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Bistatic radiolocation of the earth’s surface

Directions of investigationsDirections of investigations

Investigation of the vertical structure of the ionosphere and 
atmosphere at the heights 0 - 400 km by radio 
occultation method in the communication link 
navigational satellite-low orbital satellite

Investigation of the 3-D structure of the ionosphere and 
magnetosphere at the altitudes 90 km up to 20000 km in 
the communication link LEO – GPS satellite



Existing radio holographic methods designed for Existing radio holographic methods designed for 
analysis of the radio occultation dataanalysis of the radio occultation data

1. Method of focused synthetic aperture 1. Method of focused synthetic aperture ((PavelyevPavelyevet al.,1998, et al.,1998, 
2002,2004, 2002,2004, HockeHockeet al.,1999)et al.,1999)

2. 2. Canonical transformCanonical transform(CT) ((CT) (GorbunovGorbunov, 2001), 2001)
33. . Back propagation methodBack propagation method(BP) ((BP) (GorbunovGorbunov& & GurvichGurvich, 1996, , 1996, 

KarayelKarayel& Hinson, 1997)& Hinson, 1997)
4. 4. Full spectrum inversion methodFull spectrum inversion method(Jensen et al., 2003)(Jensen et al., 2003)
5. Phase matching method (5. Phase matching method (LohmanLohmanet al., 2003, Jensen et al., et al., 2003, Jensen et al., 

2004)2004)
6. 6. Method of the generalized operatorMethod of the generalized operator(GIO)  ((GIO)  (PavelyevPavelyevet al., et al., 

2004). Methods 12004). Methods 1--5 5 are the partial cases ofare the partial cases ofGIOGIO
7. 7. AmplitudeAmplitude--phase method for identification of layered phase method for identification of layered 

structuresstructures((LiouLiou & & PavelyevPavelyev, 2006)., 2006).



Scheme of application of the diffractive integralsScheme of application of the diffractive integrals



StrettonStretton--Chu vector equations may be transformed to Chu vector equations may be transformed to 
the case of inhomogeneous media (the case of inhomogeneous media (PavelyevPavelyevet al., 2004)et al., 2004)
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Analysis showed, that in the case of spherically symmetric mediuAnalysis showed, that in the case of spherically symmetric medium the volume integral m the volume integral 
EEvv(A(A) ) describes changes of the wave vector because the transverse natudescribes changes of the wave vector because the transverse nature of re of 
electromagnetic waves. electromagnetic waves. 
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22--D RADIO HOLOGRAPHIC EQUATIOND RADIO HOLOGRAPHIC EQUATION

�� '��� ���

���'��� ���

��� �� �� �
"� �
��� ��

����	� 
���� ��� �����
�� �
�����
"� �
��� ��

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

���!�	�����	���� �
� 	��� ���

��� �� ���� %�	�� ��� ��
��� ���������� %�	��%�	�� ��� ��
��� ���������� %�	��
	�
(��	��"��
���	�����
�)*���
	����	�����	�
(��	��"��
���	�����
�)*���
	����	�����

��

�� �� 
��
�� ==
���
��� pp�� 	��	�� ���������%�&�%�& ��
-- 	��	�� �� ��%��% jj �'#
��'#
� pp���� -- ��FF -- �� �� ��

��

�� %�����%����� jj ��� 	��� 
����� ��	%���� ����
�� 	�� 	��� ��������� 	��� 
����� ��	%���� ����
�� 	�� 	��� ������ (�(� 
��� 	���
��� 	���
�����	���� 	�� 	��� ����	� �
� ������
	���������	���� 	�� 	��� ����	� �
� ������
	���� �� +�
���+�
��� �%�% ��� 
�� ��	���
	������� 
�� ��	���
	����
������	� 
	� 	��� ������������	� 
	� 	��� ������ (�(� �� '��� 
���	������� '��� 
���	����� FF -- 
���
��� ���� ������� ���������� ���
��	�������� 
���� 	��� %
��� �,�
	����� '��� ��
	�
�� ���� ��	������	�������� 
���� 	��� %
��� �,�
	����� '��� ��
	�
�� ���� ��	����
�������� ��� 	��� ����� �
� 	��� �
�	� �
� 	��� ��	��

����������� ��� 	��� ����� �
� 	��� �
�	� �
� 	��� ��	��

��� �� ���� %����� 	���%����� 	���

����� ���	����	����
����� ���	����	���� �� �� ��� ������� -��
��"� 	��� �
�.��� ������� -��
��"� 	��� �
�. �� ����
�
	��� 
���������
�
	��� 
�����
$$ �� '�)�*'�)�* /� ��� �
����
	��� �"� ������ 	��� ��	���
�� �/� ��� �
����
	��� �"� ������ 	��� ��	���
�� � +����,����+����,���� �� 	
-	���� 	
-	��
.��/$���.��/$��� �����0��	

1�����0��	

1 /�
�����
�
��
����/�
�����
�
��
����

��

�� $
'�)�*�$
'�)�*� ==
���
��� pp�� 	��	�� ���������%�&�%�& ��
-- 	���	��� ��%��% jj �'#
��'#
� pp���� -- ��&��& �� �$�$ �� 

 �� ��

�� 
��� 
��� 	��� ������������ �������� '���� �,�
	���� ��� 
� �
�	�
��
��� 
��� 	��� ������������ �������� '���� �,�
	���� ��� 
� �
�	�
��
�
��� �
� 	��� �����
�� ���	��� �
�.%
��� 
�����
� ������� � 
��� 
���
��� �
� 	��� �����
�� ���	��� �
�.%
��� 
�����
� ������� � 
��� 
��
���������������
�������������������
����



RHFSA methodRHFSA method
�� The reference signal The reference signal EEmm(t)(t)==exp[iexp[iyy mm(t(t)] )] should be developed to acquire should be developed to acquire 

maximum coherence with the RO signal. The function maximum coherence with the RO signal. The function yy mm(t)(t) is determined is determined 
from model of refractivity in the atmosphere and ionosphere. canfrom model of refractivity in the atmosphere and ionosphere. canbe be 
applied.applied.Igarashi et al., 2000, 2001Igarashi et al., 2000, 2001used an exponential model to describe used an exponential model to describe 
the refractivity profile of the atmosphere to determine the tempthe refractivity profile of the atmosphere to determine the temporal oral 
dependence of dependence of yy mm(t)(t) and obtained a spatial vertical resolution of about 70 and obtained a spatial vertical resolution of about 70 
m. They applied the Fourier transform to the product of the RO am. They applied the Fourier transform to the product of the RO and nd 
reference signals to obtain the compressed angular spectrum reference signals to obtain the compressed angular spectrum W(p(W(p(ww)))) of the of the 
RO signal:RO signal:

�� W(p(W(p(ww))))=�=�dtdt ff ((rr ,t) exp[,t) exp[--iiyy mm(t)]exp((t)]exp(-- iiwwtt))

�� ddp(p(qqoo))== ll RR11/L; /L; LL==2Tv2Tv
�� The phase path of the rays in the middle and upper The phase path of the rays in the middle and upper atmospheratmospher�� are nearly are nearly 

coinciding. By use of a reference signal the influence of the macoinciding. By use of a reference signal the influence of the main part of in part of 
the phase path, common for all rays, can be removed, thus signifthe phase path, common for all rays, can be removed, thus significantly icantly 
compressing the spatial spectrum of radio waves, one may observecompressing the spatial spectrum of radio waves, one may observeweak weak 
reflected from the earthreflected from the earth’’ s surface signalss surface signals..



Revealing the reflection from the sea surface from data of MicroRevealing the reflection from the sea surface from data of Micro--LabLab--11 ((rightright) ) 
and MIRand MIR--GEO (left) GEO (left) ((PavelyevPavelyevet al., 1996, 2004). Investigation by RHFSA et al., 1996, 2004). Investigation by RHFSA 

method the reflected signal with global coverage (method the reflected signal with global coverage (BeyerleBeyerleet al., 2002, et al., 2002, 
CHAMP).CHAMP).



Vertical gradients of the electron density retrieved from radio Vertical gradients of the electron density retrieved from radio holographic analysis of GPS/MET       holographic analysis of GPS/MET       
RO data by use of reference signalRO data by use of reference signal
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Classification of radio holographic methodsClassification of radio holographic methods

( )ty

    exp[ ( ) ]i t i ty w- -

     exp( )i tw- tw
1 1

0 0exp{ [ ( ) cos / cos / ]}L Gi t p R p Rq - -- - - 1 1
0 0[ ( ) cos / cos / ]L Gt p R p Rq - -- -

1/ 2
0exp[ ( )] ( )ik r t r t -- 0 ( )k r t

General FIOGeneral FIOGIO (Pavelyev
et al., 2004)

special form, partial case of GIOFIO CT (Gorbunov, 
2001)

Back 
propagation 
(Gorbunov et al., 
1996)

Phase matching 
(Jensen et al., 2004)

FSI (Jensen et al., 
2003)

Solution of the scalar wave equation 
for inhomogeneous media

RHFSA
(Hocke et al., 1999)

Reference signalMethod



Connection between the amplitude and eikonal in RO 
measurements
(Liou and Pavelyev, GRL, 2006; Pavelyev et al., JGR, 2007). The eikonal acceleration has 
the same importance for RO data analysis as the Doppler frequency. It allows one  to 
recalculate the phase data to the refractive attenuation. This connection opens the 
independent way to estimate absorption from ratio of the refraction attenuations found from 
the amplitude and phase data.



Comparison of the refractive attenuations Xa and Xp retrieved frComparison of the refractive attenuations Xa and Xp retrieved from om 
the FORMOSATthe FORMOSAT--3 amplitude and phase  RO data (neutral 3 amplitude and phase  RO data (neutral 
atmosphere and lower ionosphere). The antennaatmosphere and lower ionosphere). The antenna’’ s amplitude diagram s amplitude diagram 
influence is seen clearly in the intensity data.influence is seen clearly in the intensity data.



Evidence of atmospheric origin of the phase and amplitude variatEvidence of atmospheric origin of the phase and amplitude variations in RO ions in RO 
signal. Comparison of the refraction attenuations signal. Comparison of the refraction attenuations XpXp and and XaXa calculated from the calculated from the 
FORMOSATFORMOSAT--3 phase (curve 1) and amplitude (curve 2) data. Right panel. 3 phase (curve 1) and amplitude (curve 2) data. Right panel. 
Displacement Displacement DD of the tangent point of the tangent point TT



Comparison of the refractive attenuations Comparison of the refractive attenuations XpXp and and XaXa calculated from the CHAMP calculated from the CHAMP 
amplitude (curve 1) and phase data at GPS frequency F1 (curve 2)amplitude (curve 1) and phase data at GPS frequency F1 (curve 2). Retrieved vertical . Retrieved vertical 
profiles of altitude profiles of electron density and its verticprofiles of altitude profiles of electron density and its vertical gradient (curves 3 and 4, al gradient (curves 3 and 4, 
right)right)



Comparison of the refractive attenuations Comparison of the refractive attenuations XpXp and and XaXa calculated from the CHAMP calculated from the CHAMP 
amplitude (curve 1) and phase data at GPS frequency F1 (curve 2)amplitude (curve 1) and phase data at GPS frequency F1 (curve 2), results of , results of 
determination distance D from ray perigee (left). Retrieved vertdetermination distance D from ray perigee (left). Retrieved vertical profiles of ical profiles of 
altitude profiles of electron density and its vertical gradient altitude profiles of electron density and its vertical gradient (curves 3 and 4, right)(curves 3 and 4, right)



A possibility to measure absorption of radio waves by comparisonA possibility to measure absorption of radio waves by comparisonof the amplitude of the amplitude 
and phase parts of the GPS radioand phase parts of the GPS radio--holograms (e.g., two events). Curves 1 and 2 holograms (e.g., two events). Curves 1 and 2 
describe attenuations obtained from the amplitude and phase datadescribe attenuations obtained from the amplitude and phase data, respectively. , respectively. 
Curves 3 and 4 indicate theoretical dependence of the refractionCurves 3 and 4 indicate theoretical dependence of the refractionattenuation with attenuation with 
absorption and refraction attenuation, correspondingly. absorption and refraction attenuation, correspondingly. 



Left: curves 1 and 2 describe experimental and theoretical altitLeft: curves 1 and 2 describe experimental and theoretical altitude ude 
dependence of absorption, respectively. Right: curves 1 and 2 independence of absorption, respectively. Right: curves 1 and 2 indicate dicate 
experimental dependence of refraction attenuation calculated froexperimental dependence of refraction attenuation calculated from m 
amplitude and phase data. Curves 3 demonstrate theoretical depenamplitude and phase data. Curves 3 demonstrate theoretical dependence dence 
of the refraction attenuation and absorption. of the refraction attenuation and absorption. 



Curves 1 Curves 1 -- 5 indicate experimental dependence of refraction attenuation ca5 indicate experimental dependence of refraction attenuation calculated from lculated from 
amplitude and phase data. Curves 6amplitude and phase data. Curves 6--10 demonstrate experimental dependence of the 10 demonstrate experimental dependence of the 
integral absorption. Curves A,B indicated the theoretical dependintegral absorption. Curves A,B indicated the theoretical dependence of the refraction ence of the refraction 
attenuation and integral absorptionattenuation and integral absorption



Gravity waves in RO measurements: backgroundGravity waves in RO measurements: background

GWs play a important role in affecting the atmospheric circulation and 
temperature regime [Friits and Alexander, 2003]. For theoretical 
studies it is important to have experimental data showing the phase and 
amplitude dependence of GWs on height. RO method can be applied to 
measure GW parameters on the global scale. Analysis of the 
temperature variations found from RO phase data furnishes an 
opportunity to investigate the global  morphology of GWs activity in 
the stratosphere and to measure GWs statistical characteristics in the 
atmosphere as shown by Steiner and Kirchengast[2000], Tsuda et al.
[2000], [2004], Tsuda and Hocke[2002]. We indicate an unexpected possibility 
to measure many parameters of GW from single RO vertical profile of  refractivity 
(or temperature) (Gubenko, Pavelyev, and Andreev, JGR, 2008).



RadioRadio--image of internal waves. Note a breaking effect at 38image of internal waves. Note a breaking effect at 38--43 km43 km
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Left panelLeft panel: The refraction attenuations : The refraction attenuations Xa, XpXa, Xp retrieved from the phase and retrieved from the phase and 
amplitude data (curve 1 and 2, respectively). Curves 3 indicate amplitude data (curve 1 and 2, respectively). Curves 3 indicate the results of the results of 
simulation of the refraction attenuation in the atmosphere. Righsimulation of the refraction attenuation in the atmosphere. Right panel: The t panel: The 
variations of the vertical gradient of refractivity retrieved frvariations of the vertical gradient of refractivity retrieved from the phase and om the phase and 
amplitude data (curve 1 and 2, respectively)amplitude data (curve 1 and 2, respectively)



Left panelLeft panel: The vertical profiles of the horizontal wind perturbations : The vertical profiles of the horizontal wind perturbations 
found from the phase and amplitude data (curves 1 and 2, respectfound from the phase and amplitude data (curves 1 and 2, respectively). ively). 
These variations correspond to the kinetic energy in the internaThese variations correspond to the kinetic energy in the internal wave. l wave. 
Right panel: Sum of the kinetic and potential energy of the waveRight panel: Sum of the kinetic and potential energy of the wave
structurestructure..



ConclusionConclusion

I.   The I.   The eikonaleikonalacceleration has the same importance as the Doppler frequency iacceleration has the same importance as the Doppler frequency in RO n RO 
experiments. Advantages of the experiments. Advantages of the eikonaleikonalacceleration/intensity technique of RO data acceleration/intensity technique of RO data 
analysis are:analysis are:
(1) a possibility to separate the layered structure and tur(1) a possibility to separate the layered structure and turbulence contributions to RO bulence contributions to RO 
signalsignal
(2) a possibility to estimate the absorption in the atmosphere b(2) a possibility to estimate the absorption in the atmosphere by dividing the y dividing the 
refraction attenuations found from amplitude and phase datarefraction attenuations found from amplitude and phase data
(3) a possibility to locate the layered structures in the atmosp(3) a possibility to locate the layered structures in the atmosphere with accuracy in here with accuracy in 
the distance from the standard position of the tangent point of the distance from the standard position of the tangent point of about about ±±100 km; 100 km; 
(4) a possibility to establish the ionospheric or atmosphe(4) a possibility to establish the ionospheric or atmospheric origin of theric origin of the
amplitude and phase variations of RO signal. amplitude and phase variations of RO signal. 
(5) a possibility to estimate horizontal gradients in the lower (5) a possibility to estimate horizontal gradients in the lower ionosphereionosphere

II. The gravity waves (GW) dispersion and polarization relationsII. The gravity waves (GW) dispersion and polarization relationships allow one to hips allow one to 
estimate the vertical profile of the horizontal wind perturbatioestimate the vertical profile of the horizontal wind perturbations, its vertical gradient, ns, its vertical gradient, 
the GW intrinsic phase speed, the potential and kinetic energy the GW intrinsic phase speed, the potential and kinetic energy and, under some and, under some 
assumptions, the intrinsic frequency as functions of height in tassumptions, the intrinsic frequency as functions of height in the atmosphere.he atmosphere.

III. MultiIII. Multi --frequency occultation in the frequency occultation in the centimetercentimeter and and millimetermillimeter range requires  range requires  
accounting for possible contribution of the volume integral in taccounting for possible contribution of the volume integral in the modernized he modernized 
formula formula StrettonStretton--Chu.Chu.

IY.  In the future RO missions it is desirable to improve calibrIY.  In the future RO missions it is desirable to improve calibration of the amplitude of ation of the amplitude of 
RO signal.RO signal.



Thank you for your attention!


