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Abstract: Geosynchronous synthetic aperture radar (GEO SAR) will move in a high orbit 

of ~36,000 km with a long integration time of hundreds of seconds. It is obviously impacted 

by orbital perturbations and the Earth’s rotation, which can give rise to un-parallel repeated 

tracks and induce a squint-looking angle in the repeat-track SAR interferometry (InSAR). 

Thus, the traditional data acquisition method using in the zero-Doppler centroid (ZDC) 

configuration to generate the GEO InSAR pair will bring about the obvious rotation-induced 

decorrelation. Moreover, the conventional height retrieval model with the broadside mode 

imaging geometry and the approximate expression of the interferometric baseline will induce 

large height and localization errors in the GEO InSAR processing. In this paper, a novel data 

acquisition method is firstly presented based on a criterion of optimal minimal rotational-induced 

decorrelation (OMRD). It can significantly improve the coherence of the InSAR pair. Then, 

considering the localization equations in the squint-looking mode and the accurate 

expression of the interferometric baseline, a modified GEO InSAR height retrieval model is 

proposed to mitigate the height and localization errors induced by the conventional model. 

Finally, computer simulations are carried out for the verification of the proposed methods. 

In a typical inclined GEO InSAR configuration, the averaged total correlation coefficient 

increases more than 0.4, and height errors of hundreds of meters and localization errors of 

more than 10 degrees are removed. 

Keywords: GEO SAR; SAR interferometry; data acquisition; height retrieval 

 

OPEN ACCESS 



Remote Sens. 2015, 7 13368 

 

 

1. Introduction 

Repeat-track synthetic aperture radar interferometry (InSAR) mainly includes the InSAR height 

retrieval and the differential InSAR (D-InSAR) for deformation retrieval [1–3]. It can obtain accurate 

height and deformation information over vast regions, thus playing an important role in global surface 

height measurement, disaster detection and regional construction. The basic concept and the processing 

algorithms of InSAR technology were demonstrated in [1–4]. Later, many related studies were 

conducted, including the analysis of the sources of decorrelation and the InSAR system design [5,6]. 

Especially after the launches of a series of scientific and commercial satellites, such as ERS-1/2, 

Radarsat-1/2, TerraSAR-X and Tandem-X, etc., many InSAR data were obtained, which greatly 

promoted the development of interferometry technology of accurate height and deformation information 

retrieval [7–10]. Although the low Earth orbit (LEO) InSAR systems are developing rapidly, the inherent 

defects of the long revisit interval of several to dozens of days are sure to lead to the unsatisfaction of the 

urgent temporal requirement for landside and earthquake monitoring (within one day). 

In contrast, geosynchronous synthetic aperture radar (GEO SAR), running on an orbit of 

approximately 36,000 km, has a coverage of more than 1000 km by 1000 km and a revisit interval of 

less than 24 hours [11,12]. The combination of GEO SAR and InSAR technology can satisfy the 

temporal requirements for deformation monitoring. The concept of the GEO SAR system was first 

proposed by Tomiyasu in 1978 [13]. In the following years, the system design and optimization, the 

resolution analysis and the accurate imaging algorithms in GEO SAR were developed and  

refined [14–22]. In 2002, Madsen et al. first proposed the concept of GEO InSAR, which can realize global 

earthquake monitoring [23]. The feasibility analysis and advantages of GEO InSAR were demonstrated 

by Monti-Guarnieri and Bruno et al. [12,14,17]. However, little attention has been paid to the GEO 

InSAR system design and the processing. Generally, the GEO InSAR height retrieval is the foundation 

of GEO D-InSAR, which has similarities with InSAR height retrieval in system design (e.g., making 

interferograms have high coherence [2,6,24]) and the processing (e.g., co-registration and interferogram 

generation [3,5]). Meanwhile, because most GEO D-InSAR data can be used to generate DEMs  

directly [3,5], they can be used in the height retrieval, aiming to raise the utilization efficiency of GEO 

D-InSAR data. Moreover, the performance of the DEMs generated by GEO SAR will be improved 

because of the low temporal decorrelation [12,17]. 

However, some special problems have to be focused on in the repeat-track GEO InSAR height 

retrieval. Because of the high orbit, GEO SAR is impacted by the perturbation forces of the radiation 

pressure, the third-body and aspheric gravity, etc. [12], and has curved trajectories [18–20]. Thus, the 

repeated tracks of GEO InSAR are un-parallel. Moreover, GEO SAR often works in the squint-looking 

mode under the impacts of Earth’s rotation. Such special characteristics give rise to several problems in 

GEO InSAR data acquisition and height retrieval. Firstly, because of un-parallel tracks, the obtained 

GEO InSAR pair based on the data acquisition method using the zero-Doppler centroid (ZDC) geometry 

in LEO InSAR has the obvious rotation-induced decorrelation due to the mismatches of the spatial 

spectra in the azimuth [2,3]. Secondly, un-parallel repeated tracks also introduce the along-track baseline 

component, which can cause large height errors by using the perpendicular baseline length as the 

interferometric baseline length in conventional height retrieval models. Moreover, due to the  

squint-looking mode in GEO SAR, the broadside mode imaging expressions of the height retrieval model 
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bring large localization errors to the generated DEMs. Some methods are proposed in the LEO InSAR 

data processing to deal with similar problems, while they are either invalid or inefficient in the GEO 

InSAR processing. In the joint interferometric processing of TerraSAR-X and TanDEM-X, the azimuth 

antenna is adjusted to obtain tiny squint angles, so that the effect of un-parallel repeated tracks can be 

compensated and the decrease of coherence is addressed [25]. Nevertheless, for a GEO SAR system, 

since the forecast of the required squint angles is complex and the accurate low energy-wasting antenna 

adjusting is difficult to achieve due to the large antenna and poor antenna stability, this method will not 

be the option [17,23]. Finally, it is tried to avoid the squint-looking mode in LEO InSAR generally. Only 

in [26] have the impacts of the squint-looking mode on interferometric phase and the related 

compensation been discussed according to the frequency domain phase preservation algorithms. Besides 

the aforementioned issues, the atmospheric phase screen (APS), which will mainly induce image shifts, 

also needs to be studied in GEO SAR. However, our study focuses on an L band GEO SAR with a high 

inclination orbit, and the APS impact is relative weak. Regarding other GEO SAR systems with higher 

carrier frequency and a low inclination orbit, some APS retrieval and correction methods based on 

coherent targets in imaging [16,27,28] or the high accuracy co-registration in InSAR processing [3,5] 

can be used to address the issue. 

In this paper, the special issues of un-parallel repeated tracks and the squint-looking mode in GEO 

InSAR are firstly discussed in detail in Section 2. Then, we propose an optimal minimal rotation-induced 

decorrelation (OMRD) data acquisition method to obtain the GEO InSAR pair with good coherence in 

Section 3. This approach is accomplished by selecting two sub-apertures, with the optimal geometry 

relationship within the full synthetic apertures of GEO InSAR repeated tracks for the imaging and 

interferometry processing. As GEO SAR is usually designed with a moderate resolution (e.g., 20 m) and 

it can realize a high azimuth resolution in the case of the full aperture processing [13,14,17,21], the  

sub-aperture selection for acquiring the designed moderate resolution is feasible. For instance, 

considering a GEO SAR with a curved “figure eight” orbit, the azimuth resolution after the full aperture 

processing is finer than 2 m [21]. A modified GEO InSAR height retrieval model is proposed here.  

In the new model, the broadside imaging localization equation is modified based on the squint-looking 

geometry, and a more accurate interferometric baseline expression is provided considering the impacts 

of un-parallel repeated tracks. Finally, in Section 4, simulation results suggest that the proposed methods 

are effective, showing that the proposed methods improve the coherence of the GEO InSAR pair and 

eliminate height errors and localization errors compared to conventional methods. Finally, Section 5 

concludes this paper. 

2. GEO InSAR Special Issues 

2.1. Un-Parallel Repeated Tracks of GEO InSAR 

Because of the high orbit, GEO SAR is more seriously impacted by perturbation forces, such as the 

radiation pressure, the third-body and aspheric gravity, and so on [12]. Due to these forces, satellites will 

have perturbation accelerations [29], which will force the orbital elements to vary with time. Using the 

High-Precision Orbit Propagator (HPOP) model in the Systems Tool Kit (STK) [30], the impacts of 

perturbations on some GEO SAR orbital elements in a short period are given in Table 1. The HPOP is 
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the numerical integration of the differential equations of motions to generate the highly accurate satellite 

orbit in the presence of perturbations, including the accurate impacts of the third-body gravity, the 

atmospheric drag and the solar radiation pressure. In Table 1, it is concluded that there are changes  

of 2 × 10−3 degrees per day in the inclination and a drift of more than 12 × 10−3 degrees per day in the 

right ascension of the ascending node (RAAN). Thus, the impacts of perturbations on the GEO SAR 

orbit cannot be ignored. 

Table 1. Impacts of perturbations on some GEO SAR orbital elements in a short period. 

RAAN, right ascension of the ascending node. 

Orbital Element Perturbation Value (Degrees per Day) 

Inclination 2 × 10−3 

RAAN 12 × 10−3 

As the orbital elements of the GEO SAR vary with time, its orbit and the corresponding nadir-point 

trajectory will drift away from the scheduled ones. Taking the perigee as an example, the analysis of the 

drifts of the perigee nadir-point in GEO SAR is shown in Table 2. In one day, a drift of nearly a 20-km 

distance and the geocentric angle difference of 0.2 degrees for the perigee nadir-point are generated in 

the presence of perturbation. Furthermore, the distance drift and the geocentric angle difference become 

larger as the increase of the time interval between repeated tracks. 

Table 2. Analysis of the perigee nadir-point drifts in GEO SAR. 

Time Interval (Day) Distance Drift (km) Geocentric Angle Difference (Degrees) 

1 18.05 0.162 

5 27.06 0.244 

10 46.11 0.415 

In addition, a GEO SAR has curved trajectories due to its high orbit and the effects of Earth  

rotation [18–20]. Figure 1a gives the nadir-point trajectories of LEO SAR (ERS-2) and GEO SAR. It can 

be shown that GEO SAR has a curved trajectory for imaging, rather than the straighter trajectory in LEO 

SAR. In the presence of impacts of perturbation and curved trajectories, the repeated trajectories of GEO 

InSAR are un-parallel (the corresponding nadir-point trajectories are given in Figure 1b). Especially at 

the perigee and the apogee, the trajectories have large curvatures; thus, the un-parallelism of the repeated 

trajectories is more serious. 

The 3D sketch map of GEO InSAR repeated trajectories is shown in Figure 1c. A yellow solid line 

and a blue solid line present the un-parallel repeated tracks of GEO SAR. In this case, if the GEO InSAR 

data are obtained under the ZDC data acquisition geometry, the obtained sub-apertures for the imaging 

and InSAR processing are marked in red color. M and S represent the data acquisition positions of the 

master and slave images based on ZDC, respectively. B is the baseline; Ba is the along-track baseline; BI is 

the interferometric baseline; and Bp is the perpendicular baseline.   is the look angle. Because of the 

un-parallel GEO InSAR tracks, the obtained InSAR pair based on ZDC has an azimuth wave vector 

difference κ , and the obtained InSAR pair has a rotation angle in azimuth   shown as: 

 ˆarccos ,  Aκ r  (1) 
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where Ar  is the ground projection vector of azimuth direction and ^  stands for the unit vector. 
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Figure 1. (a) Nadir-point trajectories of ERS-2 (red) and GEO SAR (yellow); (b) nadir-point 

trajectories of GEO InSAR repeated trajectories (the red line is the first track, and the yellow 

one is the second track after ten days); (c) three-dimensional (3D) sketch map of GEO InSAR 

repeated trajectories. 

This bias makes the InSAR pair have an obvious spatial spectral shift in azimuth a , which is shown 

in Figure 2. The shift a  causes a rotation-induced decorrelation in the interferogram. The rotation-induced 

decorrelation r  is given as: 

( )a
r

ga

k

W

 
   (2) 
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where ak  is the spatial spectral shift in the azimuth and gaW  is the spatial spectral bandwidth in the azimuth. 

 

Figure 2. Two-dimensional (2D) spatial spectra of the GEO InSAR pair. ak
 
is the spatial 

frequency in the azimuth direction, and rk  is the spatial frequency in the range direction. 

Table 3 shows the correlation coefficient due to the rotation-induced decorrelation of the InSAR pair 

obtained by different satellites with different time intervals based on the ZDC data acquisition. For GEO 

SAR, the correlation coefficient decreases to approximately 0.85 when the time interval is one day. With 

the increasing of the time interval, the correlation coefficient will be worse. It will be less than 0.6 when 

the time interval is five days. Comparatively, the rotation-induced decorrelation is negligible in a LEO 

SAR case, such as the TerraSAR-X, because their repeat tracks are nearly parallel. 

Moreover, the un-parallel tracks make the GEO InSAR pair have a large along-track baseline (Table 3), 

which means that the length of the interferometric baseline
 
cannot be approximated with the length of 

the perpendicular baseline in the height retrieval. The perpendicular baseline is dependent on both the 

look angle   and the rotation angle in azimuth  . Thus, the perpendicular baseline length is sure to 

have a bias with respect to the true interferometric baseline length. 

Table 3. Correlation coefficient due to the rotation-induced decorrelation and the baseline 

analysis of GEO SAR (perigee) and TerraSAR-X (Track 57, Frame 9242, and Track 57, 

Frame 9409) under the zero-Doppler centroid (ZDC) data acquisition. 

Satellite 
Correlation Coefficient due to the  

Rotation-Induced Decorrelation 
Baseline Length (m) Along-Track Baseline Length (m) 

GEO SAR 
0.849 (one-day interval ) 13,600 13,500 

0.523(five-day interval) 61,600 61,500 

TerraSAR-X 0.973(eleven-day interval ) 314 62 

2.2. Squint-Looking Mode of GEO InSAR 

Generally, spaceborne SAR systems need attitude control to compensate for the effects of Earth’s 

rotation, so that the squint angles can be eliminated, which can make the imaging easier and of a high 

quality. Being impacted seriously by the Earth’s rotation, GEO SAR works in a significant  

squint-looking mode, resulting in the large Doppler centroid shifts (see the blue line in Figure 3) and the 

degraded azimuth resolution performance. Total zero Doppler steering is not an optimal option for a 

GEO SAR system. Under the total zero Doppler steering, the azimuth ground resolution deteriorates 

ak

rkO

Spatial spectrum of track1

Spatial spectrum of track2

a
gaW
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seriously, and the yaw angles are too large to be implemented [31]. Nevertheless, under the optimal 

resolution steering, the GEO InSAR system also works in a slightly squint-looking mode and has 

Doppler centroid shifts (see the green line in Figure 3). Only at the orbit positions near the perigee and 

apogee does the zero-Doppler centroid exist. 

 

Figure 3. Doppler centroid shifts along the GEO SAR track. 

As the InSAR height retrieval depends on the geometric relationship, the GEO InSAR height retrieval 

is impacted by the squint-looking mode. The LEO InSAR height retrieval model includes the range-Doppler 

localization equations in broadside imaging and phase Equations (2) and (3), which are given by: 
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where ,M PR  and ,M QR
 
are the range vector from the zero-Doppler position to the target P  and its 

corresponding ground projection with respect to the first track Q , respectively, , ,
ˆ2 ,dcf  M P M Pv R  

is the Doppler centroid, ,M Pv  is the velocity vector at the zero-Doppler position in the first track,   is 

the wavelength, t  is the interferometric phase only related to the terrain, 0  is the local incidence 

angle and h  is the height of the target with respect to the reference surface. The operators 
2  

and 
 

stand for the norm and inner product, respectively.  
P


 
represents the operator of the  

perpendicular baseline. 

For GEO SAR orbital positions where large Doppler centroid residuals exist (such as when the GEO 

SAR satellite is above the Equator), searching for the positions of zero-Doppler centroids fails; thus, the 

employment of the localization equations in the broadside imaging geometry will make a target P  in the 

generated DEMs have the localization error ε , which is shown as: 

   0 ,2 2
, ,0dcf 

0M ,P M PR Rε P P  (4) 

where 
0M ,PR  is the range between M  and P  at the aperture center moments, 0

ˆ2 ,dcf  
0 0M M ,Pv R  is 

the Doppler centroid at the aperture center moment and 
0Mv is the velocity vector of the GEO SAR at 
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the aperture center moment in the first track. Therefore, the squint-looking mode has to be specially 

considered in the GEO InSAR height retrieval. 

As there exists non-zero-Doppler centroids along the full aperture in most parts of the track (see the 

green line in Figure 3), the ZDC data acquisition is often impossible in the GEO InSAR system.  

3. Optimal Data Acquisition and Height Retrieval 

Considering the special issues of un-parallel repeated tracks and the squint-looking mode in GEO 

InSAR, a novel OMRD data acquisition method and a GEO InSAR height retrieval model are proposed 

in this section to address the issues. In order to demonstrate the issues conveniently, GEO InSAR 

geometry is introduced firstly in Figure 4. M  and S  represent the satellite positions of GEO InSAR 

tracks, and ,M SR  is their distance vector. P  represents a target that has a height with respect to the global 

ellipsoid, and Q  is its geometric projection on the global ellipsoid with respect to the first pass of the 

InSAR tracks. ,M PR  is the distance vector between M  and P ; ,M QR  is the distance vector between M  

and Q ; ,S PR  is the distance vector between S  and P ; ,S QR  is the distance vector between S  and Q .  

l  is the distance vector from P  to Q . Mv  and Sv  are the velocity vectors of the GEO SAR in the first 

track and the second track, respectively. ˆRr  is the project unit vector corresponding to the range direction 

unit vector ς̂  with respect to the tangent plane of the global ellipsoid, and ˆpr  represents the 

perpendicular direction of ˆRr . x̂  is the azimuth direction vector. h  is the height of the target with 

respect to the global ellipsoid, and Ĥ  is the height direction unit vector. 

 

Figure 4. Sketch map of the GEO InSAR geometry. 
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3.1. OMRD Data Acquisition Method 

The data acquisition of the repeat-track GEO InSAR is a process of the sub-aperture selection, and it 

is realized by determining of sub-aperture center moments. The sub-aperture center moment in the first 

track is determined by the observation moment of the scene of interest, and the corresponding sub-aperture 

is obtained according to the length of the integration time. Nevertheless, the selection of the sub-aperture 

center moment and the related sub-aperture in the second orbit is vital, because it determines the quality 

of the produced InSAR pair. Because the obtained GEO InSAR pair based on the ZDCs has serious 

rotation-induced decorrelation, the OMRD data acquisition method is induced to deal with the issue in 

the following part. 

In InSAR, the correlation coefficient is mainly affected by several factors [6] as: 

the g t        (5) 

where the  is the thermal noise decorrelation, g is the geometric decorrelation and t  is the  

temporal decorrelation. 

Because g  is mainly impacted by data acquisition methods, it is studied in detail. Based on the basic 

concept of wavenumber domain analysis in [2], g  is expressed as: 
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where r  represents the surface scatter unit, 0 ( ) r  is the surface backscatter coefficient, V  represents 

the integral unit, 0S ,PR  is the range between S  and P  at the aperture center moment, u  and t  are the 

azimuth time and the range time, respectively, mcu  and scu  are the positions of targets at the aperture 

center moments of the InSAR pair,  h   and  h   are the impulse response functions of the InSAR 

system and   is the interferometric phase. Mκ  and Sκ  are wave vectors, which are expressed by: 
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assuming that the GEO InSAR system works in a fixed center carrier frequency, 0

2
 


. 

For simplicity, from Equations (6) and (7) (see the Appendix for details), we have: 
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where ˆx  and ˆς  are spectral shifts in the range and azimuth respectively, which can be  

expressed as: 
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Variables 1A  to 1D  and 2A  to 2E  only depend on the GEO InSAR geometry and can be expressed as: 
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where ˆ
0Sv  is the velocity at the aperture center moment in the second GEO SAR track, v  is the vector 

difference of 
0Mv  and ˆ

0Sv , 
0 0M ,SR  is the vector difference of 

0M ,PR  and 
0S ,PR  and ˆ ψ  is determined by 

the cross product of the orthonormal basis l̂  and ˆ
0Mv .  

According to Equation (9), 1
ˆ,A

0 0,M SR l relates to the interferometric baseline and 

1 1, ˆˆ ,B C 
0 0 0 0 0M S M S, , MR R vψ depends on the squint-looking mode. As for Equation (10), ˆx  is 
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impacted by many components, including the effects of the un-parallel repeated tracks 

2
ˆˆ, ,A  

0 0 0M S, S ,PR ψ R v , the squint-looking mode 2 2
ˆ ˆ, ,B C 

0 0 0 0M S M S, ,R l R ψ and their coupling 

term 2 , ˆD
0 0 0M S, MvR . 

According to Equations (9) and (10), the mismatch of the 2D spatial spectra of the GEO InSAR pair 

exists if ˆx  and ˆς  are not zero, which makes the GEO InSAR pair decorrelate. Thus, g  can be 

expressed as: 

g B r      (13) 

where B  (related to ˆς ) is mainly induced by the interferometric baseline decorrelation and r  

(related to ˆx ) is induced by the rotation-induced decorrelation. 

B  should not be eliminated, because the interferometric baseline should not equal zero in the height 

retrieval. On the basis of the range spatial spectral bandwidth determined by the range bandwidth rW , 

the critical baseline cB , which is the upper limitation of interferometric baseline, is expressed as: 

ˆ
0

2 ˆ, .
r

c
WcB

 





 M ,P
20

ξ

00
R

S,MR l  (14) 

Especially, in the case of the slight squint angle, Equation (14) can be simplified as: 

0

ˆ2 ,
.

ˆ

ˆˆ ,
c rWB

c







0 0RM ,P M ,P 2

R

R r R

r l
 (15) 

ˆx  is useless for the height retrieval and r  should be one for obtaining high coherence. 

Conventionally, when the ZDCs are employed, Equation (10) is expressed as: 

 ˆ ,ˆ ˆ, 1 .  
0 0 0M, ,SSx P vR R ψ  (16) 

In LEO SAR, the repeated tracks are nearly perfectly parallel. Thus, v
 
is zero, and ˆx  is zero. The 

spatial spectra of the InSAR pair in the azimuth are coherent, and the minimum rotation-induced 

decorrelation can be obtained (i.e., 1r  ). However in GEO SAR, the repeated tracks are un-parallel, 

and the geometry is squint. Thus, v  is non-zero, and ˆx  is non-zero, if using ZDC data acquisition. 

In this case, the rotation-induced decorrelation exists (i.e., 1r  ) as the overlapped azimuth spatial 

spectra of the GEO InSAR pair decrease. By employing the azimuth bandwidth aW , r  is expressed as: 

0 2

2

ˆ
1 .

a

r
W

 
  



0

0

M

M ,P

xv

R
 (17) 

In order to maximize the overlaps of the spatial spectra of the GEO InSAR pair in the azimuth and to 

minimize the rotation-induced decorrelation, the criterion is proposed to realize the optimal selection of 

the aperture center moment and the corresponding sub-aperture in the second track. It is given as: 

     ˆ0
2

0 0 max r       
 

xS
S S  (18) 

where  0S  is the proper satellite position at the second track,  is the azimuth moment of the second 

aperture and 0  is the aperture center moment of the second sub-aperture. 
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The operation is summarized as follows: 

Step 1: Based on (18), search the proper satellite position  0S  by the step corresponding to the 

pulse repeated time along the full aperture of the second track  S ; 

Step 2: Use the determined moment 0  as the aperture center moment of the second sub-aperture;  

Step 3: According to the integration time aT , the corresponding sub-aperture of the second track is 

determined as 0 0,
2 2

a aT T    
       
    

S S . 

Hereby, the GEO InSAR pair is obtained based on (18). Though the Doppler centroid shifts exist, the 

maximal coherence of the GEO InSAR pair in the azimuth is achieved as the rotation-induced 

decorrelation is minimized, and the azimuth spatial spectra are coherent.  

Because of the long full aperture (nearly one thousand seconds for one full aperture) and the relatively 

limited un-parallelism of the repeated trajectories of GEO SAR, the proposed OMRD data acquisition 

method can avoid complete azimuth decorrelation in the designing phase. Assuming the observation in 

the first track is at perigee, it is one of the places with the most serious un-parallel repeated trajectories. 

The GEO SAR coverage time analysis of a target (78.36°S, 105.58°E) is shown in Table 4 by STK 

simulations. Since the revisit time of GEO SAR is not exactly 24 hours (3 min 56.4 s bias), the access 

time in Table 4 is corrected by the bias. It can be shown that the full aperture times of the InSAR pair 

are overlapped about 739 s (99.6% of the full aperture) in a one-day interval case and about 728 s (98.1% 

of the full aperture) in a five-day interval case. The full apertures of the InSAR pair will have no common 

part (giving rise to the complete azimuth decorrelation) after nearly two months. Since the OMRD can 

work when the full apertures of the InSAR pair have the overlapped part, the GEO InSAR pair with the 

complete azimuth coherence (the coherent azimuth spatial spectra) can be obtained by the OMRD 

method when the time interval of the access time is within two months. As for the longer time,  

station-keeping is needed for GEO SAR. 

Table 4. GEO SAR coverage time analysis of a target by Systems Tool Kit (STK) 

simulations (78.36°S, 105.58°E) (30-m diameter antenna). 

Access Time (day) Access Start (UTC) Access End (UTC) 
Overlapped 

Time (s) 
Full Aperture (s) 

1 
1 September 2015 

03:50:12.247 

1 September 2015 

04:02:34.008 
– 741.761 

2 
2 September 2015 

03:50:14.769 

2 September 2015 

04:02:36.536 
739 741.768 

6 
6 September 2015 

03:50:28.494 

6 September 2015 

04:02:50.326 
728 741.832 

31 
1 October 2015 

03:54:49.051 

1 October 2015 

04:07:10.908 
466 741.856 

46 
16 October 2015 

03:58:49.970 

16 October 2015 

04:11:11.867 
224 741.897 

61 
31 October 2015 

04:03:49.464 

31 October 2015 

04:16:11.608 
0 742.144 
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After the rotation-induced decorrelation is removed by the OMRD method, the obtained better 

azimuth coherence will result in lower phase noise and higher height accuracy. If the total coherence 

raises from 1  to 2  ( 2  is not equal to one because of the  and B ), the phase variance in the  

single-look image pair will decrease by [2,5]: 

   

   
   

2
1 2

2 2

2 1 2 2
2 2

1 2

arcsin arcsin

arcsin arcsin
2 2

Li Li

        

  
           

 (19) 

where 2
  is the decrease of the phase variance and 2Li  is Euler’s dilogarithm, defined as: 

 
2

2

2 2
1

k

k

Li
k






   (20) 

3.2. GEO InSAR Height Retrieval Model 

Section 2 presents the characteristics of the GEO InSAR system, including the un-parallel repeated 

tracks of GEO InSAR, which makes the length of the perpendicular baseline biased with respect to the 

length of the interferometric baseline and the squint-looking mode in which the GEO InSAR system 

works in most part of its track. Thus, the height retrieval model in LEO InSAR cannot be adopted in the 

GEO InSAR height retrieval directly. The localization equations and phase equations can be modified  

as follows. 

Localization equations: Since the GEO InSAR system works in the squint-looking mode, the 

conventional broadside imaging expression of geometric equations in the height retrieval model should 

be modified according to the squint-looking geometry with respect to the aperture center moment. It is 

important for avoiding localization errors in the final generated digital elevation model (DEM). Based 

on the range-Doppler localization [32], the range equation and Doppler equation in the squint-looking 

mode are expressed as: 

2 2
0

ˆ2 , ˆ

dcf












0 0

0 0

M ,P M ,Q

M M ,Q

R - R

Rv  (21) 

Phase equation: In the case of the un-parallel tracks, the perpendicular baseline not only depends on 

the look angle, but also is impacted by the rotation angle in azimuth  . Thus, the perpendicular baseline 

in the phase equation of the conventional height retrieval model needs to be replaced by an accurate 

expression of the interferometric baseline. After the reference phase removal, the terrain phase T is 

expressed as: 

2

4 ˆ,
ˆ ˆ,

t

h 
   


0 0

0

M ,

,

S

M P

R l
R l Η

 
(22) 

Differentiating (22) with respect to h , we have: 
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M S
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(23) 

On the basis of Equation (23), the variation of the interferometric phase is directly related to the 

baseline component ˆ,
0 0M S,R l . Thus, ˆ,

0 0M S,R l is the accurate expression of the interferometric 

baseline in GEO InSAR, and it should be used to replace the perpendicular baseline in the phase equation 

of the GEO InSAR height retrieval model. The GEO InSAR height retrieval model is given as: 

2 2
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 (24) 

When the InSAR system works in the broadside imaging and has parallel repeated tracks, ˆ,
0 0M S,R l

 

is equivalent to the perpendicular baseline. 

4. Simulations and Discussions 

In this part, simulations are conducted to verify the proposed OMRD data acquisition method and the 

GEO InSAR height retrieval model. The inclined curved “figure eight” GEO SAR orbit is utilized in the 

simulations [17,18]. GEO SAR system parameters are listed in Table 5. The optimal resolution steering 

is applied [31]. The experimental scene size is 3.5 km × 3.5 km (a relative small scene scope only for 

the algorithm verification and a higher calculation efficiency), including a 260-m pyramid-like terrain 

variation. The bandwidth and the integration time are 18 MHz and 120 s to obtain about 20-m resolution, 

both in the range and azimuth directions. The signal-to-noise ratio (SNR) is set as 10 dB in  

the simulations. 

The back-projection algorithm is adopted for the GEO SAR imaging. Perigee is used as an exemplary 

position in the data acquisition method verification due to the seriously un-parallel there, and the satellite 

position above the Equator is added for the height retrieval model verification because of its obvious 

squint-looking status of the GEO SAR. Regarding the InSAR height retrieval, we need to ensure a proper 

interferometric baseline to improve the height accuracy and a short temporal baseline to obtain a good 

coherence in the interferogram. In Figure 5, the GEO InSAR baseline with respect to the time interval 

is shown. The baseline increases as the time interval increases. The variation of the interferometric 

baseline has the same regular pattern. As for a GEO InSAR pair with a small temporal baseline  

(e.g., one-day time interval at perigee), the interferometric baseline is negligible, and the height accuracy 

reduces seriously. Thus, we take the GEO InSAR pairs with a five-day time interval as an example to 

conduct the simulations. 
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Table 5. GEO SAR system parameters. 

Parameters Value Parameters Value 

Wavelength (m) 0.24 Bandwidth (MHz) 18 

Semi-major axis (km) 42,164 Eccentricity 0.07 

Pulse repeated frequency (Hz) 150 Revisit time interval (day) 5 

 

Figure 5. GEO InSAR baseline with respect to various time intervals. 

4.1. Verification of OMRD Data Acquisition Method 

In the simulations, with respect to the same repeated tracks of GEO InSAR, the ZDC data acquisition 

and the OMRD data acquisition are conducted to obtain the InSAR pair at perigee, respectively. The 

center point of the scene is used as the target point in the OMRD data acquisition method. Then, the 

obtained InSAR pairs are used for imaging and co-registering. After co-registrations, coherence maps 

are generated after a 3 × 3 look averaging. In Figure 6, coherence maps of the GEO InSAR pairs 

corresponding to two data acquisition methods are shown. Figure 6a is obtained using the ZDC data 

acquisition method with an averaged coherence coefficient of 0.475. Figure 6b is obtained based on the 

OMRD data acquisition with an averaged coherence coefficient of nearly 0.9. The sources of 

decorrelation of the GEO InSAR pairs corresponding to two data acquisition methods are given in Table 6. 

As for the ZDC data acquisition method and the OMRD data acquisition method, the critical baselines 

are about 320 km in two cases. According to the analysis of the sources of decorrelation, the 

interferometric baseline decorrelations are obtained as 0.986 and 0.985 (corresponding to the 

interferometric baselines of approximately 4.5 km and 4.9 km, respectively), and the correlation 

coefficients due to the thermal noise decorrelation are almost 0.909. Therefore, on the basis of (5), the 

correlation coefficients due to the rotation-induced decorrelation in the two data acquisition methods are 

0.523 and 0.996, respectively. 
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(a) (b) 

Figure 6. Coherence maps of the GEO InSAR pairs corresponding to two data acquisition 

methods: (a) ZDC data acquisition method; (b) optimal minimal rotational-induced 

decorrelation (OMRD) data acquisition method. 

Table 6. Sources of decorrelation of the GEO InSAR pairs corresponding to two data 

acquisition methods. 

Correlation Coefficient ZDC OMRD 

Averaged total correlation coefficient 0.475 0.891 

Interferometric baseline decorrelation  0.986 0.985 

Thermal noise decorrelation  0.909 0.909 

Rotation-induced decorrelation  0.523 0.996 

Based on the theory in Section 3, the rotation-induced decorrelations are derived from the spatial 

spectral shifts of the InSAR pairs in the azimuth. In Figure 7, the azimuth spatial spectral shifts are  

0.0153 m−1 and 3.40 × 10−7 m−1 for the ZDC data acquisition method and the OMRD data acquisition 

method, respectively. Because their spatial spectral bandwidth in the azimuth are nearly 0.0326 m−1 

(corresponding to the azimuth spectral bandwidth of about 51.28 Hz) in two cases, the azimuth spatial 

spectral shift of the InSAR pair in the ZDC data acquisition is large compared to the spatial spectral 

bandwidth in the azimuth, giving rise to the obvious rotation-induced decorrelation. In contrast, the 

InSAR pair of the OMRD data acquisition method has the almost negligible azimuth spatial spectral shift 

and rotation-induced decorrelation. Therefore, by the proposed method, the generated GEO InSAR pair 

has the maximal azimuth coherence. In the proposed simulation, the averaged total coherence coefficient 

of the GEO InSAR pair increases more than 0.4 compared to that in the ZDC data acquisition method. 

Because of the improvement of the averaged total correlation coefficient in the proposed case  

(from 0.475 to 0.891) after the OMRD data acquisition method is applied, the standard deviation of the 

phase noise reduces about 0.65 rads based on Equations (19) and (20) in a single-look image pair case. 

Considering the GEO SAR parameters in Table 5 (the interferometric baseline is about 5 km in the 

proposed case) and Equation (24), we can obtain that the improvement of the height accuracy under the 

proposed case is more than 40 m, which suggests that our OMRD data acquisition method has a much  

better performance. 
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Similarly, the OMRD data acquisition method can also raise the deformation retrieval accuracy in 

GEO D-InSAR processing by improving the coherence of the InSAR pairs and reducing the phase noise 

level in the corresponding differential interferogram. As for the D-InSAR data with a one-day interval, 

Figure 8 shows that the accuracy of the deformation retrieval has been improved significantly if the 

OMRD data acquisition method is applied in D-InSAR data acquisition. 

Moreover, ignoring the spatial variation of the scene, the Doppler frequencies in different data 

acquisition methods are given in Figure 9. By using the ZDC data acquisition method, the InSAR pair 

has no Doppler centroid shifts, while the InSAR pair has the Doppler centroid shifts of nearly 20 Hz by 

using the OMRD data acquisition method. Combined with the previous analysis of the rotation-induced 

decorrelation of the two methods, it can be concluded that no Doppler centroid shifts does not mean the 

maximal overlapped azimuth spatial spectra and no rotation-induced decorrelation under the impacts of 

un-parallel repeated tracks. Thus, the classical common band filtering in the frequency domain cannot 

eliminate the rotation-induced decorrelation. Nevertheless, a proper processing in the wavenumber 

domain, which is similar to the common band filtering, will be an alternative method of the OMRD data 

acquisition method to improve the azimuth correlation. 

4.2. Verification of the GEO InSAR Height Retrieval Model 

In the simulations for the verification of the height retrieval model, the OMRD data acquisition 

method is utilized for the data acquisition. After obtaining the GEO InSAR pairs by the OMRD data 

acquisition at perigee and above the Equator, the normal interferometry processing, including co-registration 

and flat Earth removal, is conducted until the height retrieval. Then, DEMs are generated based on the 

conventional model and the new model separately. The reference DEMs, the generated DEMs based on 

the conventional height retrieval model and the proposed model at perigee and above the Equator are 

shown in Figure 10. Some evaluation parameters of DEMs are given in Table 7. 

At perigee, Figure 10c has only a 26-m peak height, about ten-times smaller compared to that in 

Figure 10a. This is mainly because the repeated GEO InSAR tracks are un-parallel; thus, the 

perpendicular baseline length (48.1 km) used in the conventional height retrieval model has a large bias 

with respect to the true interferometric baseline length (4.9 km). Meanwhile, as the retrieved height is 

utilized for the iteration operation in localization, the height retrieval errors will lead to localization 

errors, showing that the peak point of the pyramid is moving to the north of the scene about  

0.005 degrees. In Figure 10d, the geometric positioning error is intolerant at the satellite position above 

the Equator. After the geocoding, latitude localization errors of more than 10 degrees and longitude 

localization errors of about 30 degrees emerge, and the retrieved height information is distorted into a 

line-like area. These effects are caused by the failure of the convergence of the iteration in the broadside 

imaging localization equations, because there exists no zero-Doppler frequencies for the targets along 

the GEO SAR full apertures above the Equator. 

Since the GEO InSAR height retrieval model ensures the correct expression of localization equations 

and the interferometric baseline length, Figure 10e and Figure 10f are almost the same as Figure 10a,b, 

both in height and localization. Their height error maps are shown in Figure 11, and the related RMSEs 

of the height are 2.12 m and 0.99 m, respectively. Generally, the height retrieval accuracy highly relates 

to the length of the interferometric baseline [12]. As the length of the interferometric baseline of the 
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InSAR pair at the satellite position above the Equator is 22 km, which is larger than that at perigee  

(4.9 km), the height retrieval accuracy of the GEO InSAR pair at the satellite position above the Equator 

is better than that at perigee. 

 

Figure 7. Azimuth spatial spectral shifts corresponding to two data acquisition methods. 

  

(a) (b) 

  

(c) (d) 

 

(e) 

Figure 8. (a) Reference deformation map; (b) obtained deformation map (ZDC data acquisition 

method); (c) obtained deformation map (OMRD data acquisition method); (d) deformation error 

map (ZDC data acquisition method) (root mean square error (RMSE) = 0.0016 m);  

(e) deformation error map (OMRD data acquisition method) (RMSE = 0.0009 m). 
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(a) (b) 

Figure 9. Doppler frequencies in two data acquisition methods: (a) ZDC data acquisition 

method; (b) OMRD data acquisition method. 
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(e) (f) 

Figure 10. Reference DEMs at perigee (a) and above the Equator (b); generated DEM based 

on the conventional model at perigee (c) and above the Equator (d); generated DEM based 

on the proposed model at perigee (e) and above the Equator (f). 
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(a) (b) 

Figure 11. Error maps of the generated DEMs based on the GEO InSAR height retrieval 

model. (a) At perigee; (b) above the Equator. 

Table 7. Error analysis of the DEMs. 

Parameters Positions Peak Height (m) RMS (m) 

Reference DEMs 
Perigee 260 – 

Above the Equator 260 – 

DEMs based on conventional model 
Perigee 26 76.49 

Above the Equator 233 – 

DEMs based on the proposed model 
Perigee 254 2.12 

Above the Equator 254 0.99 

5. Conclusions 

In order to address the problems brought by the un-parallel repeated tracks and the squint-looking 

mode of the GEO InSAR system, this paper proposed a novel optimal minimal rotation-induced 

decorrelation (OMRD) data acquisition method and a GEO InSAR height retrieval model. The new data 

acquisition method can eliminate the obvious rotation-induced decorrelation of the GEO InSAR pair, 

which is brought by the conventional zero-Doppler centroid (ZDC) data acquisition method in GEO 

InSAR pair generation. Moreover, height retrieval errors and localization errors can be avoided by 

employing the proposed GEO InSAR height retrieval model instead of the conventional height retrieval 

model with the approximate expression of the interferometric baseline length and the broadside  

imaging geometry.  

Under a group of typical GEO SAR parameters, verification is carried out by computer simulations. 

According to the results, the OMRD data acquisition method is effective for improving the averaged 

correlation coefficient of the InSAR pair with a significant boost of more than 0.4. Moreover, height 

errors of hundreds of meters and localization errors of more than 10 degrees can be removed by 

employing the proposed GEO InSAR height retrieval model. Finally, the generated DEMs can achieve 

a height accuracy of better than 3 m. 
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Appendix 

Consider that the following part inside Equations (6) and (7) is used to obtain a simplified  

expression as: 

  0 0

2 2

exp 2 ( ), exp 2 ,j j
 

       
 
 

0 0

0 0

M P S P
M S

M P S ,P

, ,

,

R R
κ κ r r

R R
 (A1) 

Applying the first-order Taylor series expansion to Equation (A1), we have: 

  0

2 2

ˆ ˆ, , ,
exp 2 ( ), exp 2j j

  
       
  

  

0 0 0 0
0 0

0 0

M S M P S P M S, , ,

M S

M P, M P

,

,

R R r R R r
κ κ r

R R
 (A2) 

Then, consider that the orthonormal basis l̂ , ˆ
0Mv  and ˆ ψ , (A2) can be expressed as: 

  



 
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j j

 
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0
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S

κ κ r R l R l
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R ψ R ψ R R

R l r l R ψ r ψ R r

R l r l R ψ r ψ R r v

R

v v

v v

v 




 

(A3) 

Because ˆ
0M ,PR and l̂  are orthonormal and the baseline length can be negligible compared to the range 

distance, the items, such as ˆ ˆ ˆ,,
0 0 0M P M, ,SR l R l  and ,ˆ ˆ ˆ,

0S ,PR l r l , can be ignored. Consequently, 

Equation (8) in Section 3.1 can be derived by converting the surface scattering vector r  in (A3) to ˆRr  

and ˆPr . 
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