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*5+ ,$! -"$./$*04 '+<+-'( 0- *5+ *.,+ '+8&)9 F51( *5+ C+&* 6%+71+-) .( & ,+&(1%+ 60% *5+

%&-=+ *0 *5+ *&%=+*9  %0,  .=9 >9?@&A .* &- C+ (++- *5&* *5+ C+&* 6%+71+-) 608802( &(G

fb =
∆f

PRI
∆t [Hz], @>9>A

25+%+ ∆f .( *5+ 6%+71+-) (2++< &-' PRI .( *5+ (2++< %+<+*.*.0- .-*+%3&89 F5+ C+&* 6%+"

71+-)4 &-' *5+%+60%+ *5+ %&-=+ *0 *5+ *&%=+*4 &- C+ '+*+%,.-+' C) &<<8).-= &  01%.+% *%&-("

60%, *0 *5+ C+&* (.=-&89 :<<8).-= &  01%.+% *%&-(60%, *0 *5+ C+&* (.=-&8 %+(18*( .- & 6%+71+-)

(<+*%1, 25.5 0%%+(<0-'( *0 & %&-=+ (<+*%1,9 F5+ %&-=+ (<+*%1, 06 & *&%=+* .( 1(1&88)

%+6+%%+' *0 &( *5+ "$%1(*%$ 06 & *&%=+*9 F5+ %+(<0-(+ 06 & (.-=8+ (*&*.0-&%) *&%=+* .( (502- .-

 .=9 >9?@A9

$5+- (+3+%&8 *&%=+*( &%+ <%+(+-*4 *5+ I-&8 %&-=+ (<+*%1, 2.88 C+ *5+ (1<+%<0(.*.0- 06 *5+

%+(<0-(+( 06 *5+ .-'.3.'1&8 *&%=+*(9 J0*+ *5&* .- *5.( &(+ *5+ (.'+80C+( 06 *5+ %+(<0-(+ 06 &

(*%0-= *&%=+* ,&) 0-+&8 *5+ %+(<0-(+ 06 &-0*5+% 2+&E+% *&%=+*9 F5+ (.'+80C+ 8+3+8 06 *5+

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

∆t

fb

fc

PRI

∆f

0(1  !" #$%&'$&'$"()% *+",)"$. (* &!" &+'$%/#&&"0 %#1$'2 3%(2#04 '$0 &!'& (* &!" +""#5"0

%#1$'2 30'%!"04 #$ &!" '%" (* %'6&((&! *+",)"$. /(0)2'&#($7 fc #% &!" '++#"+ *+",)"$.8

39(&" &!'& #$ :+'&#" ∆t ≪ PRI 84

 !"#

2
"
3
4!
'*
5
#

061  !" ;"'& %#1$'27 &!" *+",)"$. (* 6!#! #% :+(:(+&#($'2 &( &!" +'$1" &( &!" &'+1"&8

+,#-*#%/

2
"
3
4!
'*
5
#

fb

01  !" *+",)"$. %:"&+)/ (* ' %#$12" %&'&#($'+. :(#$& &'+1"&8 <$ =>?@A +'0'+7 &!" *+"?

,)"$. %:"&+)/ #% ",)#5'2"$& &( ' +'$1" %:"&+)/8

 !"#$% &'() B ;+#"* (5"+5#"6 (* &!" =>?@A +'0'+ :+#$#:2"8
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 !"#

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

∆t

fd−

b

fd+

b

fc

PRI

∆f

 !"#$% &'&(  ! "#$%&'" () *+,$!-.'$+ )+"/."!1 %(2.'$*,(! 34"! $ %(5,!- *$+-"* ,6 &+"6"!*7 8! *4,6

$6"9 *4" 2,))"+"!" :"*3""! *4" ,!6*$!*$!"(.6 )+"/."!1 () *4" *+$!6%,**"2 6,-!$' ;6(',2< $!2 *4$* () *4"

"4( 6,-!$' ;2$64"2< ,6 !(* (!6*$!* *4+(.-4(.* *4" 63""&7

$%)*+,)% +#./ 0% $%/#%/ 01 2**.1!," 2 3!,/+3!," 4#,5!+, 5+ 56% 0%25 )!",2. *$!+$ 5+ 56%

 +#$!%$ 5$2,)4+$78 9:;℄'

=, #$$%,5 $2/2$ )1)5%7)8 56% 0%25 )!",2. !) "%,%$2..1 /!"!5!>%/ 2,/ 2 ?/!)$%5%@ 42)5  +#$!%$

5$2,)4+$7 ?  A@ !) 2**.!%/ 5+ 2.#.25% 56% $2,"% )*%5$#7' =, 56!) 2)%8 +,.1 2 B,!5% ,#70%$

+4 /!)$%5% 0%25 4$%C#%,!%) 2, 56%$%4+$% 0% +7*#5%/' D) 2 $%)#.58 56% $2,"% )*%5$#7 !)

/!E!/%/ !, 2 B,!5% ,#70%$ +4  !"#$  $%&'()*&" $''%' D**.1!," 2,   A 5+ 2 $%2.FE2.#%/ )!",2.

3!.. $%)#.5 !, 2 )177%5$!2. 4$%C#%,1 )*%5$#78 G#)5 62.4 +4 36!6 !) $%C#!$%/ 5+ $%5$!%E% 56%

$2,"% !,4+$725!+,' A6%$%4+$%8 36%, 56% /!"!5!>%/ 0%25 )!",2. +,)!)5) +4 ns )27*.%)8 +,.1

ns/2 $2,"% $%)+.#5!+, %..) 2$% 2E2!.20.%'

D+$/!," 5+ 56% H1C#!)5 $!5%$!+,8 56% 72I!7#7 0%25 4$%C#%,1 5625 2, 0% #,270!"#+#).1

7%2)#$%/ !) 62.4 56% )27*.% 4$%C#%,1' A6% 72I!7#7 $2,"% !) 56%$%4+$% /%5%$7!,%/ 01 56%

)27*.% 4$%C#%,1' J!56 56% 2!/ +4 ?&'K@ 2,/ ?&'&@8 56% 72I!7#7 $2,"% 4+..+3) 2)(

Rmax =
cPRI

2∆f

fs
2

=
c

2∆f

ns

2
[m], ?&':@

!, 36!6 fs !) 56% )27*.% 4$%C#%,1 2,/ ns !) 56% ,#70%$ +4 )27*.%) !, 56% /!"!5!>%/ 0%25 )!"F

,2.' L1 $%2..!," 5625 ns/2 )27*.%) 2$% 2E2!.20.% !, 56% $2,"% )*%5$#78 56% $2,"% $%)+.#5!+,

!) "!E%, 2)(

δr =
c

2∆f
[m]. ?&'M@

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

J6%, 56% 52$"%5 !) 7+E!," $%.25!E% 5+ 56% $2/2$8 2, 2//!5!+,2. N+**.%$ 4$%C#%,1 )6!45 fd !)

)#*%$!7*+)%/ +, 56% 0%25 4$%C#%,18 .%2/!," 5+ 2, !,E2.!/ $2,"% 7%2)#$%7%,5' A6% N+**.%$

4$%C#%,1 )6!45 !) "!E%, 2)8 9MO℄(

fd =
2

λ

dR

dt
=

2vd

λ
[Hz], ?&'P@

36%$% λ !) 56% 32E%.%,"56 +4 56% 5$2,)7!55%/ )!",2. 2,/ vd !) 56% $2/!2. E%.+!51'

A6% N+**.%$ 4$%C#%,1 )6!45 721 0% %I5$25%/ 01 #)!," 2 5$!2,"#.2$ 4$%C#%,1 7+/#.25!+,8 )%%

 !"' &'&' D))#7% 5625 2 52$"%5 !) 2**$+26!," 56% $2/2$' =, 5625 2)%8 56% 4$%C#%,1 /!44%$%,%
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 !"#!!$ "%! "&'$()*""!+ '$+ "%! !%- (*.$'/ +0&*$. "%! 01(/-1! #*//  ! "%! +*22!&!$!  !"#!!$

"%!  !'" 2&!30!$4 +0! "- "%! &'$.! '$+ "%! 5-11/!& 2&!30!$4 (%*2"6 7*)*/'&/48 +0&*$. "%!

+-#$(/-1! "%! +*22!&!$! 2&!30!$4 *( "%! (0) -2 "%!  !'" 2&!30!$4 +0! "- "%! &'$.! '$+ "%!

5-11/!& 2&!30!$4 (%*2"9

upslope: fd−

b = fb − fd [Hz],

downslope: fd+

b = fb + fd [Hz]. :;6<=

>%!  !'" 2&!30!$4 +0! "- "%! &'$.! )'4  ! !?"&'"!+  4 "'@*$. "%! 'A!&'.! -2 "%! 2&!30!$4

+*22!&!$! #%!$ fb > fd8 BCD℄6

F-A*$. "'&.!"( )'4 '/(-  ! +!"!"!+  4 '11/4*$. (#!!1G"-G(#!!1 1&-!((*$.8 BCH℄GBCI℄6 >%!

(*)1/!(" 2-&) -2 (#!!1G"-G(#!!1 1&-!((*$. *( ' '$!//!& "%'" (0 "&'"( (0!((*A! (#!!1(6

>%!$8 ("'"*-$'&4 "'&.!"( '&! '$!//!+ -0" '$+ -$/4 )-A*$. "'&.!"( &!)'*$6 >%! 1%'(! +*22!&G

!$!  !"#!!$ (0!((*A! (#!!1( '$  ! 0(!+ "- !("*)'"! "%! A!/-*"4 -2 )-A*$. "'&.!"(6 >%*(

*( %-#!A!& -$/4 2!'(* /! 2-& (/-# )-A*$. "'&.!"(6

 ! "#$%& '()(* +*(-.(/ %012.)3*(-.012

 !#$$%&'( )*%!+ ,'#!+ %-. /#(+& 0'12$#-3

J 2&!!G&0$$*$. *+!'/ -(*//'"-& .!$!&'"!( ' 1!&2!"/4 (*$0(-*+'/ (*.$'/6 K$ "%'" '(!8 "%! (1!G

"&0) -2 "%! -(*//'"-&L( -0"10" (*.$'/ !?%* *"( ' (*$./! 1!'@ '" "%! '&&*!& 2&!30!$46 >%!

-0"10" -2 ' 1&'"*'/ -(*//'"-& M*""!&(8 -$ "%! -"%!& %'$+8 *$ ')1/*"0+! '( #!// '( *$ 1%'(!6

>%!&!2-&!8 "%! (1!"&0) -2 ' 1&'"*'/ -(*//'"-&L( -0"10" *( -)1-(!+ -2 ' 1!'@ '" "%! '&&*!&

2&!30!$4 #*"%  &-'+ (*+! '$+(6 K$ 1&'"*'/ -(*//'"-&(8 "%! !22!" -2 ')1/*"0+! M*""!& *( 0(0G

'//4 $!./*.* /! -)1'&!+ "- "%! !22!" -2 1%'(! M*""!&8 BCC℄6 >%! &!)'*$+!& -2 "%*( (0 (!"*-$

#*// "%!&!2-&! 2-0( -$ "%! 1%'(! M*""!& -&  !#$$%& ' ()%!* + #!*6 N(*//'"-& 1%'(! $-*(! '$+

*"( !22!"( %'A!  !!$ ("0+*!+ !?"!$(*A!/4 -A!& "%! 4!'&(8 BCH℄GBOP℄6

N(*//'"-& 1%'(! $-*(! 1&-A!( *)1-&"'$" "- QFGRS &'+'&(8 (*$! "%! 1%'(! $-*(! (*+! '$+(

'((-*'"!+ #*"% ' /'&.! :0$#'$"!+= (*.$'/ !22!"*A!/4 &'*(! "%! $-*(! T--&6 >%*( )'4  ! "%!

'(! !A!$ *2 "%! )'*$ (1!"&'/ -)1-$!$" -2 "%'" (*.$'/ *( -0"(*+! "%! 2&!30!$4  '$+ -2 *$"!&G

!("6 S*"%*$ "%*( -$"!?"8 "%! +*&!" -01/*$.  !"#!!$ "%! "&'$()*""*$. '$+ &!!*A*$. '$"!$$'(

*( ' #!//G@$-#$ 1&- /!) *$ QFGRS &'+'&(6 >%! "-"'/ 1&-1'.'"*-$ 1'"% -2 "%! +*&!"G-01/!+

(*.$'/ *( A!&4 (%-&"6 >%!&!2-&!8 *"( )'*$ (1!"&'/ -)1-$!$" *( '" A!&4 /-# 2&!30!$*!( '2"!&

+!)-+0/'"*-$U "%'" *( 2'& -0"(*+! "%! 2&!30!$4  '$+ -2 *$"!&!(" 2-& )-(" '11/*'"*-$(6 V-#G

!A!&8 "%! 1%'(! $-*(! (*+! '$+( )'4 !?"!$+ #!// *$"- "%! 2&!30!$4  '$+ -2 *$"!&!("6 >%*(

*( '$ *)1-&"'$" 1&- /!)8 (*$! "%! +*&!" -01/*$. *( 0(0'//4 )0% ("&-$.!& "%'$ "%! !%-

(*.$'/(6

>%! !22!" *( (*.$*W'$"/4 &!+0!+ #%!$ ' 2&'"*-$ -2 "%! "&'$()*""!+ (*.$'/ *( 0(!+ '( /-'/

-(*//'"-& :XN= (*.$'/ *$ "%! &!!*A!&8 (*$! *$ "%'" '(! "%! 1%'(! $-*(! -2 "%! !%- (*.$'/ *(

-&&!/'"!+ #*"% "%! 1%'(! $-*(! -2 "%! XN (*.$'/8 B<D℄GB<Y℄6 >%*( '%+,*  ''*$%&# + *--*& '$

 ! )'?*)*Z!+  4 "0$*$. "%! 1'"% /!$."% -2 "%! XN (*.$'/ "- "%! 1&-1'.'"*-$ 1'"% -2 "%! +*&!"

-01/*$.8 BCH℄GBC;℄6

>%! 1%'(! $-*(! 1-#!& '$  ! &!+0!+ *$ -"%!& #'4( '( #!//6 N A*-0(/48 "%! 0(! -2 '$ -(G

*//'"-& #*"% (01!&*-& 1%'(! $-*(! (1!*W'"*-$( +!&!'(!( "%! 1%'(! $-*(! 1-#!&8 B<[℄6 Q0&G

"%!&)-&!8 *" *( 1-((* /! "- 1'&"*'//4 -)1!$('"! "%! !22!" -2 1%'(! $-*(! #*"% (1!*'/ (*.$'/
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 !"$%%&'( )$*'&+,$%- ./0℄- .23℄4.56℄7

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

8'")*$! &9 "!):') %;%)$9  :!:9$)$! &% )*$ <!$+,$'; %=$$ '"'>&'$:!&);- .23℄4.?6℄- =*&* &%

,%,:>>; $@ !$%%$A :% :  $!$'):($ "< )*$ )"):> %=$$ 7 B*$' )*$ %=$$ &% '"'>&'$:!- )*$ C$:)

<!$+,$'; &% '") "'%):') )*!",(*",) )*$ %=$$ &')$!D:> :'A )*$ !:'($ !$% "'%$ &% C!":A$'$A7

E*$ $<<$) "< %=$$ '"'>&'$:!&)&$% &% !$A,$A =*$' :  "!)&"' "< )*$ )!:'%9&))$A %&(':> &% ,%$A

:% FG %&(':>- %&'$ &' )*:) :%$ )*$ %=$$ '"'>&'$:!&); "< )*$ $*" %&(':> &% "!!$>:)$A =&)*

)*$ %=$$ '"'>&'$:!&); "< )*$ FG %&(':>- .53℄7 E*&% &%  :!)&,>:!>; )!,$ <"! $*"$% "9&'(

<!"9 ):!($)% :) : %*"!) !:'($7 8' :':>;)&:> A$D$>" 9$') "< )*$ $<<$) "< %=$$ '"'>&'$:!&)&$%

=&>> C$ (&D$' &' %$)&"' 07H7

E*$ $<<$) "< %=$$ '"'>&'$:!&)&$% 9:; C$ !$A,$A C; :  >;&'( : >&'$:!&I$! &!,&)7 E*$ >&'4

$:!&I$! &!,&) %*",>A *"=$D$! C$ <:%) $'",(* )" <">>"= )*$ <!$+,$'; )!:'%&)&"'% :) )*$ $'A

"< $:* %=$$ - .?6℄7

 !"#$"%' ()""* 1!/%2.0.,%2

8) )*$ C$(&''&'( "< : '$= %=$$ - )*$ C$:) <!$+,$'; $+,:>% )*$ >:!($ A&<<$!$'$ C$)=$$' )*$

&'%):'):'$",% !$$&D$A <!$+,$'; :'A )*$ &'%):'):'$",% )!:'%9&))$A <!$+,$';- %$$ J&(7 H7KL:M7

E*&% <!$+,$'; &% ,%,:>>; ",)%&A$ )*$ !$$&D$!N% C:'A=&A)*7 O"!$"D$!- )*$ <!$+,$'; )!:'%&4

)&"'% C$)=$$' )*$ %=$$ % :!$ ); &:>>; '"'>&'$:! :'A )*$ )!:'%&) )&9$% :!$ P'&)$- :,%&'( A&%4

)"!)&"'% &' )*$ C$:) %&(':>7 Q'  !:)&$- )*$  :!)% "< )*$ C$:) %&(':> :!",'A )*$ %=$$ )!:'%&)&"'%

:!$ )*$!$<"!$ A&%:!A$A- .50℄- .?6℄4.?K℄7

 !" #$% &'()$%)* ,-%.)/.% 0121. 3.*(*-4%

Q' "'D$')&"':> !:A:! %;%)$9% )*$ :I&9,)* !$%">,)&"' A$)$!&"!:)$% :% !:'($ &'!$:%$%- %&'$

)*$ :')$'': C$:9 =&A$'%7 E*$ :I&9,)* !$%">,)&"' &% (&D$' :%R

δAz ≈ θAzR [m], LH75M

&' =*&* θAz &% )*$ :I&9,)* 04AS :')$'': C$:9=&A)*7 E*$ :')$'': C$:9=&A)* A$ $'A% "'

)*$ :')$'': >$'()* l- ./6℄R

θAz ≈ λ

l
, l ≫ λ [rad]. LH7?M

8% :' C$ %$$' <!"9 LH75M :'A LH7?M- )*$ :I&9,)* !$%">,)&"' &9 !"D$% :% )*$ :')$'': >$'()*

&'!$:%$%7

Q' %;')*$)& : $!),!$ !:A:! : >:!($ :')$'': >$'()* &% %;')*$%&I$A C; 9:T&'( ,%$ "< )*$ 9")&"'

"< )*$ !:A:!  >:)<"!97 Q' J&(7 H70 )*$ :&!C"!'$ %)!& 9: 49"A$ U8V ($"9$)!; &% %*"='7 E*$

:')$'': C$:9 &% "!&$')$A '"!9:> )" )*$ W&(*) )!:TX *$'$ : %)!& "< >:'A  :!:>>$> )" )*$ W&(*)

)!:T &% &>>,9&':)$A7 8% )*$ !:A:!  >:)<"!9 W&$% C;- : ):!($) "' )*$ (!",'A &% &>>,9&':)$A <"!

: $!):&'  $!&"A "< )&9$ A$ $'A&'( , "' )*$ !$:> :')$'': C$:9=&A)*7 Y,!&'( )*&%  $!&"A :

',9C$! "< %=$$ % :!$ )!:'%9&))$A :'A )*$ "!!$% "'A&'( $*"$% :!$ !$$&D$A7

E*$ "*$!$') &')$(!:)&"' "< ne $*"$% ;&$>A% : %;')*$)& : $!),!$ "< >$'()*R

Lsar =
nev

PRF
= vTsar [m], LH73M



 ! "#$%&'( )* +,'(,-'. /01"2 3$4$( $54 673

 !"#" v $% &!" #'('# )*'&+,#- ."*,$&01 PRF $% &!" % "") #")"&$&$,2 +#"34"201 '2( Tsar $%

&!" 567 ,8%"#.'&$,2 &$-"9 :0 ,-8$2$2; <=9>? '2( <=9@?1 &!" %02&!"&$ '2&"22' 8"'- $(&!

+,**, % '%A

θsar =
λ

2Lsar

[rad]. <=9BC?

D!" +'&,# ,+ = $2 &!" ("2,-$2'&,# $% $2&#,(4"( &, ',42& +,# &!" +'& &!'& &!" '2&"22' 8"'-

$% +,#-"( '+&"# &!"  '."% !'." &#'."*"( &, &!" &'#;"& '2( 8'E1 FGC℄9

D!" )!'%" #"*'&$,2%!$) 8"& ""2 &!" %4"%%$." "!,"%1 ,#  !"#$%& '& () &"(%*+,1 $% ' +42&$,2

,+ &!" #'2;" &, &!" &'#;"&A

ϕAz(t) =
4πR(t)

λ
[rad]. <=9BB?

D!" #'2;" &, &!" &'#;"& &!#,4;!,4& &!" 567 ,8%"#.'&$,2 &$-" '2 8"  #$&&"2 '%A

R(t) =
√

R2
0

+ v2t2 [m], <=9B=?

$2  !$! R0 $% &!" %!,#&"%& ($%&'2" &, &!" &'#;"& '2( t $% &$-"9 D!" &$-" t $% ("I2"( ,2 &!"

$2&"#.'* [− 1

2
Tsar,

1

2
Tsar]9 J%4'**01 <=9B=? $% '))#,K$-'&"( 80 &!" I#%& &"#-% ,+ $&% D'0*,#

%"#$"% "K)'2%$,21 F>=℄A

R(t) ≈ R0 +
v2t2

2R0

[m]. <=9BL?

6% '2 8" %""2 +#,- <=9BL?1 &!" #'2;" &, &!" &'#;"& $% 2,& ,2%&'2& (4#$2; &!" 567 ,8%"#.'&$,2

&$-"9 D!"#"+,#"1 &!" 'M$-4&! )!'%" !$%&,#0 $% 2,& ,2%&'2& '2( &!" 24-8"# ,+ "!,"% &!'& '2

8" ,!"#"2&*0 $2&";#'&"( $% *$-$&"(9

N2 -*$()/ 0121 &!" #"*'&$." )!'%" 8"& ""2 &!" %4"%%$." "!,"% $% ,-)"2%'&"(  $&! &!"

'$( ,+ &!" E2, 2 )!'%" !$%&,#0 <=9BB?9 N2 &!" '%" ,+ +,4%"( 5671 &!" -'K$-4- 24-8"# ,+

"!,"%A

ne,max =
θAzR0

vPRI
[ ], <=9BG?

'2 &!"#"+,#" 8" ,!"#"2&*0 $2&";#'&"(9 D!" -'K$-4- 24-8"# ,+ "!,"% &!'& '2 8" $2O

&";#'&"( (")"2(% ,2 &!" &$-" &!'& &!" &'#;"& $% $**4-$2'&"( '2( &!4% ,2 &!" #"'* '2&"22'

8"'- $(&!9

P!"2 $2(""( &!" -'K$-4- 24-8"# ,+ "!,"% $% $2&";#'&"(1 &!" %02&!"&$ '2&"22' 8"'- $(&!

+,**, % '% <80 4%$2; <=9@?1 <=9BC?1 '2( <=9BG??A

θsar =
λ

2θAzR0

[rad]. <=9BQ?

62( I2'**01 &!" 567 'M$-4&! #"%,*4&$,2 '2 8"  #$&&"2 '%A

δAzsar =
λ

2θAz

=
l

2
[m]. <=9BR?

N& %!,4*( 8" 2,&"( &!'& &!" 'M$-4&! #"%,*4&$,2 '+&"# +,4%"( 567 )#,"%%$2; !'% 8",-"

$2(")"2("2& ,+ #'2;"9



 !"! #$% &'(*+(, -./0+12'(*+./0 33

R0

 !"#$% &'(*

θAz

−
1

2
Lsar

1

2
Lsar+

,-%.--( /.(0

 !"#$% &'()  !"#$%& !' ()% *(+$",-" ,!.% /01 2%!,%(+34  )% -5(%55- 6%-, $* .$+%(%. 5!+,-8 (!

()% 9$2)( (+-:; )%5% - *(+$" !' 8-5. "-+-88%8 (! ()% 9$2)( (+-: $* $88<,$5-(%.4  )% 68-: .!( +%"+%*%5(*

- (-+2%( $88<,$5-(%. 63 ()% +-.-+4

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

*#% +, +-% $./.$ 01.+2,$3 3,+!,45 %6%4 +-% %-, ,2 . 8+.+!,4.$9 ,:;%+ %<-!:!+8 . *,001%$

2$%=#%49 8-!2+' >-!8 *,001%$ 2$%=#%49 8-!2+ /%0%4/8 ,4 +-% $./!.1 6%1,!+9' >-% $./!.1

6%1,!+9 6.$!%8 +-$,#"-,#+ +-% ?@A ,:8%$6.+!,4 +!3% .4/ !+8 .:8,1#+% 6.1#% !8 3.<!3.1 B-%4

+-% ,:;%+ !8 .+ +-% $!38 ,2 +-% $%.1 .4+%44. :%.3'

C-%4 +-% ,:;%+ !8 .+ +-% $!3 ,2 +-% $%.1 .4+%44. :%.35 +-% $./!.1 6%1,!+9 .4 :% B$!++%4 .8)

vd,max = v sin
(θAz

2

)

≈ vθAz

2
[ms−1], D&'EFG

.4/5 :9 #8!4" D&'HG5 +-% ,$$%80,4/!4" *,001%$ 2$%=#%49 8-!2+ 2,11,B8 .8)

fd,max ≈ vθAz

λ
[Hz]. D&'EIG

>-% 8.301% $.+% !4 .J!3#+- /!$%+!,4 8-,#1/ :% -!"- %4,#"- +, :% .:1% +, #4.3:!"#,#819

3%.8#$% +-% *,001%$ 2$%=#%49 8-!2+' K22%+!6%195 +-% PRF $%0$%8%4+8 +-% .J!3#+- 8.301%

$.+%' >-% PRF 8-,#1/ +-%$%2,$% :% .+ 1%.8+)

PRF ≥ 2fd,max ≈ 2vθAz

λ
[Hz]. D&'ELG

 !" #$% &'(*+(, -./0+12'(*+./0

?@A 0$,%88!4" 3.M%8 #8% ,2 +-% M4,B4 .J!3#+- 0-.8% -!8+,$9 D&'EEG' >-% 0-.8% -!8+,$9 !8

-,B%6%$ /!8+,$+%/ :9  !"#$ $%%&%#5 /%"$./!4" +-% ?@A !3."% =#.1!+9' @4 !4N/%0+- $%./!4" ,2

0-.8% %$$,$8 B!11 :% "!6%4 !4 8%+!,4 O'O'

>-% 3.!4 8,#$%8 2,$ 0-.8% %$$,$8 .$% 01.+2,$3 3,+!,4 %$$,$8' >-% %22%+8 ,2 01.+2,$3 3,+!,4



 ! "#$%&'( !) *+'(+,'- ./0"1 2$3$( $43 562

 !!"!# $%& '  ( )$ #*'+ ) "- .%(/ #)*01 #2 345℄7389℄: ;( )$1# # )1"(2 )$ *<< ! =1.1)# )"

01-- ! () =%## # "- *(".< (#%) 0 .")1"(  !!"!# >1== ' ! &1 > 0: ?$ 0 !1&%)1"(# "- )$ 

*<< ! =1.1)# >1== ' ! < %) 0 1( %<< (01@ A:

?$ !"##7)!%B & ="1)/ ".<"( () 1# 01! ) 0 ("!.%= )" )$ %="(C7)!%B 01! )1"( 1( )$ 

#=%()7!%(C <=%( : ?$ %="(C7)!%B & ="1)/ 1# 0 D( 0 1( )$ %="(C7)!%B 01! )1"(:

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

?$ %="(C7)!%B & ="1)/ "- )$ !%0%! <=%)-"!. .%/ ' %##*. 0 )" &%!/ #=">=/ ".<%! 0 )"

)$ EAF "'# !&%)1"( )1. : ?$  !!"! .%/ )$ ! -"! ' "(#10 ! 0 "(#)%() )$!"*C$"*) )$ 

EAF "'# !&%)1"( )1. : ?$  !!"! #$"*=0 ' '"*(0 0 '/G

dvat ≤
v

λR0

δAz2

sar [ms−1], H9:9IJ

1( "!0 ! )" =1.1) )$ K*%0!%)1 <$%#  !!"! )" π/42 389℄: A ="(C7) !. %="(C7)!%B & ="1)/  !!"!

%*# # % C ". )!1 #%=1(C  !!"!:

1'"22%&'(* +,!"-./ 0''"'

A !"##7)!%B & ="1)/ ".<"( () .%/ ' %##*. 0 )" ' "- #$"!) ) !. 0*!%)1"(2 #1( % ="(C7

) !. ".<"( () %( "(=/  @1#) 1- )$ <=%)-"!. (%&1C%)1"( -%1=#: E*$ % & ="1)/ ".<"( ()

= %0# )" %( %L1.*)$ 01#<=% . (): ;( "!0 ! )" =1.1) )$ 01#<=% . () )" = ## )$%( %( %L1.*)$

! #"=*)1"(  ==2 )$ ".<"( () #$"*=0 ' ! #)!1) 0 )"2 389℄G

vct ≤
v

R0

δAzsar [ms−1]. H9:9MJ

1'"22%&'(*  ,!,'(.-"# 0''"'

?$ !"##7)!%B % = !%)1"( #$"*=0 ' '"*(0 0 '/G

act ≤
2v2

λR2
0

δAz2

sar [ms−2], H9:99J

1( "!0 ! )" =1.1) )$ K*%0!%)1 <$%#  !!"! )" π/42 389℄: A #$"!)7) !. % = !%)1"( = %0# )"

0 -"*#1(C2 >$ ! %# % ="(C7) !. % = !%)1"( ! #*=)# 1( %L1.*)$ #%=1(C  !!"!# %(0 D(%==/ 1(

%'#"=*) <"#1)1"(1(C  !!"!#:

 #$3!(' 4".-"#

E)!1)=/ #< %B1(C2 %))1)*0 &%!1%)1"(# "- )$ <=%)-"!. 0" (") C1& !1# )" <$%#  !!"!#: ?$1#

1# )!* >$ ( )$ %() ((% <$%#  () ! HANOJ 1# ="%) 0 %) )$ .")1"(  () ! HPOJ "- )$ 

<=%)-"!.: Q"> & !2 0* )" %(C*=%! .")1"(2 )$ %() ((% C%1( .%/ &%!/ 0*!1(C )$ EAF "'# !7

&%)1"( )1. : A(C*=%! .")1"( .%/ )$ ! -"! 1()!"0* %.<=1)*0 &%!1%)1"(#:

;( <!%)1 2 % = & ! %!. 1# *#*%==/ <! # () ' )>  ( )$ ANO %(0 )$ <=%)-"!.PO: ;( )$%) %# 2

%(C*=%! .")1"( >1== 1()!"0* %001)1"(%= %="(C7)!%B %(0 !"##7)!%B & ="1)/ ".<"( ()#:

5-#32"-6(! 4".-"# 0''"'2

R*!1(C )$ EAF "'# !&%)1"( )1. 2 )$ !%0%! <=%)-"!. 1# =1B =/ )" 0 &1%) -!". )$ 10 %= )!%B:

?$ <$%#  !!"!# %*# 0 '/ )$ 0 &1%)1"(# 0 < (0 "( )$ %'#"=*) 01& !C ( -!". )$ 10 %=

)!%B2 '*) %=#" "( )$ -! K* (/ "- )$ 0 &1%)1"(# fe: ;( "!0 ! )" 1(& #)1C%) )$ -! K* (/

0 < (0 ( "- )$ <$%#  !!"!#2 )$ %)*%= S1C$) )!%B 1# %##*. 0 )" ' #1(*#"10%=:
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 ! "#$ &'$ () *(+,)-$./$!0 '1!/'(12&* 3("1(! 4fe < 2/Tsar56 "#$ 3("1(! 3&0 7$ &88-(91,

3&"$2 &' $1"#$- *1!$&- (- ./&2-&"16 :;<℄>  ) "#$ 3("1(! 1' &''/3$2 "( 7$ *1!$&-6 & -('',"-&?

@$*(1"0 (38(!$!" 1' 8-$'$!"> A#$ 3&1! $))$" 1' &! &B13/"# 21'8*&$3$!" &!2 "#$ /88$-

7(/!2 "( "#$ -('',"-&? @$*(1"0 1' &C&1! C1@$! 70 4<><D56 :EF℄>

G#$! "#$ '1!/'(12&* 3("1(! 1'6 (! "#$ ("#$- #&!26 &''/3$2 "( 7$ ./&2-&"16 "#$ @$*(1"0 1!

"#$ '*&!",-&!C$ 21-$"1(! '#(/*2 7$ *131"$2 "(6 :;<℄H

vct ≤
λ

4πfeT 2
sar

[ms−1], 4<><I5

1! (-2$- "( -$'"-1" "#$ ./&2-&"1 8#&'$ $--(- "( π/4>

J1C#,)-$./$!0 '1!/'(12&* 3("1(! 4fe > 2/Tsar5 C1@$' -1'$ "( '8/-1(/' '12$*(7$'> K(- & 8$&?

'12$*(7$ *$@$* "( 8$&? 3&1!*(7$ *$@$* -&"1( () p6 "#$ @$*(1"0 1! "#$ '*&!",-&!C$ 21-$"1(! '#(/*2

7$ 7(/!2$2 706 :EF℄H

vct ≤ λfe
√

p [ms−1]. 4<><L5

%2(5+*6,(*+./7  !" #$%& "()$*&+,% -".$*"/ *+ *!" 01234 -$/$- $,/ 567 8-&,&8."% 9"-" :&;",< =,

%"*&+, ><?@ *!"%" "()$*&+,% 9&.. #" )%"/ *+ /"*"-A&," *!" /"A+,%*-$*+- %B%*"A 8$-$A"*"-%< 1+-"+;"-@

*!" A$C+- %B%*"A &A8"-D"*&+,% +D 01234 -$/$-%@ #"&,: *!" /&-"* +)8.&,: $,/ D-"()",B %9""8

,+,.&,"$-&*&"%@ 9"-" -";&"9"/<  !" "DD"* +D %9""8 ,+,.&,"$-&*&"% 9&.. #" &,;"%*&:$*"/ &, A+-" /"*$&. &,

%"*&+, E<?<  !" A$&, 8-$*&$. /&DF).*B &, 567 %B%*"A% $-" *!" A+*&+, "--+-%<  !" )88"- .&A&*% *+ *!"

/&DD"-",* $*":+-&"% +D A+*&+, "--+-% 9"-" :&;",<  !"%" )88"- .&A&*% 9&.. #" )*&.&G"/ &, %"*&+, ><E *+

";$.)$*" *!" 8"-D+-A$," +D *!" %"."*"/ +A#&,$*&+, +D A+*&+, %",%+-%<



 ! "#$%&'( )* +,'(,-'. /01"2 3$4$( $54 673



 !"#$%& '

()#*+,% -%,#./,% .0 "/ 123 4 -"5"&

 !"#!$"%&  ! "#$% #'(")*+ "#) *)%(,!%) ,- '! ./012 *'3'* %4%")5 ", ' %$!67) (,$!" "'*6)" 8$77 9)

3)*$:)3+ %"'*"$!6 8$"# "#) $3)'7 '%); <=9%)>=)!"74+ %):)*'7 %4%")5 3$%",*"$,!% 8$77 9) $!"*,3=)3 '!3

"#)$* )--)" 8$77 9) $!:)%"$6'")3; .$!'774+ "#) "#),*)"$'7 ?!3$!6% 8$77 9) ):'7='")3 8$"# "#) '$3 ,- '

,5(=")* %$5=7'"$,!;

 !" #$%&' (&)%

 !" #"$%&'$" (& ) %&*'( ()#+"( ,*-- ." /"#*0"/ .1 )$$23*'+ (!)( (!" 45678 #)/)# $1$("3

*$ */")-9 8!"' $),(&&(! :#";2"'1 3&/2-)(*&' *$ )%%-*"/= (!" (#)'$3*(("/ $*+')- )' ." ">6

%#"$$"/ )$ ?#":"# (& 4*+9 @9A?)BBC

st(t) = Vt cos
(

2πfct +
π∆f

PRI
t2 + ϕ0

)

, ?D9AB

*' ,!*! Vt *$ (!" (#)'$3*(("/ $*+')-E$ )3%-*(2/"= fc *$ (!" )##*"# :#";2"'1= )'/ ϕ0 *$ (!"

*'*(*)- %!)$"9 4&# (!" $)F" &: -)#*(1= (!" *'*(*)- %!)$" *$ )$$23"/ (& ." G"#&9

 !" #"$%&'$" ,*-- ." /"#*0"/ :&# ) $*'+-" $,""%9  !" (*3" t *$ (!"#":&#" /"H'"/ &' (!" *'("#0)-

[− 1

2
PRI, 1

2
PRI]9 42#(!"#3&#"= (!" '&'-*'")# "::"($ )#&2'/ (!" $,""% (#)'$*(*&'$= /*$2$$"/

*' $"(*&' @9@= )#" *+'&#"/9

 !" "!& $*+')- :#&3 ) $()(*&')#1 %&*'( ()#+"( )' ." ,#*(("' )$ ) (*3"6/"-)1"/ )'/ )(("'2)("/

0"#$*&' &: (!" (#)'$3*(("/ $*+')-C

sr(t) = Vr cos
(

2πfc(t − ∆t) +
π∆f

PRI
(t − ∆t)2

)

, ?D9@B

,!"#" Vr *$ (!" )3%-*(2/" &: (!" "!& $*+')-9

I' (!" #""*0"# (!" "!& $*+')- *$ /"3&/2-)("/ .1 3*>*'+ *( ,*(! (!" JK $*+')-= -")/*'+ (&

(!" .")( $*+')-9 I' 45678 #)/)#$= (!" JK $*+')- *$ 2$2)--1 ) '&'/"-)1"/ #"%-*) &: (!"

(#)'$3*(("/ $*+')-9 L:("# /"3&/2-)(*&'= (!" .")( $*+')- :&--&,$ )$C

sb(t) = sr(t) · st(t) =
VrVLO

2

(

cos(ϕLO − ϕr) + cos(ϕLO + ϕr)
)

, ?D9DB

,!"#" VLO *$ (!" )3%-*(2/" &: (!" JK $*+')-9  !" 0)#*).-"$ ϕLO )'/ ϕr #"%#"$"'( (!" %!)$"

&: (!" JK $*+')- )'/ (!" "!& $*+')- #"$%"(*0"-19 M&(" (!)( ϕLO )'/ ϕr )#" (*3" /"%"'/"'(9

AN



 ! "#$%&'( )* +,%-./' 0'/%12/' 13 $2 456"7 0$8$(

 !" #"$% &'()$* ,-./'&"& $ 0,1)2,)3"/&',) ,-.,)")% $% #$&"#$)0 $)0 $) 4.2,)3"/&',)

,-.,)")% $/,4)0 2fc5 6) ./$%'"7 %!" 4.2,)3"/&',) ,-.,)")% '& ,4%&'0" %!" /""'3"/8&

#$)01'0%! $)0 '% '& 4&4$**9 :*%"/"0 ,4% 1'%! $ *,12.$&& :*%"/5 6) %!$% $&"7 %!" #"$% &'()$*

/"04"& %,;

sb(t) = Vb cos
(

2πfc∆t +
π∆f

PRI
(2∆t · t − ∆t2)

)

, <=5>?

') 1!'! Vb = 1

2
VrVLO 

!"#$%&"%'()*+ (,% #%-( $./'-) .$ 1'2%3(%4 (1 (,% 53%&"%'* 416-.' #* -77)*.'/ - 81"3.%3

(3-'$5136 (1 9: ;<=

Sb(fR) =

γ
∫

−γ

sb(t) exp[−j2πfRt]dt, 9: ><

?,%3% fR 4%'1(%$ 3-'/%@53%&"%'*+ ?,., -' #% 1'2%3(%4 (1 3-'/% ?.(, (,% -.4 15 9A B< -'4

9A A<+ -'4=

γ =
PRI

2
. 9: C<

8.'-))*+ (,% %2-)"-(.1' 15 9: >< 3%$")($ .' (,% 3%$71'$% (1 - $.'/)% 71.'( (-3/%(=

Sb(fR) = γVb exp[ j(ϕ1 + ϕ2)]sinc
(

2πγ(fb − fR)
)

+ γVb exp[−j(ϕ1 + ϕ2)]sinc
(

2πγ(fb + fR)
)

, 9: D<

.' ?,.,=

ϕ1 = 2πfc∆t, 9: E<

-'4=

ϕ2 = −π∆f

PRI
∆t2. 9: F<

G,% 3-'/% (1 (,% (-3/%( -' '1? #% 51"'4 #* 4%(%36.'.'/ (,% 6-H.6"6 15 (,% 3%$71'$% G,%

6-H.6"6 15 9: D< 1' (,% .'(%32-) [0, 1

2
fs] .$ )1-(%4 -(=

fR = fb, 9: BI<

?,., .$ 1'$.$(%'( ?.(, 9A A< 

 !" #$%&'%(* +,%%- ./(01(%2$13*

G,% 3%$71'$% .' (,% 73%$%'% 15 - $?%%7 '1').'%-3.(* ?.)) #% 4%2%)17%4 8.3$( #* -$$"6@

.'/ (,-( (,% '1').'%-3.(* .$ $.'"$1.4-) -'4 1'$%&"%'()* #* -$$"6.'/ (,-( (,% '1').'%-3.(* .$

&"-43-(. 
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 !"#$%!&'(  )**+ ,%"(!"*'-!./

 !"# $!" %&"'("#* +,""- #.#/0#"1&0$* 0+ 1++(2"3 $. 4" +0#(+.031/5 $!" 0#+$1#$1#".(+ %&"6

'("#* .% $!" $&1#+20$$"3 +07#1/ 1# 4" ,&0$$"# 1+8

ft,i(t) = fc +
∆f

PRI
t + ∆fe cos

(

2πfmt + ϕe

)

, 9:;<<=

,!"&" ∆fe 0+ $!" 21>02(2 14+./($" 3"?01$0.# %&.2 $!" /0#"1& +,""-5 fm 0+ $!" %&"'("#*

.% $!" #.#/0#"1&0$*5 1#3 ϕe 0+ $!" 0#0$01/ -!1+" .% $!" #.#/0#"1&0$*; @!" #.#/0#"1&0$*A+ 0#0$01/

-!1+" 0+ 1++(2"3 $. 4" B"&.; C# $!0+ 1+"5 $!" $&1#+20$$"3 +07#1/ %.//.,+ 1+8

st(t) = Vt cos
(

2πfct +
π∆f

PRI
t2 + Dm sin(2πfmt)

)

, 9:;<D=

0# ,!0!8

Dm =
∆fe
fm

, 9:;<:=

0+ $!" -"1E 1#7(/1& 3"?01$0.#; @!" "!. +07#1/ 1# 1710# 4" ">-&"++"3 1+ 1 $02"63"/1*"3 1#3

1$$"#(1$"3 ?"&+0.# .% $!" $&1#+20$$"3 +07#1/8

sr(t) = Vr cos
(

2πfc(t − ∆t) +
π∆f

PRI
(t − ∆t)2 + Dm sin(2πfm(t − ∆t))

)

. 9:;<F=

C# $!" &""0?"& $!" "!. +07#1/ 0+ 3"2.3(/1$"3 ,0$! 1 #.#3"/1*"3 %&1$0.# .% $!" $&1#+20$$"3

+07#1/ 9$!(+ $!" GH +07#1/ ">!040$+ $!" +12" +,""- #.#/0#"1&0$* 1+ $!" "!. +07#1/+=; I*

30+1&30#7 $!" (-6.#?"&+0.# .2-.#"#$5 $!" 4"1$ +07#1/ %.//.,+ 1+8

sb(t) = Vb cos
(

2πfc∆t +
π∆f

PRI
(2∆t · t − ∆t2)

+Dm sin(2πfmt) − Dm sin(2πfm(t − ∆t))
)

, 9:;<J=

,!0! 1# 4" &",&0$$"# 1+8

sb(t) = Vb cos
(

2πfc∆t +
π∆f

PRI
(2∆t · t − ∆t2) + D′

m cos(2πfm(t − ∆t

2
))

)

, 9:;<K=

,!"&"8

D′
m = 2Dm sin(πfm∆t). 9:;<L=

I* 1++(20#7  !""#$%! & ! '() *#&+(!,-# 5 $!" 4"1$ +07#1/ 1# 4" 1--&.>021$"3 4*5 MN:℄8

sb(t) ≈ Vb cos
(

2πfc∆t +
π∆f

PRI
(2∆t · t − ∆t2)

)

− VbD
′
m cos

(

2πfm(t − ∆t

2
)
)

sin
(

2πfc∆t +
π∆f

PRI
(2∆t · t − ∆t2)

)

. 9:;<P=

@!0+ 1--&.>021$0.# 0+ ?1/03 %.& +21// ?1/("+ .% Dm; Q0#1//*5 $!" 1--/01$0.# .% 1 Q.(&0"&

$&1#+%.&2 &"+(/$+ 0# $!" &"+-.#+"8

Sb(fR) = γVb exp[ j(ϕ1 + ϕ2)]sinc
(

2πγ(fb − fR)
)

+ γVb exp[−j(ϕ1 + ϕ2)]sinc
(

2πγ(fb + fR)
)



 ! "#$%&'( )* +,%-./' 0'/%12/' 13 $2 456"7 0$8$(

− γVbD
′
m

2j
exp[−jϕ3]sinc

(

2πγ(fm−

b − fR)
)

+
γVbD

′
m

2j
exp[ jϕ3]sinc

(

2πγ(fm−

b + fR)
)

− γVbD
′
m

2j
exp[ jϕ4]sinc

(

2πγ(fm+

b − fR)
)

+
γVbD

′
m

2j
exp[−jϕ4]sinc

(

2πγ(fm+

b + fR)
)

,  !"#$%

&' ()&)+

fm−

b = fb − fm,  !",-%

fm+

b = fb + fm,  !",#%

ϕ3 = −ϕ1 − ϕ2 − πfm∆t,  !",,%

.'/+

ϕ4 = ϕ1 + ϕ2 − πfm∆t.  !",!%

0123  !"#$% &4 .' 56 2'78/6/ 4).4 . 9&'892&/.7 9(66: '2'7&'6.1&4; :12/869 9:81&289 9&/6<

72569 21  !"#$% $'($) .128'/ 4)6 21&=&'.7 169:2'96" >2(6?61@ 2'6 9)287/ 56.1 &' 3&'/ 4).4

&' 16/8&'=  !"#A% 42  !"#B%@ '.112(5.'/ .'=76 32/87.4&2' (.9 .99836/" C' :1.4&6@ . 9&'8<

92&/.7 9(66: '2'7&'6.1&4; (&77 :12/86 .' &'D'&46 '83561 2E ).132'&9"

F2162?61@ 4)6 .3:7&48/6 2E 4)6 :.&16/ 6)269 /6:6'/9 8:2' 4)6 4&36 /67.;" G)616E216@ E21

9)214 /67.; 4&369@ 4)6 .3:7&48/6 &9 16/86/ 9&='&D.'47;" G)&9 6EE64 &9 /86 42 4)6 E.4 4).4

. :214&2' 2E 4)6 41.'93&446/ 9&='.7 ).9 566' 896/ .9 HI 9&='.7@ .9 (.9 .716./; /&98996/ &'

964&2' ,","

C' :1.4&6@ 4)6 32/87.4&'= E16J86'; fm (&77 56 ?61; 72( 23:.16/ 42 4)6 PRF " G)6 9(66:

'2'7&'6.1&4; (&77 4)616E216 512./6' 4)6 169:2'96 1.4)61 4).' :12/86 /&94&'4 :.&16/ 6)269"

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

C' 4)6 .96 2E . J8./1.4& 9(66: '2'7&'6.1&4;@ 4)6 &'94.'4.'6289 E16J86'; 2E 4)6 41.'93&446/

9&='.7 .' 56 6K:16996/ .9+

ft,i(t) = fc − ∆fe +
∆f

PRI
t +

4∆fe
PRI2

t2.  !",L%

G)6 '2'7&'6.1&4; ).9 566' /6D'6/ &' 98) . (.; 4).4 4)6 3.K&383 /6?&.4&2' E123 4)6 7&'6.1

9(66: 2819 &' 4)6 3&//76 2E 4)6 9(66:"

G)6 :).96 2E 4)6 41.'93&446/ 9&='.7 E2772(9 .9 4)6 :1&3&4&?6 E8'4&2' 2E  !",L% 3874&:7&6/ 5;

2π+

ϕt(t) = 2π(fc − ∆fe)t +
π∆f

PRI
t2 +

8π∆fe
3PRI2

t3.  !",M%

G)6 :).96 2E 4)6 6)2 9&='.7 .' 56 (1&446' .9 . 4&36</67.;6/ ?619&2' 2E  !",M%+

ϕr(t) = 2π(fc − ∆fe)(t − ∆t) +
π∆f

PRI
(t − ∆t)2 +

8π∆fe
3PRI2

(t − ∆t)3.  !",A%
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 !" "!$ %&'()*% )+" )')&( ,"-$,.*)/", 0&/! ) ($(,"*)1", 2+)/&$( $2 /!" /+)(%-&//", %&'()*3

 !"( /!" 4!)%" $2 /!" ,$0(5$(6"+%&$( $-4$("(/ &% '&6"( )%7

ϕb(t) = 2πfc∆t − π∆f

PRI
∆t2 +

2π∆f

PRI
∆t · t

− 2π∆fe∆t − 8π∆fe
3PRI2

(

−3∆t · t2 + 3∆t2 · t − ∆t3
)

. 893:;<

=$(%">."(/*1? /!" &(%/)(/)("$.% @")/ 2+">."(1 2$**$0% )% /!" ,"+&6)/&6" $2 893:;< ,&6&,", @1

2π7

fb,i(t) = fb −
4∆fe∆t2

PRI2
+

8∆fe∆t

PRI2
t. 893:A<

B&/! /!" )&, $2 893:A<? /!" 6)+&)/&$( $2 /!" @")/ 2+">."(1 /!+$.'!$./ ) %&('*" %0""4 )( @"

)*.*)/",3 C( /!" &(/"+6)* [− 1

2
PRI, 1

2
PRI]? /!" 2.** @")/ 2+">."(1 6)+&)/&$( &%7

∆fb = fb,i(t = PRI/2) − fb,i(t = −PRI/2) =
8∆fe
PRI

∆t. 893:D<

 !" %4"/+)* 0&,/! $2 /!" E()* +"%4$(%" )( @" "%/&-)/", @1 /!" %>.)+" +$$/ $2 /!" %.- $2 /!"

%>.)+"% $2 /!" %4"/+)* 0&,/! $2 /!" &,")* +"%4$(%" 8/!)/ &% 1/PRI< )(, /!" @")/ 2+">."(1F%

%4"/+)* 0&,/! ∆fb? G;9℄? GDI℄7
√

( 1

PRI

)2
+ ∆f2

b . 8939J<

K.@%">."(/*1? ) *&-&/ /$ /!" -)L&-.- )@%$*./" ,"6&)/&$( 2+$- /!" *&(")+ %0""4 )( @" %4"&5

E", @1 -)M&(' .%" $2 8939J<3 N"/F% )%%.-" /!)/ ) -)L&-.- +"%$*./&$( *$%% $2 OJ P &% )**$0",?

/!"(7
√

(

1

PRI

)2
+ ∆f2

b
√

(

1

PRI

)2
≤ 1.1. 8939O<

Q&()**1? @1 .%&(' 893:D<? 8939O< )( @" +"0+&//"( )%7

∆fe ≤
√

0.21c

16Rmax

, 8939:<

4+$6&,&(' )( .44"+ *&-&/ /$ /!" ($(*&(")+&/1 )% ) 2.(/&$( $2 +)('"3 R% )( @" %""(? /!"

%4"&E)/&$( 2$+ /!" ($(*&(")+&/1 &% *"%% %/+&('"(/ 2$+ %!$+/ +)('"%3 S*")%" ($/" /!)/ 8939:<

4+$6&,"% $(*1 ) +$.'! .44"+ *&-&/? %&(" 8939J< &% T.%/ )( "%/&-)/" $2 /!" %4"/+)* 0&,/!3

Q.+/!"+-$+"? 4+)/&)* ($(*&(")+&/&"% )+" ($/ *&M"*1 /$ @" 84"+2"/*1< >.),+)/&3

U1 $-4)+&(' 893OJ< )(, 893:A< &/ )( @" %""( /!)/ /!" @")/ 2+">."(1 &% )22"/", @1 /!"

%0""4 ($(*&(")+&/13  !.%? )4)+/ 2+$- ) *$%% $2 +"%$*./&$(? /!" 4+"%"(" $2 2+">."(1 %0""4

($(*&(")+&/&"% )*%$ +"%.*/% &( )( &(6)*&, +)('" -")%.+"-"(/3

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

V( /!" 4+"6&$.% %"/&$(% &/ 0)% )%%.-", /!)/ /!" )-4*&/.," $2 /!" "!$ %&'()* &% $(%/)(/3

W$0"6"+? 0!"( /!" )-4*&/.," $2 /!" "!$ %&'()* 6)+&"% 0&/! /&-"? 2$+ &(%/)(" ,." /$ 6)+&)5

/&$(% $2 /!" /)+'"/F% +),)+ +$%% %"/&$(? /!" +"%4$(%" 0&** @" )22"/",3
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 !"# $% $& '&&()"* %!'% %!" ')+,$%(*" -'.$'%$/# $& &$#(&/$*',0 %!" "!/ &$2#', '# 3" 4.$%%"#

'&5

sr(t) =
{

Vr + Vm cos
(

2πfmt
)}

cos
(

2πfc(t − ∆t) +
π∆f

PRI
(t − ∆t)2

)

, 678779

4!"." Vm $& %!" ')+,$%(*" /: %!" -'.$'%$/# '#* fm $& %!" )/*(,'%$#2 :.";("#<8 =: $% $& '&&()"*

%!'% fm ≪ fc0 %!"# %!" (+>/#-".&$/# /)+/#"#% '# 3" *$&'.*"* '2'$# '#* %!" 3"'% &$2#',

:/,,/4& '&5

sb(t) =
VLO

2

{

Vr + Vm cos
(

2πfmt
)}

cos
(

2πfc∆t +
π∆f

PRI
(2∆t · t − ∆t2)

)

, 6787?9

4!$! '# 3" "@+'#*"* '&5

sb(t) = Vb cos
(

2πfc∆t +
π∆f

PRI
(2∆t · t − ∆t2)

)

+
VLOVm

4
cos

(

2πfc∆t +
π∆f

PRI
(2∆t · t − ∆t2) − 2πfmt

)

+
VLOVm

4
cos

(

2πfc∆t +
π∆f

PRI
(2∆t · t − ∆t2) + 2πfmt

)

. 6787A9

B/%" %!'% %!" ')+,$%(*" /: %!" CD &$2#', $& /#&$*"."* %/ 3" /#&%'#%8 E:%". %.'#&:/.)'%$/#

%/ %!" :.";("#< */)'$#0 %!" ."&+/#&" :/,,/4& '&5

Sb(fR) = γVb exp
[

j(ϕ1 + ϕ2)
]

sinc
(

2πγ(fb − fR)
)

+ γVb exp[−j(ϕ1 + ϕ2)]sinc
(

2πγ(fb + fR)
)

+
γVLOVm

4
exp

[

j(ϕ1 + ϕ2)
]

sinc
(

2πγ(fm−

b − fR)
)

+
γVLOVm

4
exp

[

−j(ϕ1 + ϕ2)
]

sinc
(

2πγ(fm−

b + fR)
)

+
γVLOVm

4
exp

[

j(ϕ1 + ϕ2)
]

sinc
(

2πγ(fm+

b − fR)
)

+
γVLOVm

4
exp

[

−j(ϕ1 + ϕ2)
]

sinc
(

2πγ(fm+

b + fR)
)

. 6787F9

G./) 6787F9 $% '# 3" &""# %!'% !$2!>:.";("#< ')+,$%(*" -'.$'%$/#& ,"'* %/ +'$."* "!/"&

'./(#* %!" /.$2$#', ."&+/#&"8 C/4>:.";("#< ')+,$%(*" -'.$'%$/#& 4$,, ."&(,% $# ' ,/&& /:

."&/,(%$/#8

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

E& 4'& ',."'*< *$&(&&"* $# &"%$/# H8I0 ' )/-$#2 %'.2"% $#*("& ' J/++,". :.";("#< &!$:%8

K!$& J/++,". :.";("#< &!$:% !'& $%& "::"% /# %!" ."&+/#&"8

=# %!" '&" /: ' )/-$#2 %'.2"%0 %!" %$)" *",'< '# 3" "@+'#*"* '&0 LMA℄5

∆t(t) ≈ ∆t0 +
fd
fc

(t − ∆t0), 6787O9
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 ! "# # ∆t0  % &#' & (' )'*+, +& t = 0 +!)  &  % +%%-(') &#+& &#' +'*'.+& /! /0 &#' &+.1'&  %

!'1* 1 2*'3

4#'! &+5 !1 &#' &+.1'& (/& /!  !&/ +/-!&6 &#' '#/ % 1!+* 2'/('%7

sr(t) = Vr cos
(

2πfc(t − ∆t(t)) +
π∆f

PRI
(t − ∆t(t))2

)

. 8939:;

4 &# &#' + ) /0 8939<;6 8939:; +! 2' .'". &&'! +%7

sr(t) = Vr cos
(

2πfc(µt − µ∆t0) +
π∆f

PRI
(µt − µ∆t0)

2
)

, 8939=;

"#'.' µ = 1 − fd/fc3 >0&'. )'(/)-*+& /! +!) 2, ) %+.) !1 &#' -?@/!A'.% /! /(?/!'!&

+1+ !6 &#' 2'+& % 1!+* 0/**/"% +%7

sb(t) = Vb cos
(π∆f

PRI
(1 − µ2)t2 +

2π∆f

PRI
µ∆t0 t + 2πfc(1 − µ)t

+2πfc µ∆t0 −
π∆f

PRI
µ2∆t20

)

. 893BC;

D#' /(?+. %/! /0 893B; +!) 893BC; %#/"% &#+& &#' &+.1'& (/& /! 1 A'% . %' &/ + E-+).+&  &'.(

8&#' F.%& &'.( /0 &#' /% !'G% +.1-('!&; +!) + H/??*'. 0.'E-'!, %# 0& 8&#' &# .) &'.( /0 &#'

/% !'G% +.1-('!&;3 I-.&#'.(/.'6 &#' /&#'. &'.(% +.' (/) F') 2, ' &#'. µ /. µ23

D#' (+ ! '00'& /0 &#' (/& /!  % &#' H/??*'. 0.'E-'!, %# 0&3 D#' E-+).+&  &'.(  % !'1* 1 2*'

+% "'** +% &#' '00'& /! &#' /&#'. &'.(% 8 ! ?.+& '7 fd ≪ fc;3 J, &+5 !1 %/*'*, &#' H/??*'.

0.'E-'!, %# 0&  !&/ +/-!&6 893BC; .')-'% &/7

sb(t) ≈ Vb cos
(2π∆f

PRI
∆t0 t + 2πfdt + 2πfc∆t0 −

π∆f

PRI
∆t20

)

. 893BK;

I !+**,6 +0&'. /!A'.% /! &/ &#' 0.'E-'!, )/(+ !6 &#' .'%?/!%' 0/**/"% +%7

Sb(fR) = γVb exp[ j(ϕ1 + ϕ2)]sinc
(

2πγ(fd+

b − fR)
)

+ γVb exp[−j(ϕ1 + ϕ2)]sinc
(

2πγ(fd+

b + fR)
)

. 893BL;

I./( 893BL;  & +! 2' /!*-)') &#+& &#' .'%?/!%'  % %# 0&')  ! 0.'E-'!,6 +!) &#-%  ! .+!1'6

)-' &/ &#' &+.1'& (/& /!3 D#' %#+?' /0 &#' .'%?/!%'  % #/"'A'. !/& +00'&')6 +% */!1 +% &#'

.+) +* A'*/ &, /0 &#' &+.1'&  % /!%&+!&3 4#'! &#' &+.1'&  % +'*'.+& !16 &#' .'%?/!%' " ** 2'

2./+)'!')6 M=N℄3

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

P! /.)'. &/ 'A+*-+&' &#' &#'/.'& +* .'%-*&%6 &#' .'%?/!%' /0 +! IQ@R4 .+)+. &/ + % !1*' ?/ !&

&+.1'& #+% 2''! % (-*+&')3 D#' %,%&'( ?+.+('&'.% -%')  ! &#' % (-*+& /! +.' * %&')  ! &+@

2*' 93K3 D#', .'%'(2*' &#/%' /0 &#' IQ@R4 S>T )'(/!%&.+&/. %,%&'(6 %'' #+?&'. N3 D#'

%,%&'( ) %&-.2+!'% ) %-%%')  ! &#' ?.'A /-% %'& /!% #+A' 2''!  !&./)-')  ! &#' % (-*+@

& /!3
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)!**+$* ,*$-.$/1 fc( %2 345 6!/7$ 6$89#.:+9/ δr( %; <

,*$-.$/1 =>$$? ∆f ( 2;; @45 =#!/: 6!/7$ R0( A;; <

PRF ( ' B45 =C6 D$/7:E Lsar( F2 <

@9G.#!:+9/( =!>:99:E C5+<.:E 6$89#.:+9/ δAzsar( 'F <

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

H/ ,+7& %&'I!J :E$ *$8?9/8$ 9K !/ ,@L)M *!G!* +8 8E9>/ >E$/ ! 8+/.89+G!# 8>$$? /9/#+/$!*L

+:1 +8 ?*$8$/:&  E$ *$8?9/8$ +8 8E9>/ K9* ! #9>LK*$-.$/1 /9/#+/$!*+:1N fm = PRF N !/G K9*

! E+7ELK*$-.$/1 /9/#+/$!*+:1N fm = 5PRF &  E$ <!O+<.< G$P+!:+9/ ∆fe +8 +/ "9:E !8$8

'2; B45Q :E!: +8 ;&;% R 9K :E$ K*$-.$/1 8>$$?&

 E$ ?!+*$G $E9$8 !*$ !??!*$/:& S1 .8+/7 I%&'TJ +: !/ "$ !#.#!:$G :E!:N +/ :E$ !8$ 9K

#9>LK*$-.$/1 <9G.#!:+9/N :E$ ?98+:+9/ 9K :E$ ?!+*$G $E9$8 8E9.#G "$ ±;&% < *$#!:+P$ :9

:E$ #9!:+9/ 9K :E$ <!+/#9"$ !/G :E!:N K9* E+7ELK*$-.$/1 <9G.#!:+9/N :E$ ?98+:+9/8 9K :E$

?!+*$G $E9$8 8E9.#G "$ ±'&2 < *$#!:+P$ :9 :E$ #9!:+9/ 9K :E$ <!+/#9"$&  E$ ?$!B #$P$# 9K

:E$ ?!+*$G $E9$8 8E9.#G "$ !??*9O+<!:$#1 LT&' GS *$#!:+P$ :9 :E$ ?$!B #$P$# 9K :E$ <!+/#9"$&

,*9< ,+7& %&'I!J +: !/ "$ 9/#.G$G :E!: :E$8$ P!#.$8 9**$8?9/G P$*1 >$## >+:E :E$ 8+<.L
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0#'&-'.!  )**+ ,%"(!"*'-!./

 E$ $KK$: 9K ! -.!G*!:+ 8>$$? /9/#+/$!*+:1 +8 ?*$8$/:$G +/ ,+7& %&2&  E$ *$8?9/8$ +8 8E9>/

K9* ! <!O+<.< G$P+!:+9/ ∆fe 9K 2; B45 !/G ';; B45Q :E!: +8 ;&;' R !/G ;&;F R 9K :E$ K*$L

-.$/1 8>$$? *$8?$:+P$#1&
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#!:$G& C7!+/ :E$ *$8?9/8$ +8 8E9>/ K9* #9>LK*$-.$/1 <9G.#!:+9/N fm = PRF N !/G K9*

E+7ELK*$-.$/1 <9G.#!:+9/N fm = 5PRF &  E$ !<?#+:.G$ 9K :E$ <9G.#!:+9/ Vm +8 +/ "9:E

!8$8 Vb/4&
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M+:E :E$ !+G 9K I%&%UJ +: !/ "$ !#.#!:$G :E!: :E$ ?$!B #$P$# 9K :E$ ?!+*$G $E9$8 8E9.#G "$

L'V GS *$#!:+P$ :9 :E$ ?$!B #$P$# 9K :E$ <!+/#9"$&

C8 !/ "$ 8$$/ K*9< ,+7& %&2N :E$ :E$9*$:+!# P!#.$8 !7*$$ P$*1 >$## >+:E :E$ *$8.#:8 9K :E$ 8+<L
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+!" ,'%"+ (.$0')7 5+ +!" ')$.+ (* +!" %""'2"%>4'#"% (41')5+'() @+!5+ '& $(')+ ;B '& 7'2") 5&H

Np1 =
PtNosc(fm)

χ
[W/Hz], @:9OB

') /!'! Pt '& +!" +%5)&4'++", $(/"%C Nosc(fm) '& +!" (&'005+(% $!5&" )('&" 5+ 5 *%"N.")3

(**&"+ fm %"05+'2" +( +!" 5%%'"% *%"N.")3C 5), χ '& +!" 5)+"))5 '&(05+'()9

=& 50%"5,3 "#$05')", ') &"+'() O9OC +!" $!5&" )('&" '& %",.", ,." +( +!" %5)7" (%%"05+'()

"**"+ '* 5 *%5+'() (* +!" +%5)&4'++", &'7)50 '& .&", 5& PQ &'7)50 ') +!" %""'2"%9 ?." +( +!"

AR



 ! "#$%&'( )* +,-.$/0&1021,3' 4$&,1

 

!

"

 !!#$!%&'#(!% )*+,#-./#*-
#$%&' (%)*+', F1

-.%/, G1

0./)' 1$++'2.3%$/ (.3$+, K2

0+12#3!%4&5#2/!%4 )6.#-

#$%&' (%)*+', F2

-.%/, G2

G = G1 · G2

F = F1 + F2−1

G1

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

$*+"% -$$%.*/!-+ %00%/1 /2% 32*4% +-!4% 3-5%$ !4 6-7!8%7 9: /2%  !"#$ &  $'!()&" *!(& 1

;<=℄?;<@℄)

K2 = 4 sin2(πfm∆t) [ ], A&'BC

!+ 52!2 ∆t !4 /2% /-/*. /!6% 7%.*: -0 /2% 7!$%/?-#3.%7 4!"+*.' D2% 7%$!E*/!-+ -0 /2% $*+"%

-$$%.*/!-+ 0*/-$ 5!.. 9% $%E!%5%7 !+ *33%+7!F G'

D2% 32*4% +-!4% 3-5%$ */ /2% !+3#/ -0 /2% HIJ 9-*$7 A/2*/ !4 3-!+/ BC 0-..-54 *4)

Np = Np1B · K2 · G [W]. A&'KC

L+ /2% 7%$!E*/!-+ -0 A&'KC !/ !4 *44#6%7 /2*/ /2% 32*4% +-!4% -+/$!9#/!-+ -0 /2% -63-+%+/4 -0

/2% $%%!E%$ 2*!+ !4 +%".!"!9.% -63*$%7 /- /2% 32*4% +-!4% $%.*/%7 /- /2% 7!$%/ -#3.!+"'

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

D2% M#*+/!N*/!-+ +-!4% 3-5%$ *+ 9% 5$!//%+ *41 ;(=(℄)

Nq =
q2

12
[W], A&'&C

52%$% q !4 /2% M#*+/!N*/!-+ !+/%$E*.' L+ "%+%$*.1 A&'&C !4 E*.!7 !0 /2% 4!"+*. !4 0*!$.: $*+7-6

*+7 !0 * .*$"% +#69%$ -0 M#*+/!N*/!-+ 4/%34 *$% *E*!.*9.%'

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

O: -69!+!+" A&'(C1 A&'KC1 *+7 A&'&C1 /2% /-/*. *E*!.*9.% +-!4% 3-5%$ *0/%$ 7!"!/*.!N*/!-+ -0 /2%

9%*/ 4!"+*. *+ 9% 5$!//%+ *4)

NAD = Nt + Np + Nq [W]. A&'<C



 !"! #$%&'%(') *&+,%' -./)0 12

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

 ! "#$%"&&'(! )(% *+" ,-,'.,/." &'0!,. $(1"% ,* *+"  23 /(,%45& '!$6* 1'.. /" 4"%'-"47 8+"

&'0!,. $(1"% ,* *+" '!$6* () *+" %""'-"%2:'#"% (:/'!,*'(! ;*+,* '& $('!* <= '& 0'-"! ,&> ?@A℄C

Pr =
Pt G2

antλ
2σ

(4π)3R4La

[W], ;D7E=

1+"%"Gant '& *+" ,!*"!!, 0,'!> σ '& *+" *,%0"*5& %,4,% %(&& &"*'(! ;FGH=> ,!4 La %"$%"&"!*&

,**"!6,*'(! /I ,*:(&$+"%' 0,&&"&7

H6/&"J6"!*.I> *+" &'0!,. $(1"% ,* *+" '!$6* () *+"  23 /(,%4 ;*+,* '& $('!* K= )(..(1& ,&C

PAD = Pr · G [W]. ;D7L=

 !1 *&+,%'23.24.&5) 6%3&.

MI (:/'!'!0 ;D7N= ,!4 ;D7L=> *+" HOF ,)*"% *+" 4'0'*,.'P,*'(! () *+" /",* &'0!,. ,! /" 1%'**"!

,&C

SNRAD =
PAD

NAD

[ ]. ;D7Q=

RJ7 D7Q %"$%"&"!*& *+" HOF /")(%" ,!I &'0!,. $%("&&'!0 +,& /""! ,$$.'"47 S! (%4"% *( (/*,'!

,! "&*':,*'(! () *+" HOF () *+" T!,. H F ':,0"> *+" "))"*& () *+" &'0!,. $%("&&'!0 &+(6.4

/" *,U"! '!*( ,(6!*7 S! *+" )(..(1'!0 &6/&"*'(!&> *+" "))"*& () *+" 4'))"%"!* $%("&&'!0

&*"$& () *+" %,!0"V3($$."% ,.0(%'*+:> ,& ,.%",4I 4"&%'/"4 '! &"*'(! @7<> 1'.. /" J6,!*'T"47

 !" #$% &'(") (!" *++,-&(-/0 /' &0 11 

S! *+" T%&* $%("&&'!0 &*"$> *+" &6"&&'-" 4":(46.,*"4 "+("& ,%" $.,"4 '! , :,*%'#7 S! *+"

&"(!4 &*"$> *+" &'0!,. :,*%'# '& (!-"%*"4 *( *+" )%"J6"!I 4(:,'! /I $"%)(%:'!0 ,! WW87

S) , %"*,!06.,% 1'!4(1'!0 )6!*'(! '& ,$$.'"4> *+" WW8† '!*%(46"& , !"#$#%& '!(#$ )*+% ()

(ns/2)2> ?<AX℄7 O(*" *+,* (!.I ns/2 &,:$."& ,%" *,U"! '!*( ,(6!*> &'!" ,$$.I'!0 ,! WW8

*( , %",.V-,.6"4 &'0!,. .",4& *( , &I::"*%',. )%"J6"!I &$"*%6:7 G(!&"J6"!*.I> ,)*"% *+"

,$$.',*'(! () ,! WW8> *+" &'0!,. $",U $(1"% '& 0'-"! ,&C

PFF T = PAD ·
(ns

2

)2
[W]. ;D7<A=

8+" WW8 '!*%(46"& , , )*+% () , ),*(% () (!.I ns/2> ?<AX℄7 8+"%")(%"> *+" !('&" $(1"%

,)*"% *+" ,$$.',*'(! () ,! WW8 )(..(1& ,&C

NFF T = NAD · ns

2
[W]. ;D7<<=

W'!,..I> 1'*+ *+" ,'4 () ;D7<A= ,!4 ;D7<<=> *+" HOF ,)*"% *+" ,$$.',*'(! () *+" WW8 ,! /"

1%'**"! ,&C

SNRFF T = SNRAD · 2n2
s

4ns

[ ]. ;D7<X=

† !" #$%&'( )*+"##$&% '(%+*$-!.# /"*" $.)("."&-"0 $&  !" 1'-!/+*2# 1'-('34 5& 1'-('36 -!" 0$#*"-" 7+8*$"*

-*'&#9+*. $# 0":&"0 '#;

x(f) =
N
∑

n=1

x(n) exp[−j2π(f − 1)(n − 1)/N ]4



 ! "#$%&'( )* +,-.$/0&1021,3' 4$&,1

 !" #$% &'(") #*% +),"../01

 ! "#$%& '( )*+, ('.&#/ )0+ 1$'#&&2!3 '( ne #4'#& 2& #5.2678#!" "' "4# '4#$#!" &.%9

%7"2'! '( ne #4'#&:  ( "4# &23!78 2& (.88; '4#$#!" ($'% '!# #4' "' "4# '"4#$, ('.&#/ )0+

1$'#&&2!3 2!$#7&#& "4# &23!78 1#7< 1'=#$ >; 7 (7"'$ '( n2
e, ?@AB℄D

Psar = PFF T · n2

e [W]. EF:@BG

)2!# "4# !'2&# 2& 2!'4#$#!" ($'% #4' "' #4', ('.&#/ )0+ 1$'#&&2!3 2!$#7&#& "4# !'2&#

1'=#$ >; 7 (7"'$ '( '!8; ne, ?@AB℄D

Nsar = NFF T · ne [W]. EF:@HG

I4# #4'#& ($'% 7 &"7"2'!7$; "7$3#" &.4 7& 7 '$!#$ $#J#"'$ 7$# 7&&.%#/ "' ># '4#$#!" ($'%

'!# #4' "' "4# '"4#$: I4#$#('$#, ('.&#/ )0+ 1$'#&&2!3 2!$#7&#& "4# )*+ >; 7 (7"'$ '(

neD

SNRsar = SNRFF T · n2
e

ne

[ ]. EF:@FG

4'$%,&6/$&,1.7  !"#$%%&'(% )'# *+$ ,&))$#$(* ('&%$ '(%*&*.$(*%/ *+$ 010&2032$ %&4(02 "'5$#/ 0(, *+$

678 3$)'#$ 0(, 0)*$# 9:;<= 6>8 %&4(02 "#'$%%&(4 5$#$ ,$#&1$,? @+$%$ $!"#$%%&'(% 5&22 3$ .%$, &(

+0"*$# A *' 02.20*$ *+$ $!"$*$, 678 )'# %$1$#02 %"$&B C$0%.#$C$(* 4$'C$*#&$%?



 !"#$%& '

()* + ,-. ,/0$%1 2%0&4#$456

 !"#!$"%&  ! "#$% #'(")*+ "#) $!$"$', *)-.$*)/)!"% "0 "#) 12345 678 9)/0!%"*'"0* %:%")/ ;$,,

<) =$>)!? 6.<%)-.)!",:+ "#) 9)%$=! 0@ "#) @*0!" )!9 '!9 "#) %),)"$0! 0@ "#) /0"$0! %)!%0*% ;$,, <)

9$%.%%)9? 1$!',,:+ ' 9)%*$("$0! 0@ "#) 0/(,)") 12345 678 9)/0!%"*'"0* %:%")/ ;$,, <) =$>)!?

 !" #$%&'($)$*+, -*. /0&*.-(1 20*.'+'0*,

 !" #$%& '()"+%," '- +!" ./')"+ %0 +' 0!'1 +!" -"$0%(%2%+3 '- 45678 9:; %& +!" <"2= '- $%/6

('/&" "$/+! '(0"/,$+%'&> :==%+%'&$223? $& '."/$+%'&$2 ="#'&0+/$+'/ 030+"# 0!'@2= ./'," +!$+

$& 45678 9:; 030+"# '@2= %&=""= (" '."/$+"= %& $& "-<%"&+ $&= '0+ "--"+%," #$&&"/

-/'# $ ,"/3 0#$22 $%/('/&" .2$+-'/#>

 !" ="#'&0+/$+'/ 030+"# 0!'@2= (" $.$(2" '- '."/$+%&A %& +1' #'="0B $ !%A!6/"0'2@+%'&

#'=" $&= $ 0@/,"3 #'="> C& +!" !%A!6/"0'2@+%'& #'=" +!" /"0'2@+%'& %& /$&A" =%/"+%'& $0

1"22 $0 %& $D%#@+! =%/"+%'& 0!'@2= (" EF #>  !" A/'@&= 01$+! 0!'@2= (" $+ 2"$0+ GFF #> C&

+!" 0@/,"3 #'=" +!" A/'@&= 01$+! 0!'@2= (" 2$/A"/ $+ +!" '0+ '- /"0'2@+%'&>

C+ %0 $00@#"= +!$+ +!" ,"2'%+3 '- "H%0+%&A 0#$22 $%//$-+ %0 ("+1""& IFF $&= JGF K#L!/ $&=

+!$+ +!" '."/$+%'&$2 $2+%+@=" '- 0@! .2$+-'/#0 %0 ("+1""& EFF # $&= G K#>  !" 9+"##" 9IF

#'+'/ A2%="/? #$&@-$+@/"= (3 9+"##" M#(N? -@2<220 +!"0" /"O@%/"#"&+0 $&= #'/"',"/ %+

./',%="0 $ /"2$+%,"23 !"$. +"0+ .2$+-'/#>  !"/"-'/"? +!" ="#'&0+/$+'/ 030+"# 0!'@2= (" +$%6

2'/"= +' +!%0 A2%="/>

 !" 9IF %0 $ +1%& 0"$+? 2%A!+ 0@/,"%22$&" A2%="/ +!$+ $& 0+$3 $%/('/&" -'/ P !'@/0? QEP℄>  !"

#$H%#@# $2+%+@=" %0 $('@+ S>G K#? +!" #%&%#@# ,"2'%+3 %0 $/'@&= EF #L0? $&= +!" #$H%#@#

,"2'%+3 %0 TI #L0> 4'/ +!" A2%="/ 0+$&=$/=%D"= @&="/ 1%&A .'=0 $/" $,$%2$(2">  !"0" .'=0

!$," $ =%$#"+"/ '- $('@+ EG # $&= $& "--"+%," 2"&A+! '- PF #>  !" #$H%#@# .$32'$=

%0 GF KA>  !" '#.2"+" ="#'&0+/$+'/ 030+"# 0!'@2= (" <++"= %& 0@! $ .'=> U","/+!"2"00?

%+ 0!'@2= (" .'00%(2" +' #'&%+'/ $&= '&+/'2 +!" 030+"# -/'# +!" 'K.%+>  ' +!%0 "&=? 0'#"

$(2"0 $& (" .@22"= +!/'@A! +!" 1%&A +' +!" 'K.%+>

:-+"/ +!" $%/('/&" "H."/%#"&+0? +!" ."/-'/#$&" '- +!" ="#'&0+/$+'/ 030+"# 0!'@2= (" ",$26

@$+"= $&= +!" 030+"# ="0%A& 0!'@2= (" %#./',"=>  !%0 %#./',"= 030+"# ="0%A& 0!'@2= +!"&

-$%2%+$+" +!" =","2'.#"&+ '- $ -@+@/" !%A!"/ ."/-'/#$&" 45678 9:; 030+"#>  !" /"O@%/"6

#"&+0 +' +!" 45678 9:; ="#'&0+/$+'/ 030+"# $&= +!" -@+@/" +$/A"+ 030+"# $/" 0@##$/%D"=

VI



 ! "#$%&'( )* +,-". /01 /23&'4 5'3(7%&789

 !"#$ %&'(  !" #$%&' ()* +",-./0120-1 /3/0", 1"4561",".0/7

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

012% 012% (,&/%3

)*!+,-+ ./0$( 123,4*!4 123,4*!4 123,4*!4

5!-+$ 5$6&( 78 * :8 * ≤ 78 *

;<,*=2> 5$6&( 78 * :8 * ≤ 78 *

?3/=-0 1@!2>( :88 * > :88 * ≥ '888 *

.,-& 5!-+$( 7:8 *

.!A& 5!-+$( B88 *

;#2,2=0$( C:8 * C:8 2/ '888 *

D$#/,2E( ':8 F*G>3 ':8 F*G>3 :8 2/ C:8 F*G>3

,- 2!"#$ %&'&

 !" #$% &' ()* +,-./ 0.1 2%345.

 >$ 7: ?H< I.JKL M3/-2 $-0 @!6 *!-=M!2=3$0 "E N46,#/-JO!*"0! N#$23/-,6 )-& P2>$3

*!-=M!2=3$36 @$3$ !443/!>$0 !6 @$##Q "=2 2>$E @$3$ -/2 43$4!3$0 2/ "=,#0 ! 6,-+#$ =6J

2/*,<$0 M3/-2 $-0& R$S$#/4,-+ 2>$ M3/-2 $-0 ,-J>/=6$ @!6 $A4$2$0 2/ 2!F$ 2// #/-+ !-0 2/

"$ */3$ $A4$-6,S$&

 >$ 64$,T!2,/-6 /M 2>$ M3/-2 $-0 !3$ #,62$0 ,- 2!"#$ %&C& )- #/6$ /-6=#2!2,/- @,2> N46,#/-J

O!*"0!Q 2>$ M3/-2 $-0 @!6Q 2/ 6/*$ $A2$-0Q =62/*,<$0 2/ /=3 -$$06&  >$ 6E62$* 4!3!*$2$36

2>!2 /=#0 "$ =62/*,<$0 @$3$ 2>$ !-2$--! "$!*@,02> U,- "/2> !<,*=2> !-0 3!-+$ 0,3$2,/-V

!-0 2>$ *!A,*=* M3$W=$-E 6@$$4& )- 2>$ M/##/@,-+ 6="6$2,/-6Q 2>$ 0$6,+- /-6,0$3!2,/-6

3$+!30,-+ 2>$6$ 4!3!*$2$36 @,## "$ 0,6=66$0&

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

)- 2>$ >,+>J3$6/#=2,/- */0$Q 2>$ 43!2,!# 3$6/#=2,/- 6>/=#0 "$ 78 *& )- 2>$ 6E62$* 0$6,+-Q !

2>$/3$2,!# 3$6/#=2,/- /M '8 * ,6 !-2,,4!2$0& )- 2>!2 !6$Q 2>3$$ 3$6/#=2,/- $##6 !- "$ !S$3J

!+$0 ,- /30$3 2/ 3$0=$ 64$F#$& )- /30$3 2/ /"2!,- '8 * 3$6/#=2,/-Q 2>$ !-2$--! "$!*@,02>

,- !<,*=2> 0,3$2,/- 6>/=#0 "$ U"E =6,-+ UC&'%VV(

θAz ≥ λ

2δAzsar

= 2.5◦. U%&'V

H/@$S$3Q !/30,-+ 2/ 2>$ 43$#,*,-!3E !-2$--! 0$6,+-Q 2>$ M3/-2 $-0 @/=#0 "$ 2// #!3+$ 2/ T2

,- 2>$ 4/0 @>$- 2>$ "$!*@,02> @$3$ 2/ "$ C&:◦& ./3$/S$3Q @>$- 2>$ "$!*@,02> ,6 X=62 6=MTJ

,$-2 2/ /"2!,- 2>$ 3$W=,3$0 3$6/#=2,/-Q E!@ S!3,!2,/-6 /M 2>$ 4#!2M/3* !--/2 "$ /*4$-6!2$0&

 >$3$M/3$Q ,- /-6=#2!2,/- @,2> 2>$ *!-=M!2=3$3Q ! @,0$3 "$!* /M %◦ @!6 !+3$$0 =4/-&

YE 2!F,-+ 2>$ "$!*@,02> /M %◦ ,-2/ /-6,0$3!2,/- !-0 "E *!F,-+ =6$ /M UC&'ZVQ 2>$ 3$W=,3$0



 !"! #$% &' ()* +,-./ 0.1 2%345. 6&

 !" # $%& # '$( # )$( #

$(( # )*$ #

$'" #

θ1

θ2

θ3

 !"#$% &'()  !"#$ %&'( ") $*' +,- .'"/'$!0 &# $*' *&.*1!'2"34$&"# /"5'6

*+,-.% $+/% !0 +1!,#/2 3!$%/!50 !*)

PRF ≥ 2vθAz

λ
= 733 Hz, 6&'78

92%$% v = 30 m/s' :/ 9+* 3%!3%3 /5 #*% + ( ;<1 *+9/55/2 =$%>#%0? ,53#.+/!50'  5$ +

PRF 5= ( ;<1@ /2% ,+A!,#, -.+/=5$, B%.5!/? !* +$5#03 CD ,E*'

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

F2% ,%+*#$%,%0/ "%5,%/$? !0 /2% +*% 5= /2% 2!"2G$%*5.#/!50 ,53% !* 3%-!/%3 !0  !"' &'('

H!/2 /2% +!3 5= /2!* I"#$% !/ +0 J% %+*!.? +.#.+/%3 /2+/ /2% +0".% 5= !0!3%0% =5$ 0%+$ $+0"%

!*)

cos
(

θ1

)

=
250

350
=⇒ θ1 = 44◦, 6&'K8

92%$%+* /2% +0".% 5= !0!3%0% =5$ =+$ $+0"% !*)

tan
(

θ2

)

=
500 + 245

250
=⇒ θ2 = 71◦. 6&'C8

<%0% /2% $%>#!$%3 J%+,9!3/2 !0 $+0"% 3!$%/!50 !* 7L◦'

F2% +0".% 5= !0!3%0% /5 /2% ,!33.% 5= /2% "$5#03 *9+/2 !* &K◦' :/ 9+* 3%!3%3 /5 3!$%/ /2%

+0/%00+ ,+!0 J%+, *.!"2/.? /59+$3* /2% =+$ %03 5= /2% *9+/2' :0 /2+/ +*%@ /2% +0/%00+ "+!0 !*

2!"2%$ =5$ =+$ $+0"% /2+0 =5$ 0%+$ $+0"%@ -+$/.? 5,-%0*+/!0" /2% 3!==%$%0% !0 $%%!B%3 -59%$

3#% /5 /2% 3!==%$%0% !0 $+0"%' F2% +0".% 5= !0!3%0% 5= /2% +0/%00+ ,+!0 J%+,@ !03!+/%3

J? θ3 !0  !"' &'(@ 9+* 25*%0 /5 J% &M
◦'

:0 /2% 2!"2G$%*5.#/!50 ,53%@ /2% $+0"% $%*5.#/!50 *25#.3 J% KD ,' F2%0@ J? +--.?!0" 67'C8@

/2% $%>#!$%3 =$%>#%0? *9%%- =5..59* +*)

∆f ≥ c

2δr
= 500 MHz. 6&'M8



  !"#$%&' () *+,!- ./0 .12%&3 4&2'6$%678

 !" # $ %&' (#)*!!*+ ,!-./#*0!1 #1- # 2"34.316 ()337 !2 899 :&'; *+3 "34.0"3- ()337

"#*3 0( 899 :&'<,(= >+.( *+3 "34.0"3- ()337 "#*3 !,7/03( )0*+ *+3 (730?#*0!1( !2 *+3

2"!1* 31-; (33 *#@/3 A=B=

C6 ,#%01D .(3 !2 EB=BF #1- EB=$F; *+3 ,#G0,., @3#* 2"34.316 2!//!)( #(H

fb,max =
∆f

PRI

2Rmax

c
= 2.62 MHz. EA=AF

>+3 (#,7/3 "#*3 )#( (3* *! A=A :&'= &!)3I3"; *+3 ?"(* /#@!"#*!"6 *3(*( )0*+ *+3 !,7/3*3

(6(*3, (3* .7 (+!)3- *+#* *+3 -3,!1(*"#*!" (6(*3, !./- 1!* +#1-/3 *+3 +0D+ -#*# "#*3( #1-

#( # "3(./* *+3 (6(*3, @3#,3 .1(*#@/3= >+0( 7"!@/3, )#( (!/I3- @6 /!)3"01D *+3 (#,7/3

"#*3 *! 8 :&'= J( # !1(34.313; *+3 ,#G0,., @3#* 2"34.316 *+#* #1 @3 .1#,@0D.!.(/6

(#,7/3- 0( !1/6 B=8 :&'= >+3"32!"3; 01 *+3 +0D+K"3(!/.*0!1 ,!-3; *+3 ,3#(."3,31* "#1D3 0(

/0,0*3- *! LM$ ,=

>+3 ,010,., @3#* 2"34.316 0(H

fb,min =
∆f

PRI

2Rmin

c
= 1.16 MHz. EA=LF

N!1(34.31*/6; *+3 "34.0"3- O @#1- 0( $=$A :&' *! B=8 :&'; )+0+ 0( 01 !,7/0#13 )0*+ *+3
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