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Multibaseline InSAR Layover Detection Based on
Local Frequency and Eigenvalue
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Abstract—Layover detection has long been the focus of atten-
tion for interferometric synthetic aperture radar (InSAR) data
processing. As for the existing layover detection methods, most of
them are applied to single-baseline scenarios. Since multibaseline
InSAR provides more image samples, the performance of layover
detection can be further improved. In this article, a joint detection
method of layover is proposed on the basis of local frequency and
eigenvalue of multibaseline InSAR. To obtain a precise local fre-
quency, maximum likelihood estimation is performed for flattened
interferometric phase fusion and removing the reference terrain
phase is chosen to ensure the proportionality of flattened phase to
the baseline length. Adaptive image selection based on coherence is
proposed to obtain a distinct eigenvalue. Then, the joint detection
method is elaborated on. Based on the results of local frequency
estimation and eigenvalue decomposition, precise thresholds are
set for joint detection, and joint judgment is made by combining
the layover detected by local frequency, the layover detected by
eigenvalue, and the thresholds. Finally, the proposed method is
validated through comparative experiments on simulated data and
real data. Both theoretical analysis and experimental results show
the feasibility and superiority of the proposed method.

Index Terms—Eigenvalue, InSAR, layover detection, local
frequency, multibaseline.

I. INTRODUCTION

SYNTHETIC aperture radar (SAR) exhibits excellent ad-
vantages in topographic mapping, e.g., all-weather, all-day,

and the capability to collect topographic information from the
areas with poor measurement conditions [1]. Interferometric
synthetic aperture radar (InSAR) is an important branch of SAR
development. It provides high precision elevation information
and surface deformation through the phase difference of single
look complex (SLC) SAR images acquired by multiple antennas
or multiple passes of a single antenna. The elevation information
and surface deformation have been widely applied in agricul-
ture, forestry, geology, ocean, disasters, and military [2]–[5].
Multibaseline InSAR employs no less than three SAR complex
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images to form no less than two baseline interferograms. Thus,
it holds massive potential for boosting the information content
in the multidimensional data space [6]–[11].

Regarding SLC SAR images, a series of processing steps are
required to obtain the final elevation information and to identify
surface deformation. The filtering and unwrapping of interfer-
ometric phase are the critical steps in InSAR processing. How-
ever, due to the inherent side-view imaging geometry of SAR,
there are inevitably problematic areas with severely impaired
interferometric phase, which can cause the phase filtering and
unwrapping performance to deteriorate significantly. Layover
is a common phenomenon arising from the superposition of
radar echoes derived from different scattering cells into the same
range-azimuth resolution unit [12]. Since the layover area is
not capable of being phase filtered and unwrapped correctly,
it probably provides invalid, or in some circumstances even
false information. Furthermore, it may transmit misinformation
to the surrounding pixels, thus causing large-area errors with
phase filtering and unwrapping. In addition, some multibaseline
InSAR technologies are applied to solve the problems caused by
layover [13], [14]. If the proposed solutions are only performed
on layover pixels, the computational efficiency will be improved
considerably. Therefore, it is necessary to detect and mark
layover pixels in advance. It would avoid executing InSAR phase
filtering and unwrapping on these pixels. Besides, the layover
solution could be performed only on them in the following
process.

For the prior literature on layover detection, the focus is
placed mainly on single-baseline InSAR technique. According
to layover mechanism of SAR image, it exhibits distinctive
characteristics in the amplitude and phase of layover pixels,
which derives various detection methods. Soergel et al. [15]
proposed the amplitude segmentation for the first time. Based
on the high amplitude of the layover area, a threshold is set to
segment the SAR image. The efficiency and outcome of segmen-
tation show slight variation depending on the threshold and the
image segmentation algorithm applied, such as the unsupervised
image segmentation algorithm suggested by He [16], the CFAR
algorithm adopted by Qin [17], the OSTU method applied by Yu
[18], etc. Besides, Prati et al. [19] demonstrated that slopes could
cause spectral shift of SAR interferogram, which constitutes
the theoretical basis for the layover detection based on local
frequency. Gatelli et al. [20] suggested that the spectrum shift
theory is applicable to separate layover regions from nonlayover
regions partially for application in ERS images. Petit et al. [21]
verified the feasibility of spectrum shift theory using simulated
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images to process urban SAR images. In 2016, Liu et al. [22]
proposed to extract the layover area of high-rise buildings by
quantifying the spectral shift. Similar to the principle of lay-
over detection based on local frequency, Rossi et al. [23] put
forward a layover area recognition algorithm in urban areas,
using the gradient of the unwrapped phase. In addition to the
above methods, based on the estimation of the number of signal
sources, another kind of layover detection methods includes
eigenvalue decomposition and information theoretic criteria.
In 1985, Max [24] proposed the main principle of eigenvalue
decomposition and information theory criteria. Zou et al. [25]
applied information theory criteria to detect the layover area in
spaceborne single-baseline InSAR.

The detection methods based on single feature suffer from
high false alarm and low accuracy. Despite many features (am-
plitude, local frequency, eigenvalue, etc.) in the layover area that
exhibit different properties from the normal area, some features
are susceptible to noise, while some features are not unique to the
layover area. Consequently, the extraction of features is not as
precise as required, so does the layover detection. For this reason,
multifeature detection methods have been proposed, combining
several kinds of features. In order to solve the problem that
eigenvalues are easily affected by noise, Chen et al. [26] set
eigenvalue thresholds using amplitude information and noise
variance. In order to distinguish layover from other areas with
a local frequency less than zero, Du et al. [27] performed the
amplitude segmentation for all the pixels with a local frequency
less than zero, and then mark those with an amplitude greater
than two times the average amplitude as layover. The authors’
multifeature joint detection method proposed in 2020 [28] for
single-baseline InSAR has produced the most significant detec-
tion effect among the existing layover detection methods.

Multiple features can be used to improve the precision of
layover detection to some extent. However, there are only master
and slave SAR images in the single-baseline InSAR, as a result of
which the extraction of each feature is not as precise as expected.
Multibaseline InSAR provides more image samples, thus further
improving the precision of the feature estimation applied for
layover detection. Among the published articles, only Chen
et al. [26] in our research team have conducted study on layover
detection of multibaseline InSAR, but the detection performance
of their method is limited because only eigenvalue is used and
all available images are used to estimate the eigenvalue without
data choosing.

In this article, a joint detection method is proposed by combin-
ing local frequency and eigenvalue of multibaseline InSAR data.
Based on the results of local frequency estimation and eigenvalue
decomposition of multibaseline InSAR, the precise thresholds
are determined for joint detection. Then, joint judgment is per-
formed by combining the layover detected by local frequency,
the layover detected by eigenvalue, and the thresholds.

The rest of this article is organized as follows. In Section II,
the local frequency estimation and eigenvalue decomposition of
multibaseline InSAR are presented. The proposed layover joint
detection method of multibaseline InSAR is elaborated on in
Section III. In Section IV, three experiments are conducted and
the experimental results validate the proposed method.

Fig. 1. Schematic diagram of the principle of multibaseline InSAR on a fixed
azimuth. The platform flies in the direction into the article. The multibaseline
data can be compensated to the positions S0, S1, S2, . . . , Si, . . . , Sk , so that
all baselines have the same baseline inclination, denoted by ξ. Bk denotes the
longest baseline. θ denotes the look angle. R denotes the slant range. The area
enclosed by the dashed line is a resolution unit. Areas AB, CD, and DE are
projected in a single pixel of the SAR image, forming layover.

II. FEATURE EXTRACTION USING MULTIPLE BASELINES

Different features are used to identify layover pixels in ex-
isting methods. However, unwrapped phase is rarely used in
layover detection due to the difficulty of phase unwrapping. And
the amplitude has a very high false alarm in layover detection
because numerous factors affect the amplitude [26]. Moreover,
correlation coefficient is usually used to detect shadow, but
the coherence analysis of layover area is complicated [27]. In
contrast, local frequency and eigenvalue are relatively precise
and accurate. Specifically, local frequency is excellent in dis-
tinguishing between normal and abnormal areas; eigenvalue
determines the number of signal sources well, distinguishing
layover area from the other areas. Therefore, our multibaseline
layover detection method is proposed by a joint feature detection
based on local frequency and eigenvalue.

In the single-baseline InSAR, there are only master and slave
images. Under this condition, the estimation of local frequency
and the eigenvalue decomposition are greatly affected by noise.
Conversely, more image samples could be available with multi-
baseline InSAR, and therefore more precise local frequencies
and eigenvalues can be provided. Hence, more accurate layover
detection can be expected.

The following part first presents the multibaseline signal
model. Then, the multibaseline local frequency estimation and
multibaseline eigenvalue decomposition are introduced.

A. Multibaseline Signal Model

Fig. 1 is a schematic diagram of the principle of multibaseline
InSAR on a fixed azimuth. The platform flies in the direction into
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the article. Assuming that the multibaseline InSAR has k + 1
antennas in total, the multibaseline data can be compensated to
the positions S0, S1, S2, . . . , Si, . . . , Sk, so that all baselines
have the same baseline inclination, denoted by ξ. Bk denotes
the longest baseline. θ denotes the look angle. R denotes the
slant range. The area enclosed by the dashed line is a resolution
unit, and all objects located in it will be imaged as a single pixel
in the final SAR image. In Fig. 1, areas AB, CD, and DE are
projected in a single pixel of the SAR image, forming layover. It
is well known that interferometry can only be executed for SAR
images obtained with slight incidence differences [29]. Hence,
it can be assumed that the layover areas under different baselines
are approximately the same.

The SLC SAR image obtained by the antenna S0 is appointed
as the master image. Respectively, the image obtained by Si is
coregistered to the master image, and the interferometric phase
φi acquired from the interferogram of the master image and the
image obtained by Si is [30]:

φi = −4π

λ
Bisin (θ − ξ) , i = 1, 2, . . . , k (1)

where λ denotes the wavelength.

B. Local Frequency Estimation of Multibaseline InSAR

Spatial baseline is an important parameter for InSAR. Its
length impacts the interferometric phase accuracy and precision.
The longer spatial baseline interferometric phase implies higher
height estimation accuracy because of a minor height ambiguity,
which is conducive to reflect the detailed terrain. However, under
the same temporal baseline, it has lower precision because the
longer spatial baseline leads to more baseline decorrelation.
Vice versa, the shorter spatial baseline interferometric phase
has higher precision due to its high coherence. However, it only
reflects coarser terrain because of the larger height ambiguity. To
simplify the expression, the baseline all denotes spatial baseline
when there is no special illustration in the following contents.

Multibaseline InSAR provides more image samples and helps
to improve parameters estimation in SAR interferograms. There-
fore, the phases of multibaseline InSAR could be fused to
improve interferometric phase estimation both in accuracy and
precision. In this article, the maximum likelihood estimation is
used to fuse multibaseline InSAR data. The fusion takes advan-
tage of the accurate long-baseline interferometric phase and the
precise short-baseline interferometric phase. Thus, the process
could provide a more precise fused phase in the long-baseline
frame [31]. Thereby, the local frequency estimation is improved
by using a fused interferometric phase.

The existing maximum likelihood fusion is implemented on
the interferometric phase [32]. Layover detection is usually per-
formed on the flattened interferometric phase. The term flattened
indicates that the flat-earth phases of the wrapped phases have
been removed. Hence, it is expected to achieve the maximum
likelihood fusion on the flattened phase directly. There are many
approaches to remove the flat-earth phase, such as the method
using the coarse digital elevation model (DEM), the method
using local frequency, and the method of removing the reference
terrain phase [33]. In this article, the method of removing the

reference terrain phase is chosen to ensure that the flattened
interferometric phase is still proportional to the baseline length
and the premise of maximum likelihood fusion is not wrecked.

According to Gatelli et al. [20], the layover area could be
detected by analyzing the sign of the local frequency in the
range direction of the interferometric phase. For local frequency
estimation, the method in [34] is used in this article. Concretely,
the two-dimensional fast Fourier transform (2-D FFT) is first
performed. Then, the Chirp-z transform (CZT) is applied to
improve the estimation precision of the local frequency with
a small computational cost.

The local frequency estimation of multibaseline InSAR de-
scribed below is divided into two steps: the interferometric
phase fusion using maximum likelihood estimation and the local
frequency estimation using 2-D FFT and CZT.

1) Interferometric Phase Fusion Using Maximum Likelihood
Estimation: Maximum likelihood estimation fuses the interfer-
ometric phases of multibaseline InSAR by looking for the maxi-
mum of their likelihood functions. The function is constructed by
normalized phase probability density function (pdf). The fused
interferometric phase in the reference baseline frame is obtained
by extracting the phase value corresponding to the maximum
of the likelihood function. The longest baseline Bk is usually
chosen as the reference baseline, and its interferometric phase
φk is chosen as the reference phase due to its strong ability to
reflect finer terrain.

The normalized phase pdf is on the basis that the interferomet-
ric phase is proportional to the baseline length. Layover detection
is usually performed on the flattened interferometric phase.
Thus, the proportionality of the flattened phase to the baseline
length should be held when maximum likelihood estimation is
executed on the flattened phase.

As mentioned above, the method of removing the reference
terrain phase is chosen to implement flat-earth phase removing.
The following paragraphs prove that the flattened phase is still
proportional to baseline length.

Fig. 2 is the interferometric configuration for target P. The
platform flies in the direction into the article. P ′ is a point on
the reference terrain with the same slant range as P . The height
difference between P and P ′ is ΔZ. The look angle change
caused by ΔZ is ΔθZ .

According to (1), the interferometric phase φP′ and φP are
expressed as follows:

φP′ = − 4π

λ
Bsin (θ − ξ) (2)

φP = − 4π

λ
Bsin (θ +ΔθZ − ξ) . (3)

The flattened phase obtained by removing the reference ter-
rain phase is

φf = φP − φP′ = −4π

λ
B [sin (θ +ΔθZ − ξ)− sin (θ − ξ)]

= −4π

λ
Bcos (θ − ξ)ΔθZ . (4)
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Fig. 2. Interferometric configuration for target P. The platform flies in the
direction into the article. P ′ is a point on the reference terrain with the same
slope range as P . The height difference between P and P ′ is ΔZ. The look
angle change caused by ΔZ is ΔθZ .

It is shown in (4) that φf is still proportional to the baseline
length. Therefore, the maximum likelihood fusion of multibase-
line InSAR can be executed on the flattened phase, and the
normalized pdf of the flattened interferometric phase φi,f could
be constructed as [32]

pdfnorm (φi,f |φk0,f ) =
1
2π

1−|γi|2
1−|γi|2cos2(φi,f−ηiφk0,f )

×
{
1 +

|γi| cos(φi,f−ηiφk0,f ) arccos[−|γi| cos(φi,f−ηiφk0,f )]√
1−|γi|2cos2(φi,f−ηiφk0,f )

} (5)

where φk0,f denotes the unknown flattened real phase, γi rep-
resents the complex correlation coefficient, and ηi denotes the
ratio between other baselines and reference baseline:

ηi =
Bi

Bk
. (6)

Assuming that the multibaseline interferometric phases are
independent mutually, the likelihood function can be expressed
by the product of the normalized phase pdf of k interferometric
phases. The phase corresponding to the peak of the likelihood
function is the fused interferometric phase in the reference
baseline frame.

2) Local Frequency Estimation Using 2-D FFT and CZT
[34]: According to Zhu [34], the local frequency estimated by
the 2-D FFT is maximum likelihood. After the flattened interfer-
ometric phase fusion in Section II-B-1, 2-D FFT is performed
to extract the local frequency in the range direction. The main
idea is to simulate the interferometric phase in a small window
φw with a 2-D single-frequency signal.

The 2-D frequency spectrum of the phase in the window is
achieved through 32× 32 points FFT. The peak of the 2-D
spectrum should appear at the position corresponding to the
2-D local frequencies fa, FFT(m,n) and fr,FFT(m,n). Layover
detection only cares about the local frequency in the range
direction. Compared with zero padding FFT, CZT could perform
fine estimation of the main lobe with a smaller computational

cost. Thus, 96 points CZT is performed on fr,FFT(m,n) to
get fr, CZT(m,n), improving the estimation precision of local
frequency in the range direction. fr, CZT(m,n) will be used for
layover detection.

C. Eigenvalue Decomposition of Multibaseline InSAR

Eigenvalue decomposition and information theoretic criteria
are often used to estimate the number of signal sources in the
array signal processing. It could be used for layover detection
[26] because the layover area is formed by the superposition of
radar echoes from different ground scattering areas, and there
is more than one signal source. There is only one signal source
in the normal area. And in the shadow area, there is no signal
source, and what appears is thermal noise.

There is a cross-blur between signal eigenvalues and noise
eigenvalues in single-baseline eigenvalue decomposition due to
the small number of image samples. Multibaseline InSAR can
improve the estimation precision of eigenvalues by increasing
the number of samples.

There are very few researches on multibaseline InSAR lay-
over detection using eigenvalue decomposition. Although Chen
et al. [26] implemented multibaseline InSAR layover detection
using eigenvalue decomposition, they did not analyze the influ-
ence of interferogram quality on the eigenvalue decomposition
and added all available images to the operation, which may
degrade the eigenvalue estimation in some cases.

According to probability theory, the increase of sample num-
ber improves the estimation precision of eigenvalues. However,
it is based on the premise that the multibaseline data has a
similar quality. In practice, blindly increasing the number of
SLC SAR images used may inhibit eigenvalue deposition. Noise
in complex interferograms can be described as additive white
Gaussian noise, and its standard deviation depends on the co-
herence [35]. Interferometric phase noise causes the diffusion of
large eigenvalues to small eigenvalues [25]. Samples with weak
coherence may damage the estimation of the number of signal
sources.

Thus, before eigenvalue decomposition of multibaseline In-
SAR, it is necessary to select the suitable SLC SAR images,
aiming to maximize the samples used while considering the
coherence. The coherence is closely related to the ground scene,
and thus different images are selected for different areas. It is
called adaptive image selection. Then eigenvalue decomposition
is carried out only using the selected images.

The eigenvalue decomposition of multibaseline InSAR de-
scribed below is divided into two steps: the adaptive image se-
lection and the eigenvalue decomposition using selected images.

1) Adaptive Selection of SLC SAR Images: The master image
is partitioned into several areas with prominent layover features
according to the SAR amplitude image. For every area, its
image set for eigenvalue decomposition is selected according
to its coherence, respectively. The correlation coefficient of the
area is chosen as the vital factor for image selection. When the
partitioned area is large, the real correlation coefficient is applied
[36]; otherwise, the complex correlation coefficient is calculated
[37]. The amplitude of the correlation coefficient is [0, 1]. If it
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is equal to 0, the two images are entirely uncorrelated; if it is
equal to 1, the two images are wholly correlated.

Generally, interferometric fringe can be well achieved with a
correlation coefficient above 0.6. Thus, the selection threshold
is determined by the statistical histogram of correlation coeffi-
cients above 0.6, i.e., finding the double peaks of the histogram
and taking the correlation coefficient located in the trough of the
double peaks as the selection threshold. The SLC SAR images
with the correlation coefficient greater than the threshold will
join in eigenvalue decomposition. 0.6 is an empirical value and
can be adjusted with the application scenarios.

2) Eigenvalue Decomposition [24], [26]: Assuming that p
is the number of SLC SAR images adaptively selected for one
area. For instance, there are only master and slave images for the
single-baseline InSAR, so p = 2. The signal model constructed
for the pixel (m,n) is

s (m,n) = L ∗ c (m,n) + n (m,n) (7)

where s(m,n) is a p× 1 complex vector and denotes the signal
received at pixel (m,n); c(m,n) is a q × 1 complex vector and
denotes the signal component of s(m,n), where q is the number
of uncorrelated signals received at pixel (m,n); n(m,n) is a
p× 1 complex vector and indicates noise component; L is a
p× q complex common matrix making the equation reasonable.
Specifically, s(m,n) is assumed to be an ergodic Gaussian
process with zero mean and a positive definite covariance matrix.
n(m,n) is also an ergodic Gaussian process, independent of the
signals, with zero mean and variance σ2.

Then, eigenvalue decomposition is performed on the signal
covariance matrixR(m,n) = E{s(m,n)s(m,n)H} to obtain
the eigenvalue vector of pixel (m,n):

R (m,n) = U (m,n)Λ (m,n)UH (m,n) (8)

where U(m,n) is a p× p matrix composed of the eigenvectors
of R(m,n); Λ(m,n) is a diagonal array, and the value on the
diagonal represents p eigenvalues of R(m,n).

The p eigenvalues are arranged in descending order to form
the eigenvalue vector λ(m,n) for pixel (m,n). Then, the former
q larger eigenvalues are provided by both signal and noise, while
the latter p− q smaller eigenvalues are provided by noise only
[26]. The details to determine q are presented in the following
sections. Finally, the obtained eigenvalues will be used for
layover detection.

III. JOINT DETECTION OF LAYOVER WITH MULTIBASELINE

SAR INTERFEROGRAMS

The layover detection only using local frequency performs
well in distinguishing between normal and abnormal areas [28].
However, it needs the SAR amplitude image to extract the lay-
over area, and the result of layover detection is greatly affected
by the amplitude threshold. Furthermore, in the layover detection
only using eigenvalue, the eigenvalue threshold is determined by
experience, which is not adaptive to the scene. So we propose
that the layover detection result using local frequency can be
regarded as prior information to calculate the threshold required

by the layover detection using eigenvalue. Then, local frequency
and eigenvalue are combined for a joint layover detection.

In this section, a novel layover detection method is proposed
by using multibaseline interferometry and combing local fre-
quency and eigenvalue. The principle is shown as follows.

Assuming that the amplitude of the master image s0 at pixel
(m,n) is A(m,n). The average of the whole image’s amplitude
is Ā. Then, the layover area L1 and the normal area N marked
by local frequency are shown as

L1 =
{
(m,n) ∈ s0|fr, CZT (m,n) < 0 and A (m,n) > 2Ā

}
(9)

N = {(m,n) ∈ s0|fr, CZT (m,n) ≥ 0} . (10)

The layover pixel has more than one larger eigenvalue, while
the normal area has only one larger eigenvalue. Consequently,
the eigenvalue decomposition is focused on the second largest
eigenvalue λ2(m,n). The thresholds for joint detection σL and
σN are defined as

σL =

∑
(m,n)∈L1

λ2 (m,n)

num ((m,n) ∈ L1)
(11)

σN =

∑
(m,n)∈N λ2 (m,n)

num ((m,n) ∈ N)
(12)

where the operation num(·) represents the number of elements
that meet the condition in parentheses. Then, the layover area
L2 marked by eigenvalue is

L2 = {(m,n) ∈ s0|num(λ (m,n) > σN ) ≥ 2} . (13)

Based on the above analysis, finally, the pixel (m,n) is judged
as a layover pixel in the following three situations:

1) The pixel (m,n) is directly marked as layover when it is
contained in both L1 and L2:

L3 = {(m,n) ∈ s0| (m,n) ∈ L1 and (m,n) ∈ L2)} .
(14)

2) When pixel (m,n) is marked in L1, but not marked in L2,
a further judgment is made and the final layover is L4:

L4 =

{
(m,n) ∈ s0| (m,n) ∈ L1 and (m,n)

/∈ L2 and λ2 (m,n) >
σL + σN

2
)

}
. (15)

3) When pixel (m,n) is marked in L2, but not marked in L1,
a further judgment is made and the final layover is L5:

L5 =

{
(m,n) ∈ s0 |(m,n) ∈ L2 and (m,n) /∈ L1

and λ2 (m,n) >
σL + σN

2
)

}
(16)

The flowchart of the joint detection method is shown in Fig. 3
and the implementation is as follows.

A. Selection of Common Master Image and Registration

The joint correlation coefficient is calculated when each im-
age is used as the common master image. The acquisition with
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Fig. 3. Flowchart of joint detection method of multibaseline InSAR.

the largest joint correlation coefficient will be selected as the
common master image [38]. The master and slave images are
registered by the correlation coefficient method [39].

B. Area Division

The whole image is partitioned into different areas which
contain layovers according to the SAR amplitude of the master
image, that is, areas with high-amplitude pixels.

Assuming that there are altogether K partitioned areas, the
following procedures all take Area I as an example. The other
areas are processed in the same manner as Area I .

C. Local Frequency Estimation on Maximum Likelihood
Fusion Phase

Complex conjugate multiplication is performed on the master
and slave images to obtain the interferogram. The reference
terrain phase, fitting through control points [33], is removed to
obtain the flattened interferometric phase. Then, phase filtering
[34] is applied to the flattened interferograms.

Usually, the longest baseline is chosen as a referred baseline.
The unwrapped phase of the shortest baseline is stretched into the
scale of the long baseline, and the scaled result is set as the search
center of the maximum likelihood fusion. The interferometric
phases of all baselines in the search interval are substituted into
(5). The maximum likelihood fusion phase is then taken as the
phase corresponding to the maximum of likelihood function.

The local frequency estimation using 2-D FFT and CZT is
applied to the maximum likelihood fusion phase to obtain
fr, CZT(m,n) for each pixel.

D. Eigenvalue Decomposition After Adaptive Image Selection

According to the correlation coefficient histogram, the SLC
SAR image set is selected for Area I . For each pixel in Area I ,
eigenvalue decomposition is performed on the signal covariance
matrix to get λ2(m,n). At the same time, the eigenvalue vector
λ(m,n) is kept for layover detection later.

E. Joint Detection

First, (9) and (10) are used to define L1 and N . Next, the
thresholds σL and σN for joint detection are calculated by (11)
and (12). Meantime, the layover L2 can be marked according to
the eigenvalue vectors using (13). Finally, the layover detection
results L1, L2 and the thresholds σL, σN are used for joint
judgment. Using (14)–(16), the final layover marked by joint
detection is determined as L3 ∪ L4 ∪ L5.

For the local frequency method, it needs additional infor-
mation to distinguish layover and shadow. The proposed joint
detection provides eigenvalue to deal with the problem. For
the eigenvalue method, the boundary between signal and noise
eigenvalues is usually blurred because of noise. Although fil-
tering enables highlighting the boundary, it is still inevitably
affected by noise [14]. In our proposed joint detection, the
layover detected by local frequency is used as a priori condition
for eigenvalue judgment, and the more robust results are obtained
for the number of larger eigenvalues. So the joint detection based
on local frequency and eigenvalue is more superior.

IV. EXPERIMENTS AND ANALYSIS

In this section, the proposed method is validated through
three experiments. The first two experiments show the feasibility
of the multibaseline methods proposed in Section II. In the
third experiment, both simulated data and real data are pro-
cessed to verify the joint detection method in comparison to the
single-feature methods. The performance of layover detection is
quantitatively analyzed by this two metrics: false alarm, which
indicates the layover misjudgment in all pixels, and accuracy,
which shows the proportion of detected layover pixels.

A. Details of Experimental Data

Both simulated and real data are processed to validate the
proposed method. The simulation employs an existing DEM
dataset, the Advanced Spaceborne Thermal Emission and Re-
flection Radiometer (ASTER) DEM [40]. The system parame-
ters of simulation refer to TanDEM-X [8]. The baseline lengths
of the multibaseline InSAR are [200 220 240 260 300 320] m.
The added Gaussian white noise makes the signal-to-noise ratio
equal to 5 dB. The true value of the layover area is estimated
by calculating the terrain slope of the ASTER DEM only in the
range direction. The terrain slope angle is calculated as the height
gradient divided by the pixel size in the range direction. Layover
occurs where the slope angle is larger than the incidence angle
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Fig. 4. Visual representation of the simulated data. (a) SAR amplitude image.
(b) True value of the layover area.

TABLE I
SYSTEM PARAMETERS OF REAL DATA

[41], [42]. The SAR amplitude image of the simulation scene
and the true value of the layover area are illustrated in Fig. 4.

Comparative experiments are also conducted on real data.
A set of 31 multibaseline data obtained by the TerraSAR-X
satellite is processed. The acquisitions are taken from January
22, 2012 to February 4, 2016 over the city of Beijing, China.
The parameters of the acquisitions are listed in Table I. SAR
data of two regions are used for layover detection. Region 1
is located near Beijing Capital International Airport. Its optical
image is shown in Fig. 5(a), and its SAR amplitude image with
a 512 × 512 sample dimension is shown in Fig. 5(b). Region 2
is located near the Bjxiangsu Community. Its optical image is
shown in Fig. 5(c), and its SAR amplitude image with a 900 ×
500 sample dimension is shown in Fig. 5(d).

B. Experiments and Result Analysis

1) Local Frequency Estimation: The first experiment
demonstrates the effectiveness of the multibaseline local fre-
quency estimation by maximum likelihood phase fusion intro-
duced in Section II-B. The 200 m baseline is treated as the short
baseline, and the other baselines are regarded as the long baseline
to form five baseline combinations, as shown in Table II.

Initially, the estimation precision of the long-baseline interfer-
ometric phase and the maximum likelihood phase is compared.
Minimum cost flow phase unwrapping [43] is applied to unwrap
the phases, and the unwrapped phases are used for phase fusion.
The estimation results are evaluated with two metrics. One is
the standard deviation of phase error (SDP) and the other is the
standard deviation of local frequency error (SDF). The SDP and

Fig. 5. Visual representation of the real data. (a) (Top left) Optical image
of Region 1, located near Beijing Capital International Airport. (b) (Bottom
left) SAR amplitude image of Region 1 with a 512 × 512 sample dimension.
(c) (Top right) Optical image of Region 2, located near the Bjxiangsu Commu-
nity. (d) (Bottom right) SAR amplitude image of Region 2 with a 900 × 500
sample dimension.

TABLE II
SDP AND SDF OF LOCAL FREQUENCY ESTIMATION

SDP is short for the standard deviation of phase error and SDF is short for the standard
deviation of local frequency error.

SDF are calculated as follows [32]:

SDP =

√√√√ 1

C − 1

C∑
c = 1

(
Δφ (mc, nc)−Δφ

)2
(17)

SDF =

√√√√ 1

C − 1

C∑
c = 1

(
Δf (mc, nc)−Δf

)2
(18)

where C is the number of pixels. Δφ (m,n) = φ(m,n)−
φtrue(m,n). In which, φtrue(m,n) is the true value of the long-
baseline interferometric phase; φ(m,n) is the long-baseline
phase or the maximum likelihood phase; Δφ is the average
of the phase error Δφ. Δf (m,n) = f(m,n)− ftrue(m,n).
In which, ftrue(m,n) is the true value of the local frequency;
f(m,n) is the local frequency of the long-baseline phase or the
local frequency of maximum likelihood phase; and Δf is the
average of the local frequency error Δf .

The SDP and SDF of the five baseline combinations are shown
in Table II. By comparing SDP, it can be seen that the maximum
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Fig. 6. Layover detection results with long-baseline phase and maximum
likelihood phase. (a) Layover area detected by local frequency estimation on
long-baseline phase. (b) Layover area detected by local frequency estimation
on maximum likelihood phase. The red circle shows a detail which is detected
in (b) but not in (a).

TABLE III
LAYOVER DETECTION RESULT USING LOCAL FREQUENCY

likelihood phase combining both the short-baseline and the
long-baseline data helps estimate the interferometric phase more
precisely. Simultaneously, the comparison of SDF proves that
the estimation precision of corresponding local frequency is also
improved.

Then, the local frequency estimated by the long-baseline
phase and the maximum likelihood phase are used to perform
layover detection. Fig. 6 shows the detection results. Comparing
with the true value of layover area shown in Fig. 4(b), the
result corresponding to the maximum likelihood phase marks
the correct detail in the red circle, which is missed in the result
of the long-baseline phase. The layover detection results of the
five baseline combinations in Table III also prove the superiority
of layover detection using the maximum likelihood phase of
multibaseline InSAR.

The runtime of layover detection based on the long-baseline
phase and that based on the maximum likelihood phase using
MATLAB R2018b are listed in Table III. The parallel computing
toolbox along with multicore CPUs is employed. Due to the
phase fusion based on maximum likelihood estimation, the run-
time of the proposed multibaseline local frequency estimation
is longer than that of the existing single-baseline method.

2) Eigenvalue Decomposition: The second experiment aims
to validate the superiority of adaptive selection of SLC SAR
images based on coherence for multibaseline eigenvalue decom-
position.

First, the joint correlation coefficient is calculated when each
image is served as the common master image. The 14th SLC
SAR image is eventually selected as the master image. Then, as

Fig. 7. Correlation coefficients of the 30 image pairs. The 14th SLC SAR
image is chosen as the master image. The red line represents Area 1, with the
SAR amplitude image shown in Fig. 9(a). The blue line represents Area 2, with
the SAR amplitude image shown in Fig. 9(b).

an example, Area 1 and Area 2 are partitioned from Region 1
shown in Fig. 5(b), as shown in Fig. 9. The correlation coeffi-
cients of 30 image pairs are calculated for Area 1 and Area 2, as
shown in Fig. 7. It can be seen that the correlation coefficients are
quite different from one area to another. For instance, the 18th
and the 19th slave images have higher coherence in Area 2, while
lower coherence in Area 1. Hence, different images should be
selected for different divided areas. The statistical histograms
of the correlation coefficients for Area 1 and Area 2 are used
to determine the threshold of the SLC SAR image selection,
as shown in Fig. 8, respectively. There are double peaks in the
histograms, and the correlation coefficient located in the trough
of the double peaks is chosen as the threshold. The threshold of
Area 1 is 0.8370 and the threshold of Area 2 is 0.7715.

Using the proposed image selection method, the selected
image set for Area 1 is [14 15 16 11 13 7 9 8 12 10 6 17]
and that for Area 2 is [14 13 15 18 16 19 20 22 21 12 24 17].

To verify the effectiveness of the proposed adaptive image
selection, the other four image sets for Area 1 and Area 2 are
also used to perform layover detection with result comparison,
respectively, where the image set (v) [1]–[31] is the case of the
previous study.

Area 1: (i) [14 15 16 11 13 7 9 8]; (ii) [14 15 16 11 13 7 9 8 12
10 6 17]; (iii) [1–8]; (iv) [1–12]; (v) [1–31].

Area 2: (i) [14 13 15 18 16 19 20 22]; (ii) [14 13 15 18 16 19 20
22 21 12 24 17]; (iii) [1–8]; (iv) [1–12]; (v) [1–31].

Among them, the comparison of (i), (ii), (v) is used to study
the pros and cons of increasing the number of image samples.
The comparison of (i), (iii) and that of (ii), (iv) are used to
study the impact of coherence on the detection results under
the same number of samples. The layover detection results with
eigenvalue decomposition are shown in Fig. 9.

Comparing the results of (i), (ii), the outline of the result (ii) is
more precise. This indicates that increasing the number of image
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Fig. 8. Statistical histograms of the correlation coefficients. The statistical histogram on the left represents Area 1. The statistical histogram on the right represents
Area 2. The threshold for SLC SAR image selection is 0.8370 for Area 1 and 0.7715 for Area 2.

Fig. 9. Comparative experiment results using eigenvalue decomposition. (a) shows the SAR amplitude image of Area 1, (b) shows the SAR amplitude image
of Area 2. (c), (d), (e), (f), (g) show the detection result of (i)–(v) in Area 1, (h), (i), (j), (k), (l) show the detection result of (i)–(v) in Area 2, respectively.
The normal area indicated by the red circle is misjudged as the layover area. Blindly increasing the number of images used will also bring disadvantages.

samples will result in better detection results when the coherence
is more significant than a certain threshold. Comparing the
results of (i), (ii), (v) of Area 2, the normal area indicated by
the red circle is misjudged as a layover in (v), which shows that
due to the use of low coherence images, there is a cross-blur
between signal eigenvalues and noise eigenvalues.

It can be seen from the results of (i), (iii) and (ii), (iv) that
there are more misjudgments in (iii), (iv), which shows that the
combination with strong coherence has better performances in

terms of false alarm and accuracy with the same number of
samples.

Based on the above theoretical analysis and experimental
results, the following conclusions are drawn:

1) Increasing the number of image samples could benefit
the eigenvalue decomposition and the subsequent layover
detection. However, introducing image samples with low
coherence may negatively influence the decomposition
and detection.
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Fig. 10. Layover detection result on simulated data. (a) Layover area de-
tected by local frequency estimation on the maximum likelihood estimation.
(b) Layover area detected by multibaseline eigenvalue decomposition. (c)
Layover area detected by the proposed joint detection method.

TABLE IV
LAYOVER DETECTION RESULT OF SIMULATED DATA

2) Coherence is the main factor in image selection, and the
image set with strong coherence can reduce false alarms
and improve accuracy.

3) The selection of images is related to the ground scene, and
the effectiveness of the proposed adaptive image selection
method is verified.

For Region 1, the runtime of layover detection using the 12
selected images is 41.74 s, while that using all 31 images is
76.00 s. It can be seen that the proposed adaptive selection of
SLC SAR images not only improves the estimation precision but
also enhances the computational efficiency. Thus, it is necessary
to select the suitable images with the proposed adaptive selection
of SLC SAR images before multibaseline InSAR eigenvalue
decomposition.

3) Layover Detection: In this part, through comparative ex-
periments on simulated data and real data, the proposed multi-
baseline joint detection method based on local frequency and
eigenvalue is tested against detection with multibaseline local
frequency estimation and multibaseline eigenvalue decomposi-
tion.

First, the results of the simulated data are analyzed. The true
value of the layover area is shown in Fig. 4(b). The detected
layover areas are shown in Fig. 10. The false alarm and accuracy
are listed in Table IV.

Fig. 11. Layover detection results on real data. (a) Layover area detected
by multibaseline local frequency estimation on Region 1. (b) Layover area
detected by multibaseline eigenvalue decomposition on Region 1. (c) Layover
area detected by the joint detection proposed on Region 1. (d) Layover area
detected by multibaseline local frequency estimation on Region 2. (e) Layover
area detected by multibaseline eigenvalue decomposition on Region 2. (f)
Layover area detected by the joint detection proposed on Region 2. Located
near Beijing Capital International Airport, the buildings in Region 1 are all
low-rise buildings with a height of fewer than 10 m. Region 2 is delineated in
the Bjxiangsu Community. According to the community information, the estate’s
average height is 60–70 m.

In comparison with joint detection, more layover pixels are
missed in the result of local frequency estimation because a
high amplitude threshold is required to distinguish layover
from the other abnormal areas such as the shadow. The false
alarm of the layover detection using multibaseline eigenvalue
decomposition is relatively high. This is because the average
of the second eigenvalues of the normal area is set as the
threshold of the eigenvalue decomposition, and the normal area
is partially misjudged as the layover area. Joint detection uses
local frequency estimation and eigenvalue decomposition to set
precise thresholds. It then combines the layover detected by local
frequency, the layover detected by eigenvalue and the thresholds
for joint judgment. The accuracy is improved as well as the false
alarm is relatively few.

The runtime of these methods is listed in Table IV. In addition
to local frequency estimation and eigenvalue decomposition,
joint judgment is performed in the joint detection method. Thus,
its time expense is larger than the others, as shown in Table IV.
However, there is little substantial workload of calculation be-
yond the sum of the other two methods.

The following is an application of the proposed method to
real data. There is no true value of the layover area for real data,
so the result can only be qualitatively analyzed through optical



XU et al.: MULTIBASELINE INSAR LAYOVER DETECTION BASED ON LOCAL FREQUENCY AND EIGENVALUE 10581

images and SAR amplitude images. Fig. 11 shows the detection
results of Region 1 and Region 2. The subfigures from top to
bottom illustrate the result based on local frequency, based on
eigenvalue, and based on joint detection, respectively.

In practice, the building layover comprises of several con-
tributors such as ground, wall, and window eaves. It appears
as a brighter area in the SAR amplitude image. Located near
Beijing Capital International Airport, the buildings in Region
1 shown in Fig. 5(a) are all factories, including The Beijing
No. 1 Machine Tool Plant. They are all low-rise buildings with
a height of fewer than 10 m. Therefore, there are few layover
areas on the roof. The layover areas are mainly concentrated on
the edge of the building. The red box shows a low-rise building.
The local frequency estimation result shown in Fig. 11(a) does
not maintain the roof edge, while the eigenvalue decomposition
result shown in Fig. 11(b) mistakenly detects the roof as layover.
Region 2 shown in Fig. 5(c) is delineated in the Bjxiangsu Com-
munity. According to the community information, the estate’s
average height is 60–70 m, so there are many overlapping spots
on the roof. It can be seen from the red box comparison in the
subfigures, Fig. 11(d) misses a building parallel to the azimuth
direction while the roof edge in Fig. 11(e) has spread. Thus, joint
detection obtains the most reliable layover detection result.

V. CONCLUSION

The layover area in SAR interferograms affects the subse-
quent InSAR processing, such as interferometric phase filter-
ing and phase unwrapping. Therefore, the layover needs to
be detected in advance. The application scenarios of existing
layover detection methods are mostly for single-baseline InSAR,
which exhibit high false alarm and low accuracy. Multibaseline
InSAR provides more image samples, thus further improves the
precision of layover detection. Among the published articles,
only Chen et al. in our research team have conducted study on
layover detection of multibaseline InSAR only with eigenvalue
where all available images are used to estimate the eigenvalue
without data choosing.

A novel layover joint detection method is proposed for multi-
baseline InSAR. It combines local frequency and eigenvalue
of multibaseline InSAR to exploit the multibaseline InSAR
advantages and obtain more precise layover detection. For multi-
baseline InSAR, the flattened interferometric phase fusion based
on maximum likelihood is given for local frequency estimation
and the adaptive image selection is presented for eigenvalue
decomposition. The theoretical analysis and experimental re-
sults show the feasibility and superiority of our proposed joint
detection method of multibaseline InSAR.
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