 2V440єBьAO  �% C <>=>;VB=><C 28:>=0==V, I> <0є <5=HV 
3010@8B8 V 20@BVABь 2 ?>@V2=O==V 7 3V1@84=8< �%. ' 1V;ьH 
4>23>E28;ь>2><C 4V0?07>=V 28:>@8AB>2CNBьAO 3V1@84=V AE5<8. 

�>268=0 E28;V 2 A8<5B@8G=V9 A<C6:>2V9 ;V=VW, I> ?@0FNє 7 
:>;820==O<8 B8?C &� , @V2=0: 

õ
="Е� , (2.2) 

45   – 4>268=0 E28;V C 2V;ь=><C ?@>AB>@V; 
õ  – 2V4=>A=0 4V5;5:B@8G=0 ?@>=8:=VABь <0B5@V0;C ?V4:;04:8. 
�>268=0 E28;V 2 =5A8<5B@8G=V9 A<C6:>2V9 ;V=VW 287=0G0єBьAO 

B0:8< G8=>< [2.2]: 
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
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

MHH
"Е� KK
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==  , (2.3) 

45 

=
"Е�

K  – :>5DVFVє=B ?>4>265==O E28;V; 

2
'

' КMHH
õõ =  – 5D5:B82=0 4V5;5:B@8G=0 ?@>=8:=VABь. 

#@8  0,6W/h ó   <0є<>: 

( )( )

2/1

1255,0
W/h163,01

ú
û

ù
ú
û

ù
−+

=
õ

õ
K , (2.3, 0) 

0 ?@8 0,6W/h   

( )( )

2/1

0297,0
W/h16,01

ú
û

ù
ú
û

ù
−+

=
õ

õ
K , (2.3, 1) 

�5;8G8=0 3,11,1 =K  70;568Bь 2V4 2V4=>H5==O W/h  4> õ  V 
<>65 1CB8 287=0G5=0 70 3@0DV:>< @8A. 2.3, 0. 

�D5:B82=0 4V5;5:B@8G=0 ?@>=8:=VABь >1G8A;NєBьAO 70 
D>@<C;>N: 

( )
2/1

'

10
1

2

1

2

1
11

−

÷
ø
ö

÷
ø
ö +

−
+

+
=−+=

W

h
qMHH

õõõõ , (2.4) 

45 85,055,0 =q  – :>5DVFVє=B 70?>2=5==O 4V5;5:B@8:0, I> 
70;568Bь 2V4 W/h , 2V4=>A=>W 4V5;5:B@8G=>W ?@>=8:=>ABV õ  V 
35><5B@8G=8E :>=BC@V2 :>@4>=C <V6 ?>2VB@O=8< V 4V5;5:B@8G=8< 
A5@54>28I5< (@8A. 2.3, 1). 

!040;V 4>268=C E28;V 2 1C4ь-O:><C B8?>2V A<C6:>2>W ;V=VW 
?>7=0G0B8<5<> G5@57  . 
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$8A. 2.3. �@0DV: 70;56=>ABV :>5DVFVє=B0 ?>4>265==O E28;V (0) V 

5D5:B82=>W 4V5;5:B@8G=>W ?@>=8:=>ABV (1) =5A8<5B@8G=>W 4@C:0@Aь:>W 
?>;>A:>2>W ;V=VW 2V4 W/h 4;O @V7=8E õ . 

 

�D4A<KA4 CBFG:AVEFь. #>BC6=VABь, ?@8 O:V9 28=8:0є 
28A>:>G0AB>B=89 ?@>1V9 A<C6:>2>W ;V=VW, =07820єBьAO 3@0=8G=>N 01> 
@>7@O4=>N ?>BC6=VABN. #@8 @>1>BV =0 28A>:><C @V2=V ?>BC6=>ABV 
A<C6:>2V A8AB5<8 =5 <>6CBь :>=:C@C20B8 7 E28;52>40<8. !09<5=HC 
3@0=8G=C ?>BC6=VABь <0NBь =5A8<5B@8G=V A<C6:>2V ;V=VW, 2 O:8E V7 
71V;ьH5==O< ?5@54020=>W ?>BC6=>ABV 2V41C20єBьAO ?5@53@V2 2C7ь:>3> 
?@>2V4=8:0 ;V=VW V 71V;ьH5==O 2B@0B ?>BC6=>ABV. 
�;O ?5@540GV 4C65 25;8:8E ?>BC6=>AB59 (<53020B=89 ?V:>289 

@V25=ь) 28:>@8AB>2CєBьAO A8<5B@8G=0 ;V=VO 28A>:>W 3@0=8G=>W 
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?>BC6=>ABV (482. B01;. 2.1). �D5:B :>@>=8 2 B0:V9 ;V=VW CAC20єBьAO 70 
@0EC=>: ?>B>2I5==O A<C6:8 (4> 3 <<) V WW 70:@C3;5==O =0 :@0OE. 

' <V:@>A<C6:>28E ;V=VOE ?5@540GV 3V1@84=8E V=B53@0;ь=8E 
AE5< 3@0=8G=0 ?>BC6=VABь ?@8 @>1>BV 2 @568<V 157?5@5@2=8E 
:>;820=ь A:;040є 45:V;ь:0 45AOB:V2 20BV2, 0 ?@8 @>1>BV 2 V<?C;ьA=><C 
@568<V – >48=8FV :V;>20B. -5 =86G89 @V25=ь 3@0=8G=>W ?>BC6=>ABV 
(>48=8FV 20BV2 2 157?5@5@2=><C @568<V) <0NBь =0?V2?@>2V4=8:>2V 
<>=>;VB=V V=B53@0;ь=V AE5<8. "4=8< V7 A?>A>1V2 ?V428I5==O @V2=O 
3@0=8G=>W ?>BC6=>ABV, I> ?@>?CA:0єBьAO, є 28:>@8AB0==O O: 
?V4:;04:8 2 <V:@>A<C6:>2V9 ;V=VW <0B5@V0;V2 7 25;8:>N 
B5?;>?@>2V4=VABN (B8?0 =VB@84C 1>@C, >:8A;C 15@8;VN).  

�=H89 A?>AV1 ?>;O30є 2 B><C, I> ?@8;048 7 25;8:>N 
B5?;>2V440G5N 2<>=B>2CNBьAO =0 >:@5<8E :5@0<VG=8E ?;0AB8=0E, 
=0?@8:;04 7 15@8;Vє2>W :5@0<V:8 (7 :>5DVFVє=B>< B5?;>?@>2V4=>ABV 

!EE@
>4?

k ð
= 4,0 , O:V 2:;NG0NBьAO 2 <V:@>A<C6:>2C  �% 7 ?V4:;04:>N 7 

28A>:>3;8=>75<8AB>W :5@0<V:8  .05,0 ÷
ø
ö

÷
ø
ö


= ð!EE@

>4?
k  

�474E4AAO V 8B5DBFAVEFь. �030;ь=5 7030A0==O A<C6:>2>W ;V=VW 
@V2=5: 

idE ññññ ++= , (2.5) 

45 Eñ  – 7030A0==O, 287=0GC20=5 2B@0B0<8 2 ?@>2V4=8:C; 

dñ  – 7030A0==O, >1C<>2;5=5 2B@0B0<8 2 4V5;5:B@8:C; 

iñ  – 7030A0==O C=0A;V4>: 28?@><V=N20==O. 

' B5E=VFV !�+ 206;828< ?0@0<5B@>< є 7030A0==O =0 >48=8FN 
4>268=8 E28;V (4�/ ), >A:V;ь:8 ?@8 @>7@0EC=:C DV;ьB@V2 V 
=0?@02;5=8E 2V430;C6C20GV2 =5>1EV4=0 4>268=0 2V4@V7:V2 ;V=VW 
?5@540GV є DC=:FVєN @>1>G>W G0AB>B8. 
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!9E<@9FD<KA4 E@G:>B64 V @V>DBE@G:>B64 ?VAVW. 

� =5A8<5B@8G=V9 A<C6:>2V9 ;V=VW 7030A0==O 2 ?@>2V4=8:0E 
4>@V2=Nє: 

W

RS
с òñ 7,8
  

ú
ú

û

ù

ú
ú

û

ù

8?<Aы98
8�

.
, (2.6) 

45 
SR  – >?V@ ?>25@E=52>3> H0@C =0 !�+ 2 

2"</< ; 
ò  – E28;5289 >?V@ A<C6:>2>W  ;V=VW. 
�0BCE0==O 2 4V5;5:B@8:C AB0=>28Bь: 


ôõ

ñ
tg

E 3,27 ,
. ú

ú

û

ù

ú
ú

û

ù

8B6:<A<B8
8�

 (2.7) 

0 7030A0==O C=0A;V4>: 28?@><V=N20==O: 

÷
ø
ö

÷
ø
ö==

2

0

320




òñ h

P

Pi
i

,
. ú

ú

û

ù

ú
ú

û

ù

8B6:<A<B8
8�

 (2.8) 

45  B – ?>BC6=VABь A83=0;C, I> ?@>?CA:0єBьAO G5@57 ;V=VN; 
 V – 28?@><V=N20=0 ?>BC6=VABь. 
�;O <V:@>A<C6:>28E ;V=V9, I> <0NBь ?V4:;04:C 7 28A>:>N 

2V4=>A=>N 4V5;5:B@8G=>N ?@>=8:=VABN, 7030A0==O< C=0A;V4>: 
28?@><V=N20==O ñ i

 70728G09 =5EBCNBь, ?@8 Fь><C ñññ dE += , 45 

70BCE0==O 2 4V5;5:B@8:C: 




ô
õ
õñ
tgq

9HH
E 3,27 ,

. ú
ú

û

ù

ú
ú

û

ù

8B6:<A<B8
8�

 (2.9) 

01> 
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8B6:<A<B8
�C

 (2.10) 

 

' <V:@>A<C6:>28E ;V=VOE, 28:>=0=8E =0 4V5;5:B@8:C 7 <0;8< 
7030A0==O< (B8?C :5@0<V:8), >A=>2=5 465@5;> 2B@0B >1C<>2;5=5 
:V=F52>N ?@>2V4=VABN <5B0;C. %B@C< 2 ?@>2V4=8:0E ;V=VW 
:>=F5=B@CєBьAO 2 H0@V, B>2I8=0 O:>3> @V2=0 ?@81;87=> B>2I8=V A:V=-

H0@C Eô  (=0 3;818=V A:V=-H0@C IV;ь=VABь AB@C<C =0 1 �n, B>1B> 2 2,7 
@078 <5=H5, =V6 IV;ь=VABь AB@C<C =0 ?>25@E=V ?@>2V4=8:0). � 
1V;ьH>ABV 28?04:V2 4>A8Bь, I>1 B>2I8=0 ?@>2V4=8:0 V 7075<;5=>W 
?;0AB8=8 A:;040;8 3-5 A:V=-H0@V2. ' B01;8FV. 2.2 ?@82545=V 7=0G5==O 
B>2I8=8 A:V=-H0@C ?;V2>: @V7=8E <5B0;V2, ?>4V;5=V =0 :204@0B=89 

:>@V=ь 7 G0AB>B8 
( )

,
��Jf

Eô  0 B0:>6 7=0G5==O >1’є<=8E ?@>2V4=>AB59 

ó . ' <V:@>A<C6:>28E ;V=VOE ?5@540GV 7030A0==O, >1C<>2;5=5 
2B@0B0<8 2 ?@>2V4=8:C (><VG=V 2B@0B8), 287=0G0єBьAO 2 45F815;0E 

B0:8< G8=><: ?@8  
2

1


h

W
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&01;8FO 2.2 
 5B0; �g %u �u �l W  > $1 %r &0 

"1’є<=0 
?@>2V4=VABь  

71 10)(, −−  @�@ó  

 

6,17 

 

5,8 

 

4,1 

 

3,72 

 

1,78 

 

1,76 

 

0,94 

 

0,77 

 

0,64 

 

!>@<>20=0 
B>2I8=0 A:V=-

H0@C 
 ГГцf

сó , 

<:< 

 

2,03 

 

2,09 

 

2,49 

 

2,61 

 

3,76 

 

3,8 

 

5,2 

 

5,75 

 

6,26 

 

!0 @8A. 2.4 ?@82545=V 70;56=>ABV 2B@0B <V:@>A<C6:>2>W ;V=VW 

2V4 2V4=>H5==O 
h

W . ' <>=>;VB=8E �% 7030A0==O 2 =0?V2?@>2V4=8:>2V9 

?V4:;04FV VAB>B=5: 

( ) 836,0
0724,0735,11
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−−+
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h
W

i

da
õõ ò

 

,úû
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úû
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 (2.13) 

72V4:8 28BV:0є, I> G8< <5=H5 ?8B><89 >?V@ ?V4:;04:8 ò
i
 (2 

"<  A<), B8< 1V;ьH5 70BCE0==O.  
!0 @8A. 2.5 ?>:070=0 70;56=VABь 70BCE0==O (287=0GC20=>3>, 2 

>A=>2=><C, 70BCE0==O< =0?V2?@>2V4=8:>2>W ?V4:;04:8) =0 >48=8FN 
4>268=8 E28;V 2 <V:@>A<C6:>2V9 ;V=VW 2V4  G0AB>B8 4;O B@ь>E 7=0G5=ь 
?8B><>3> >?>@C :@5<=VN ?@8 B>2I8=V :@5<=Vє2>W ?V4:;04:8 h = 250 

@>@. 

#@8 @>7@0EC=:C 70BCE0==O V 4>1@>B=>ABV G0AB> :>@8ABCNBьAO 
?>=OBBO< ?>2=>3> 7030A0==O ;V=VW  lñ  4;O @57>=0=A=>3> 
G25@BьE28;ь>2>3> 2V4@V7:0 ;V=VW: 
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 �C  (2.14) 

 

 
$8A. 2.4. �@0DV: 70;56=>ABV 
2B@0B <V:@>A<C6:>2>W ;V=VW 

2V4 
h

W
 

 $8A. 2.5. +0AB>B=0 
E0@0:B5@8AB8:0 70BCE0==O 
=0 >48=8FN 4>268=8 E28;V 
2  <V:@>A<C6:>2V9 ;V=VW 7 
:@5<=Vє2>N ?V4:;04:>N 
@V7=>3> ?8B><>3> >?>@C 

 

�>1@>B=VABь G25@BьE28;ь>2>3> @57>=0B>@0 =0 <V:@>A<C6:>2V9 
;V=VW 4>@V2=Nє:  

QQ

QQ

cd

cdQ
+

=


, (2.15) 

45  ��JfWQ TEM

c
ò


=

6

1  – 4>1@>B=VABь <V:@>A<C6:>2>W 

;V=VW, I> 287=0G0єBьAO 2B@0B0<8 2 ?@>2V4=8:0E; 
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ôõ

õ
tgq

еф

d
Q

1
=  – 4>1@>B=VABь <V:@>A<C6:>2>W ;V=VW, I> 

287=0G0єBьAO 2B@0B0<8 2 4V5;5:B@8:C. �>1@>B=VABь <V:@>A<C6:>2>W 
;V=VW, I> 287=0G0єBьAO 2B@0B0<8 2 =0?V2?@>2V4=8:>2V9 ?V4:;04FV, 

.õò
id

Q 
 

 V:@>A<C6:>20 ;V=VO =5 4>72>;Oє @50;V7C20B8 AE5<8 7 28A>:>N 
4>1@>B=VABN; 25;8G8=0 4>1@>B=>ABV B0:>W ;V=VW 702B>2H:8 0,25–1,0 << 
70;56=> 2V4 <0B5@V0;C ?V4:;04:8, 2;0AB82>AB59 ?@>2V4=8:0 V @>1>G>W 
G0AB>B8 7<V=NєBьAO 2 <560E 2V4 20 4> 400. 

1.4. "C<E ?45BD4FBDABW GEF4AB6>< 

� ;01>@0B>@=V9 @>1>BV 28:>@8AB>2CNBьAO <>45;V !�+ 
?5@5B2>@N20GV2 G0AB>B8 (Balanced_Diode_Mixer.emp; 
Diode_Mixer.emp; FET_MultIplier.emp; RatRace.emp). �0=V <>45;V 
AB2>@5=V C A5@54>28IV <>45;N20==O Microwave Office 2001. 

1.5. #BDO8B> 6<>BA4AAO DB5BF< 

1. �0?CAB8B8 A5@54>28I5 Microwave Office 2001, 2V4:@8B8 
?0?:C 7 <>45;O<8 DV;ьB@V2: File/Open project/48A: A/?0?:0 MWO 
2001/Examples/Mixers 2V4:@8B8 <>45;ь Balanced_Diode_Mixer.emp. 

1.1. �=OB8 =0ABC?=V E0@0:B5@8AB8:8 4;O ?>G0B:>28E C<>2: 
Conversion loss (4�/<�B), Current output (time graph), �+) (!+ (IF (=0 
?@><V6=V9 G0AB>BV) Low pass filter), Spectrum analyzer, Isolation RF to 

LO (?5@5EV4=5 ?>A;01;5==O ?@8 ?5@5B2>@5==V 7 28A>:>W =0 =87ь:C 
G0AB>BC, 4�/<�B), LO to RF (?5@5EV4=5 ?>A;01;5==O ?@8 ?5@5B2>@5==V 
7 =87ь:>W =0 28A>:C G0AB>BC, 4�/<�B), 287=0G8B8 ?@87=0G5==O DV;ьB@C. 

1.2 �=OB8 70;56=VABь E0@0:B5@8AB8: DV;ьB@C 2 70;56=>ABV 2V4 
?0@0<5B@V2 <0B5@V0;C ?@>2V4=8:0 (Schematics\EM Structures\Condactor 

materials+=0B8A=CB8 ?@02>N :;02VH5N <8HV V 281@0B8 Create New 

Material). 

a) Perfect conductor – AB>WBь ?> 70<>2G0==N. 
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a) Material name – 01; Compute properties from physical 

parameters; condactor thickness: (5; 100 mil); material conductivity: (50; 

1000). 

2. �V4:@8B8 <>45;ь Diode_Mixer.emp, ?>2B>@8B8 4>A;V48 ?. 1. 
3. �V4:@8B8 <>45;ь FET_MultIplier.emp, ?>2B>@8B8 4>A;V48 

?. 1. 

4. �V4:@8B8 <>45;ь RatRace.emp, ?>2B>@8B8 4>A;V48 ?. 1. 
4.1. �=OB8 70;56=VABь E0@0:B5@8AB8: DV;ьB@C 2 70;56=>ABV 2V4 

B8?C <0B5@V0;C 4;O =86=ь>3> B0 25@E=ь>3> H0@V2 – 8 70;56=>AB59 
(Schematics\EM Structures\Enclosure\Boundaries). 

4.2. �=OB8 70;56=VABь E0@0:B5@8AB8: DV;ьB@C 2 70;56=>ABV 2V4 
:V;ь:>ABV B0 B>2I8=8 H0@V2 ?@>2V4=8:0. (Schematics \ EM 

Structures \ Rat Race \ Enclosure \ Dielectric layers). �<V=8B8 ?>G5@3>2> 
?>G0B:>2C B>2I8=C H0@V2 Layer 1 B0 Layer 2, =0 7=0G5==O, >B@8<0=V 
?><=>682H8 ?>G0B:>25 7=0G5==O =0 :>5DVFVє=B8 (0,2; 0,6; 1,25; 2, 5). 
�>40B8 >48= H0@ <0B5@V0;C Add Above, Add Below. '1@0B8 25@E=V9 
H0@. 

1.6. "5DB5>4 D9;G?ьF4FV6 

1. �0 >B@8<0=8<8 E0@0:B5@8AB8:0<8 !�+ ?5@5B2>@N20GV2 
G0AB>B8 287=0G8B8 WE ?@87=0G5==O B0 >A=>2=V ?0@0<5B@8. 

2. �0 @57C;ьB0B0<8 4>A;V465=ь V @>7@0EC=:V2 7@>18B8 28A=>2:8. 
3. $57C;ьB0B8 4>A;V465=ь V @>7@0EC=:V2 >D>@<8B8 C 283;O4V 

72VBC, O:89 ?V4;O30є V=482V4C0;ь=><C 70E8ABC. 
1.7. �@VEF ;6VFG. �2VB ?>28=5= <VAB8B8: 

1. %E5<8 4>A;V46C20=8E ?@8AB@>W2 B0 @57C;ьB0B8 4>A;V465=ь. 
2. $57C;ьB0B8 @>7@0EC=:V2 B0 2V4?>2V4=V 3@0DV:8. 
3. �@>18B8 28A=>2:8: ?@> >1’є< 28:>=0=>W @>1>B8, G8 4>AO3=5=0 <5B0 
@>1>B8, G8 ?@0:B8G=V @57C;ьB0B8 A?V2?0;8 7 B5>@5B8G=8<8. 

1.8. �BAFDB?ьAV F9EFB6V C<F4AAO 

 1. -> =07820NBь A<C6:>2>N ;V=VєN ?5@540GV? 
 2. /:V є B8?88 A<C6:>28E ;V=V9? 
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 3. � O:><C 4V0?07>=V E28;ь 28:>@8AB>2CNBь <V:@>A<C6:><V 
;V=VW? 
 4. /: 70;568Bь :@8B8G=0 G0AB>B0 ?>?5@5G=>W 5;5:B@8G=>W 
?>25@E=52>W E28;V =09=86G>3> ?>@O4:C 2V4 B>2I8=8 ?V4:;04:8? 

 5. -> B0:5 &�  E28;O? 
 6. /: 287=0G0єBьAO 4>268=0 E28;V 2 A8<5B@8G=V9 A<C6:>2V9 
;V=VW, I> ?@0FNє 7 :>;820==O<8 B8?C &� ?  
 7. /: A?V22V4=>A8BьAO 4>268=0 E28;V 2 A8<5B@8G=V9 B0 =5 
A8<5B@8G=V9 A<C6:>2V9 ;V=VW? 

 8. -> B0:5 3@0=8G=0 ?>BC6=VABь A<C6:>2>W ;V=VW? 
 9. /:V A:;04>2V 7030;ь=>3> 7030A0==O A<C6:>2>W ;V=VW? 
 10. -> B0:5 A:V=-H0@ ?@>2V4=8:0? 
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�45BD4FBDA4 DB5BF4 №3 
�BE?V8:9AAO !�+ HV?ьFDV6 

 

1.1. !46K4?ьAV C<F4AAO 

1. �>A;V48B8 0<?;VBC4=>-G0AB>B=V E0@0:B5@8AB8:8 DV;ьB@V2. 
2. �>A;V48B8 G0A>2V E0@0:B5@8AB8:8 DV;ьB@V2. 
1.2. !46K4?ьA4 @9F4 
1. �:A?5@8<5=B0;ь=5 4>A;V465==O G0AB>B=8E E0@0:B5@8AB8: 

!�+ DV;ьB@V2. 
1.3. &9BD9F<KAV 6V8B@BEFV 
%<@9FD<KA4 E@G:>B64 ?VAVO. �0BCE0==O 2 A8<5B@8G=V9 

A<C6:>2V9 ;V=VW 4>@V2=Nє dE ñññ +=
. 

�0BCE0==O 2 4V5;5:B@8:C dñ  7=0E>48BьAO ?> D>@<C;V (2.6), 0 
G8A5;ь=5 7=0G5==O 7030A0==O 2 ?@>2V4=8:C Eñ  (=0?@8:;04, 2 <V4=><C) 
<>6=0 287=0G8B8 ?> :@828E @8A. 3.1 [2,4]. ' A8<5B@8G=V9 4@C:0@Aь:V9 
A<C6:>2V9 ;V=VW V7-70 <>6;82>3> =5IV;ь=>3> ?@8;O30==O 
4V5;5:B@8G=8E ?;0AB8= 28=8:0є ?>2VB@O=89 707>@, O:89 C A2>N G5@3C 
?@82>48Bь 4> 71V;ьH5==O 2B@0B 2 ;V=VW. �;O B>3>, I>1 28:;NG8B8 F5 
O28I5, 70AB>A>2CNBь 42>AB>@>==V9 4@C:. $8AC=>: AE5<8 =0=>A8BьAO 
=0 2=CB@VH=V ?>25@E=V >1>E 4V5;5:B@8G=8E ?;0B, 725@=5=8E >48= 4> 
>4=>3> 5:2V?>B5=FV0;ь=8<8 A<C6:>28<8 ?@>2V4=8:0<8; ?@8 Fь><C 
?>;5 2 707>@V ?@0:B8G=> 2V4ACB=є. 
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$8A. 3.1. &5>@5B8G=V :@82V 70BCE0==O 2 A8<5B@8G=V9 A<C6:>2V9 
;V=VW 7 4V5;5:B@8G=8< 70?>2=5==O< (A<C6:0 – <V4=0). 

 �8<>38 4> B>G=>3> ?>є4=0==O 2:070=8E <0;N=:V2 AE5<8 
<>6CBь 1CB8 45I> 7=865=V, O:I> H8@8=0 A<C6>: =0 >4=V9 7 ?;0B 
45I> <5=H5, =V6 =0 V=HV9. �>1@>B=VABь A8<5B@8G=>W A<C6:>2>W ;V=VW  
4>@V2=Nє: 

,

1 ôtg

Q

Q

Q

c

c

+
= , (3.1) 

45 ;
2ñ
ò

c
c
Q =    


=

ò 2
 – D07>20 AB0;0. 

 4F9DV4? CV8>?48B> V CDB6V8A<>V6.  4F9DV4? CV8>?48B>. �V4 
<0B5@V0;C ?V4:;04>: ?>;>Aь:>28E V <V:@>A<C6:>2E ;V=V9 ?5@540GV 
70;560Bь 2B@0B8 V 4>268=0 E28;V 2 B@0:BV. �V5;5:B@8:, 
28:>@8AB>2C20=89 O: ?V4:;04:0, ?>28=5= <0B8 <0;V 2B@0B8, >4=>@V4=C 
4V5;5:B@8G=C ?@>=8:=VABь õ . )0@0:B5@8AB8:8 45O:8E <0B5@V0;V2, 
28:>@8AB>2C20=8E 2 4@C:0@Aь:8E A<C6:>28E ;V=VOE ?5@540GV, 
?@82545=V 2 B01;8FV. 3.1. 

�;O <V:@>A<C6=8E ;V=V9 ?5@540GV ?>B@V1=89 <0B5@V0;, I> 
2>;>4Vє 28A>:8< õ  (?>@O4:0 10). <0;8<8 2B@0B0<8, ?>ABV9=VABN õ  2 
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H8@>:><C 4V0?07>=V G0AB>B V B5<?5@0BC@, 28A>:>N <V@>N G8AB>B8 
(B>1B> <0;>N :V;ь:VABN 4><VH>:), <0;>N ?>@8ABVABN, 28A>:>N 
B5?;>?@>2V4=VABN, =87ь:>N 20@BVABN. 

&01;8FO 3.1 
!4;64 

8V9?9>FD<>G 
õ A4 

�Jf 610=  

CD< t= 20 

°% 

ôtg
 

A4 
�Jf 610=  
CD< 

20 °% 

$B5BK<= 
VAF9D64? 
F9@C9D4FGD, 

°% 

!BCB?і@9D !АМ 2,6 4,5
-410  –60– +80 

�"-3 2,84 (7–9) 
-410  –60– +85 

�"-5 5 (7,5–9)
-410  –60– +85 

�"-7 7 9
-410  –60– +85 

�"-10 10 12
-410  –60– +85 

�"-16 16 
 –60– +90 

ФFBDBC?аEF-4 2,0–2, 1 2,5
-410  –60–+250 

!>?BF9>EFB?іF 
!КМ-1 

4, 16–4,83 (3-6)
-310  –60– +200 

�B?і9F<?9A 
6<EB>B7B F<E>G 

2,3 3
-410  –70– +120 

 

' <V:@>A<C6=8E ;V=VOE, 28:>@8AB>2C20=8E 2 3V1@84=8E �%, 
7=0E>4OBь 26820==O B0:V <0B5@V0;8, O: :5@0<V:0, A0?DV@, A8B0; 
(B01;8FO 3.1). "A=>2>N :5@0<V:8 є >:8A5; 0;N<V=VN 

. 0�1 32 �8A>:>3;8=>75<8AB0 :5@0<V:0 є ?>@V2=O=> =54>@>38< 
<0B5@V0;><, <0є =87ь:V 2B@0B8, 28A>:C 4V5;5:B@8G=C ?@>=8:=VABь, <0;V 
B5<?5@0BC@=V 7<V=8 5;5:B@8G=8E ?0@0<5B@V2. %0?DV@ 4>1@5 
>1@>1;OєBьAO 4> 14 :;0AC G8AB>B8, C 72'O7:C 7 G8< 9>3> 70AB>AC20==O 
70157?5GCє E>@>HV 5;5:B@8G=V E0@0:B5@8AB8:8 !�+ ?@8;04V2. 

 5=HC 4V5;5:B@8G=C ?@>=8:=VABь <0NBь B0:V <0B5@V0;8, O: 
>:8A5; 15@8;VO, :20@F (482. B01;8FV. 3.2), I> >1<56Cє WE 26820==O 2 
�%. �@V< B>3>, ?V4:;04:8 7 :20@FC V 3;07C@>20=>3> >:8A;C 15@8;VO 
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2>;>4VNBь 3V@H>N 04357VєN (7G5?;5==O< 7 ?@>2V4=8< H0@><) V 
<5=H>N ABV9:VABN 4> B5?;>2>3> C40@C. �5@8;Vє2C :5@0<V:C, I> 
2>;>4Vє 28A>:>N B5?;>?@>2V4=VABN, 70AB>A>2CNBь 2 B8E 28?04:0E, 
:>;8 =5>1EV4=> 70157?5G8B8 E>@>H89 B5?;>2V42V4 (=0?@8:;04, 2 �% 7 
28:>@8AB0==O< 35=5@0B>@V2 �0==0). �20@F, I> <0є 28A>:C AB01V;ь=VABь 
4V5;5:B@8G=>W ?@>=8:=>ABV, 28:>@8AB>2CєBьAO C 28A>:>4>1@>B=8E 
?@8AB@>OE (=0?@8:;04, DV;ьB@0E). 

&01;8FO 3.2 

 4F9DV4? 
CV8?B:>< 

õ  A4 
�Jf 610=  

CD< t= 20 

°% 

ôtg
 

Aа 
�Jf 1010=  

CD<  t=20 

°% 

&9C?BCDB6B8AVEFь 

k , 
!EE@

>4?
ð

 

%0?DV@ 9,9 1
410−  0,06 

#>;V:>@ 
99,8% 

�1203 

9,8 1
410−  0,06–0,09 

%0?DV@8B 
98% �1203 

9,3-9,6 1
410−  0.05–0,06 

�  99,6% 

�1203 

9,8 1
410−  0,04–0.%6 

22)% 
94,4% 

�1203 

9,5 5
410−  

0,032 

�-995 

99,8% 

�1203 

9,8 
1

410−  – 

 ��$"��& 

99,4% 

�12"3 

9,8 4
410−  0,042 

�@>:5@8B-
9 97% �5" 

6,8 6
410−  

0,4 

�20@F 3,78 
1

410−  – 
%8B0; �#-

10 

10 5
410−  

0,007 

%8B0; �#- 15 5
410−  

0,007 
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15 

�@5<=V9 11,7 0,015 0,37 

�@A5=V4 
30;VN 

13,3 
– 

0,1 

(5@8B8 9–14 0,01–
0,001 

– 
 

' <>=>;VB=8E �% O: =0?V2?@>2V4=8:>20 ?V4;>6:0 
28:>@8AB>2CєBьAO :@5<=V9, 0@A5=V4 30;VN, B0:8E, I> є 
=0?V2V7>;NNG8<8 <0B5@V0;0<8, =0 O:V >1;O30NBь 5?VB0:AV0;ь=89 H0@ 
=0?V2?@>2V4=8:>2>3> <0B5@V0;C 4;O 0:B82=8E 5;5<5=BV2, 0 ?0A82=V 
5;5<5=B8 AB2>@NNBь <5B>4>< B>=:>?;V2:>2>W B5E=>;>3VW. !0 ?>25@E=V 
:@5<=VN 70 4>?><>3>N >:8A;5==O <>6=0 >B@8<C20B8 42>>:8A 
:@5<=VN 2SiO , O:0 28:>@8AB>2CєBьAO 4;O AB2>@5==O 70E8A=8E <0A>: 
?@8 <5B>4V D>B>;VB>3@0DVW 283>B>2;5==O �%. 

�V5;5:B@8G=0 ?@>=8:=VABь :@5<=VN ( õ  = 11,7) =5 70;568Bь 2V4 
G0AB>B8 06 4> >?B8G=>3> 4V0?07>=C E28;ь V =5 7<V=NєBьAO 2 H8@>:><C 
V=B5@20;V B5<?5@0BC@. #5@5203>N :@5<=VN є 9>3> 28A>:0 
B5?;>?@>2V4=VABь, I> 4>72>;Oє ?@0FN20B8 7 28A>:8<8 @V2=O<8  
?>BC6=>AB59. %;V4 70C2068B8, I> :@5<=V9 є =0?V2V7>;OB>@><, I> <0є 
7=0G=V 2B@0B8, V, >B65, 4>1@>B=VABь <V:@>A<C6:>28E ;V=V9 =0 :@5<=VW 
=86G0, =V6 =0 4V5;5:B@8:0E. 

�@A5=V4 30;VN 70157?5GCє =5>1EV4=C 5;5:B@8G=C V7>;OFVN <V6 
:><?>=5=B0<8 V <0є <0;V 2B@0B8. �V5;5:B@8G=0 ?@>=8:=VABь 0@A5=V4C 
30;VN (õ =13,3±0,4) ?>ABV9=0 2 4V0?07>=V 2V4 4 4> 40 ��F. 

":@V< 2:070=8E 28I5 <0B5@V0;V2, 2 <>=>;VB=8E �% 
70AB>A>2CNBьAO :><1V=>20=V <0B5@V0;8, I> ?>є4=CNBь 2 A>1V 
2;0AB82>ABV V450;ь=>3> 4V5;5:B@8:0 V =0?V2?@>2V4=8:0, B0:V, O: :@5<=V9 
=0 A0?DV@V, :@5<=V9 =0 A8B0;V. #@8 Fь><C 4V5;5:B@8: A;C68Bь, 2 
>A=>2=><C, 4;O @50;V70FVW <V:@>A<C6:>28E ;V=V9 !�+. #@8 
?@>5:BC20==V <V:@>A<C6:>28E A8AB5<, I> <VABOBь D5@8B>2V ?@8AB@>W 
(?5@5=0;0HB>2C20;ь=V DV;ьB@8, >1<56C20GV, D07>>15@B0GV, 
F8@:C;OB>@8, 25=B8;V), O: <0B5@V0; ?V4:;04:8 <>6CBь 1CB8 
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28:>@8AB0=V D5@8B>2V ?;0AB8=8. #@8AB@>W =0 D5@8B>28E ?V4:;04:0E 2 
45O:8E 28?04:0E <>6CBь ?@0FN20B8 157 7>2=VH=ь>3> <03=VBC. 

 4F9DV4? CDB6V8A<>V6.  0B5@V0; ?@>2V4=8:V2 A<C6:>28E V 
<V:@>A<C6:>28E ;V=V9 ?5@540GV ?>28=5= <0B8 28A>:C 
5;5:B@>?@>2V4=VABь, <0;C 25;8G8=C B5<?5@0BC@=>3> :>5DVFVє=B0 
>?>@C, E>@>HC 04357VN 4> ?V4:;04:8, E>@>HC @>7G8==VABь 2 EV<VG=><C 
B@028;ь=8:C, ;53:> >AV40B8 ?@8 20:CC<=><C =0?8;5==V 01> =0=5A5==V 
30;ь20=VG=8< <5B>4><. ' B01;8FV. 3.2 ?@82545=V E0@0:B5@8AB8:8 
<0B5@V0;V2, 28:>@8AB>2C20=8E O: F5=B@0;ь=89 ?@>2V4=8: V 7075<;5=V 
?;0AB8=8 A<C6:>28E ;V=V9. 

�:070=V <0B5@V0;8 =0=>AOBьAO =0 ?V4:;04:C <5B>40<8 
«B>=:>?;V2:>2>W» 01> «B>2AB>?;V2:>2>W» B5E=>;>3VW. %;V4 2V4<VB8B8 I> 
FV ?>=OBBO =5 2V4=>AOBьAO 4> 4V9A=>W B>2I8=8 =0=5A5=>W ?;V2:8, 0 
E0@0:B5@87CNBь A?>AV1 WW =0=5A5==O. &>=:>?;V2:>2>N =07820NBь 
AE5<C, >B@8<0=C 20:CC<=8< =0?8;5==O< G8AB>3> <5B0;C V A?;02V2. 
#@8 283>B>2;5==V �% <5B>4>< B>=:>?;V2:>2>W B5E=>;>3VW 4;O 74>1CBBO 
=5>1EV4=>W 04357VW 7 ?V4:;04:>N 28:>@8AB>2CNBьAO B>=:V ?;V2:8 
E@><C, 20=04VN 01> B8B0=C 702B>2H:8 100-200 �, =0 O:8E ?>BV< 
=0?8;NNBьAO ?;V2:8 <V4V, A@V1;0 01> 7>;>B0. 

#@8 B>2AB>?;V2:>2V9 B5E=>;>3VW AC<VHV =0 >A=>2V 7>;>B0 V 
A@V1;0 26V30NBAO 2 :5@0<VG=C ?V4:;04:C ?@8 28A>:V9 B5<?5@0BC@V. � 2 
B><C, V V=H><C 28?04:C 4>2545==O B>2I8=8 H0@CNG8 ?@>2V4=8:0 4> 
=5>1EV4=>W 25;8G8=8 28@>1;OєBьAO 30;ь20=VG=8< =0@>IC20==O< 
2V4?>2V4=>3> <5B0;C. 

 

1.4. "C<E ?45BD4FBDABW GEF4AB6>< 

� ;01>@0B>@=V9 @>1>BV 28:>@8AB>2CNBьAO <>45;V !�+ DV;ьB@V2 
(3D_Comb_Filter.emp; 5Ghz_Interdigital_Filter.emp; 8GHz_LPF.emp; 

18Ghz_LPF.emp;). �AV <>45;V AB2>@5=V C A5@54>28IV <0B5<0B8G=>3> 
<>45;N20==O Microwave Office 2001. 

1.5. #BDO8B> 6<>BA4AAO DB5BF< 
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1. �0?CAB8B8 A5@54>28I5 Microwave Office 2001, 2V4:@8B8 
?0?:C 7 <>45;O<8 DV;ьB@V2: File/Open project/48A: A/ ?0?:0 MWO 
2001/Examples/Filters 2V4:@8B8 <>45;ь 5Ghz_Interdigital_Filter.emp. 

1.1 �=OB8 �+) (Stopband, Passband, Return loss), 287=0G8B8 
=0?@O<:8 ?@>BV:0==O AB@C<C 2 @568<V 2D, 3D View, Animate play, 

287=0G8B8 ?@87=0G5==O DV;ьB@C. 
1.2 �=OB8 70;56=VABь E0@0:B5@8AB8: DV;ьB@C 2 70;56=>ABV 2V4 

B8?C <0B5@V0;C 4;O =86=ь>3> B0 25@E=ь>3> H0@V2 – 8 70;56=>AB59 
(Schematics\EM Simulations\Enclosure\Boundaries). 

�=OB8 �+) (Stopband, Passband, Return loss), 287=0G8B8 
=0?@O<:8 ?@>BV:0==O AB@C<C 2 @568<V 2D, 3D View, Animate play, 

287=0G8B8 ?@87=0G5==O DV;ьB@C. 
1.3 �=OB8 70;56=VABь E0@0:B5@8AB8: DV;ьB@C 2 70;56=>ABV 2V4 

:V;ь:>ABV B0 B>2I8=8 H0@V2 ?@>2V4=8:0. (Schematics\EM 

Simulations\Enclosure\Dielectric layers). �<V=8B8 B>2I8=C H0@V2 (1/5, 
2/5, 3/5, 4/5, 6/5, 7/5, 8/5, 9/5, 2) 2V4 ?>B>G=8E 7=0G5=ь. �>40B8 H0@ 
<0B5@V0;C Add Above, Add Below. '1@0B8 25@E=V9 H0@. 

�=OB8 �+) (Stopband, Passband, Return loss), 287=0G8B8 
=0?@O<:8 ?@>BV:0==O AB@C<C 2 @568<V 2D, 3D View, Animate play, 

287=0G8B8 ?@87=0G5==O DV;ьB@C. 
2. �V4:@8B8 <>45;ь 3D_Comb_Filter.emp. �8:>=0B8 4>A;V48 ?.1 

4;O Schematics\EM Sight_Iris, _No Iris\Enclosure. �=OB8 �+), 3>4>3@0D 
V<?540=AC, 287=0G8B8 ?@87=0G5==O DV;ьB@C. 

3. �V4:@8B8 <>45;ь 18Ghz_LPF.emp. �8:>=0B8 4>A;V48 ?.1 4;O 
Schematics\EM LPF2 \Enclosure. 

4. �V4:@8B8 <>45;ь 8GHz_LPF.emp. �8:>=0B8 4>A;V48 ?.1 4;O 
Schematics\LPF EMSight\Enclosure. 

�=OB8 �+) (Stopband, Passband, Group dalay, &), 287=0G8B8 
=0?@O<:8 ?@>BV:0==O AB@C<C 2 @568<V 2D, 3D View, Animate play, 

287=0G8B8 ?@87=0G5==O DV;ьB@C. 
5. �@>18B8 28A=>2:8 ?> >B@8<0=8< 40=8< B0 =0?8A0B8 72VB. 
 



�<FB@<DEь>4 
CB?VF9IAV>4 

 �!�%&�$%&�" "%��&� � !�'�� '�$��!�  

��$�А�!�� '!���$%�&�& «��&" �$%Ь�А 
#"��&�)!��А» 

%<EF9@4 GCD46?VAAO O>VEFN 6V8CB6V84є �%&' ISO 9001:2015  

(-22.06-

05.02/2/172.00.1/  

/��2.3-2021 

Е>;9@C?OD № 1 �D>  79 / 33 

 

 

1.6. "5DB5>4 D9;G?ьF4FV6 

1. �0 >B@8<0=8<8 E0@0:B5@8AB8:0<8 !�+ DV;ьB@V2 287=0G8B8 
WE ?@87=0G5==O B0 >A=>2=V ?0@0<5B@8. 

2. �0 @57C;ьB0B0<8 4>A;V465=ь V @>7@0EC=:V2 7@>18B8 28A=>2:8. 
3. $57C;ьB0B8 4>A;V465=ь V @>7@0EC=:V2 >D>@<8B8 C 283;O4V 

72VBC, O:89 ?V4;O30є V=482V4C0;ь=><C 70E8ABC. 
1.7. �@VEF ;6VFG. �2VB ?>28=5= <VAB8B8: 

1. %E5<8 4>A;V46C20=8E ?@8AB@>W2 B0 @57C;ьB0B8 4>A;V465=ь. 
2. $57C;ьB0B8 @>7@0EC=:V2 B0 2V4?>2V4=V 3@0DV:8. 
3. �@>18B8 28A=>2:8: ?@> >1’є< 28:>=0=>W @>1>B8, G8 4>AO3=5=0 <5B0 
@>1>B8, G8 ?@0:B8G=V @57C;ьB0B8 A?V2?0;8 7 B5>@5B8G=8<8. 

1.8. �BAFDB?ьAV F9EFB6V C<F4AAO 

 1. /: 70;568Bь :@8B8G=0 G0AB>B0 ?>?5@5G=>W 5;5:B@8G=>W 
?>25@E=52>W E28;V =09=86G>3> ?>@O4:C 2V4 B>2I8=8 ?V4:;04:8? 

 2. -> B0:5 &�  E28;O? 
 3. /: 287=0G0єBьAO 4>268=0 E28;V 2 A8<5B@8G=V9 A<C6:>2V9 
;V=VW, I> ?@0FNє 7 :>;820==O<8 B8?C &� ?  
 4. /: A?V22V4=>A8BьAO 4>268=0 E28;V 2 A8<5B@8G=V9 B0 =5 
A8<5B@8G=V9 A<C6:>2V9 ;V=VW? 

 5. -> B0:5 3@0=8G=0 ?>BC6=VABь A<C6:>2>W ;V=VW? 
 6. /:V A:;04>2V 7030;ь=>3> 7030A0==O A<C6:>2>W ;V=VW? 
 7. -> B0:5 A:V=-H0@ ?@>2V4=8:0? 
 8. -> B0:5 4>1@>B=VABь? 
 9. /:0 H8@8=0 A<C6:8 70?>1V30є ?>O2V 28I8E B8?V2 E28;ь? 

10. -> >7=0G0NBь V=45:A8 x,y 1V;O ?>7=0G5==O E28;V Hx,y? 
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�45BD4FBDA4 DB5BF4 №4 
�BE?V8:9AAO BEAB6A<I 6?4EF<6BEF9= C9D9F6BD9AAO (GD’є CD< 

B5DB5JV D48VBE<7A4?V6 

 

1.1. !46K4?ьAV C<F4AAO 

1. �>A;V48B8 >A=>2=V 2;0AB82>ABV �#( 4V9A=8E B0 :><?;5:A=8E 
@04V>A83=0;V2. 

2. �>A;V48B8 >A=>2=V 2;0AB82>ABV ,#( 4V9A=8E B0 
:><?;5:A=8E @04V>A83=0;V2. 

1.2. !46K4?ьA4 @9F4 
1. �:A?5@8<5=B0;ь=5 4>A;V465==O >A=>2=8E 2;0AB82>AB59 

48A:@5B=>3> ?5@5B2>@5==O (C@’є (�#() B0 H284:>3> ?5@5B2>@5==O 
(C@’є (,#(), I> 28:>@8AB>2CNBьAO ?@8 F8D@>2>W >1@>1FV 
@04V>A83=0;V2. 

1.3. &9BD9F<KAV 6V8B@BEFV 
!03040є<> 7030;ь=V 2V4><>ABV ?@> B@0=AD>@<0FVN (C@'є 

=5?5@5@2=>3> 2 G0AV A83=0;C. �7 B5>@VW A8AB5< 2V4><>, I> 70 
4>?><>3>N B@0=AD>@<0FVW (C@'є >1<565=>W 2 G0AV DC=:FVW )(tf  <>6=0 
287=0G8B8 A?5:B@ )( jF  V =02?0:8 G5@57 >15@=5=C B@0=AD>@<0FVN 
(C@'є <>6=0 7 A?5:B@0;ь=>W DC=:FVW )( jF 287=0G8B8 DC=:FVN 
70;56=>ABV 2V4 G0AC )(tf  

 


+

−

−= dtetajF tj )()(  (3.1) 

 


+

−

= 


 dejFtf tj)(
2

1
)(  (3.2) 

 

 

 ftetf Tt 2sin3)( −=  (3.3) 
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% 

%?5:B@0;ь=0 DC=:FVO )( jF  є :><?;5:A=>N 7 4V9A=>N B0 
CO2=>N G0AB8=0<8, V=0:H5 :06CG8, 7 <>4C;5< B0 D07>N. +0AB> 
>1G8A;NєBьAO ;8H5 <>4C;ь )( jF  70;56=> 2V4   01> f B0 
7>1@06CєBьAO O: 0<?;VBC4=89 A?5:B@. /:I>, =0?@8:;04, DC=:FVO 
70;56=>ABV 2V4 G0AC є E0@0:B5@8AB8:>N =0?@C38 C 2>;ьB0E, B> 
@>7<V@=VABь A?5:B@0;ь=>W DC=:FVW )( jF ?@8 V=B53@C20==V 70 G0A>< 
(A5:C=48) 1C45 �J�!�!� /)/1/(* == . �;O ?@8:;04C =0 @8A. 3.1 

7>1@065=> 70;56=VABь )(tf  4;O AB@C<C 2 @57>=0=A=><C :>=BC@V 2V4 
AB04VW 71C465==O 4> 730A0NG>3> :>;820==O (2 0<?5@0E) 

 

 
$8A.3.1. �>A;V46C20=0 DC=:FVO ftetf Tt 2sin3)( /−=  7V AB0;>N 730A0==O 

cT 2=  B0 G0AB>B>N 1/1 −= cf   

 

�V4?>2V4=89 0<?;VBC4=89 A?5:B@ )( jF  >1G8A;5=89 V7 (3.1) (2 
0<?5@0E =0 35@F), 7 <0:A8<C<>< ?@8 12 −= E  7>1@065=89 =0 
@8A.3.4, 0. 

224 )417(5,7

6
)(

+−
=


jF  (3.4) 

 

�8A:@5B=0 B@0=AD>@<0FVO (C@'є 48A:@5B87>20=>3>, 
>1<565=>3> 2 G0AV A83=0;C. 
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#5@5945<> 4> >1G8A;5==O 48A:@5B=>W B@0=AD>@<0FVW )( jFd =  

=0 107V ?>A;V4>2=>ABV 281V@>: A?>G0B:C >1<565=>3> 2 G0AV A83=0;C. �0 
>A=>2C 2V7ь<5<> 730A0NGC DC=:FVN )(tf   (482. @8A.3.1). �>=0 1C;0 
28<V@O=0 2 B>G:0E G0AC an nTt = , ?@8G><C V=45:A n  ?@>1V30є 2V4 0 4> 

1−N . +5@57 aT  ?>7=0G8<> ?5@V>4 48A:@5B870FVW (@8A.3.2). 

 
$8A.3.2. �8A:@5B87>20=V DC=:FVW 7 #5@V>4>< 48A:@5B870FVW cTa 2.0=  

:V;ь:VABN 281V@>: 50=N  AC<0@=8< G0A>< 28<V@N20==O cNTa 10=  

 

' Fь><C 28?04:C 7030;ь=89 G0A A?>AB5@565==O (>1'є< 281V@>:) 
AB0=>28B8<5 N - :@0B=5 2V4 ?5@V>4C 48A:@5B870FVW 

aNTT =  (3.5) 

�>1CBV 281V@:>2V 7=0G5==O DC=:FVW )(tf  2V4><V BV;ь:8 4;O 
48A:@5B=8E B>G>: G0AC anT  , B>1B> 7 =5?5@5@2=>W 7<V==>W t 28=8:;0 
48A:@5B=0 anT . #>AB0є 70240==O: V7 48A:@5B=8E 7=0G5=ь 0<?;VBC48 

)( anTf  287=0G8B8 2V4?>2V4=C A?5:B@0;ь=C DC=:FVN. *5 >1G8A;5==O 
=07820NBь 8<E>D9FABN FD4AEHBD@4JVєN ФGD'є )( jFd  (�&() (=0 
2V4<V=C 2V4 B@0=AD>@<0FVW (C@'є =5?5@5@2=>3> A83=0;C). �;O 
>B@8<0==O 0;3>@8B<C >1G8A;5==O 48A:@5B=>W B@0=AD>@<0FVW (C@'є 
=5>1EV4=> 70<V=8B8 C (3.1) t  =0 anT :  
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)(tf  G5@57 )( anTf  

tje −  G5@57 anTj
e

−
 

(3.6) 

4;O >1G8A;5==O 7 48A:@5B=8<8 25;8G8=0<8. 
�?@>:A8<Cє<> V=B53@0; C (3.1) 2V4?>2V4=> 4> (7.33) O: AC<C 

?@O<>:CB=8:V2 7 28A>B>N )( anTf  B0 H8@8=>N aT  

õ  )()( aa nTfTdttf  (3.7) 

 =>65==O =0 25;8G8=C V=B5@20;C 48A:@5B870FVW =5 2E>48Bь 2 
>7=0G5==O �&(. �@0E>2CNG8 :@C3>2C DC=:FVN, 4VAB0=5<> 0;3>@8B< 

õ õ

õ
−

=

−

=

−

=

−

−=

==

1

0

1

0

1

0

sin)(cos)(

)()(

N

n

N

n

aaaa

N

n

nTj

ad

nTnTjTnTf

enTfjF a



 

 (3.8) 

 

�8@07 (3.8) =5 є 7025@H5=>N D>@<>N 70?8AC �&(, 0;5 9>3> 2A5 
6 <>6=0 ?>@V2=OB8 7 @V2=O==O< (3.1) B@0=AD>@<0FVW (C@'є 4;O 
=5?5@5@2=8E A83=0;V2. "18420 2848 B@0=AD>@<0FVW <0NBь B0:V A?V;ь=V 
2;0AB82>ABV: 

0) O:I> 70;56=0 2V4 G0AC DC=:FVO ?0@=0, B>1B> nn ff −= +  B> 
A?5:B@0;ь=0 DC=:FVO B0:>6 ?0@=0 B0 4V9A=0; 

1) O:I> 70;56=0 2V4 G0AC DC=:FVO =5?0@=0, B>1B> nn ff −= −  B> 
A?5:B@0;ь=0 DC=:FVO =5?0@=0 B0 CO2=0; 

2) )( jF B0 )( jF −  (01> 2V4?>2V4=> )( jFd B0 
)( jFd − :><?;5:A=>-A?@O65=V. 
�@V< B>3>, �&( <0є I5 >A>1;82>ABV, O:V 1C4CBь @>73;O=CBV 

40;V: 
3) ?5@V>48G=0 2V4=>A=> 0@3C<5=BC   7 ?5@V>4>< aT2  B0 

?5@V>48G=0 2V4=>A=>  
0@3C<5=BC f  7 ?5@V>4>< aa fT =1 ; 



�<FB@<DEь>4 
CB?VF9IAV>4 

 �!�%&�$%&�" "%��&� � !�'�� '�$��!�  

��$�А�!�� '!���$%�&�& «��&" �$%Ь�А 
#"��&�)!��А» 

%<EF9@4 GCD46?VAAO O>VEFN 6V8CB6V84є �%&' ISO 9001:2015  

(-22.06-

05.02/2/172.00.1/  

/��2.3-2021 

Е>;9@C?OD № 1 �D>  79 / 38 

 

 

4) 4>@V2=Nє 70 7=0G5==O< B@0=AD>@<0FVW (C@'є ;8H5 ?VA;O 
?5@5<=>65==O 7 V=B5@20;>< 48A:@5B870FVW aT ; 

є) >1G8A;NєBьAO ;8H5 4;O 48A:@5B=8E 7=0G5=ь k . 

�:A?>=5=FV0;ь=0 DC=:FVO, I> >?8A0=0 28@07>< (3.8), <0є 
?5@V>4 2%: �V4?>2V4=> 4> Fь>3>: 

 

 

 

 

&>1B> A?5:B@ ?>2B>@NєBьAO ?5@V>48G=>, 2V4?>2V4=> aTz  2=  

G8 2V4?>2V4=> 7 azff = , 45 f  – 4>2V;ь=5 FV;5 G8A;>, 1,2 =f .... ' B>9 
G0A, O: ?5@V>48G=0 70;56=0 2V4 G0AC DC=:FVO (@O4 (C@'є) <0є 
48A:@5B=89 A?5:B@, A?5:B@ 48A:@5B=>W DC=:FVW, >45@60=>W 
28<V@N20==O< 281V@>:, ?5@V>48G=89. � ?5@V>48G=>ABV �&( <>6=0 
2AB0=>28B8 28<>38 I>4> G0AB>B8 281V@>: (48A:@5B870FVW) af . 

 

÷
÷
ø

ö
÷
÷
ø

ö
ú
û

ù
ú
û

ù
+=

a

dd
T

jFjF
 2)( . (3.9) 
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$8A. 3.3. �0;56=VABь <V6 728G09=>N B0 48A:@5B=>N B@0=AD>@<0FVO<8 
(C@’є  >1<565=>3> ?> G0AB>BV A83=0;C: 0-728G09=0 B@0=AD>@<0FVO 
(C@’є; 1->12V4=0 �&( 7 cTa 25,1= ; 2->12V4=0 �&( 7 cTa 8,0=  

 

%?5:B@8 �&(, O:V ?>2B>@NNBьAO, =5 ?>28==V ?5@5:@820B8AO, 
I>1 =5 70H:>48B8 >48= >4=><C (@8A.3.3). *5 <0є <VAF5 C @07V, :>;8 
=091V;ьH0 G0AB>B0 A83=0;C maxf  =5 ?5@528ICє ?>;>28=8 G0AB>B8 
48A:@5B870FVW af : 

aff
2

1
max ü , 

aT

 2

2

1
max ü  (3.10) 

*O 28<>30 <0є =072C F9BD9@< CDB 6<5VD>< (48A:@5B870FVW), 
B>1B> G0AB>B0 48A:@5B870FVW ?>28==0 1CB8 1V;ьH>N, =V6 ?>42V9=5 
7=0G5==O <0:A8<0;ь=>W G0AB>B8. 

$>73;O=5<> ?C=:B 4). /:I>, =0?@8:;04, )(tf  >?8ACє 3@0DV: 
=0?@C38, B> 728G09=0 B@0=AD>@<0FVO (C@'є 73V4=> 7 (3.1) 2=0A;V4>: 
V=B53@C20==O ?> G0AC 28<V@NєBьAO C 2>;ьB0E =0 35@F. ' @V2=O==V (3.8) 
�&( V=B53@0; 70<V=5=> AC<>N, 0 <=>65==O =0 G0A 2V4ACB=є. &><C 
0<?;VBC40 �&( <0є @>7<V@=VABь 28<V@O=>3> 7=0G5==O. "B65, �&( 
(3.7) =5>1EV4=> 4><=>6C20B8 =0 V=B5@20; 48A:@5B870FVW aT  4;O B>3>, 
I>1 2>=0 2V4?>2V40;0 70 7=0G5==O< 728G09=V9 B@0=AD>@<0FVW (C@'є 
(3.1) 

)()(  jFTjF da =  (3.11) 

' ?C=:BV e) =5?5@5@2=8< 0@3C<5=B>< є :>;>20 G0AB>B0  , O:0 
<>65 =01C20B8 1C4ь-O:>3> 7=0G5==O. �2V4A8 28?;820є, I> )( jFd  

<>6=0 >1G8A;N20B8 4;O 1C4ь-O:>3> 7=0G5==O, ?@>B5 F5 =5 2V4?>2V40є 
4V9A=>ABV, >A:V;ь:8 2 ?@02V9 G0AB8=V @V2=O==O (3.8) <0є<> ;8H5 
>1<565=5 G8A;> 48A:@5B=8E 40=8E )( anTf ; B><C 0<?;VBC48 <>6=0 
>1G8A;8B8 ;8H5 4;O >1<565=>3> G8A;0 48A:@5B=8E G0AB>B. 
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�>6=0 A?5:B@0;ь=0 ;V=VO A:;040єBьAO 7 >4=VєW 4V9A=>W B0 >4=VєW 
CO2=>W G0AB8=8. "B65, V7 N =0O2=8E 281V@>: <>6=0 287=0G8B8 
0<?;VBC48 B0 D078 4;O N/2 48A:@5B=8E G0AB>B, O:V 7=0E>4OBьAO 2 
V=B5@20;V 2V4 0=f  4> 2aff =  . �V4?>2V4=V A?5:B@0;ь=V ;V=VW 
?>2B>@NNBьAO 2 V=B5@20;V 2V4 2af  4> af . � >1;0ABV <V6 0=f  B0 

aff =  <>6=0 ?>1C4C20B8 N  ;V=V9 4;O G0AB>B 

k
NTa

k

 2
=  (3.12, 0) 

 

k
NT

f
a

k

1
=  (3.12, 1) 

�5 1,...,1,0 −= Nk . /:I> 2 @V2=O==V (3.8) 70<V=8B8   =0 k , B> 
4VAB0=5<> 728G09=C D>@<C 70?8AC �&( 

õ

õ
−

=

−

=

−

−

=

=÷÷
ø

ö
÷÷
ø

ö
=

1

0

/

1

0

2

)()(

)(
2

)(

N

n

N

ad

N

n

nTj

a

a

dkd

knj

ak

enTfkjF

enTfk
NT

FjF





 

 (3.13) 

�5 1,...,1,0 −= Nk . 

�8A:@5B=V 7=0G5==O G0AB>B8 @>7B0H>20=V =0 2V4AB0=V  , 01> 
2V4?>2V4=> f >4=5 2V4 >4=>3>: 

a

kk

aa

kk

NT
fff

NT
kk

NT

1

2
)1(

2

1

1

=−=

=−+=−=

+

+


 (3.14) 

�2V4A8 28E>48Bь, I> A5;5:B82=VABь, B>1B> A?5:B@0;ь=5 
@>72'O70==O 28<V@N20==O, >15@=5=> ?@>?>@FV9=5 G0AC A?>AB5@565==O 

aNT . !0 ?@0:B8FV <0:A8<0;ь=0 G0AB>B0 A83=0;C 287=0G0єBьAO 
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3@0=8G=>N G0AB>B>N 0=B85;V7V=3>2>3> DV;ьB@0. �<?;VBC4=0 
E0@0:B5@8AB8:0 Fь>3> DV;ьB@0 70 3@0=8G=>N G0AB>B>N A?040є 4> =C;O 
=5 ?5@?5=48:C;O@=>, 0 7 45O:8< =0E8;><. &><C G0AB>B0 48A:@5B870FVW 
B0 3@0=8G=0 G0AB>B0 ?>28==V @V7=8B8AO 1V;ьH, =V6 242>є. +0AB>BC 
48A:@5B870FVW 2818@0NBь 2 5...20 @07V2 1V;ьH>N, =V6 3@0=8G=0 G0AB>B0 
A83=0;C. 

/:I> C<>20 B5>@5<8 I>4> 281V@:8 28:>=CєBьAO, B> 
A?5:B@0;ь=0 DC=:FVO 2=0A;V4>: ?5@5:@820==O =5 45D>@<CєBьAO. *O 
B5>@5<0 A2V4G8Bь ?@> 2V4<V==VABь >:@5<8E A?5:B@0;ь=8E ;V=V9. �;O 
B0:>3> «A?5:B@0;ь=>3> @>74V;5==O» <V@8;>< A;C68Bь =5 G0AB>B0 
48A:@5B870FVW af , 0 AC<0@=89 G0A A?>AB5@565==O aNT  

#D<>?48 3.1. � DC=:FVW 73V4=> 7 @8A.3.1 ?@>BO3>< 10 A 7@>1;5=> 
281V@:8 G5@57 ?@><V6>: G0AC 2 0,2 A: ?5@V>4 48A:@5B870FVW cTa 2,0= ; 

G0AB>B0 48A:@5B870FVW �Jf a 5= ; AC<0@=89 G0A A?>AB5@565==O 
A 10 =NT  a ; :V;ь:VABь 281V@>: 50=N . 

%?5:B@0;ь=0 DC=:FVO, I> >1G8A;NєBьAO 73V4=> 7 (3.10), 
?5@V>48G=0 7 1102,022 −=== cTa  . �<?;VBC48 <>6=0 
>1G8A;8B8 4;O 2AVE 50=N  48A:@5B=8E G0AB>B k . �3V4=> 7 (3.14) 2>=8 
7=0E>4OBьAO >4=0 2V4 >4=>W =0 2V4AB0=V 12,02 −= cNTa  . 

#>A;V4>2=VABь 281V@>: A:;040єBьAO 7 B0:8E 7=0G5=ь: 
 

n  
cnTa ,

 

)( anTf

 

0 0 0 

1 0.2 
1.0

576 

2 0.4 
1.7

620 

3 0.6 2.0
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714 

& 

47 

& 

9.4 

& 

0.0

014 

48 9.6 
0.0

085 

49 9.8 
0.0

152 

 

#5@5<=>65==O< �&( (C@'є 7 " V7 (3.13) >B@8<0є<>: 

õ
−

=

−=
1

0

)()(
N

n

knT

aakda
aenTfTTjFT

  

 >4C;ь )( kda TjFT  :  

 
2

1

0

1

0

2 sin)(sin)( ú
û

ù
ú
û

ù
+õ õ

−

=

−

=

N

n

N

n

akaaka nTnTfnTnTfT   (3.15) 

�;O 1−= ck   >AB0==є @V2=O==O <0є B0:V G8A;>2V 7=0G5==O: 

9476,0}]8,9sin0152,06,9sin0085,0...2,0sin0571,10sin0[

]8,9cos0152,06,9cos0085,0...4,0cos762,1

2,0cos0571,10cos0{[2,0(2,0

212

2

=+++++

+++++

++==





 jjF kd

 

 

"B65, <>6=0 287=0G8B8 0<?;VBC48 9 4;O 2AVE V=H8E 7=0G5=ь 
G0AB>B8. �<?;VBC4=89 A?5:B@, >1G8A;5=89 73V4=> 7 (3.15), 7>1@065=> 
=0 @8A. 3.4, 5. �7030;V V7 N  7=0G5=ь 0<?;VBC48 =570;56=8<8 є BV;ь:8 

2/N . %?5:B@8, O:V ?>2B>@NNBьAO, ?5@5:@820NBьAO. "G5284=>, I> 
G0AB>B0 281V@>: 70=04B> =87ь:0. 

#D<>?48 3.2. ' 4@C3><C 4>A;V4V G0AB>BC 48A:@5B870FVW 1C;> 
71V;ьH5=> BV;ь:8 2 420 @078: ?5@V>4 48A:@5B870FVW c1,0Ta = ; G0AB>B0 
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48A:@5B870FVW �Jf a 10= ; AC<0@=89 G0A A?>AB5@565==O cNTa 10= ; 

:V;ь:VABь 281V@>: 100=N . 

%?5:B@0;ь=0 DC=:FVO <0є :>;>2C G0AB>BC 
1201,022 −=== cTa  . �Aь>3> <>6=0 >1G8A;8B8 0<?;VBC48 4;O 

100=N  48A:@5B=8E G0AB>B k , O:V 7=>2C 7=0E>4OBьAO =0 2V4AB0=V 
1_6,0/2 cNTn a = >4=0 2V4 >4=>W. �<?;VBC4=89 A?5:B@, O:89 ?@8 Fь><C 

>B@8<0є<>, 7>1@065=> =0 @8A. 3.4, 2. "G5284=>, I> G0AB>B0 
48A:@5B870FVW 4>AB0B=ь> 28A>:0, B><C ?5@5:@8BBO 7=8:0NBь.  

1.4. "C<E ?45BD4FBDABW GEF4AB6>< 

�;O 4>A;V465=ь �#( B0 ,#(, I> 28:>@8AB>2CNBьAO ?@8 
F8D@>2V9 >1@>1FV @04V>A83=0;V2 28:>@8AB>2CєBьAO ?’OB89 @>74V; 
?@>3@0<8 Numeri. 

1.5 #V87BFB6>4 8B 6<>BA4AAO DB5BF< 

1. "?@0FN20B8 =5>1EV4=89 B5>@5B8G=89 <0B5@V0; 2 
@5:><5=4>20=><C ?5@5;V:C ;VB5@0BC@8. 

2. "?@0FN20B8 <5B>48G=V 2:07V2:8 4> ?@>2545==O ;01>@0B>@=>W 
@>1>B8, COA=8B8 <5BC @>1>B8 B0 ?@8=F8? WW 28:>=0==O. 

3. �82G8B8 B5E=VG=V >?8A8 ?@8;04V2, I> 2E>4OBь 4> A:;04C 
;01>@0B>@=>3> @>1>G>3> <VAFO, 0 B0:>6 A?5FV0;V7>20=>3> ?0:5BC 
?@8:;04=8E ?@>3@0< #�" . 

4. �8:>=0B8 =5>1EV4=V ?>?5@54=V @>7@0EC=:8. 
5. �V4?>2VAB8 =0 ?8B0==O A0<> B5ABC20==O, 3>B>2=>ABV 4> 

28:>=0==O @>1>B8. 
6. �;O :>6=>3> ?C=:BC B@5Bь>3> @>74V;C ?@>@>18B8 B0 

70?@>?>=C20B8 A2V9 20@V0=B <5B>48:8 4>A;V465=ь 2 7030;ь=><C 
283;O4V V7 >1ґ@C=BC20==O< 28:>@8AB0==O :>=:@5B=>W <>45;NNG>W 
?@>3@0<8 V7 ?0:5BC ?@8:;04=8E ?@>3@0<. �0@V0=B <5B>48:8 
4>A;V465=ь C73>48B8 V7 28:;040G5<. 

7. �81@0B8 B8? V AB@C:BC@C <>45;NNG8E A83=0;V2 B0 
@>7@0EC20B8 :>=:@5B=V WE ?0@0<5B@8 V 4V0?07>=8 WE <>6;828E 7=0G5=ь. 
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#V43>BC20B8 ?@>3@0<C <>45;ь V7 C@0EC20==O< ?@>2545=8E @>7@0EC=:V2 
B0 C73>48B8 WW 7 28:;040G5<. 

8. #@>0=0;V7C20B8 V 70?@>?>=C20B8 <>6;82VABь @>7H8@5==O V 
?>3;81;5==O 4>A;V465=ь AB>A>2=> >A>1;82>AB59 ?@>F54C@8 �#( ?@8 
>1@>1FV @04V>A83=0;V2. �0?@>?>=C20B8 20@V0=B8 4>40B:>28E 
4>A;V465=ь 2 4>?>2=5==O ?@>3@0<8 @>74V;C 3. 

1.6. #BDO8B> 6<>BA4AAO DB5BF< 

3.1. �>A;V48B8 >A=>2=V 2;0AB82>ABV �#( 4V9A=8E @04V>A83=0;V2 
4;O ?0@=>W B0 =5?0@=>W :V;ь:>ABV 2V4;V:V2 SN  @50;V70FVW )( ktS . 

�>A;V48B8 5D5:B8 :><?;5:A=>-A?@O65=>W 2V4?>2V4=>ABV 2V4;V:V2 B0 WE 
A8<5B@8G=VABь 2 <560E A<C38 0=0;V7C. �>A;V465==O ?@>25AB8 4;O 
@V7=8E D>@< A83=0;V2 B0 B8?V2 «2V:>=». 

3.2. �>A;V48B8 >A=>2=V 2;0AB82>ABV �#( 4V9A=8E 
@04V>A83=0;V2, @50;V70FVO O:8E A8<5B@8G=0 2V4=>A=> ?>G0B:C V 
A5@548=8 @50;V70FVW. 

3.3. �>A;V48B8 >A=>2=V 2;0AB82>ABV �#( 4V9A=8E A83=0;V2 2 
70;56=>ABV 2V4 :V;ь:>ABV 2V4;V:V2 @50;V70FVW SN , I> >1@>1;ONBьAO. 

3.4. �>A;V48B8 >A=>2=V 2;0AB82>ABV �#( :><?;5:A=8E 
@04V>A83=0;V2. 

3.5. �>A;V48B8 ;V=V9=VABь �#( 4V9A=8E B0 :><?;5:A=8E 
@04V>A83=0;V2. 

3.6. �>A;V48B8 2?;82 =0 �#( @04V>A83=0;C 9>3> 70B@8<:8 C 
G0AV )()( 3ntStS kkH ñ=  

3.7. �>A;V48B8 2;0AB82>ABV �#( 4>1CB:C @04V>A83=0;V2 
)()()( 21 kkk tStStS =  (4V9A=8E, :><?;5:A=8E). � O:>ABV >4=>3> 7 

20@V0=BV2 4@C3>3> A83=0;C )(2 ktS  281@0B8 A83=0;8 )sin()(1 kk ttS = ; 

)cos()(1 kk ttS = ; ktj

k etS
ñ=)(1 . 

3.8. �>A;V48B8 2;0AB82>ABV �#( @04V>A83=0;V2 7V 72>@>B=V< 
?>@O4:>< G0A>28E 2V4;V:V2 C @50;V70FVW )()( ktStS NskH −= . 
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3.9. �>A;V48B8 2;0AB82>ABV �#( A83=0;V2 ?@8 4>4020==V 4> 
A83=0;ь=>W @50;V70FVW 2V4;V:V2 SN  =C;ь>28E 2V4;V:V2 0N . 

3.10. �>A;V48B8 2;0AB82>ABV �#( A83=0;V2, I> D>@<CNBьAO 
H;OE>< 22>4C C <0A82 A83=0;ь=8E 2V4;V:V2 SN  =C;ь>28E 2V4;V:V2 <V6 
:>6=8<8 AC<VA=8<8 A83=0;ь=8<8 2V4;V:0<8. 

3.11. �>A;V48B8 2;0AB82>ABV H284:>3> ?5@5B2>@5==O (C@’є 
(,#() 4;O C<>2 ?C=:BV2 3.1 – 3.3. 

3.12. �>A;V48B8 2;0AB82>ABV 72>@>B=>3> �#( (��#() A83=0;V2 
?VA;O WE 7AC2C 2 G0AB>B=V9 >1;0ABV 287=0G5==O )()( ffXfY kk ñ= , 0 
B0:>6 ?@8 >?5@0FVW V=25@AVW A?5:B@0 ?@8 )()1()( kxky k−= . 

1.7. "5DB5>4 D9;G?ьF4FV6 8BE?V8:9Aь. 
4.1. #> :>6=><C ?C=:BC 4>A;V465=ь @>74V;C 3 28:>=0B8 

O:VA=89 0=0;V7 >B@8<0=8E @57C;ьB0BV2 V 28O28B8 >A=>2=V 70;56=>ABV B0 
2;0AB82>ABV �#(, ,#(, 72>@>B=>3> �#(. "1@>1:C 28:>=0B8 H;OE>< 
0=0;V7C G0A>28E B0 A?5:B@0;ь=8E 4V03@0< @04V>A83=0;C. 

4.2. #> :>6=><C ?C=:BC 4>A;V465=ь 7=OB8 :V;ь:VA=V 
E0@0:B5@8AB8:8 ?0@0<5B@V2 �#(, ,#(, ��#( 2 70;56=>ABV 2V4 
B@0=AD>@<0FVW 28EV4=>3> <0A82C 2V4;V:V2 B0 ?>1C4C20B8 2V4?>2V4=V 
3@0DV:8, 3VAB>3@0<8, B>I>. 

4.3. �8:>=0B8 ?>@V2=O;ь=89 0=0;V7 >B@8<0=8E @57C;ьB0BV2 
4>A;V465=ь V 28O28B8 >A=>2=V 70;56=>ABV @57C;ьB0BV2 �#(, ,#(, 
��#( 2V4 WE ?0@0<5B@V2 B0 ?>?5@54=VE ?5@5B2>@5=ь. 

4.4. #> :>6=><C ?C=:BC 28:>=0B8 B5>@5B8G=89 @>7@0EC=:8 V 
?>@V2=OB8 WE @57C;ьB0B8 V7 >B@8<0=8<8 5:A?5@8<5=B0;ь=8<8 
@57C;ьB0B0<8. 

4.5. #> @57C;ьB0B0< 28:>=0=8E 4>A;V465=ь B0 @>7@0EC=:V2 
7@>18B8 >1ґ@C=B>20=V 0=0;V7 V 28A=>2:8. 

4.6. $57C;ьB0BV2 4>A;V465=ь >D>@<8B8 C 283;O4V 72VBC, I> 
?V4;O30є V=482V4C0;ь=><C 70E8ABC. 

1.8. �@VEF ;6VFG. �2VB ?>28=5= <VAB8B8: 
1. �=0;VB8G=5 ?@54AB02;5==O �#(, ,#(. 
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2. $57C;ьB0B8 4>A;V465=ь B0 @>7@0EC=:V2 V 2V4?>2V4=V 3@0DV:8. 
3. �@>18B8 28A=>2:8: ?@> >1’є< 28:>=0=>W @>1>B8, G8 4>AO3=5=0 <5B0 
@>1>B8, G8 ?@0:B8G=V @57C;ьB0B8 A?V2?0;8 7 B5>@5B8G=8<8. 

1.9. �BAFDB?ьAV F9EFB6V C<F4AAO 

1. �0B8 287=0G5==O �#(, ,#(, ��#(. 
2. �0B8 ?>@V2=O;ь=89 0=0;V7 2;0AB82>AB59 �#( V ,#(. 
3. /:V >A=>2=V 2;0AB82>ABV �#(? 
4. /:89 2?;82 =0 �#( @04V>A83=0;C <0є ?>?5@54=є 

?5@5<=>65==O =0 203>2C DC=:FVN «2V:=0»? 
5. /: 2?;820NBь =0 �#( @04V>A83=0;C 4>4020==O 4> <0A82C 

A83=0;ь=8E 2V4;V:V2 SN  =C;ь>28E 2V4;V:V2 0N ? 

6. /: 2?;820є =0 �#( @04V>A83=0;C 4>268=0 9>3> @50;V70FVW C 
G0A>2V9 >1;0ABV 287=0G5==O? 

7. !025AB8 >A=>2=V 20@V0=B8 28:>@8AB0==O �#(, ,#(, ��#( 
2 @04V>B5E=VG=8E A8AB5<0E. 

8. /:V >A=>2=V 2;0AB82>ABV �#( 4V9A=8E @04V>A83=0;V2? 
9. /:V >A=>2=V 2;0AB82>ABV �#( :><?;5:A=8E @04V>A83=0;V2? 
10. /: 2?;820є =0 �#( 7AC2 @04V>A83=0;C C G0AV? 
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�45BD4FBDA4 DB5BF4 №5 
�BE?V8:9AAO !�+ CV8E<?N64KV6 A4 CB?ьB6<I FD4A;<EFBD4I  

1.  9F4 DB5BF< 

 5B>N @>1>B8 є =02G8B8AO 28:>=C20B8 @>7@>1:C B0 
4>A;V465==O <V:@>A<C6:>2>3> !�+ ?V4A8;N20G0 =0 ?>;ь>28E 
B@0=78AB>@0E B0 :>=AB@CN20==O 9>3> 4@C:>20=>W ?;0B8. 

2. �BDBF>V F9BD9F<KAV 6V8B@BEFV 
"A:V;ь:8 @>1>G0 G0AB>B0 28I5 7 ��F, 28:>@8AB0є<> AE5<C 

?V4A8;N20G0 =0 ?>;ь>2><C B@0=78AB>@V, @8A. 5.1 [1]. 

 
$8A. 5.1. %E5<0 ?V4A8;N20G0 %�+ =0 ?>;ь>2><C B@0=78AB>@V 

' ?@82545=V9 AE5<V ;0=FN38, I> C73>46CNBь, '1 V '2 28:>=0=V =0 
2V4@V7:0E <V:@>A<C6=8E ;V=V9 ( %�) 7024>26:8 l1, lH1, l2, lH2. 
+25@BьE28;ь>289 2V4@V7>:  %� l1 є B@0=AD>@<0B>@>< >?>@V2. �V= 
B@0=AD>@<Cє 0:B82=C A:;04>2C 2EV4=>3> >?>@C B@0=78AB>@0 R�) 2 
AB0=40@B=89 E28;5289 >?V@ 50 "<. ,;59D lH1 :><?5=ACє @50:B82=C 
A:;04>2C 2EV4=>3> >?>@C B@0=78AB>@0. �;O Fь>3> 2EV4=89 >?V@ H;59DC 
?>28=5= <0B8 @50:B82=VABь ?@>B8;56=C @50:B82=>ABV 2EV4=>3> >?>@C 
B@0=78AB>@0. 

�=0;>3VG=> H;59D lH2 :><?5=ACє @50:B82=C A:;04>2C 28EV4=>3> 
>?>@C B@0=78AB>@0, 0 G25@BьE28;ь>289 2V4@V7>:  %� l2 B@0=AD>@<Cє 
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0:B82=C A:;04>2C 28EV4=>3> >?>@C B@0=78AB>@0 2 AB0=40@B=89 E28;5289 
>?V@ B@0:BC %�+ 50"<. 

' 4V0?07>=V G0AB>B 28I5 0,3��F 0=0;V7C V @>7@0EC=>: 
B@0=78AB>@=8E ?V4A8;N20GV2 2545BьAO G5@57 ?0@0<5B@8 <0B@8FV 
@>7AVO==O (S-?0@0<5B@8)  [2].  

#D<>?48 DB;D4IGA>G C4D4@9FDV6 F4 >BAHV7GD4JVW CV8E<?N64K4 

�040=> 2 &� 4V0?07>= @01>G8E G0AB>B: f = 12,5 – 13,25 ��F. 
�3V4=> @>7@0EC=:V2 AC?CB=8:>2>W ;V=VW 7030;ь=5 ?V4A8;5==O 

@5B@0=A;OB>@0 ?>28==> 1CB8 944�. �040<> @V25=ь ?V4A8;5==O ?@89<0G0 
504�. 
!5>1EV4=> 287=0G8B8 :V;ь:VABь :0A:04V2 ?V4A8;N20G0 #�+ B0 ##+1.  
�8E>4OG8 7 =5>1EV4=>ABV 70157?5G5==O <V=V<0;ь=>3> @V2=O HC<C 

?@89<0G0, CAV :0A:048 28:>=0є<> =0 B@0=78AB>@0E 7 28A>:>N 
@CE;82VABN 5;5:B@>=V2 (&�$�). ' &�$� <5=H89 :>5DVFVє=B HC<C, 0;5 9 
<5=H89 :>5DVFVє=B ?V4A8;5==O ?>@V2=O=> 7 ?>;ь>28< B@0=78AB>@>< V7 
70B2>@>< ,>B:8. 
&�$�, (0=3. HEMT - High Electron Mobility Transistor) – ?>;ь>289 

B@0=78AB>@, 2 O:><C 4;O AB2>@5==O :0=0;C 70<VABь ;53>20=>W >1;0ABV, =0 
2V4<V=C 2V4 728G09=8E  "# - B@0=78AB>@V2, 28:>@8AB>2CєBьAO :>=B0:B 
42>E =0?V2?@>2V4=8:>28E <0B5@V0;V2 7 @V7=>N H8@8=>N 701>@>=5=>W 
7>=8 (35B5@>?5@5EV4). '=0A;V4>: 1V;ьH>W 28A>B8 10@'є@C ,>B:8, 4;O 
&�$� <>6;82> 1V;ьH0 (4> 0,8 �) ?@O<0 =0?@C30 Ugs, I> >A>1;82> 
206;82> 4;O =>@<0;ь=> 70:@8B8E B@0=78AB>@V2, @>1>GV =0?@C38 =0 
70B2>@0E O:8E <>6CBь 7<V=N20B8AO ;8H5 C 2C7ь:><C 4V0?07>=V, 
>1<565=><C 725@EC =0?@C3>N ?5@5E>4C, I> :5@Cє. 
�815@5<> 70 >A=>2C 1-:0A:04=C AE5<C =0 @8A. 5.1, ?>1C4>20=C =0 

?>;ь>2><C B@0=78AB>@V. 
 B;DахGє@B CаDа@9FD< B8AB7B >аE>а8G Cі8E<?N6ача ; "В Е.  

�815@5<> ?>;ь>289 B@0=78AB>@ 7 28A>:>N @CE;82VABN 5;5:B@>=V2 CFH 

120, C O:>3> :>5DDVFVє=B HC<C 26,11max == 8�KШ . 
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#0@0<5B@8 B@0=78AB>@0 CFH 120-06 =0 f=13��F, ?@8 7=0G5==V 
AB@C<C AB>:C @�ID 10= , >?V@V ;V=VW �@W 50= , =02545=> 2 B01;8FV 5.1. 

&01;8FO 5.1. 

#0@0<5B@ �<?;VBC40 (070, 3@04 / @04 
11S  0,634 87,5 / 1,527 

12S  0,102 -66,7 / -1,164 

21S  2,782 -39,0 / -0,68 

22S  0,340 91,7 / 1,6 

ШBCF�  0,45 -120,8 / 2,108 

ШBCF� = 0.45 e
2.108i 0.23− 0.387i+= . 

�3V4=> 2V4><>N <5B>48:>N @>7@0EC=:C ?V4A8;N20GV2 !�+ [1], 

A:>@8AB02H8Aь 4;O @>7@0EC=:V2 ?@>3@0<>N Mathcad 7=0945<>: 
1. �87=0G=8: <0B@8FV @>7AVN20==O: 
S S11 S22 S12 S21−= .  

�0?8H8<> S – ?0@0<5B@8 C 283;O4V: 

S11 0.634 e
1.527i=

S21 2.782 e
0.68i−=

S12 0.102 e
1.164− iô=

S22 0.34 e
1.6i= .  &>4V  S 0.139− 0.276i+= . 

2. �=20@V0=B=89 :>5DVFVє=B ABV9:>ABV: 

Ky
1 S11( )2− S22( )2− S( )2

+
2 S12 S21

=
 

Ky 1.019= . 
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"A:V;ь:8 1þyK , B> B@0=78AB>@ 7=0E>48BьAO 2 >1;0ABV 157C<>2=>W 
ABV9:>ABV V AB01V;V7CNG89 @578AB>@ !"R  =5 ?>B@V1=89. 
3. �;O <V=V<V70FVW :V;ь:>ABV :0A:04V2 V 2@0E>2CNG8 =525;8:C 7<V=C 

@V2=O HC<C B@0=78AB>@0 CFH 120-06: ( )16,0 −ШK , 2AB0=>28<> @568< 
5:AB@5<0;ь=>3> ?V4A8;5==O 4;O CAVE :0A:04V2 #�+. 
$>7@0ECє<> :>5DVFVє=B ?V4A8;5==O ?>BC6=>ABV 2 @568<V 

5:AB@5<0;ь=>3> ?V4A8;5==O: 

Kpe
S21

S12
Ky Ky

2
1−−( )=

 

Kpe 22.484= . � 45F815;0E 8�KK PePe 5,13lg10 == . 

4. �87=0G8<> 4>?><V6=V 25;8G8=8: 

C1 S11 C22 S−=
C1 0.068− 0.589i+=

C2 S22 C11 S−=
C2 0.181− 0.244i+=

B1 1 S11( )2+ S22( )2− S( )2
−=

B1 1.191=

B2 1 S22( )2+ S11( )2− S( )2
−=

B2 0.618=
, 

45 2222 *SC =  – :><?;5:A=> A?@O65=89 ?0@0<5B@ 22S ; 

 1111 *SC =  – :><?;5:A=> A?@O65=89 ?0@0<5B@ 11S . 

5. �=0945<> >?B8<0;ь=V :>5DVFVє=B8 2V418BBO. �=0: ″<V=CA″ ?5@54 
:>@5=5< 15@5BьAO ?@8 �1(2)>0, 0 ″?;NA″ ?@8 �1(2)<0. "B65 1C45 7=0: 
″<V=CA″. 
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1
B1 B1

2
4 C1( )2−−

2 C1
=

1 0.104− 0.905i−=

2
B2 B2

2
4 C2( )2−−

2 C2
= 2 0.497− 0.671i−=

, 

45 1  – opt , 2  – Hopt , – >?B8<0;ь=V :>5DVFVє=B8 2V418BBO 2V4 
465@5;0 A83=0;C (�5=5@0B>@0) B0 2V4 =020=B065==O 2 AB0=40@B=><C 
B@0:BV !�+. 

6. �87=0G8<> 2EV4=V B0 28EV4=V >?>@8 0:B82=>3> 5;5<5=B0 (��), 
=5>1EV4=V 4;O C73>465==O B@0=78AB>@0 V7 7>2=VH=V<8 :>;0<8, B>1B> 
<V:@>A<C6:>2>N ;V=VєN 7 >?>@>< �@W 50= : 

opt

opt

�Е6I WZ




−
+

=
*

*

_
1

1
;   

Hopt

Hopt

�Е6<I WZ
*

*

_
1

1

−
+

= . 

� <0B:04V ?>7=0G8<>: 1_ ZZ �Е6I = , 2_ ZZ �Е6<I = , 1  – opt , 2  – 

Hopt . �V@>G:0 – >?5@0FVO :><?;5:A=>3> A?@O65==O. 

W 50=

Z1 W
1 Re 1( )+ i Im 1( )−

1 1−
=

Z2 W
1 Re 2( )+ i Im 2( )−

1 2−
=

, 
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Z1 44.375 4.613i+=
1

Z1
0.022 2.318i 10

3−ô−=

Z2 22.329 12.391i+=
1

Z2
0.034 0.019i−=

, 

45 1/1 Z , 2/1 Z  – 2EV4=0 B0 28EV4=0 ?@>2V4=VABь 2V4?>2V4=>. 
�>5DVFVє=B HC< 0 2 @568<V 5:AB@5<0;ь=>3> ?V4A8;5==O =5 

1V;ьH89 70: 26,11max == 8�KШ . 

$B;D4IGAB> C4D4@9FDV6 >V? G;7B8:9AAO #�+ 

�<IV8AV 84AV 
�V0?07>= G0AB>B  ��Jf )25,135,12( − . 

%@54=O G0AB>B0 A<C38 ?@>?CA:0==O ��Jf 875,120 = . 

)0@0:B5@8AB8G=89 >?V@ B@0:BC �@W 50= ; 

�EV4=89 :><?;5:A=89 >?V@ �� jZ �Е6I 6,44,44_ += "<; 
�8EV4=89 :><?;5:A=89 >?V@ �� jZ �Е6<I 4,123,22_ += "<; 
$568< 5:AB@5<0;ь=>3> ?V4A8;5==O 4>AO30єBьAO ?@8 C73>465==V 

0:B82=>3> >?>@C B0 :><?5=A0FVW @50:B82=>W ?@>2V4=>ABV =0 2E>4V B0 =0 
28E>4V 0:B82=>3> 5;5<5=BC (��). 
!0 2E>4V: 0:B82=89 >?V@ �Е6I!Ц6<I RR __ = , �Е6I!Ц6<I YY __ −= . 

!0 28E>4V: !Ц6I�Е6<I RR __ = , !Ц6I�Е6<I YY __ −= . 

�EV4=89 B0 28EV4=89 0:B82=V >?>@8 �� 4>@V2=NNBь: �@R �Е6I 3,9_ = , 

�@R �Е6<I 1,4_ = . 

#@>2V4=>ABV: 

j
j

ZY �Е6I�Е6I
33

__ 1032,21022
6,44,44

1
/1 −− −=

+
== %<. 
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j
j

ZY �Е6<I�Е6<I
33

__ 10191034
4,123,22

1
/1 −− −=

+
== %<. 

$>7@0ECє<> H8@8=C C73>46CNG8 H;59DV2, 70402H8 WE 4>268=C 
4/1=l . 

#V8?B:>4 @4є A4EFGCAV C4D4@9FD<:  

@@3,230 =  – @>1>G0 4>268=0 E28;V C 2V;ь=><C ?@>AB>@V =0 
A5@54=V9 @>1>GV9 G0AB>BV ��Jf 875,120 = ; 

6,9=rõ  – 4V5;5:B@8G=0 ?@>=8:=VABь ?V4;>6:8 7 ?>;V:>@C; 

@@h 5,0=  – B>2I8=0 ?V4;>6:8; 

@>@t 20=  – B>2I8=0 <C6:8; 

�@W 50=  – E28;ь>289 >?V@ <V:@>A<C6:>2>W ;V=VW ( %�). 

,8@8=0 b   %�: 

h@@@@h
W

b
r

==÷
ø

ö
÷
ø

ö −=÷
÷
ø

ö
÷
÷
ø

ö
−= 5,051.05.01
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?0@0<5B@0<8. 

!0 @8A. 6.2 [1] =02545=> ?@8=F8?>2C AE5<C >4=>3> :0A:04C 
<0;>HC<;OG>3> ?V4A8;N20G0 =0 1V?>;O@=><C B@0=78AB>@V. !0 G0AB>B0E 
=86G5 70 7 ��F ?V4A8;N20GV <>6=0 28:>=C20B8 =0 1V?>;O@=8E B0 
?>;ь>28E B@0=78AB>@0E. 

' ?@82545=8E AE5<0E ;0=FN38 C73>465==O '�1 V '�2 28:>=0=V 
=0 2V4@V7:0E <V:@>A<C6=8E ;V=V9 ( %�) 7024>26:8 l1, lH1, l2, lH2. 
+25@BьE28;ь>289 2V4@V7>:  %� l1 є B@0=AD>@<0B>@>< >?>@V2. �V= 
B@0=AD>@<Cє 0:B82=C A:;04>2C 2EV4=>3> >?>@C B@0=78AB>@0 R�) 2 
AB0=40@B=89 E28;5289 >?V@ ρ0=50 "<. ,;59D  lH1 :><?5=ACє @50:B82=C 
A:;04>2C 2EV4=>3> >?>@C B@0=78AB>@0. �;O Fь>3> 2EV4=89 >?V@ H;59DC 
?>28=5= <0B8 @50:B82=VABь ?@>B8;56=C @50:B82=>ABV 2EV4=>3> >?>@C 
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B@0=78AB>@0. �=0;>3VG=> H;59D lH2 :><?5=ACє @50:B82=C A:;04>2C 
28EV4=>3> >?>@C B@0=78AB>@0, 0 G25@BьE28;ь>289 2V4@V7>:  %� l2 

B@0=AD>@<Cє 0:B82=C A:;04>2C 28EV4=>3> >?>@C B@0=78AB>@0 2 
AB0=40@B=89 E28;5289 >?V@ B@0:BC %�+ ρ0. 

 
$8AC=>: 6.2 – %E5<0 ?V4A8;N20G0 !�+ =0 1V?>;O@=><C B@0=78AB>@V 

' 4V0?07>=V G0AB>B 28I5 0,3��F 0=0;V7C V @>7@0EC=>: 
B@0=78AB>@=8E ?V4A8;N20GV2 2545BьAO G5@57 S-?0@0<5B@8 [1].  

�06;82>N C<>2>N =>@<0;ь=>W @>1>B8 B@0=78AB>@=>3> 
?V4A8;N20G0 !�+ є 9>3> ABV9:VABь 2 A5=AV 2V4ACB=>ABV A0<>71C465==O. 
�0;56=> 2V4 7=0G5=ь S-?0@0<5B@V2 B@0=78AB>@ 7=0E>48BьAO 01> C 
>1;0ABV 157C<>2=>W ABV9:>ABV ("�%), 01> C >1;0ABV ?>B5=FV9=>W 
ABV9:>ABV ("#%). &@0=78AB>@ 7=0E>48BьAO C >1;0ABV 157C<>2=>W 
ABV9:>ABV, O:I> 28:>=CNBьAO C<>28: 

;1
2

112112 SSS −ü       ;1
2

222112 SSS −ü  

2 2 2

11 22

12 21

1
1;

2G

S S S
k

S S

− − + 
= ó                                       (6.1) 

11 22 12 21
S S S S S = − , 

45 Gk  – V=20@V0=B=89 :>5DVFVє=B ABV9:>ABV; 
  S  – 287=0G=8: <0B@8FV @>7AVN20==O. 
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#5@HV 42V C<>28 2 (6.1) 4;O 1V;ьH>ABV B@0=78AB>@V2 !�+ 
728G09=> 702648 28:>=CNBьAO, B><C ?@> ABV9:VABь B@0=78AB>@0 <>6=0 
AC48B8 ?> 25;8G8=V Gk . /:I> 1þGk , B> <>6;82> 42>AB>@>==є 
:><?;5:A=5 C73>465==O B@0=78AB>@0 =0 2E>4V V 28E>4V (@568< 
5:AB@5<0;ь=>3> ?>A8;5==O). 

/:I> B@0=78AB>@ 7=0E>48BьAO 2 "#%, B> 9>3> A;V4 ?5@525AB8 2 
"�%, 2:;NG82H8 AB01V;V7CNG89 @578AB>@ !"R . $578AB>@ !"R  

2:;NG0єBьAO ?>A;V4>2=>, O:I> ABV9:VABь 2B@0G0єBьAO 2 @568<V, 
1;87ь:><C 4> :>@>B:>3> 70<8:0==O, @8A. 6.2, B0 ?0@0;5;ь=>, O:I> 
ABV9:VABь ?>@CHCєBьAO 2 @568<V, 1;87ь:><C 4> E>;>AB>3> E>4C. 

�81>@>< ?0@0<5B@V2 ;0=FN3V2 '�1 V '�2, I> ?>3>46CNBь, 
<>6=0 70157?5G8B8 @V7=V @568<8 @>1>B8 ?V4A8;N20G0. !09G0ABVH5 
28:>@8AB>2CNBьAO @568<8 5:AB@5<0;ь=>3> ?>A8;5==O V <V=V<0;ь=>3> 
HC<C. ' 1030B>:0A:04=8E ?V4A8;N20G0E ?5@H8< 2:;NG0єBьAO 
?V4A8;N20G 2 @568<V <V=V<0;ь=>3> :>5DVFVє=B0 HC<C, ?>40;ьHV - 2 
@568<V <0:A8<0;ь=>3> ?V4A8;5==O ?>BC6=>ABV. 

 

 9:<@ @а>E<@а?ьAB7B Cі8E<?9AAO 

� "�% <0:A8<0;ь=89 :>5DVFVє=B ?V4A8;5==O 287=0G0єBьAO 
73V4=> @V2=O==O: 

( )221

12

1GPM>EFD Gk k
S

K
S

−= −                                       (6.2) 

– 1C45 ?@8 >4=>G0A=><C 42>AB>@>==ь><C :><?;5:A=>-A?@O65=><C 
C73>465==V B@0=78AB>@0: 

*

16ыI!Ц 6I�ЭZ Z= ;    
*

26ыI�Э 6I!ЦZ Z= .                               (6.3) 

#@8 Fь><C 2EV4=89 B0 28EV4=89 >?>@8 �� 4>@V2=NNBь: 
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opt

opt

�Е6I ZZ




−
+

=
*

*

0_
1

1
;   

Hopt

Hopt

�Е6<I ZZ
*

*

0_
1

1

−
+

= ,  

 (6.4) 

45 
22

11 1

1

4

2
�opt

B B C
�

C

ñ −
= ;     

22

22 2

2

4

2
�opt

B B C
�

C

ñ −
=     (6.5) 

– >?B8<0;ь=V :>5DVFVє=B8 2V418BBO 2V4 465@5;0 A83=0;C (35=5@0B>@0) B0 
2V4 =020=B065==O 2 AB0=40@B=><C B@0:BV !�+. ' @V2=O==V (6.5) 

?>7=0G5=>: 
*

1 11 22C S S S= −  , 
*

2 22 11C S S S= −  ; 

2 2 2

11 221 1 ;B S S S= + − − 

 
2 2 2

22 112 1 .B S S S= + − −                            (6.6) 

�=0: ″<V=CA″ 2 G8A5;ь=8:C (5.5) 15@CBь ?@8 �1(2)>0, 0 7=0: ″?;NA″ ?@8 
�1(2)<0. 

#D<>?48 DB;D4IGA>G C4D4@9FDV6 F4 >BAHV7GD4JVW CV8E<?N64K4 
"A:V;ь:8 @>1>G0 G0AB>B0 =86G5 70 7 ��F, 28:>@8AB0є<> AE5<C 

?V4A8;N20G0 =0 1V?>;O@=><C B@0=78AB>@V, @8A. 6.2 [1]. 

�040=> 2 &� 4V0?07>= @01>G8E G0AB>B: f = 3,5 – 3,7 ��F. 
$>7@0ECє<> ?0@0<5B@8 >4=>3> :0A:04C ?V4A8;N20G0. 
$>73;O=5<> 1V?>;O@=V B@0=78AB>@8 ACG0A=8E ?@>2V4=8E 

28@>1=8:V2: 
– Avago technologies; 

– Infineon; 

– Amcom; 

– M-pulse Microwave. 
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�81V@ B@0=78AB>@0 7@>18<> 70 :@8B5@Vє< <0:A8<C<0 2V4=>H5==O 
:>5DVFVє=B ?V4A8;5==O =0 @>1>GV9 G0AB>BV 3,6��F / >?B8<0;ь=89 

:>5DVFVє=B 2V418BBO: 

max ÷
÷
ø

ö
÷
÷
ø

ö =

opt

P

�
��JfSK 6,3|)( 21

2

. 

�815@5<> <0;>HC<;OG89 1V?>;O@=89 B@0=78AB>@ AT-41435 

DV@<8 Avago technologies, C O:>3> :>5DVFVє=B ?V4A8;5==O 
)6,3(10 ��Jf8�KP = , >?B8<0;ь=89 :>5DVFVє=B 2V418BBO 4,0=opt� . 

�;O <V=V<V70FVW :>5DVFVє=B0 HC<C ШK  7 4>40B:C A (Fig. 3) 

2815@5<> @>1>G5 7=0G5==O AB@C<C :>;5:B>@0 @�IC 10= , ?@8 O:><C 
8�KШ 8,1= . 

S-?0@0<5B@8 B@0=78AB>@0 AT-41435 =0 ��Jf 6,3= , ?@8 7=0G5==V 
AB@C<C :>;5:B>@0 @�IC 10= , >?>@V ;V=VW �@Z 500 = , =0?@C7V :>;5:B>@-
5<VB5@ �VCE 8=  =02545=> 2 B01;8FV 6.1. 

 

&01;8FO 6.1. 

#0@0<5B@ �<?;VBC40 (070, @04 
11S  0,46 2,39 

12S  0,133 1,012 

21S  2,15 0,576 

22S  0,43 -1,6 

opt�  0,45 -2,22 

�3V4=> =02545=>W <5B>48:8 @>7@0EC=:C ?V4A8;N20GV2 !�+ [1], 

28:>=0є<> @>7@0EC=:8. �;O 02B><0B870FVW >1G8A;5=ь A:>@8AB0є<>Aь 
?@>3@0<>N Mathcad. �VAB8=3 ?@>3@0<8 =02545=> 2 4>40B:C B. 

1. "FV=8<> 287=0G=8: S  <0B@8FV @>7AVN20==O: 
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jeeee

SSSSS

jjjj 145,0144,015,2133,043,046,0 576.0012.16.139.2

21122211

−=−=

=−=
−

. 

2. �87=0G8<> 73V4=> (6.1) V=20@V0=B=89 :>5DVFVє=B ABV9:>ABV Gk : 

129,1
15,2133,02

)145,0144,0()43,0()46,0(1
576.0012.1

226.1239.2

=


−+−−
=

−

jj

jj

G
ee

jee
k . 

"A:V;ь:8 1þyK , B> B@0=78AB>@ 7=0E>48BьAO 2 >1;0ABV 157C<>2=>W 
ABV9:>ABV V AB01V;V7CNG89 @578AB>@ !"R  =5 ?>B@V1=89. 

3. "FV=8<> 73V4=> @V2=O==O (6.2) :>5DVFVє=B ?V4A8;5==O ?>BC6=>ABV 2 
@568<V 5:AB@5<0;ь=>3> ?V4A8;5==O: 

787,9)1129,1129,1(
133,0

15,2 2

012.1

576.0

=−−



=
j

j

P
e

e
K . 

� 45F815;0E 8�KP 91,9)787,9lg(10 == . 

4. �87=0G8<> 4>?><V6=V 25;8G8=8 73V4=> (6.6): 

C1 S11 Re S22( ) i Im S22( )−( ) S−=
C1 0.397− 0.25i+=

C2 S22 Re S11( ) i Im S11( )−( ) S−=
C2 0.082 0.433i−=

B1 1 S11( )2+ S22( )2− S( )2
−=

B1 0.985=

B2 1 S22( )2+ S11( )2− S( )2
−=

B2 0.931= . 

5. �=0945<> >?B8<0;ь=V :>5DVFVє=B8 2V418BBO 73V4=> (6.5): 
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1
B1 B1

2
4 C1( )2−−

2 C1
=

1 0.618− 0.39i−=

2
B2 B2

2
4 C2( )2−−

2 C2
= 2 0.133 0.704i+=

, 

45 1  – opt , 2  – Hopt , – >?B8<0;ь=V :>5DVFVє=B8 2V418BBO 2V4 
465@5;0 A83=0;C (35=5@0B>@0) B0 2V4 =020=B065==O 2 AB0=40@B=><C 
B@0:BV !�+. 

6. �87=0G8<> 73V4=> (6.4) 2EV4=V B0 28EV4=V >?>@8 0:B82=>3> 
5;5<5=B0 (��) - B@0=78AB>@0, =5>1EV4=V 4;O C73>465==O B@0=78AB>@0 V7 
7>2=VH=V<8 :>;0<8, B>1B> <V:@>A<C6:>2>N ;V=VєN 7 >?>@>< �@Z 500 = : 

� Mathcad ?>7=0G8<>: �Е6IZZ _1 = , �Е6<IZZ _2 = , 1�opt = , 

2�Hopt = . 

"?5@0FVO :><?;5:A=>3> A?@O65==O @50;V7>20=0 =0ABC?=8< G8=><: 
)Im()Re(*

optoptopt j  −= . 

Z0 50=

Z1 Z0
1 Re 1( )+ i Im 1( )−

1 1−
=

Z2 Z0
1 Re 2( )+ i Im 2( )−

1 2−
=

+=
−=

+= −ô−=
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=

( )+ ( )−

−
=

( )+ ( )−

−
=

Z1 13.9 8.699i+= 1

Z1
0.052 0.032i−=

Z2 59.208 7.478i+= 1

Z2
0.017 2.1i 10

3−ô−=
, 

45 1/1 Z , 2/1 Z  – 2EV4=0 B0 28EV4=0 ?@>2V4=VABь 2V4?>2V4=>. 
$B;D4IGAB> C4D4@9FDV6 >V? G;7B8:9AAO 

�484AV C4D4@9FD<: 
�V0?07>= G0AB>B  ��Jf )7,35,3( − . 

%@54=O G0AB>B0 A<C38 ?@>?CA:0==O ��Jf 6,30 = ; 

$>1>G0 4>268=0 E28;V C 2V;ь=><C ?@>AB>@V =0 A5@54=V9 @>1>GV9 
G0AB>BV ��Jf 6,30 =  – @@fE 3,83106,3/103/ 88

00 === ; 

)28;ь>289 >?V@ <V:@>A<C6:>2>W ;V=VW ( %�) �@Z 500 = ; 

�EV4=89 :><?;5:A=89 >?V@ B@0=78AB>@0: jZ �Е6I 7,89,13_ += "<; 
�8EV4=89 :><?;5:A=89 >?V@ B@0=78AB>@0: 

jZ �Е6<I 478,721,59_ += "<; 
$568< 5:AB@5<0;ь=>3> ?V4A8;5==O 70157?5G8<> C73>465==O< 

H;OE>< B@0=AD>@<0FVW 0:B82=>3> >?>@C B0 :><?5=A0FVW @50:B82=>W 
?@>2V4=>ABV =0 2E>4V B0 =0 28E>4V B@0=78AB>@0. 
�EV4=89 B0 28EV4=89 0:B82=V >?>@8 �� 4>@V2=NNBь: 

�@Z �Е6I 9,13_ = , �@Z �Е6<I 21,59_ = . 

�EV4=0 B0 28EV4=0 ?@>2V4=>ABV: 

j
j

ZY �Е6I�Е6I 032,0052,0
7,89,13

1
/1 __ −=

+
== %<. 

j
j

ZY �Е6<I�Е6<I 021,0017,0
478,721,59

1
/1 __ −=

+
== %<. 
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 $50:B82=0 2EV4=0 ?@>2V4=VABь 4>@V2=Nє: ( ) C@Y �Е6I 032,0Im _ −= . 

 $50:B82=0 28EV4=0 ?@>2V4=VABь 4>@V2=Nє: 
( ) C@Y �Е6<I 021,0Im _ −= . 

$>7@0ECє<> H8@8=C C73>46CNG8 H;59DV2, 70402H8 WE 4>268=C 
4/1=l . 

#V8?B:>4  %� @4є A4EFGCAV C4D4@9FD<:  

– 6,9=rõ  – 4V5;5:B@8G=0 ?@>=8:=VABь ?V4;>6:8 7 ?>;V:>@C; 

– @@h 1=  – B>2I8=0 ?V4;>6:8 (>A:V;ь:8 ��Jf 50 ü ); 

– @>@t 20=  – B>2I8=0  %�; 

– �@Z 500 =  – E28;ь>289 >?V@  %�; 

– H8@8=0 b   %�: 

h@@@@h
Z

b
r

==÷
ø
ö

÷
ø
ö −=÷

÷
ø

ö
÷
÷
ø

ö
−= 102.111

6.950

314
1

314

0 õ
; 

– 5D5:B82=0 4V5;5:B@8G=0 ?@>=8:=VABь ?V4;>6:8 9Hõ : 

596,6)
101

16,9
16,9(5,0)

/101

1
1(5,0 =

+
−

++=
+
−

++=
bh

r
r9H

õõõ ; 

– 4>268=0 E28;V 2  %�: @@
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