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FIGURE  2

Ionospheric time delay versus frequency for various
values of electron content
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FIGURE  3

Contours of percentage of yearly average daytime hours when time delay at
vertical incidence at 1.6 GHz exceeds 20 ns (sunspot number = 140)
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 5�� =�B?�� �0��! ���%� . . -�� �8Y O�� ��� E��J2

 NL���4 NJ�L
�� T2�
L�<� U	
V� ��* ��n 5 × 2
m/el 

17
10 o _��, 70P� E	B* :��;n C�1µs 1
� ��+

  _��, 7�x�$
 �>�

µs 0,20 �?! oMHz 200 �?! �>�
�� C� 'd . MHz 600 X2��
� G� µu 0,00074)  NL��� �[��4.(  

3.5   ����� 	
� �
��TEC  

 T2�
L�<� U	
V� #D
 E�+J CnTEC   IM�� _���J . N
�% ���d . �i����?J p��M .O �8Y Z�+��� #�J _�`� #D
 qn 
p��M . IM�� �>� nO�$� #$%	�	��� . #D
 q .2���d . N
�%  ��l
� Z�$
�� ��!km 22 000 r��*�!f$��� ��B?J o 

 ��* #D
�� ��,� E�+J ���0,7 × s/
2
m/el 

16
10. 2 o�de�� ���\�N*��� ��P
 :�i�� �!�% �hi #D
�� E�+J  

s/m 0,11. 

����� 	
 

�
��


	 
�

�
 

NL���3 

 ����� ���
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FIGURE  4

Difference in the time delay between the lower and upper frequencies

of the spectrum of a pulse of width, τ, transmitted through

the ionosphere, one way traversal  
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e
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2  

4  ������ ��	
 ��
�� ��
���� �	����  

1.4  �������  

 #$%	�	��� �! ���
��� #�J E	� ��! ��*��Bx�� Wi� �d� . "#$%	�	��� Z�8
��� pP�
�� ���d . 5�� ����;<
 G! N�
GHz 3 .2�� 
��� ����� f��� G! � ���> �$�* a��+���2 �� G��
�� �1��Y . �8[
?J #\ :#D� ]* pP�

 C�

 . �K�1 Nm ��!�8
�� �i�	��4	�	� �i�[�� _�`��2 �i�	�2 �K!��
� #D
� :��;n NP�
��� �?! �
*���� :��;<� N¨ . ��v
2
 �e
>�* ��
~ r�#��
 |�[?�� /�-� ��! Z�8
��� GJ :�! p��	MO��L�
 . :���� ��P��
 b��¡ . r�J��g
%� I�;�� �8�+��2

 Z�8
��� �;vJ 7iS4 -�  "h��  ��-�+�� f��� G!(5):  

(5) 

2
1

2

22

4

⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜

⎝

⎛ −
=

I

II

S  

 ��dI  7i :��;<� :�;�Je+�� #�
 �8?�* 〈 〉H%	
�� qn .  

 Z�8
��� �;vJ HP
��2S4:2�� qn :2�� GJ :���� ��P��
*  .:���� I�X	
 ��! ���,��� �,e+�� �,	

2 . I�X	
 ��	�2
 I�X	
 �B%�	* OM2 N01� ��! :����Nakagami, GJ I%�2 U�J ���d .  W�S4 . A�
�
 �J�?!2S4 GJ 1,0 I�X	
�� C�1 o

 7���� I�X	
 GJ A�
��(Rayleigh). ��b
 C� �>� qn s,2 GJ ��  �,2 S4 G! 1 qn �K
8�, N�
 ��� 1,5. -	+�2 
�2h��� ���d O�1 pP�

 "h�� 7M	�� b�Y�
�� qn ��� . G! �K
8�, N�
 �J�?!20,6C� ©de� o�;v��  S4 �,e! O� f 

–υ 

 ����� ������ ��	
(µs) 

��
���

 �
(M

H
z)

 

NL���4 

 ����� ���	 
��� 
��� ������� ������ �������� �� ����� ������ � !"�#��τ   
$�%&� ��'� ()� *�� (#+,�,	-� � �.�/0� 
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 C	L� ��d ���
Jυ r��$�� r��;vJ O
8�, 1,5 ��,�B� . ��--�
�� -�+
J ����� ����8! W[+J . �� ���
�� ��M	
���
J�L����2 . ����� ����8! GJ r�#�Y C� �n��j�	
%��. ��* ��--�
 � b
�i�DW�, ��! E�
 GJ ��!� 1,5v8�� ;7$�B�� � .

�-�X ���1 ��� oZ�8
��� :	, �X2��
 S4 o0,6 � pP�* 7���� 	Pc Z�8
��� Z�P;n qn IM�� �J 	i2 o7$�B�� �;v�� �$ª
-�+
�� ���
�e� #PL�� #��
��.  

 E2��� |��� ��P���
�� ��d�?�� GJ21 W�, '* N�	l
�� . ���8! ����� S4  :2�� qn :2�� GJ ��P���
�� ��P��
��2Pfluc (dB) .
� _hi G! #P+
�� GL8�� GJ27�� �8Y §���
 	� ��! �,e+�:  

(6) Pfluc = 27,5 S4
1,26 

 E2���1  
1�2��&� ���345 6	�7��� 8	,9��� :��;  

S4 Pfluc 

(dB) 

0,1 1,5 

0,2 3,5 

0,3 6 

0,4 8,5 

0,5 11 

0,6 14 

0,7 17 

0,8 20 

0,9 24 

1,0 27,5 

  

2.4  ������ ���	
��� �
������ ��
 ��
��	��� ���	
�  

������ Z�8
�e� C�
�B?J ��1��D�� ��d�?�� GJ ��?i : q2�� �?! :bY�8
J U�>��2 ����+�� ��+�� �	B> �?!°20± GJ 
 NL��� GJ k0
� �8Y 7��B?D�� /�	
%�� H>5 . '!�B��� G�hi . b
�i�D���* ��--�
 qn N�� -�d Z�8
�� ��� « ���2

%	�� ��+�� �	B> . Z�8
��� C� 'd . ��v� �B���
�� ��M	�� ����;n ��! r�%�%� . ���� �M	� ��!�B��� NY .2
 NL��� . r�0�� 'PJ 	i �8Y N���� ��!�% . kx�2 ��,�5 . ��,� ���� ��� b
�i�D���* "����� Z�8
��� ���d .2

 ����2 7+�*��� E��
!�� GJ �*��J ��!I$
�J7$��c� E��
!�� �?! .  

c�* f�+
� �8�12 '* "#$%	�	��� Z�8
��� 	P> E�+J �2��
� ��?Jb�� }j��0,12 Hz 1r�P���
  . Z�8
��� ��-�d I�
2
��!�% :�! 2� ���,- '�e� ��-��� =�D
�
 �,2 "#$%	�	��� A2�D�� �+* ��B8?�� . Ee> ��j�	
%�� ��BV� ���d .2

#$%	�	��� Z�8
��� �K[� ��,�� 7�8��� ���?�� ��	?% X2��

 hj�?!2 o�8��� A2�\ �+* r�P���
 /��J NY "
 ��P��
�� :2�h�� qn :2�h�� GJ ���P�� :��;<� U	
�J .GHz 4 odB 10.  
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FIGURE 5

Depth of scintillation fading (proportional to density of cross-hatching)

at L-band during solar maximum and minimum years

  

3.4  ���������� ���	��� �!�"  

 ��! "#$%	�	��� Z�8
��� :��* vP?
�� NM� GJ G� �� ��#� GJ ����qn /�0$��  "#$%	�	��� Z�8
��� a�	w |��g
%�
 7��+��(GISM) . �;v�� �8��* vP?
�� a�	8?�� �hi k�
�2S4 �	B�� �dbdb� I�*�
�� H%	
J �hM W�,2 Z��
�� 	P> f8!2 

N�D�
�� --�
2 s�,	
��2 ¬���
��2 ��x��� ��BV�2 N
���� I,�	J p�d Z�8
��� pP�* ��2�b�� ��1�����2 .�� bL
��2 a�	8?
��	��� :-�+
J ��*�D�� ����� ��! .���
�� ��x�$�� W���� a�	8?�� ���>���� ����j��� ��8�+8�� �-�d �,2�:  

&   o:���� ��� ]l?Jp = 3  
&   �2h��� ���d W�d H%	
Jkm 500 = L0  
&   ���2�
L�<� �1��L�� ��P��
� 7B8?�� ������0,2 = σNe.  

�!���2�> p�m2 o�+;�� /�?��  "#$%	�	��� a�	8?�� |�g
�� 7!�1 ^J���* . ��+P�� #$%	�	��� }j�NeQuick .
 I,	J GJ }�g�� /b�� ��! ����� ��� fj��	�� IJ 7��+�� "#$%	�	��� Z�8
��� a�	8?* ���c� ����� :�$; ��

2

 ��%����� �?��� p�	�� �LP; ��! ��	�-���� ����
�� Z�B,3�-���� ����
e� ��	.  

4.4  ��
#�$%&�'
�(� )
*�� +����   

1.4.4  '
�(� ��
#�$%&�  

 �1��Y ���- C� ��
+�� GJNakagami :�i�� �2�d /�?�� Z��
e� T6� #D
�� ��j��d<� ��8�+�� ��x�J ����B* ��
 
"#$%	�	��� Z�8
��� .7�� �8Y :��;<� :��� �1��L�� ���- ��+
2:  

(7) )(–exp
)(

)( 1–
mII

m

m
Ip

m

m

Γ
=  

NL���5 
 1�2��&� <� =0�/�� ,�>� ?2�)A�B/��� 
C�DE F� G+�/�5� ( !��/�� �L  

I�-�� *JK-� L)2.�� M�./�� ��,/+ :N� 

�
���

� �
�

�	

 

�
���

� �
�

�	

  

��

�

��
 

��

�

��
 

����� ���	
� ��	

� ���� ���	
� ��	
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 �,e! C	L
 ��d" NJ�+��m "Nakagami  Z�8
��� �;vuS47�� �8Y :  

(8) 
4

2
/1 Sm =  

 ��-�+�� �\��� �?!2(7) :�; U	
�J H%	
J :���+J W

 I ��P� ��� 1,0 . "h�� ¥Jb�� ��L�� A��d #PY �d qn NK��2
� ���- C� �J �P
! GJ �-� 2� ��!� O�e> :��;<� C	L
 �1��Y N*��
 5�� I�X	
�Nakagami :-2�¨ �D��* �K?! �+� 

�8Y 7��:  

(9) ∫ Γ
Γ==

I

m

mIm
xxpIP

0
)(

),(
d)()(  

 GJ NY C	L� ��dΓ(m, mI)2 Γ(m)R�	
�� ��! �J�\ ���-2 ��J�L�� #\ �J�\ ���-  . ��-�+�� E�8+
%�*2(9) C�LJ<�* C	L� 
-� 2� ��!� O�e> :��;<� C	L
 "h�� ¥Jb�� ��L�� A��d"#$%	�	�� ��d Ee> �J �P
! GJ � . ��L�� C� ��� E��J2

��;<� C	L
 "h�� ¥Jb��: O�e> =	$� ����u H%	
�� C2- X dB �B%�	* O?! �+� (
10/X–

10)P ¥Jb�� ��L�� G! �+� �8?�* 
 O�e> :��;<� C	L
 "h��=	$� ����u H%	
�� =	1 Y dB �B%�	* (

10/Y
10)P – 1.  

2.4.4  �� ������	  

 N�
?
2 ���L��� �;v� r��P�� :��
�J �2h; ���d pP�* ��m ��#$%	�	��� ��!�8
��� C� ��
+�� GJ C�Y �� r���1� �!
�M	��� ����� C�1 o��	�-����  :�����Jb��2 ��j�0$���=������ �!�% �B%�	* H*��

 ��� . p�Y�
 ��! ���+$�� �,e+�� �8
+
2

 �2h���):����� ����� (U�>�� ��-��� NJ�	+�� GJ -�!2 . ��h� ���
?Y2G80

 ���?l?�� GJ r�+%�2 U�J :����� ����� 
 GJ1–
f qn 6–

f�$�
� ��� ����8! GJ 'P
 �8Y  . NL��� ��+�26 ]l?��* ��	�2 ��B�� r��Bw r�Y	�% 3–
f . �K[� �8Y 

� ������ ^j�
� �1�	

 � �J�?! �8[��� ����PB
 . NL����;�P�.  

5.4  
����
� ���������  

1.5.4  ������������ 
���� ���   

 2�P
 a��8?�� W[+J .
4

2
S  �P%�?
J I��, IJ s8��� ��2�Xi���
��� #��  .2��
+�� GJ s��Y ���� ���� �,e+�� C� 

 GJ N,� ��2�b��70 °r�P���
  .��n �J�� ��2�b�� s��Y o��� GJ �Y 1 G�l� |��g
%�  :���* C�
�
 �,e!sec i  '* �2��

 

1/22 1.  

2.5.4  ���������	�� ��� !"#�� ���   

�8
+� Z�8
�� �	K� E�8
d� ����J2 S4$��2 E	B�� H> ��! � ��2�b�� �B%�	* O
8�+J GL{ r�$,	
 Nβ NL��� . �?�P�� 7b 
 ��2�b�� 7i2 �+,�	��� E�2b�� H>2 �8��� A2�\ 7K?J '* Z�$
�� ���J �! �{ "h�� E�F� H> a2� �?! 7�V� 7��B?D�

�2h��� .7�� �8Y N�$��2 E	B�� H> ��! -�8
!�� ���d . G�X	
�� ���- 'P
2:  

(10) ⎥⎦

⎤
⎢⎣

⎡ β−∝
W

S exp4  

 C	L
 ��dWs*�� �?��� GJ 7{	�
�� |	��� ��!2 I,	�� ��! �,	
� G�X	
  .g
%�* GL8�� GJ C� ��� E��J2 ���B+�� |��
	D��
 GJ �d�
�� NL��� . 'PJ 	i �8Y G�X	
�� s*��� ��8,��� �8���� �Mhw '��M�	Y2 �8.  
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FIGURE  6

Power spectral density estimates for a geostationary satellite
(Intelsat-IV) at 4 GHz
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!"#��$ � %�&�  
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FIGURE  7a

Intersection of the propagation path with a magnetic field line
at the F-region height
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Apex of field line

 

 

β

0531-07b

Sunset 
terminator

Magnetic
meridian

Apex of 
field line

FIGURE  7b

Angle between the local magnetic meridian at the apex of the field line
shown in Fig. 7a and the sunset terminator
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Seasonal weighting functions for stations in different longitude sectors
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6.4  ��������� 	
��
�
��  

��B��* ����
�� 	%�?KJ W
K� � ��--�
�� W%��
 ����
2 ���
���� ��	�-���� ����
�� �8[�� W�8�
 �?! W[?�� 
K�>��
2� ��8Y��
�� �2��� ���j��d�* r�0�� C	8
K� N* op�l1 �J ��d Ee> NM�� .N�	B��  .2���d . �8[�� 

 5�� ����
�� G80

re
�%��
�J r� '�L���* ��	� o"	�-�� |�[?� N�L�
 H�*� �+� �J 	i2 o���� qn �P�?��* 92 10 
�2��� ���j��dn ^���
2 ����
� .N�¡2 Ee> ���8��� I�P�� -�! H%	
J :�	Yh�� ���8��� I�P�� |�,�� 12r��K; .  

 oNM�� N�	� 78Y��
�� I�X	
�� ¯eg
%� GL8�� GJ2(I)P��d<� GJ �K
8�, H%	
� �P�?��* :��;<� :��� o�j ��
 oNM�� ���	� ��8Y��
��(ξ)F o:2�h�� qn :2�h�� GJ p��
�� oξP�� ��/��d<� N�J ���2 o NL��� . �?�107�� �8Y :  

(11) ∑
=

=
n

i

ii IPfIP

0

)( )(  

C	L
 ��d:  

(11a) f0 = F (ξ < ξ1) 

(11b)  fi = F (ξi  ≤ ξ < ξi + 1) (i  =  1, 2, …, n – 1)   

(11c) fn = F (ξ ≥ ξn ) 

NL���8 
 �BCDC'� !��;� ���� � ���E��� ,"FC��� *�9B  

*C��� -. ,� ����G !�$��6 �  

*��+�,-

./,- ./,0

�,'/�


������
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2ξ12 ξn� �8���� C�
 C	L
2 o:2�h�� qn :�2h�� GJ p��
�� R�	
�� ��! ������2 U	���� n :�
$�� W,� 7i ξ  W� 5��
|�g
���:  

 

(11d) Pi(I) = Γ (mi, miI) / Γ(mi) 

(11e)  
2
41/ ii Sm =  

(11f) 

26.1/1

1
40

25.27

1

⎥⎦

⎤
⎢⎣

⎡ ξ⋅=S  

(11g) 

26.1/1

1

4
25.27

1
⎥
⎦

⎤
⎢
⎣

⎡ ξ+ξ
⋅= +ii

iS  (i = 1, 2, … n – 1) 

(11h) 

26.1/1

1

4
4

3

5.27

1
⎥
⎦

⎤
⎢
⎣

⎡ ξ+ξ
⋅= − nn

nS  

 NL��� 'P�211�� N�	� 78Y��
�� I�X	
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FIGURE  9

Dependence of 4 GHz equatorial ionospheric scintillations
on monthly mean sunspot number
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The squares are the ranges of variations over a year
for different carriers
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* f�+
� GHz 4 C�1 o ��! E	��� GL8�� GJ ��--�
* ���c� W����U�>� G! 
. W���� _hi A�x f��� 1,5-

(4/f) N�¡ ��d f ¥+�� --�
�� (GHz).  

 �����3: G! GL{ NL��� f��� 5 ����
 Pfluc
 

p�� ��
 7J	��� �2���2 .��D�� I,	��r��$�Y r���.  

 �����4 : #D
�� C�Y ��Pfluc
 

r��d�2 r���?! HP
�� O��1 o���	�� ����b�J ��*��d . �+0* :��;<� LP �,e+�� r��12 
2/flucp PL =.  
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 S4Z�8
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FIGURE  10

Annual statistics of peak-to-peak fluctuations observed at
Hong Kong earth station (Curves I1, P1, I3-I6, P3-P6)

and Taipei earth station (Curves P2 and I2)
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FIGURE 11

An example of long-term cumulative statistics of signal intensity

(4 GHz, 20° elevation)

Percentage of time the ordinate is not exceeded

S
ig
n
al
 i
n
te
n
si
ty
 (
d
B
)

99.5 99.9999.999.80.01 0.1 0.50.2

 

5  �������  

 . �d�
�� a��8?�� ��! /�?* "#$%	�	��� ¯��
J�� G! �S�?�� :���c� ����
 :�;�P�� ��J	�+�� �1�	

 � �J�?! GL8�� GJ
 �,e+�� r��P� �x��� s,	��2

f/(sec i) � ���d . ��--�
�
 5�� =	$MHz 30 L
 ��dC	 i �� 7i
8��� ��2�b�� #�� 
#$%	�	��� . ���
��� .2 ���d . f��?��������� =	$
 5�� ��	�-���� ��M	�� C�1 oE	B�� H> ��
?J ��! �+,�	��2  

MHz 70  C2- #$%	�	��� =��
>� N$L
¯��
J�� GJ #PY ��,.  

 �?! ¯��
J�� C� E	B�� �	B> H%2 . ��%����� E�
2 MHz 30 . N� . �d�2 _�`� . #$%	�	��� �	P! ���d 
 '* ��-�+�� E�	d�� . :-�! �2��
� 7%�� -2�20,22  dB 0,5 . o���8��� ��!�1���� Ee> ��b� C� ¯��
J�� C�; GJ2

 hj�?! N�� O?L�2G! dB 5 . C� GL8�� GJ2¯��
J�� Xb+
� 2� ��PB��� :	�?���� pP�* �+$
��� ��+�� �	B> �?! 
�$; ���d��� .�	�! ���
1 . C�
�i�[�� C�
�i ��m2�,	

2 o�$�
� ���
$� �8
�
2 ��j��B�� I,�	J ��! �i���� �� 

#��� ��2�X Z�$
��2 . 7DP?� ��� ��! /�?*2� C� ��! ��j��dn ����B* '
�i�[�� '
�i ���+J W[?�� W�8�
 I±� qn N�	
�
n N�
 7�$��� ¯��
J�� -�J C� �!���|��� qn ��PB��� :	�?���� ���d . N�
 �8?�* ��!�% q.  

NL���11 

	��/$� 	01� 23�� ����4 ��5'�
��� ���!�"#6� 7�8�  
)GHz 49�:-�� ;°20( 

������ ���	
�� �
�� ���� ��� � ��� ������� ������ ��!��� 

 �
��

�
�
� 
��

�
(d
B
)

  



 �������ITU-R P.531-9  19

1.5  ������ ��	
���  

 '8��,<� . T2�
L�<� b�Y�
�� . ��-��X G! 7�$��� ¯��
J�� ^
?�D2 E�B�� ���2�
L�n -2�	� ���
� I�
  . W
�2
 '* �2��
� U�J ��! ¯��
J�� ���°102 °20H> GJ �*��J ��! bY��� ��+�� Hc  f$��� �2�d ��,� ��! 
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FIGURE  12

Hypothetical model showing polar cap absorption following a major solar flare
as expected to be observed on riometers at appproximately 30 MHz
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