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Abstract

:

Persistent scatterer interferometry (PSI) has the ability to acquire submeter-scale digital elevation model (DEM) and millimeter-scale deformation. A limitation to the application of PSI is that only single persistent scatterers (SPSs) are detected, and pixels with multiple dominant scatterers from different sources are discarded in PSI processing. Synthetic aperture radar (SAR) tomography is a promising technique capable of resolving layovers. In this paper, new approaches based on a novel two-tier network aimed at robust and efficient detection of persistent scatterers (PSs) are presented. The calibration of atmospheric phase screen (APS) and the detection of PSs can be jointly implemented in the novel two-tier network. A residue-to-signal ratio (RSR) estimator is proposed to evaluate whether the APS is effectively calibrated and to select reliable PSs with accurate estimation. In the first-tier network, a Delaunay triangulation network is constructed for APS calibration and SPS detection. RSR thresholding is used to adjust the first-tier network by discarding arcs and SPS candidates (SPSCs) with inaccurate estimation, yielding more than one main network in the first-tier network. After network adjustment, we attempt to establish reliable SPS arcs to connect the main isolated networks, and the expanded largest connected network is then formed with more manual structure information subtracted. Furthermore, rather than the weighted least square (WLS) estimator, a network decomposition WLS (ND-WLS) estimator is proposed to accelerate the retrieval of absolute parameters from the expanded largest connected network, which is quite useful for large network inversion. In the second-tier network, the remaining SPSs and all the double PSs (DPSs) are detected and estimated with reference to the expanded largest connected network. Compared with traditional two-tier network-based methods, more PSs can be robustly and efficiently detected by the proposed new approaches. Experiments on interferometric high resolution TerraSAR-X SAR images are given to demonstrate the merits of the new approaches.
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1. Introduction


Persistent scatterer interferometry (PSI), an advanced remote sensing technique, has been widely applied in long-term deformation monitoring [1,2,3,4,5] in urban areas using time-coherent pixels. However, an inherent limitation of PSI is that a persistent scatterer (PS) is assumed to be a single dominant scatterer within a pixel. This assumption may not be correct in real environments, especially in urban areas with many high-rise buildings. As a result, pixels with multiple dominant scatterers cannot be detected, and this may cause incorrect parameter estimation.



Synthetic aperture radar (SAR) tomography is a powerful remote sensing technique, which allows SAR imaging to be extended to three-dimensional (3-D) imaging of volumetric targets using several images of a scene acquired with different viewing angles [6,7,8,9,10]. This gives it the ability to separate multiple dominant scatterers in a resolution cell. Both PSI and SAR tomography detect and estimate time-coherent scatterers from interferometric data stack. The major difference between PSI and SAR tomography is the number of scatterers that are assumed within a resolution cell. Nowadays, modern spaceborne SAR sensors, such as TerraSAR-X [11] and Cosmo-Skymed [12], can provide SAR data with very high resolution of more than one meter. This high resolution offers new opportunities for tomographic mapping of urban areas, even single-built structures.



With reference to the application [13,14,15,16] of SAR tomography, the problem of detecting PSs has become a key issue, receiving much attention in the recent literature. The main interest is concentrated on increasing the number of monitored PSs and keeping low probability of false alarms at the same time. For the detection of PSs, one approach is based on multi-interferogram complex coherence (MICC), which uses phase-matching between the measured signal at different acquisitions and the estimated ideal response, as manifested in [17,18]. Another approach is based on the generalized likelihood ratio test (GLRT) [19,20], which exploits both the amplitude and phase information. The GLRT outperforms the MICC, which uses only the phase information. The superior performances are measured as an increase in the detection probability for a fixed false alarm level as well as an increase in the accuracy of parameter estimation. Both approaches are based on the assumption that the atmospheric phase screen (APS) has been separated from the acquisitions, at least on a small scale, before the detection of PSs.



However, real acquisitions do not satisfy this assumption. For repeat-pass SAR systems, the interferometric stack of complex-valued SAR images with diversity in space and time is inevitably affected by the temporally uncorrelated APS, which significantly degrades the quality of tomographic inversion in cross-slant range direction, resulting in high sidelobe and even defocusing. Consequently, large-scale APS has a big impact on the detection and estimation of PSs, so we consider APS calibration as the prerequisite of PS detection. Prior to the PS detection, the APS must be calibrated from SAR acquisitions.



To our knowledge, the atmosphere can be divided into many different layers, and the two major layers of the atmosphere are troposphere and ionosphere. Previous studies have shown that water vapor and clouds present in the troposphere and the total electron content (TEC) in the ionosphere are responsible for APS. As for APS calibration, plentiful research has been done and different methods have been proposed over time, which can be mainly divided into three categories.



First, the APS can be calculated and removed with external measurement data. In [21], the Moderate Resolution Imaging Spectroradiometer (MODIS) [22] data and global ionospheric maps (GIMs) [23,24] were utilized to calculate and subtract the tropospheric and ionospheric phase screen, respectively. MODIS is a spectrometer that provides products with three different spatial resolutions: 250 m, 500 m, and 1000 m. The GIMs are generated from GPS-tracking data with an accuracy of approximately 0.8 TECU on a daily basis (1 TEC unit is equivalent to a TEC of 1016). Due to the sparse grid of external measurement data, this approach for APS calibration has low precision. Second, the APS can be filtered out as the APS is spatially low frequency and temporally high frequency. In [8,25,26,27], spatiotemporal filtering method was presented for large-scale APS calibration, which is extensively employed in PSI. This method relies on the setting of the filtering parameter. Both under-filtering and over-filtering will result in inaccurate APS subtraction. In practice, the adjustment of the filtering parameter should be decided according to the experimental area. Third, the APS of the image pixels near the reference PS can be directly removed by subtracting the phase of the reference PS. This method takes advantage of the characteristic that the APS is spatially low frequency. In this way, the APS can be calibrated to a small scale with no need to estimate it by constructing a reference network, as shown in [28]. After APS calibration, it is possible that PSs can be properly detected and estimated. Based on this principle, a SAR-tomography-based persistent scatterer interferometry (Tomo-PSInSAR) method, implemented upon a traditional two-tier network, can be used for robust detection of PSs, as shown in [29]. In the first-tier network, a Delaunay triangulation network is constructed, and the APS is calibrated. Then, the detection and the relative estimation of SPS pairs are performed. After network adjustment, there is high probability that some main isolated networks yield in the first-tier network, and the largest one is utilized to retrieve the absolute estimation by the weighted least square (WLS) [29,30,31] estimator. In the second-tier network, arcs with SPSs of the largest connected network in the first-tier network as reference points are constructed, and the APS is calibrated by subtracting the phase of reference SPSs. Then, the remaining SPSs and all the DPSs can be detected. The distribution of the largest connected network utilized in the first-tier network determines the amount of manual structure information available through the two-tier network. The traditional two-tier network can be well applied for the detection of PSs.



However, there are two problems with the traditional two-tier network. Firstly, it is not appropriate to merely utilize the largest connected network in the first-tier network and omit other smaller ones because all of the main isolated networks in the first-tier network carry much useful structure information of the observed scene. The manual structure information of the area covered by the other main networks cannot be acquired by merely utilizing the largest network. Secondly, there is a huge computation burden if we directly apply WLS estimator for retrieving the absolute parameters in the whole area, especially for large network inversion.



In this context, new approaches based on a novel two-tier network are proposed in this paper. In the first-tier network, we attempt to establish reliable arcs among the main isolated networks. As a result, the largest connected network is expanded with more manual structure information subtracted. In order to measure whether the APS is effectively calibrated and to select PSs with accurate estimation, a residue-to-signal ratio (RSR) estimator is proposed. In addition, we provide a network decomposition WLS (ND-WLS) estimator to improve the efficiency of the integration process with accuracy maintenance. Through the new approaches, more SPS and DPSs with more manual structure information can be robustly and efficiently detected.



The rest of the paper is structured as follows. In Section 2, the signal model of three-dimensional SAR tomography and new approaches for robust and efficient detection of PSs are introduced. Therein, the RSR estimator and ND-WLS estimator are provided. Section 3 presents the results of TerraSAR-X in an urban area using the proposed new approaches. Conclusions and future work are presented in Section 4.




2. Basic Theory and New Approaches for the Detection of PSs


2.1. Signal Model of Three-Dimensional SAR Tomography


For the m−th measurement g(m)(m=1,⋯,M) of an azimuth-range pixel exhibiting point scattering information from one or more targets, SAR tomography without error can be modeled as follows [32,33,34]:


g(m)=∫Δsγ(s)exp[j(ϕ(s))]ds



(1)




where γ(s) is the reflectivity function of slant elevation s, and Δs denotes the extension of s. The phase item ϕ(s) that simultaneously models the phase component at elevation s can be written as follows:


ϕ(s)=2πξms



(2)




where ξm=2b⊥m/λr is the spatial frequency, with b⊥m denoting the perpendicular component of spatial baseline of m−th measurement (respect to the master measurement), r denoting the slant range, and λ denoting the wave length of the SAR system.



For repeat-pass spaceborne SAR systems, APS and noise always exists in real measurements, as depicted in Figure 1. Then, Equations (1) and (2) can be recast as follows:


g(m)=∫Δsγ(s)exp[j(2πξms+φAPS(m))]ds+w(m)



(3)




where w(m) is the noise accounting for thermal noise and baseline decorrelation, which has a strong impact on low backscatter pixels; otherwise, the influence of w(m) on the strong backscatter pixels can be neglected. ϕAPS is the phase contribution of APS.



When APS is removed, Equation (3) can also be written as follows:


g=Aγ+w



(4)




where g=[g(1),⋯,g(M)]T is the measurement vector ([ ]T represents the transpose operation), A is the system matrix with Am,n=exp(j2πξmsn)(n=1,⋯,N), γ=[γ(1),⋯,γ(N)]T is the reflectivity vector to be estimated, and w=[w(1),⋯,w(M)]T is the noise vector.




2.2. New Approaches for the Detection of PSs


In this section, new approaches based on a novel two-tier network aimed at APS calibration and robust and efficient PS detection is introduced. The novel two-tier network can be divided into three steps: first-tier network construction and APS calibration, largest connected network establishment and ND-WLS estimation, second-tier network construction and detection of the remaining PSs. In the first-tier network, a Delaunay triangulation network is constructed, and the APS is calibrated. After removing the APS, SPSs are detected, and relative estimates can be acquired. To measure whether the APS is effectively calibrated and to select reliable PSs with accurate estimation, a RSR estimator is introduced. Thereafter, reliable arcs are established to connect the main isolated networks, and the expanded largest connected network is then established. Afterward, the ND-WLS estimator is employed to retrieve absolute estimates from the expanded largest connected network with more efficiency. In the second-tier network, the remaining reliable SPSs and all the DPSs are detected with reference to the expanded largest connected network. The flowchart of the proposed new approaches is depicted in Figure 2.



2.2.1. First-Tier Network Construction and APS Calibration


First, initial selection of the potential SPSs is performed. In this paper, amplitude dispersion [20,35] is employed for the primary selection of SPS candidates (SPSCs) with high amplitude stability and high signal-to-noise ratio (SNR). Then, the SPSCs are connected by constructing a Delaunay triangulation network, which is regarded as the first-tier network.



For a pair of connected SPSCs of one arc in the first-tier network, the real measured tomographic signals y1(m) and y2(m) of two SPSCs can be modeled as follows:


{y1(m)=g1(m,s1)exp[jϕAPS1(m)]y2(m)=g2(m,s2)exp[jϕAPS2(m)]



(5)




where ϕAPS1(m) and ϕAPS2(m) represent the APS existing in y1(m) and y2(m), respectively; s1 and s2 are the slant elevation of the two connected SPSCs, respectively; and g1(m,s1) and g2(m,s2) denote the m−th ideal measurement of the two SPSCs without APS interference.



Because the APS is temporally uncorrelated, it will seriously destroy the phase information of ideal tomographic signal if not calibrated. Therefore, APS calibration is considered to be the prerequisite for the detection and estimation of PSs. In view of the fact that the APS is spatially low frequency, SPSCs with long spatial distance normally have a big difference in APS. Typically, it is difficult to cope with the connected SPSCs with a big APS difference. Thus, distance threshold is used to first reject the long arcs. When the arc is of short distance, there is high probability that the two adjacent SPSCs have similar APS:


ϕAPS1(m)≈ϕAPS2(m)



(6)







Thus, it is easy to calibrate the APS by subtracting the phase of the reference point, and the relative tomographic signal Δy(m) of the arc can be given as follows:


Δy(m)=y2(m)exp(−j·⌈y1(m)⌉)=g2(m,s2)·exp(−j⌈g1(m,s1)⌉)



(7)




where ⌈ ⌉ is the phase-preserving operation.



After removing the APS for all arcs, it is possible to properly determine whether the SPSCs in the first-tier network are true SPSs. Different strategies have been proposed over time for the detection and estimation of PSs, as in [7,36,37,38] and [19,20,39,40]. It was shown in [20] that the sequential generalized likelihood ratio test with cancellation (SGLRTC) has a good performance, both in terms of high detection probability for a given level of false alarm as well as high accuracy. Beam-Forming (BF) as a nonparametric method has been widely applied owing to its high efficiency and robustness. The resolution and sidelobe of the BF method is determined by the extension and distribution of baselines. In this paper, we use BF as the merit function for tomographic inversion associated with SGLRTC as a PS detection strategy. If the two connected SPSCs are true SPSs, Equation (7) can be rewritten as follows:


Δy(m)=abs[g2(m,s2)]·exp[j2πξm(s2−s1)]



(8)




where abs[ ] defines the amplitude-preserving operation. The relative tomographic signal of the arc with two connected true SPSs can be detected like a true SPS. We define this kind of arc as the SPS arc. Therefore, if the relative tomographic signal can be detected like a true SPS by BF-based SGLRTC, we consider the two connected SPSCs at the arc as true SPSs and preserve the SPS arc. Meanwhile, we can acquire the relative elevation.



To measure whether the APS is effectively calibrated and to evaluate the quality of the relative estimates for all arcs, we define RSR estimator, which can be given by the following equation:


RSR=∑m=1M|Δy(m)−Δyesti(m)|2∑m=1M|Δy(m)|2



(9)




where Δyesti(m) represents the estimated response of the relative tomographic signal Δy(m) by BF-based SGLRTC.



The RSR can serve as a metric for the matching degree between the measurements and the estimated response. Lower RSR value implies a better match. If APS is not effectively calibrated to a small scale, the PSs will not be properly detected and estimated, so the RSR value will be large. Therefore, the RSR can be computed to jointly measure the level of residual APS and evaluate the goodness of estimates. In this paper, we use RSR threshold (typically 0.3) to adjust the network by rejecting unreliable SPS arcs with APS that is ineffectively calibrated or with inaccurate estimation; the reliable SPSs estimated by high quality are then preserved. It is necessary to perform network adjustment because inaccurate estimates have a big impact on the robustness of absolute estimation retrieval from the largest connected network and will propagate to nearby PSs with reference to the largest connected network. The establishment of the largest connected network in the first-tier network is described in the following section.




2.2.2. Largest Connected Network Establishment and ND-WLS estimation


After acquiring the relative estimates of reliable SPS arcs, absolute estimates are retrieved by integrating the relative estimates from the connected network in the first-tier network. The disconnected networks cannot be integrated together. However, due to the network adjustment, there is a high probability that there is more than one network yield in the first-tier network. In [28,29], only the largest network was utilized to retrieve absolute estimation, and all of the other main networks were omitted. However, it is not appropriate to omit the other main networks as they also contain much useful structure information. In this context, this paper proposes a novel two-tier network that has the capability to expand the largest connected network with more manual structure information subtracted. We attempt to establish reliable SPS arcs among the main isolated networks. The detailed steps are as follows:

	
First, we find and preserve all the main isolated connected networks with considerable number of SPSs (typically more than one-tenth of the total SPSs) and omit tiny networks with very few SPSs. In this way, the observed area is divided by the main isolated networks.



	
Second, we attempt to establish arcs among the main isolated networks. Taking two arbitrary networks as example, SPSs in one network are chosen as reference points. New SPS arcs are established by connecting the reference points with the nearby SPSs in another network. Then, the APS is calibrated by removing the phase of the reference points in the new established arcs. All established arcs should be no longer than the distance threshold.



	
Third, we employ BF-based SGLRTC to obtain the relative estimation of the newly established SPS arcs. Similarly, The RSR estimator is used to measure the level of residual APS and evaluate the goodness of the relative estimates of the newly established SPS arcs. The ones with RSR values larger than RSR threshold (usually 0.3) are then rejected. This provides a simple way to establish reliable SPS arcs with accurate estimation to connect the main isolated networks.



	
Lastly, we identify the largest connected network in the first-tier network after establishing reliable arcs among the main isolated networks. In this way, we expand the largest connected network with more manual structure information subtracted.








It is worthwhile to mention that we merely establish reliable arcs among the main isolated networks. The omitting of many tiny networks that contain little manual structure information will simplify the process of establishing reliable arcs among all isolated networks and only have a slight influence on the detection of the remaining PSs in the second-tier network. There is no need to perform the establishment progress when there is only one main network and all other isolated networks are tiny.



The identification of the largest connected network is an iteration process. We start with one reference arc in the largest connected network as the initial network. The iteration involves the step of enlarging the network by adding SPS arcs directly connected with the current network. The iteration ends until no directly connected SPS arcs can be found. The searching process is demonstrated in Figure 3.



Assuming that the largest connected network is searched out after K iterations and there are P(n) arcs and Q(n) SPSs (n=1,⋯,K) in the n−th searching result of connected network, then the largest connected network contains P(K) SPS arcs and Q(K) SPSs. The integration of the n−th searched connected network can be modeled as follows:


ΔS(n)=G(n)·S(n)



(10)




where ΔS(n) is the relative elevation of P(n) SPS arcs of the n−th searched connected network; G(n) is the transformation matrix from SPS arcs to SPS points consisting of 0, −1, 1; and S(n) is the absolute elevation of Q(n) SPS points in the n−th searched connected network:


ΔS(n)=[Δs^1(n)Δs^2(n)⋮Δs^P(n)(n)]P(n)×1,G(n)=[1⋯−1⋯0⋯⋮⋯10⋯−1⋯⋮⋯0⋯1−1⋯⋮]P(n)×Q(n),S(n)=[s1(n)s2(n)⋮sQ(n)(n)]Q(n)×1



(11)




where G(n) is singular because the rank is always Q(n)−1. Assuming that si(i=1,⋯,Q(n)) is chosen as reference, the corresponding column in G(n) is removed, and G(n) then becomes a full-rank matrix.



The WLS estimator is typically used to integrate the absolute elevation from the largest connected network in the first-tier network, as shown in [29]. However, it inevitably brings about huge computation burden caused by the time-consuming inversion of high dimension matrix G(n), especially for large network inversion. To solve this problem, we propose a network decomposition WLS (ND-WLS) estimator to accelerate the integration. The largest connected network can be decomposed into K levels of connected networks by K searching iterations, as shown in Figure 3. The integration of the (n+1)−th searched connected network can be sped up based on the integration result of the n−th searched connected network. The detailed implementation of the ND-WLS estimator is demonstrated below.



The (n+1)−th searched connected network with P(n+1) arcs and Q(n+1) SPSs can be modeled as follows:


ΔS(n+1)=G(n+1)·S(n+1)



(12)




where [Δs^1(n+1)Δs^2(n+1)⋮Δs^P(n)(n+1)]=[Δs^1(n)Δs^2(n)⋮Δs^P(n)(n)] and [s1(n+1)s2(n+1)⋮sQ(n)(n+1)]=[s1(n)s2(n)⋮sQ(n)(n)]. The front P(n) rows and Q(n) columns of G(n+1) is the same as G(n). Then, G(n+1) can be decomposed as follows:


G(n+1)=[G(n)Gleft(n+1)0Gright(n+1)]



(13)




where Gleft(n+1) is a matrix with values from line P(n)+1 to line P(n+1) and the front Q(n) columns of G(n+1). Gright(n+1) is a matrix with values from line P(n)+1 to line P(n+1) and column Q(n)+1 to column Q(n+1) of G(n+1).



Correspondingly, Equation (12) can be transformed into the following model:


[Δs^P(n)+1(n+1)Δs^P(n)+2(n+1)⋮Δs^P(n+1)(n+1)]−Gleft(n+1)·[s1(n)s2(n)⋮sQ(n)(n)]=Gright(n+1)·[sQ(n)+1(n+1)sQ(n)+2(n+1)⋮sQ(n+1)(n+1)]



(14)







If we define ΔSnew(n+1)=[Δs^P(n)+1(n+1)Δs^P(n)+2(n+1)⋮Δs^P(n+1)(n+1)]−Gleft(n+1)·[s1(n)s2(n)⋮sQ(n)(n)] and Snew(n+1)=[sQ(n)+1(n+1)sQ(n)+2(n+1)⋮sQ(n+1)(n+1)], then Equation (14) can be rewritten as follows:


ΔSnew(n+1)=Gright(n+1)·Snew(n+1)



(15)







Combing with the employment of WLS estimator, the solution of Equation (15) can be given by the following:


Snew(n+1)=(Gright(n+1)⋅W⋅Gright(n+1))−1⋅(Gright(n+1))T⋅W⋅ΔSnew(n+1)



(16)




where W=diag{wj(n+1)}(j=P(n)+1,⋯,P(n+1)) represents the weight matrix; and wj(n+1)=1−RSRj(n+1) is the weight coefficient of the j−th SPS arc of ΔS(n+1), with RSRj(n+1) being the RSR value of the j−th SPS arc of ΔS(n+1).



Lastly, the integration result S(n+1) of the (n+1)−th searched connected network can be given as follows:


S(n+1)=[S(n)Snew(n+1)]T



(17)







The integration of the (n+1)−th network integration is based on the integration of the n−th connected network. Therefore, the robustness of the initial integration is ensured. In this case, we start from the m−th searched connected network with not too few reliable arcs, typically one-half of the total reliable arcs in the largest connected network, which is initially integrated by the WLS estimator. The flow of ND-WLS is outlined below.



	ND-WLS estimator:

Initialize n=m: we start from the m−th searched connected network with P(m) SPS arcs and Q(m) SPSs. We apply WLS estimator to retrieve S(n).

1. Let n=n+1, the (n+1)−th searched connected network with P(n+1) SPS arcs and Q(n+1) SPSs can be retrieved: S(n+1)=[S(n)Snew(n+1)]T.

Stop when n=K (no new directly connected arcs found).









2.2.3. Second-Tier Network Construction and Detection of the Remaining PSs


The second-tier network is constructed to detect DPSs and the remaining SPSs. Amplitude dispersion cannot be employed to select DPSs because DPS pixels do not have the characteristic of temporal amplitude stability. Moreover, SPSs are not always temporally stable in amplitude. Instead, amplitude threshold is employed to select PS candidates (PSCs) because both SPSs and DPSs show the property of high reflectivity. We remove the reliable SPSs detected in the first-tier network to select the remaining PSCs (RPSCs). Then, we construct arcs by connecting the RPSCs with the nearest reliable SPSs of the expanded largest connected network in the first-tier network, thereby forming the second-tier network. The construction of the second-tier network is based on the reliable SPSs of the largest connected network in the first-tier network. The SPS-DPS arc might be formed by connecting the SPS in the first-tier network and the DPS in the second-tier network. Similarly, the APS calibration in the second-tier network is performed by removing the phase of the reliable SPSs of the largest connected network in the first-tier network. When the APS is effectively calibrated to a small scale, the SPS-DPS arc can be focused like a DPS.



After the APS is calibrated, we employ the BF-based SGLRTC to detect all the DPSs and the remaining SPSs. If the relative tomographic signal of an arc in the second-tier network is detected as a SPS, we consider the RPSC at the arc as a true SPS. If the relative tomographic signal of an arc in the second-tier network is detected as a DPS, we consider the RPSC as a true DPS. The relative elevation estimation in the second-tier network can also be acquired. The estimates are relative to the reference SPSs in the first-tier network, so we can directly add the elevation of the reference SPSs that have been obtained in the first-tier network to retrieve the absolute elevation of SPSs and DPSs detected in the second-tier network. In addition, the RSR are computed to evaluate the goodness of the estimation for all arcs in the second-tier network. RSR thresholding is used to reject SPSs and DPSs with low-quality estimation. As the largest connected network is expanded with more manual structure information subtracted in the first-tier network, more reliable SPS and DPSs can be robustly detected by the novel two-tier network.






3. Results


We conducted the proposed new approaches on a stack of 27 spotlight mode TerraSAR-X images acquired by repeat-pass mode from January 5, 2016 to November 30, 2016. The acquisition repeat cycle for TerraSAR-X was 11 days. The parameters of the acquired SAR data are shown in Table 1. The span B⊥ of spatial perpendicular baselines for all acquisitions was about 752.8 m. As shown in Figure 4, the distribution of the temporal and spatial perpendicular baselines relative to the master acquisition was nonuniform (the master acquisition is marked with the red plus sign). The test site was an urban area, approximately 1 km × 1 km, of the Baoan district in Shenzhen, China. The mean calibrated intensity image and the corresponding Google image of the test site is shown in Figure 5.



If the spatial perpendicular baselines are uniformly distributed, the Rayleigh resolution in elevation δs would be as follows:


δs=λr2B⊥=11.8 m



(18)




where λ = 3.1 cm is the wavelength, r = 645.6 km is the center slant range, and B⊥ = 752.8 m is the span of the spatial perpendicular baselines. The corresponding Rayleigh resolution in height would be about 7.5 m at an incidence angle θ = 39.48°.



We used an amplitude dispersion of 0.12, and 12,975 pixels were then selected as SPSCs, as shown in Figure 6a. The selected SPSCs were distributed in the whole scene. As sketched in Figure 6b, Delaunay triangulation was used to construct the first-tier network and to calibrate the APS of selected SPSCs. There were in total 38,900 arcs in the first-tier network.



Thereafter, a distance threshold of 300 m was used, and arcs longer than 300 m were then discarded. Next, we applied the BF-based SGLRTC to select SPS arcs and acquire the relative height information. When applying the BF-based SGLRTC method for detecting SPSs or DPSs, the estimated normalized energy for the first scatterer was 0.6, and the normalized energy for the second scatterer (after the cancelation of the first scatterer) was 0.4. The RSR values for all arcs in the first-tier network were computed, as shown in Figure 7. We found that 84.5% of the RSR values were smaller than 0.4, indicating that the APS of most of the arcs in the first-tier network had been effectively calibrated. In order to preserve the SPS arcs that had their APS effectively calibrated and subtract SPSs with accurate relative estimation, an RSR threshold of 0.3 was used for network adjustment, and, reliable SPS arcs with RSR values smaller than 0.3 were preserved. As a result, 29,922 SPS arcs (10,076 SPSs) were preserved, accounting for approximately 77% of the entire first-tier network.



There were three main isolated networks after network adjustment of the first-tier network, as shown in Figure 8a. Tiny networks with very few SPSs (typically 500) were omitted. If smaller distance threshold and smaller RSR threshold are taken, reliable SPS arcs with higher quality estimation will be selected. Otherwise, the consistency of the first-tier network will be destroyed more seriously, yielding more isolated networks. Therefore, the distance threshold and RSR threshold should be appropriate to balance the estimation quality and the condition of network consistency. The yellow connected network, which was the largest network, contained 10,662 SPS arcs and 4392 SPSs. The green network and the white network contained 10,478 SPS arcs and 4416 SPSs in total. The yellow largest network contained much useful information of manual structures, but the green and white networks also contained useful structure information of the test site. If only the yellow network were to be utilized, the height information of the area covered by the green network and the white network would have been absent. Therefore, to subtract more useful structure information in the first-tier network, we attempted to establish reliable SPS arcs among the three main isolated networks. As shown in Figure 8b, 2111 reliable SPS arcs (red) were established to connect these three main networks. Through the establishment of reliable arcs, the three main isolated networks were connected together. The expanded largest connected network was the combination of these three main networks and newly established reliable arcs, as shown in Figure 8c. There were in total 23,251 arcs and 8808 SPSs in the expanded largest connected network. The SPSs in the expanded largest connected network was uniformly distributed in the whole test site.



The utilization rate of true SPSs for the original largest connected network and the expanded largest connected network are shown in Table 2. The number of true SPSs utilized in the expanded largest network was nearly twice the number of SPSs utilized in the original largest network. Compared with the original largest connected network, the utilization rate of true SPSs for the expanded largest network improved about 43.77%.



In addition, in order to intuitively show the effectiveness of APS calibration in the first-tier network, we randomly chose two reliable SPS arcs in the largest connected network as an example. We could judge whether the APS was effectively calibrated by the focusing condition of the reconstructed reflectivity profile. Figure 9a manifests the reflectivity profile of ideal measurements with the same baseline distribution shown in Figure 4 and without error interference for an SPS point with s=0. The high sidelobes were caused by the nonuniform distribution of spatial perpendicular baselines. Figure 9b,c show the reflectivity profiles of the two reliable SPS arcs, including SPS pairs. P1 and P2 show that the measurements of the two connected SPSs of arc 1 or arc 2 could not be focused because the measurements were severely influenced by large-scale APS. In contrast, P3 shows that the relative measurements of arc 1 or arc 2 with APS calibrated could be focused, which had approximately identical level of highest sidelobe as that in Figure 8a. This indicated that the APS was effectively calibrated to a small scale in the first-tier network.



After acquiring the relative elevation of all reliable SPS arcs, we integrated them to retrieve the absolute height over one reference point. The ND-WLS estimator was used to integrate the relative height of reliable SPSs from the connected network. The estimated height of SPSs in the original largest connected network and in the expanded largest connected network is presented in Figure 10a,b, respectively. It is clear that the height information of the area covered by the green and white networks shown in Figure 8a was absent when the original largest connected network was utilized. In contrast, height information of nearly the whole test site could be acquired by utilizing the expanded largest connected network. Furthermore, in order to reflect the accuracy of ND-WLS estimator, the histogram of the height difference between the height retrieved by the ND-WLS estimator and the WLS estimator from the expanded largest connected network is shown in Figure 10c. As can be seen, the height difference was far smaller than the Rayleigh resolution in height, indicating that the ND-WLS estimator had the same high precision as the WLS estimator. In addition, Table 3 shows the computation time of retrieving absolute height from the expanded largest connected network by the WLS estimator and the ND-WLS estimator. Under the same computation condition, the ND-WLS estimator was much faster than the WLS estimator. Overall, the integration process could be accelerated with precision maintenance by employing the ND-WLS estimator, which proved to be quite useful for large network inversion.



The second-tier network was constructed on the basis of the largest connected network utilized in the first-tier network. When the original largest connected network was utilized, 100,335 SPSs and 201 DPSs could be detected in the second-tier network. When the expanded largest connected network was utilized, 183,815 SPSs and 386 DPSs could be detected in the second-tier network. Compared with the traditional two-tier network, the number of SPSs and DPSs detected by the novel two-tier network was more than 80%. The number of detected DPSs in this area was few, mainly from roof and facade of tall buildings, so we have not shown them separately in this paper. We merged the SPSs with the dominant PSs of DPSs and chose one SPS, marked as black star on the road, as the reference point. The estimated height of the merged PSs by traditional two-tier network is shown in Figure 11a. The height information of the area covered by the black dotted box was absent, and information about the height of many buildings in the ellipse was not fully acquired due to the absence of sufficient reference SPSs in these areas. The estimated height of merged PSs by the novel two-tier network is shown in Figure 11b. It is obvious that the height information of all the buildings in the test site could be acquired by the novel two-tier network.



In Figure 12, we display 25% of the total PSs detected in the novel two-tier network and visualize them in the mean calibrated SAR intensity image. The 3D distribution of the urban area, including the gymnasium, district government, and residential buildings, can be clearly seen. Such dense TomoSAR point clouds can be further utilized for reconstructing dynamic city models. Overall, the effectiveness of the new approaches for robust and efficient detection of PSs in SAR tomography was verified by this experiment.




4. Conclusions


In this paper, we propose new approaches based on a novel two-tier network for robust and efficient detection of PSs. In the first-tier network, a Delaunay triangulation network is constructed, and the APS is calibrated. After APS calibration, the BF-based SGLRTC is employed for the detection of PSs. The RSR estimator is proposed to evaluate the effectiveness of APS calibration and to select reliable PSs with accurate estimation. In addition, we propose to establish reliable arcs among the main isolated networks to subtract more useful structure information in the first-tier network. In this way, more SPSs and DPSs can be detected by the novel two-tier network. Moreover, rather than the WLS estimator, the ND-WLS estimator is proposed to accelerate the retrieval of absolute estimation with precision maintenance, which is quite useful for large network inversion.



The temporally uncorrelated APS has a big impact on all repeat-pass SAR systems working with different frequencies other than the X-band in SAR tomography. More testing is required to show the significance of APS calibration and the effectiveness of the proposed new approaches.
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Figure 1. Multipass synthetic aperture radar (SAR) geometry in the range–elevation plane. The coordinate s is referred to as elevation. The satellite flies into the plane and looks to its right. 
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Figure 2. Flowchart of the new approaches for robust and efficient detection of persistent scatterers (PSs). Abbreviations: SPS, single persistent scatterer; DPS, double persistent scatterer; SPSC, SPS candidate; APS, atmospheric phase screen; BP, Beam-Forming; SGLRTC, sequential generalized likelihood ratio test with cancellation; RSR: residue-to-signal ratio; ND-WLS, network decomposition weighted least square. 
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Figure 3. The searching process of the largest connected network. 
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Figure 4. Distribution of the temporal baselines and spatial perpendicular baselines. 
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Figure 5. (a) The mean calibrated intensity image of the test site; (b) the Google Earth snapshot of the same area. 
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Figure 6. SPSCs and the first-tier network (a) SPSCs marked with red solid points; (b) first-tier network constructed by Delaunay triangulation. 
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Figure 7. RSR values for all arcs in the first-tier network. 
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Figure 8. The process of establishing the largest connected network. (a) The main isolated networks after network adjustment; (b) establishing reliable arcs among the main isolated networks; (c) the expanded largest connected network. 
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Figure 9. Reconstructed reflectivity profiles. (a) The ideal reflectivity profile with no phase error; (b) the reconstructed reflectivity of arc 1; (c) the reconstructed reflectivity of arc 2. P1: the reconstructed reflectivity profile of the first SPS point of one SPS arc without APS calibration. P2: the reconstructed reflectivity profile of the second SPS point of one SPS arc without APS calibration. P3: the reconstructed reflectivity profile of the relative measurements of an SPS arc after APS calibration. 
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Figure 10. Estimated height of reliable SPSs and height difference histogram. (a) Estimated height of SPSs in the original largest connected network by ND-WLS estimator; (b) estimated height of SPSs in the expanded largest connected network by ND-WLS estimator; (c) the histogram of height difference between the height retrieved by ND-WLS estimator and WLS estimator. 
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Figure 11. Estimated height of merged PSs. (a) Estimated height of merged PSs by traditional two-tier network; (b) estimated height of merged PSs by novel two-tier network. 
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Figure 12. Estimated height visualized in mean calibrated SAR intensity image. The color bar is the same as that in Figure 11b. 
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Table 1. Parameters of the TerraSAR-X acquisitions in spotlight mode.






Table 1. Parameters of the TerraSAR-X acquisitions in spotlight mode.





	System Parameters
	Value





	Center slant range r
	645.6 km



	Orbit direction
	Descending



	Incidence angle θ
	39.48°



	Carrier frequency fc
	9.65 GHz



	Wavelength λ
	0.03 cm



	Chirp bandwidth Br
	300 MHz



	Azimuth resolution δa
	0.167 m



	Range resolution δr
	0.454 m



	Span of spatial

Perpendicular baseline B⊥
	752.8 m
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Table 2. Utilization rate of true SPSs between original and expanded largest networks.
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	Largest Connected Network
	Original
	Expanded
	Gain





	Number of true SPSs
	4392
	8808
	4410



	Utilization rate
	43.59%
	87.36%
	43.77%
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Table 3. Computation time by WLS and ND-WLS.
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	Estimator
	WLS
	ND-WLS





	Computation time/s
	208.93
	45.74











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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