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Study on Ionospheric Multi-mode Propagation

Pollution Suppression Based on

Time-frequency Analysis
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Abstract The high resolution linear time-frequency analysis method and the combined time-

frequency analysis method are the theoretically analyzed and verified by simulation in this paper.

And these two methods are applied to high frequency ionospheric backscattering detection data that

have ionospheric multi-mode propagation state. The effect of ionospheric pollution suppression is

analyzed. Results show that these two methods have better effect in the case of ionospheric multi-

mode propagation state and phase pollution exist at the same time. These two methods can make

spectrum more sharpening than other conventional methods. The ship target is clearly revealed in

time-frequency domain. Thus it is proved that these two methods have very high application value.

For sky-wave over-the-horizon radar detection of low speed targets like ships, these two methods are

of great significance.
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������ (OTHR) ��!�"����
#$����������%, ���&�� �
�, C��� 800∼3500km, ����!'���
�" [1−3]. !�"������� ( !#$�
#, $" )*��*!� !�# +! , $"
� #"#$. !�"$"#"! , #$$"!�
 , #$"%$#$%&, ,&-%.%&$��/
&'�%&%('��/&, 0(%)&). %)&
) !�"('�' **(#$�()*%&)
(, +1'!�"#$(� ��#")*')),

'�",+(, ,-2+.3#", �-2+.3)
% [3−5].

././*!�"%)#$0*!�")*,
0-4�%1+,51.!�")*,02��+ 
!#.-6.: (�7�,))/0Æ2!�"(
'�' ;-�./3������ 4./)�(
 50189�+,23D6E,01+ [7]*)*/
101+ [8]* "#0+ [9]  !6#++ [10] +.

12 [11] 7�#2%34)*#"34!�")*
:�34)5,;��$5)434+#052(6
 )*, D5F64727834.

/*%)#$**('�",+(, !760
87.�++,.

(1) 79-9�(:6 [12]. ������ 7
�-9�(:6,��8;��8(�:;<+� 
9C9/(#$)4. :�+��$<79=-:
<=;8, Æ%9/<>, ?@+,D=>. ?.�
=G(@(8;*�*#A , 9B)�>:;$.

(2) 799C" A? [6,14]. � A?/);#
$)4<=>(9C" ,D6>;&Æ2%)#$
&). ?#*A"(!?$, >�" @A>.

(3) 79#"C�?B. (�79%) (/)B
<)�+ [13],:�+C#$)44.*!)4#"=
1*%@@"C+01DD$"A6; -�>'�E
?*F+ [17]. :�+C!)4#"=1*%@@"
 *E)+01B1$", GFH!%G*FCFH
'�AD.

3� �D�%4,II�%)#$ )*BI
% J3, -%%@@,EF,0. GFCE8(C
��+.,JK89)*BI,D(%@@,,E50

1%))@! K4. L)*,0A6 , .%)4
��F+$"LF)%()*,0, %)(J3GA
++,0&B.�M. &GFCE�.%)4��
CM()*BI$"D#A6,HIFC�+(+,
0&BG)1'FD. 12 [17] ,�GDJ(H1,

7�$#A(  "#0�+*%) )*,0;
J(CEIN�EN(DJKJ.

O179* "#0*K6 "#0�+(K
J,  !79-9 "#P�G, ,7E��( "
5C#08OF'CE,,&LL-9#P! -$
.3(>HQ#A8,.7�MM+!�",0(�
+, �������� >82+.3()%, ;7
�$"!�"�����%(%)�%4LN+�
�D(%),02�&B#0,OBPI37E��
( "58, '�,1M�AG(D(, >82+.
33 "58(QP!6AJ&PQ4C, NR$"
H$(9B)�:O.
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1.1 H)IJKLM)NOP
3 "#0?B4, L%E#"#=J3 , (

 SP23, Fourier )<4-"SS3, ?J3
 T#A8 " #A8QT(NL, *#"(0
1B1.$. E&T( SP, 23'T( Wigner-

Ville #P, <M>0 MAG( "#A;8, ?�
L%E#"#=J3 , A0(SS3, HUSS3
GEFR�VO(.3#",!Q�3$"����
�� 4,.3#"��)*9J6(WUSP0*
&/>'�CX'FO. NRT( ( "#0?B
3/#=(CE8>0 M'FG( ;, ?.Q6
J3%E#"#=(������ ��#"(#
0C�.

$#A(  "#0�+�*, Fourier )
<IN$#A(Y8. 'T Fourier )<�#0�'
#"("89$ [15], , Fourier )< (STFT) �
GN3 5O#"UPV(�+Q1#"VU",.

#" s(t) (, Fourier )<@T.

WSTFT(t, f) =

∫ ∞

∞
[s(t′)γ(t′ − t)]·

exp(−j 2πft′)dt′. (1)
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#4, γ(t′ − t) . 58(PV34, 4Z. t. U8
4>W, , Fourier )<�GN3 58O#"U
PV(�+Q1#"(VU",,U9#�(1( 
)<, L%E#"#=J3 -"SS3(?@. ?
�*#"U V;C Fourier)<H1�4GWC 
T#A8 " #A8QT(NL.

$#A(  "#0�+*#"UA,( V,

��$#A,01X[4 (1) 4( Fourier )<. H
1�++,� T#A8 " #A8QT(NL,

3-9 "58X> MAG(#A;8, % -"
*&SS3, ,&>0R�#" s(t) 3 "58(
QP!6. #4$#A,01?BH"7�SI\
�DS+. A�H(S+(VN�GN6=DJ 
�%$"� 4L(,#0R�,3W%$#A,0
1?B4SI\�DS+D"& >Y [16,17].

SI\�D",01�+ [18,19] �79X�
T (AR) )5((1K401+, H1�+4, AR

)5K4 α[i] (i = 1, 2, 3, · · · , p), p.)5(54,>
GN?+08SI(\�D�BQ1M

⎡
⎢⎢⎢⎣

c[1, 1] c[1, 2] · · · c[1, p]

c[2, 1] c[2, 2] · · · c[2, p]

· · · · · · · · · · · ·
c[p, 1] c[p, 2] · · · c[p, p]

⎤
⎥⎥⎥⎦

⎡
⎢⎢⎢⎣

α[1]

α[2]

· · ·
α[p]

⎤
⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎣

c[1, 0]

c[2, 0]

· · ·
c[p, 0]

⎤
⎥⎥⎥⎦ . (2)

#4,

c[i, j] = x∗[n− i]x[n− j]/[2(N − p)]+

x[n+ i]x∗[n+ j]/[2(N − p)]. (3)

x(n) (n = 0, 1, 2, · · · , N) .H!#0(#", N .:
#"( TY1. 308DJ RY4L#0 , G
N p  N 3.%6O$782�&B(ZA, S@
7IY1 N 6 160,(E7I[ 250ms, pO6 N/3.

\SP�D>U841M:

σ2 =c[0, 0] + α[k]c[0, k],

k = 0, 1, · · · , p. (4)

#"(U ,T1 s(fn) >U84014:

S(fn) = σ2
/∣∣∣1 +

∑
α[k]e−j 2πfnk

∣∣∣
2

. (5)

08,�GH1#0�$#A(  "#0�
+(Z[, .�Y[#C�&B, H"DJV3$"
LF.%)*BI(-1#$)4*(E>82+
.3, 7EM]M(��#"]I.

s(t) = A1Q11 +A2Q12 +AsQ+B1Q21+

B2Q22 + n, (6)

Q11 = exp( j 2πfbt) exp( jϕ1) exp[ jφ1(t)], (7)

Q12 = exp(−j 2πfbt) exp( jϕ2) exp[ jφ1(t)],

(8)

Q = exp( j 2πfdt) exp( jϕ) exp[ jφ1(t)], (9)

Q21 = exp( j 2πfbt) exp( jϕ3) exp( jφ2)·
exp( j 2πfIt), (10)

Q22 = exp(−j 2πfbt) exp( jϕ4)·
exp( jφ2) exp( j 2πfIt), (11)

#4, A1, A2, B1, B2 #Q.-1#$)48 Bragg

W=1; ϕ1, ϕ2, ϕ3, ϕ4 #Q.-%)#" Bragg W
E); fb . Bragg" , fI .!�"**(%@@"
C; As, fd, ϕ1 #Q..3��(=1*%@@"C
 E); φ1(t), φ2(t) #Q.-1#$)48()*
,034; n .SP.

DJ ZU������ (9C" 
. 20MHz, (E))/0 TV[^R� 512 E
W^, W^FF\X 250ms. ;_4 (6) U-1#$
)48 Bragg #"(=1#Q.

A1 = 1, A2 = 0.4,

B1 = 0.5, B2 = 0.25,

E)

ϕ1 = 0, ϕ2 = 0,

ϕ3 = π/6, ϕ4 = π/6,

\`��(=1 As = 0.1, %@@"C fd = −0.7  
E) ϕ = π/4,!�"**(%@@"C fI = −0.15,

)*,034#Q.

φ1(t) = 2π sin(0.025t), (12)

φ2(t) = 2π sin(0.074t). (13)
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PG6=-$.

_ 3 .*,05(#" (W_ 2) 7�FC)*
/1+, INWG]� [^+ Fourier )< (FFT)

C�1M((5 Bragg W 5#", I&01#6
 " ,0(OB. YP>0_M)*/1+`+
^S016 " ,0,+,05",+(\)LE
F, )4#"D(1D, .3#"!6-"]YPQ.

7�O1bO$#A(  "#0�+,*,0
5(#" (W_ 2)37E�� "58IN#0, O
B3_ 4 bI, YP>W'�,1M�AG(D(,

c 1 Z_[`
d�	��
Fig. 1 Simulation constructed non polluted spectrum

c 2 eÆ��^\]��
Fig. 2 Spectrum containing phase pollution

\`.33 "58(QP!6GAJ&PQ4C.

1.2 RSLM)NOP
K6 "#0�+�(179-1;-108

 "#0�+(K6)<C��+, :�+_6-1
;-108 ")<�+(Z[. 12 [20] -4G
, Fourier )<` Wigner-Ville #P (WVD) K6
()<�+ [20]. O17�, Fourier )<`�P
fWigner-Ville#P (SPWVD) K6()<�+,>
01M38)<OB:

C(t, f) = CSTFT(t, f) ·CSPWVD(t, f). (14)

3#"`-aX"#"3, b/+1#"bJ, Zc

c 3 ��g^�a�		

Fig. 3 Result of phase gradient method to

solve the pollution

c 4 �������������	

Fig. 4 Analysis result of the high resolution linear

time-frequency analysis method
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b� SPWVD#P($ "ac ;3CSPWVD(t, f)

(SS3`, CSTFT(t, f)-"#",b/5SS31
M2�. :1K6 "#0�+_6�, Fourier

)<` SPWVD )<-a(Z[, >% Q1A$
( "ac  A2SS3.

H"(K6 "#0�+4A? SPWVD &
' WVD, �U9/*%)#$ )*BI% J3
(F'CE, SS3($"_EF, SPWVD )<N
B4de�"&(�PC�, )ZWVD)<OBS
S3YPf>H%, _"�9.3#"(HQ)%.

_ 5 .7�, Fourier )<*,05(#
" (W_ 2)37E�� "58IN#0(OB, Y
P>W'�,1M�(@B1(D(, .3#"3 
"58GPQ4C, ? "ac AD, '�, .
3#"D(1A2.

_ 6 .7� SPWVD *,05(#" (W_ 2)

37E�� "58IN#0(OB, YP>W'�
,1M�AG(D(Z "ac A$, .3#"3
 "58AJPQ, '�, .3#"D(1A$,

?3)4#"QT;.3#"`)4#"QTJ3
AJ(SS3, 3B,0AJ , H1SS3GAE
F$".3()%HQ.

7�O1(, Fourier )<` SPWVD O6
 "#0�+*,05(#" (W_ 2) 37E��
 "58IN#0(OB3_ 7 bI, YP>W'
�,`.3#"D(1A$,  "ac AG, .3
#"3 "58AJPQ, #"QT(SS31, "

c 5 `� Fourier da��	

Fig. 5 Analysis result of STFT method

&2�;O(, _U"�9>82+.3()%H
Q, 0*%)#"(! #0.

2�bbhccdgcIR

2.1 H)IJKLM)NOP
$"!�"�����%`������ 9

C9)%"2, ;Z'N)%(!�"#$#e, C
!�"$"LF)%. .�ZAS+(&B, 7�$
"!�"�����%RY4L (%)CE8!�
",0.YP), d.aU)*BI .3#"CZ
AS+C�/5'�,D(B1 .3>HQ .

7�$"������!�"�%RY4L,#
9C" 22.826MHz,W^FF\X. 100ms,))

c 6 SPWVD ��	

Fig. 6 Analysis result of SPWVD method

c 7 `� Fourier da
 SPWVD T���	

Fig. 7 Analysis result of STFT and SPWVD

combination method
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/0 T 25.6 s. #4e(E>$/&��(��U
 ,3_ 8 bI, -E#$)4;<( 4 Ei4(
5 BraggW'FYP.d.aU.35(,_3_ 9

bI, d.aU()*,03_ 10 bI, #BI3
4.

φ(t) = sin(0.1484πt). (15)

CM,05(#"U ,3_ 11 bI, 4 E(
5 Bragg WEF+(, Z4�%W�j, O.3 %
)#"(HQWC;6hf.

+�T5( 50189�+)*/1+.?
.;"&2�!�",0, &Z+",,0_Ud
(, 3_ 12 bI.

c 8 ���	
���	��
Fig. 8 Spectrum of ionospheric backscattering detection

c 9 ���	
���	��
Fig. 9 Spectrum of ionospheric backscattering detection

containing the target signal

c 10 eÆ
�	��
Fig. 10 Add phase pollution

c 11 eÆ������	]
��
Fig. 11 Spectrum containing phase pollution and

the target signal

c 12 �	�� (e��) 
��g^�a
�		
 (fgk�)

Fig. 12 Spectrum (black line) and spectrum of phase

gradient method to solve the pollution (red dashed line)
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��$#A "#0(OB3_ 13 bI, YP
>W37E�� "58, 4Ei4((5 BraggW
1M�(@B1(D(,!Q�.3#"3 "58
(QP!6PQ<f,'F"�9%)#$ )*B
I;J (.3#")%HQ.

2.2 RSLM)NOP
_ 14 bI.7� STFT *,05(�%4

L (W_ 11) 37E�� "58IN#0(OB,

YP>W'�,1M�(@B1(D(, .3#"3
 "58GPQ4C,?U9�%4L4>;J3(
le��,0, # "ac ZDJ&BhD.

_ 15.7� SPWVD *,05(�%4L (W
_ 11)37E�� "58IN#0(OB,YP>
W'�,1M(@B1(D(,.3#"QP!63
 "58PQ,?U9�%4L4>;J3(le�

c 13 �������������	

Fig. 13 Analysis result of the high resolution linear

time-frequency analysis method

c 14 `� Fourier da��	

Fig. 14 Analysis result of STFT method

�,0 EF(SS3,-%.3 %)#"(>H
Q 66i2.

7�O1(, Fourier )< SPWVD K6
 "#0�+*,05(#" (W_ 11) 37E�
� "58#0(OB3_ 16 bI. YP>W)Z
, Fourier )<�+#0OB, '�, .3#"
D(1-$ (%+S>CE8, K6 "#0�+Z
, Fourier )<�+#0OB.3#"+(fm
- 0.08Hz),  "ac bJ, ;Z3(@B18"
&2�;O(� SPWVD �+#0OB4#"QT
(SS3, ..3)%g>�_U"�($7.

3�gM

.//*%)#$**('�",+(?@,%

c 15 SPWV ��	

Fig. 15 Analysis result of SPWVD method

c 16 `� Fourier da
 SPWV ����	

Fig. 16 Analysis result of STFT and SPWVD

combination method
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