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Abstract: Spaceborne synthetic aperture radar (SAR) can provide ground area monitoring with large
coverage. However, achieving a wide observation scope comes at the cost of resolution reduction
owing to the trade-off between these parameters in conventional SAR. In low-resolution imaging, the
moving target appears unresolved, weakly scattered, and slow moving in the image sequence, which
can be generated by the subaperture technique. This article proposes a novel moving target detection
method. First, interferometric phase statistics are combined with the generalized likelihood ratio
test detector. A pixel tracking strategy is further exploited to determine whether a motion signal is
present. These methods rely on the approximation of both clutter and noise statistics using Gaussian
distributions in a low-resolution scenario. In addition, the motion signals are imaged with a subpixel
offset. The proposed method is primarily validated using four real image sequences from TerraSAR-X
data, which represent two types of homogeneous areas. The results reveal that moving targets can
be detected in nearby areas using this strategy. The method is compared with the stack averaged
coherence change detection and particle-filter-based tracking strategies.

Keywords: synthetic aperture radar (SAR); Gaussian approximation; generalized likelihood ratio
test (GLRT); pixel tracking

1. Introduction

Spaceborne synthetic aperture radar (SAR) satellites can achieve wide-area surveil-
lance capacities owing to their large orbital altitude. The detection of moving targets with
wide coverage is of considerable interest, and it is especially operable when the majority
of the landscape is homogeneous. The applications of such detection systems include
traffic monitoring in both the farmland and calm-sea scenarios from the civilian or military
fields [1].

Conventionally, for the single, steerable phased antenna of the SAR system, there
is a trade-off between its spatial resolution and imaging width [2]. This feature can
be commonly seen in scanSAR or terrain observation with progressive scans, which is
exploited for maritime domain awareness and other remote sensing applications [3,4].
Over the past decade, high-resolution and wide-swath (HRWS) imaging modes have
been investigated and developed for future SAR spacecraft [5]. Although HRWS can
significantly improve SAR system performance with separate transmitting and receiving
antennas on different platforms, conventional low-resolution and wide-area detection may
still be utilized considering system complexity.

Relatively simple clutter and noise statistics can be derived from this type of low-
resolution and wide-area image sequence. Hence, the target features in homogeneous areas
have several corresponding characteristics and advantages. In low-resolution images, the
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azimuth position shift and slant range offset are easily tolerated in the imaging area. More-
over, the pixels give rise to a slight defocusing effect. In contrast, several disadvantages are
encountered as the size of the target is below the pixel level. Then, the potential motion
can be regarded as an unresolved or point-like signal. The geometric shape of the target is
difficult to distinguish in this case, and its scattering is submerged in clutter and noise. In
addition, the time interval between adjacent images is short such that the target displaces
within the pixel range and appears to be slow moving. However, these features primarily
lie in the amplitude and geometric domains. The main concept discussed in this study is
the use of potential phase information to avoid these disadvantages.

To the best of the authors’ knowledge, several strategies exist to overcome similar
problems. Since the image sequences can be regarded as video frames, the most straightfor-
ward method is coherence change detection (CCD). This estimation procedure is originally
used for airborne videoSAR imagery. Hoshino et al. use CCD combined with the amplitude
contrast to detect a slightly moving truck in a pair of satellite SAR images to determine
whether it appeared or disappeared [6]. Stack-averaged coherence has been proposed to
extend the application of an image pair to a sequence, where distinct coherence magnitudes
are averaged to detect scattering changes within a pixel [7].

The second proposed method is the generalized likelihood ratio test (GLRT) intro-
duced by Budillon et al., which is originally adopted for multibaseline along-track inter-
ferometric (ATI) interferometry [8]. In this method, a given pixel across a sequence can
be modeled as a time series. The GLRT assumes that this sequence can be regarded as
a complex Gaussian distribution. Therefore, the indication of ground moving targets is
well-modeled as a hypothesis testing problem to determine whether the target is present.
This method is practical and has been successfully implemented using both simulated and
real data [9]. Although the adjacent pairs in image sequences are obtained within a very
short time interval, they are taken from the same viewing angle. This situation differs
from the case examined in this study. The GLRT method benefits from the likelihood ratio
definition, which is suitable for target features that only influence the local neighborhood
region in an image and is consistent with our proposal. The GLRT detector is originally
applied in optical systems, wherein the likelihood ratio function is maximized to determine
the presence of moving targets [10].

Recently, pixel tracking is proposed by Biondi et al. as a powerful analysis tool for
indicating target micro-motions [11–13]. This method uses normalized cross-correlation to
estimate the translational shifts between two interpolated images. Using the interpolation
technique, the estimation accuracy can be at the subpixel level. It should be noted that the
GLRT method has also been employed to detect the target micro-motions [14]. In this study,
the rotation of a target is considered. The likelihood ratio function for the GLRT is utilized
in the complex form, wherein both the magnitude and phase quantities are included.

Other types of likelihood ratio detection tests using tracking strategies have been intro-
duced in [15]. The Bayesian-based approach has been exploited in SAR applications [16–18],
where the target state is initially estimated and then updated using incoming observations.
This state is most frequently numerically approached using a particle filter (PF). Shi et al.
implemented a particle filter for slow-velocity and floating target detection in the context
of land-based radar [19,20]. In their study, a single-frame detection process could not
necessarily call the target presence, and therefore, the track-before-detect (TBD) strategy is
adopted. This strategy uses Bayesian recursive inference techniques and regards the target
detection problem as a target location inference problem. It is applied to low signal-to-
noise ratio or signal-to-clutter ratio images and after integrating information from multiple
individual scans. The TBD problem has also been widely used in SAR applications [21–23].
The original method can be implemented using a particle filter and a magnitude-based
technique combined with the phase information. It is worth noting that previous research
has incorporated phase information into the detection procedure to improve the results of
the system [24]. This practice highlights the importance of phase information.
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This study focuses on wide-area monitoring and relatively homogeneous terrain or
landscapes, such as farmlands and seas under calm conditions. By splitting a single antenna
into multiple subapertures and properly defining the imaging parameters, a sequence of
multi-squint and low-resolution images can be acquired. This sequence could be a long
time series of low-resolution and squinted SAR images. Through Doppler frequency
overlapping, a high temporal resolution is achieved rather than a high spatial resolution,
and the image series are produced with quite a small time baseline. Moreover, these series
do not have the same observation geometry. Owing to the large distance between the
platform and ground, the additive noise in the obtained images is more significant than
the airborne condition. Therefore, it is essential that the additive interference be jointly
considered with the clutter terms.

The contributions and novelty of this study are as follows. This study is the first to
explore the direct use of phase information as detection priors. For the detection of motion
signals, the interferometric phase information is combined with the subpixel tracking
strategy to determine the presence or absence of a given translational displacement from
the amplitude information. The results reveal that the proposed method is promising in
terms of sensitivity toward various potential moving targets.

The remainder of this article is organized as follows. Section 2 provides the mathemati-
cal formulation for the observation geometry and the corresponding phase model. Section 3
presents the proposed method. Section 4 outlines the implementation of the proposed
method using four real image sequences from TerraSAR-X data and presents comparative
results. A discussion and conclusions are provided in Sections 5 and 6, respectively.

2. Problem Formulation

In this section, the acquisition mechanism of low-resolution SAR image sequences
is briefly introduced. These images are complex-valued and are generated using the
subaperture technique with a single steering antenna. First, the SAR satellite observation
geometry is introduced. Then, the interferometric phase statistics from the image sequences
are analyzed in detail.

2.1. Observation Geometry

The acquisition geometry of the proposed system is depicted in Figure 1: the geometry
is adopted from previous literature [25]. The satellite platform operates along the flight
direction at a constant velocity Vs. The acquired low-resolution images are denoted as
I1, I2, . . . , In, N = 1, 2, . . . , n. Taking the two adjacent acquired images Ii, Ij as an exam-
ple, the moving target position has subpixel-wise displacements of Dazi, Dg_ran from the
azimuth and ground range directions, respectively. The two images are obtained with
different geometries and with a slight time delay: θ1, θ2, ϕ1, ϕ2 are their azimuth squint
angles and elevation angles, respectively. These qualities lead to a temporal and spatial
decorrelation between the adjacent images. Thus, an overlap of consecutive subapertures
is needed.

Similar to the airborne videoSAR, the staring spotlight is chosen as the observation
mode because it can enlarge possible azimuth squint angles. In addition, a certain degree
of overlap in the Doppler frequency band is adopted, which enables an increase in the
number of sequential images. The chirp bandwidth is consistently reduced to obtain
a low-range resolution. As a result, more than several dozen or one hundred images
are generated, which is clarified in the experimental validation Section 4. Note that this
separated baseline could be either purely along-track or partly cross-track to generate the
interferometry configuration.
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Figure 1. Acquisition geometry of low-resolution SAR images. (In the -O XYZ  Cartesian coordi-
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Figure 1. Acquisition geometry of low-resolution SAR images. (In the O-XYZ Cartesian coordinate
system, the positions of the satellite during two image acquisitions are represented by Q1, Q2, and H
(R, Y) forms the two-dimensional range coordinate system, which places the subpixel target S in the
image sequences).

As the images are generated with significantly short time delays and the overall
synthetic time is relatively short as well, it can be assumed that a moving point has a
constant velocity from both directions in each acquisition. Therefore, the displacement of a
moving point is also assumed to be constant between adjacent image pairs.

In the conventional SAR imaging of a given region of interest (ROI), a low spatial
resolution in the azimuth direction can be achieved by segmenting multiple subapertures
from the complete acquisition process. The obtained resolution is determined using a
portion of the full effective Doppler length. In the range direction, a reduced resolution can
be controlled by the chirp signal bandwidth. These relationships are described as follows:{

rsa ∼= ra
∆ f
folp

rsr ' c
2B sin θ

(1)

where rsa, rsr are the resulting resolutions of the azimuth and ground range directions,
respectively; ra is the original azimuth resolution; folp is the subaperture frequency band;
∆ f is the effective full Doppler frequency; c is the speed of light; θ is the radar incident
angle; and B is the bandwidth of the chirp signal.

This type of geometry aims to image the same areas with different look angles, which
can be easily achieved using a simple configuration. The system differs from ATI-SAR
systems, which display identical observation geometries. An overlapping of subapertures is
provided to ensure a sufficient coherence magnitude. Consequently, a certain degree of this
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magnitude may be observed. This mechanism is similar to persistent scatter pairs, wherein
the dominant ground scatters are considered to have the same contribution as moving
targets. Therefore, they may be sensitive to interferometric phases. The phenomenon is
discussed further in the following Section 2.2.

2.2. Interferometric Phase Statistics

As stated in the previous Section 2.1, man-made motion signals cannot be considered
as extended targets. Their sizes, including the defocusing effect, may be equal to or smaller
than the resolution of the system. Therefore, these motion signals can be regarded as
subpixel or small targets that occupy only a few pixels or as subpixels. Within a certain
pixel, the scatters may be regarded as an ensemble point. Therefore, the statistics relating
to these scatters can be represented by their mean velocities, which can be equivalent to a
single point observed from the radar look direction.

Considering a small squint angle as an example, this process can be further simplified.
The moving target signal is regarded as an additive contribution to the background and
noise, which may both be assumed to exhibit Gaussian distributions in the low-resolution
scenario (according to the central limit theorem). Then, the phase statistics can be used as a
pre-detection procedure.

This process is similar to registration with subpixel accuracy, wherein the phase infor-
mation within a pixel is sensitive to distance or range R(t) variations. The computations of
the interferometric phase of the two images are related to the coherence of the two images.
For each pixel, classical multi-look sum techniques are used [26]:

d =

∣∣∣∣ k
∑

m=1
I1(m)I∗2 (m)

∣∣∣∣√
k
∑

m=1
|I1(m)|2

√
k
∑

m=1
|I2(m)|2

ϕ = arg
(

k
∑

m=1
I1(m)I∗2 (m)

) (2)

where k is the number of neighborhood windows utilized to average the interferogram
image, including those from the azimuth and range directions.

The first expression in Equation (2) denotes the coherence magnitude, whereas the
second term refers to the interferometric phase. Multi-look processing is conducted on the
interferogram image. Note that the statistics of the phase are invariant to the multiplicative
modulation of the arbitrary image. In the local area, this scaling factor tends to have no
influence on the phase results, unlike the coherence magnitude. Therefore, the phase
information is more suitable for determining the change in viewing angle as the scaling
factor, which may relate to different viewing angles. The echo signal response can be
modulated by the two-way antenna pattern function. Moreover, the viewing angles can
vary in both the azimuth and range directions. Between the adjacent images, most of the
moving targets move in both the azimuth and range directions within a resolution cell,
which results in an additional phase shift. This mechanism is similar to that of persistent
scatter interferometry [27].

Considering a low-resolution scenario, a resolution cell consists of numerous scatters.
Therefore, their sums utilize the central limit theorem. The distributions can be regarded as
zero-mean and complex Gaussian distributions. Moreover, the Doppler frequencies of the
two images partially overlap and are considered partially coherent. Between the adjacent
images, the closed-form distributions of the interferometric phases fΦ(φ) are determined
as follows, which can also be approximated using a simple Gaussian distribution with a
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zero mean and a specified variance. These qualities are previously described in [28,29] and
are further demonstrated in the experimental Section 4 of this article:

fΦ(φ) =
Γ(n+0.5)(1−ρ2)

n
β

2
√

πΓ(n)(1−β2)
n+0.5 +

(1−ρ2)
n

2π F
(
n; 1; 0.5; β2)

=
(1−ρ2)

n

2πΓ(n)(1−β2)
n+0.5

[√
πΓ(n + 0.5)β

+
n−1
∑

i=1

(−1)i

2
Γ(i−n+0.5)Γ(n−i)

Γ(1.5−n)
1+(2i−1)β2

(1−β2)
i−n+0.5

+ Γ(n−0.5)√
π

(√
1− β2 + 2

(
n− 1

2

)
βarcsinβ

)]
' N

(
φ; φ, σ2) = 1√

2πσ2 e−
(φ−φ)2

2σ2

⇔ N
(
φ− φ; 0, σ2)

(3)

where Γ(.) represents the gamma function, F(.) is the Gauss hypergeometric function
(GHF), β = ρ cos

(
φ− φ

)
, ρ represents the coherence magnitude, and φ is the inherent

phase angle, which could be estimated by averaging the interferometric phases within the
neighborhood of each pixel, and n denotes the number of looks. For a given pixel across the
image sequence, the approximated Gaussian distribution N(.) has a nearly closed variance
σ2 because the squint angle is small and the overlap ratio between adjacent images is
the same.

Gaussian distributions can be used to simplify the likelihood ratio expressions and
calculations, wherein both the clutter and noise terms can be easily included in the results.
As stated in Section 1, in the context of a large coverage of the resolution cell, the moving
target can be regarded as the dominant scatter point in this pixel. We first consider a single
scatter point and its relative position within the resolution cell. Between adjacent images,
the scatter has moved a certain distance and contributed to changes in the slant range. The
phase of the returned signal is assumed to be independently contributed by the point-like
dominant moving scatter and clutter/noise. Owing to the motion features, an additional
phase shift can be generated in the aforementioned phase distributions. Note that for the
ensembles of clutter points, this phase shift may be equivalent to a point group or a portion
of the pixel having a certain velocity.

According to the above analysis, the aforementioned Gaussian distributions can also
be adapted to low-resolution urban areas, wherein numerous man-made objects exist.
However, from [8], homogeneous areas are more appropriate for this system. Therefore,
this article focuses on an ocean under calm conditions and agricultural areas.

3. Proposed Method

The proposed method consists of two major processes: the first process utilizes the
GLRT mechanism, which is specific for interferometric phase time series. The second
utilizes the pixel tracking strategy to compute subpixel offsets. A flowchart of the proposed
method is shown in Figure 2.

3.1. Application of the GLRT to the Phase Domain

The ground motion in the persistent scattering interferometry may also be applied to
a moving target. The target has a point-wise offset within a pixel regardless of the dynamic
or textual ground. During a short time delay between adjacent acquisitions, the ground
may be assumed to be nearly static. The motion signals are supposed to act as additive
contributions to the results, which is preliminarily proven in the following experiments.
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The interferometric phase time series is regarded as the input to this system. Based
on the statistical models shown in Section 2, the GLRT problem is established using two
hypotheses: hypothesis H0 is the absence of the target, whereas hypothesis H1 is the
presence of a moving target, which can be regarded as an additional signal on the target
clutter and noise distributions. The simple formulas for these hypotheses are as follows [30]:

H0 : s[j] = w[j] ∼ N
(
s; 0, σ2)

H1 : s[j] = A + w[j], j = 1, 2, . . . , N − 1
(4)

Here, we consider the simplest case in which this additional shift A is modeled as a
constant signal. Under the assumption of small antenna looking angles, the phase shift can
be proportional to the angle variations and target subpixel positions, in either the azimuth
or ground-range direction. Assuming that the target possesses a uniform velocity with
respect to the acquisition time, the signal could be considered as constant because both
the observation angle and subpixel location of the target point vary linearly. Moreover,
because this shift is equivalent to modulation by 2π, the accumulation of phase changes
may be self-restricted, and numerous target movements do not cause a significant phase
shift. The linear method is based on the theoretical effects described in Section 2. The GLRT
framework is first directly applied to the phase domain.

Using the overlapped subapertures, the image sequences are densely generated along
the timeline. With a constant overlap ratio, a slight angle difference exists between the two
adjacent images. Compared with the ATI-SAR system, the very short baselines of these
methods may be identical. However, as the proposed method assigns multiple antennas or
sub-antennas only along the platform moving direction with various viewing angles, the
observation geometry differs.

Considering the subaperture configuration, two adjacent images are acquired, which
are equivalent to the two antennas. Interferometry uses the phase difference information
contained in these images as a very sensitive means of determining distance variations.
Then, complex multi-look images are obtained. Next, the image representation is spatially
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averaged to obtain the inherent phase. The coherence magnitude is defined using the
module of the derived results d, which represents the estimated empirical coherence degree.
The empirical phase difference ϕ is also calculated.

Owing to the large-scale coverage of the resolution cells, the pixels in the interferom-
etry image are assumed to be independent and identically distributed (i.i.d). Therefore,
the histogram of the pixel phase distributions reveals identical distributions. The average
filter among a single image can be used to estimate the inherent phase information, which
consists of the height variation information within the pixel. Therefore, the Gaussian dis-
tributions can be regarded as the approximate formulation for the interferometric phases
with the presence of only clutter and noise. These conclusions are drawn from previous
literature because these distributions are zero-mean distributed and partially coherent.
Moreover, precise estimation of the variance is not necessary for this scenario, as it can
be estimated by the Maximum Likelihood Estimate (MLE) in the GLRT method. The test
statistics are determined as follows:

T = (N − 1)ln
σ2

0
σ2

1
(5)

where σ2
0 is the variance of the pixel sequences to be examined and σ2

1 is the estimated
variance under H1.

3.2. Pixel-Based Tracking Strategy

Although the phase difference contains information regarding the variations of the
distance between the target and radar, few studies have considered these properties in the
multi-squint case. Based on the aforementioned specific properties of moving targets, a
method that utilizes the interferometric phase information and pixel tracking is proposed in
this study. The main contributions of this study are as follows. First, the pure phase quantity
is applied as the measurement likelihood ratio. Then, the GLRT is used to determine the
target presence coarsely. Pixel tracking with an interpolation strategy is employed to
differentiate between the static false alarms and true motion scatters.

Pixel-based tracking is a correlation-based strategy. This correlation is usually linked
to pixel shifts and consists of two components. The component interpolates the candidate
selected via the phase computation from the previous section. The second component
subtracts the most frequently estimated shift and then performs statistical computations
using the obtained results. The basic 2D correlation computational method is often used
in the subpixel registration results [13] or as the velocity measurement system. Since
the motion signals have a certain velocity, this strategy may be applied to eliminate the
occurrence of subsequent false alarms.

After utilizing the interferometry phase information, low-resolution magnitude im-
ages are used to enhance the detection performance of this system. The primary detected
results define a dedicated ROI. Then, the magnitude correlation is used to determine
whether the examined areas contain potential moving scatters. Next, high-resolution im-
age formation is achieved to indicate the ground movement of the target. Therefore, the
detection method presented in this study is a coarse process.

In the proposed method, the subpixel shift is not estimated by the adjacent pixels.
However, it is estimated from the first image to successive images in the sequence. Each
image selected by the phase statistics is enlarged or oversampled. A mechanism called the
“search for common shift” is used to estimate the results. Subpixel offset technology is not
directly employed to determine the micro-motion target. This interpolation method can
be utilized to enhance the line or contour structure of the target, and the subpixel offset
estimation is transformed into the motion of these geometric properties. In this article,
the “Canny” operator for extracting linear features is adopted, and the image resizing
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ratio is 16. Consequently, the common movement obtained after the interpolation and the
inherent movement that occurs the most frequently are selected.

lj′ =lj − limax{card(li∈L)}, j = 1, 2, . . . , N − 1 (6)

where lj, l′j are the initially estimated shift and reduced shift, respectively. The shift that
appears to be the most frequent across the sequence is subtracted from the estimated shift.
The operator card(.) denotes the total number for each quantity of shifts.

As stated in previous literature, the subpixel offset is largely independent of the
estimated phase information. A similar technique is used in the registration of a pair of
images to determine whether the strong revealed pixels exhibit shifts. In the original image
pairs, the unresolved moving scatters are surrounded by static strong scatters. Therefore,
these methods cannot be directly applied. The estimated subpixel displacements and shifts
are also calculated. This latter criterion can also be referred to as the amplitude change.
From the experimental Section 4, the results of these calculations reveal that the potential
detected pixel appears as an ensemble, and a neighborhood area is chosen to obtain strong
moving scatter results. Using this method, false alarms can be suppressed. Therefore, the
proposed method is at least sensitive toward potential moving scatters.

The Gaussian assumption is biased when utilized in conjunction with urban areas or
dynamic ocean conditions. When urban areas that consist of man-made objects occupy
the majority of an image, false alarms may be produced. Dedicated high-resolution image
detection can be used to avoid this phenomenon. This phenomenon can be distinct in
high-resolution scenarios. Conversely, the corresponding homogeneous areas can be
pre-detected or pre-indicated utilizing the segmentation strategy proposed in this study.

It should be noted that the GLRT is suitable for a long time series, and its performance
can be estimated asymptotically with an increasing number of images. Using normalized
cross-correlation and feature matching, translational shifts may be inferred. By clipping
from the other images, this method can be regarded as a type of tracking strategy.

The techniques proposed in this study are related to SAR image registration with
the subpixel accuracy. The pixel tracking strategy can be considered as a type of two-
dimensional cross-correlation method, which aims to achieve a fine subpixel shift via local
co-registration between adjacent images. We can obtain a fine-shift estimation following the
interpolation process. These estimations are related to the coarse estimations and subpixel
resolution by oversampling the original image sequences.

4. Experimental Results

Since it is difficult to achieve accurate simulation results for dynamic ocean currents
and agricultural textures, real TerraSAR-X Single-Look Complex (SLC) data are directly
used to generate equivalent low-resolution images in this study. The real images are
obtained from the observations of Lvshungang, Dingxin, Sasebo, and Jinmen. Calm
sea and suburban areas are segmented, wherein the majority of the ground in the latter
images is covered with crops. These types of land cover can be considered homogeneous.
Screenshots of the four sub-regions are shown as grayscale images in Figure 3.

4.1. Calm Sea and Farmland Scenarios

The obtained images are segmented into sequences in the range-Doppler domain
and downsampled using the Fourier transform in the range direction. First, we illustrate
the resolution reduction considering the four real SLC image data. Then, the frequency
allocation configurations and detailed subaperture decomposition process are introduced.
Based on the fundamental satellite configuration, several parameters of the satellite plat-
form/antenna and resolution variation are listed in Table 1 [25].
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Figure 3. Segmentations of TerraSAR-X SLC data: (a) Lvshungang. (b) Sasebo. (c) Dingxin.
(d) Jinmen. Their appearances are stretched and compressed in terms of the shapes and quantized
amplitude for appropriate depiction.

Table 1. Satellite platform/antenna and resolution variation parameters.

Main Landscape of the ROI Calm Sea Farmland

Orbit height 514 km
Effective velocity 7337 m/s

Wavelength 3.1 cm
Imaging mode Staring spotlight

Pulse repetition frequency 4998.45 Hz
SLC data observing location Lvshungang Sasebo Dingxin Jinmen

Reduced azimuth resolution ratio 50 58 60 55
Reduced range resolution ratio 15 28 26 50

Number of generated low-resolution images 124 152 148 136
Low-resolution image size (azimuth, range) 85, 85 55, 51 55, 57 60, 59

Image generation is achieved based on subaperture techniques using slightly different
viewing angles and the estimated antenna pattern curves. Furthermore, frequency band
segmentation is employed to achieve a low resolution in both the azimuth and range
directions, as depicted in Figure 4. In the azimuth direction, the pairs of neighboring
subapertures are not perfectly adjacent but rather are interlaced with a constant overlap
ratio. Meanwhile, in the range direction, a common subband is truncated among different
images, according to the reduced resolution ratios. Correspondingly, the frequency allo-
cation configurations are listed in Table 2, wherein the number of Doppler subapertures
is the same as the low image number for each SLC datum, and the subband frequency
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occupations are exactly or nearly equal to the low-resolution image sizes. In the exper-
iment, only two mean filters are used to perform the multi-look processing/CCD and
inherent phase estimation. Subareas from Figure 3 are selected from SLC data with distinct
rectangular windows. These configurations and parameter settings are also provided
in Table 2. Since the geometric correction is performed during the whole aperture time,
the registration procedure is not required for equivalent low-resolution images. For the
low-resolution images, the statistical characteristics of each pixel are i.i.d. Therefore, the
statistical information of the entire interferometric phase images may be used to represent
the single-pixel statistics.
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Figure 4. Frequency band segmentation used to achieve a low resolution. (a) Effective Doppler band in the azimuth
direction and subaperture decompositions. (b) Corresponding chirp signal frequency bandwidth and truncated band. The
results of Fourier transforms of Lvshungang image sequences are taken as examples.

Table 2. Frequency allocation configurations and filter parameter settings.

SLC Data Observing Location Lvshungang Sasebo Dingxin Jinmen

Number of Doppler subapertures 124 152 148 136
Azimuth band to be segmented 1778–6051 1132–4364 1155–4659 1447–4750
Subaperture band occupation 85 55 55 60
Range band to be truncated 335–1622 306–1734 267–1735 526–3486
Truncated band occupation 85 51 56 59

Overlap ratio of consecutive subapertures 0.60
Number of looks 25 (a 5 × 5 mean filter)

Mean filter for inherent phase estimation 3 × 3

Spatial rectangular window (azimuth, range) 5000–13,000,
2000–4000

1–6000,
3000–5000

6000–12,000,
3000–7000

12,000–18,000,
1–4000

The overall acquisition time is less than several seconds, which corresponds to the
spaceborne conditions. Therefore, the aperture time of the corresponding area is quite
limited and results in a wide resolution in the azimuth and range directions on the order of
hundreds of meters. As depicted in Figure 5a, the interferometric phase histogram between
the first and second images from the temporal sequence is obtained. It can be seen that
this histogram is similar to a zero-mean Gaussian distribution. Moreover, the peak of the
envelope, which corresponds to the variances of distributions, does not vary significantly,
which ensures the basic assumption of the GLRT method, as shown in Figure 5.
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Figure 5. Interferometric image statistics demonstrating the i.i.d assumption within the image and
the close variance across the sequence. The (a) 1st, (b) 5th, (c) 20th, and (d) 30th interferometric image
histograms are shown, wherein the case of Lvshungang observation is taken as an example.

The proposed method is compared with two alternative techniques used to achieve
such detection: the stack-averaged CCD and particle-filter-based tracking methods. The
latter method is employed in conjunction with the coarse initial location of the given target,
which can be specified in advance. Since the target to be detected is non-cooperative,
targets such as the vehicles and marine vessels, which can be visually confirmed, have
been considered in previous studies. Considering the resolution reduction, the given pixel
coordinate relationships in the processed images and the original images are explicitly
considered, i.e., the geometric mappings among the generated low-resolution image se-
quences, SLC data, segmented areas, and new subaperture decompositions of original
high-resolution SLC images (only in this way, the motion within the short aperture time
might be visually confirmed) are examined by calculating their image size ratios. Each
image is considered as the finite sampling result of a random process. The values are
divided into several intervals, and the total number of values for each quantity are counted.
This sampling ensemble is used to estimate the probabilistic distribution densities.

In the particle-filter-based tracking method, the particles are exploited to represent
the locations of moving target centroids. These particles are randomly generated from
the first image and can evolve with the successive images based on the weight values.
These quantities are determined based on the amplitude similarity between the motion
area specified in the first image and those represented by these particles. We adopt the
Bhattacharyya distance, combined with the standard normal distribution, to calculate the
weights. Note that the concept of similarity in this method could be analogous to the ratio
of the probability likelihood, but it concerns only magnitude information.

The phase-selected area still contains residual clutter at this point. Subpixel offset
tracking is utilized to suppress these possible false alarms. The minimum bounding rectan-
gle algorithm is exploited to collect potential moving candidates after GLRT thresholding.
Considering such a rectangular section of an image as an example, the phase-selected area
could consist of a set of structures, such as lines and contours. These kinds of features
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could be found in ships and buildings and could be extracted and enhanced after the
interpolation of this subarea. Therefore, the next problem is to determine whether these
structures have a certain shift or could be locally aligned in order to judge the presence of
moving targets.

Taking the sixth square in the Lvshungang experiment as an example, its estimated
shift across the sequence is as shown in Figure 6. The most common shift has been
subtracted from all the estimated relative offsets, according to Equation (6). The basic idea
is to count whether zero offsets, including the small quantities around them, exceeded
half of the interframe image numbers. The large number of zero shifts indicate that the
relevant subarea is more likely to be static, and the depictions in the figure suggest a true
motion signal. To determine the cross-correlation, a template is chosen from the first image
as reference (primary rectangle), and the corresponding areas from the rest of the images
to be compared are enlarged by three pixels in each direction. The new rectangles with
exceeded boundaries are no longer taken into account to avoid the potential boundary
effect. In these four study cases, the phase GLRT threshold for the Lvshungang and Sasebo
experiments is 20 and 25 for the Dingxin and Jinmen experiments. The bias to zero shift
is set to 0.05. Finally, a penalty ratio is adopted to quantize the generated low-resolution
images to avoid extremely large magnitudes for all image pixels. This ratio is considered
to be 5 for the Lvshungang and Sasebo study cases and 2 for the Dingxin and Jinmen cases.
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Figure 6. Subpixel “common” shift estimation and subtraction for a red square to obtain a relative
shift. The sixth motion candidates across interframe images (between the first image and the others)
from Lvshungang observation are taken as examples.

The presence of unresolved moving targets is inferred, as shown in Figure 7. After
eliminating the false alarms by pixel tracking, the remaining red squares represent the
potential motion signals. Note that a couple of rectangles could indicate the same target.
Among the three large vessels detected in Figure 7a, the vertical motion could be visually
confirmed only for the rightmost vessels, as revealed by the subapertured high-resolution
SLC images. The other two vessels are assumed to have local vibrations, as stated and
studied in [12]. Several indications are present on land in Figure 7b, where a moving
vehicle can be distinguished. After calculating the explicit pixel mappings between the
low- and high-resolution images, streak-like vehicle signals could be visually inspected
in the high-resolution images. They could appear from the nearby areas, owing to the
Doppler frequency mismatch. This mechanism leads to an imaging position shift in the
azimuth and range directions for moving targets.

Figure 7c and d provide two similar case studies of Sasebo and Jinmen, respectively.
Three high-speed and defocused signals are evident in Figure 7c, as also presented in
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Figure 7a. In Figure 7d, multiple proximal vehicle signals are observed along farm ridges.
In addition to the moving targets detected and areas difficult to visually perceive and
confirm, there are false alarms indicated from sea–land junction areas (including small
islands) and around the suburban buildings or infrastructure. Empirically, it is evident
that a large number of these man-made features could generally degrade the phase-related
Gaussian approximations. Hence, for the red squares whose coverage is larger than the
number of looks, they should be eliminated. However, in practice, these results may have
no meaning for homogenous-area surveillance tasks because a land-avoidance strategy can
also be used.
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The obtained results indicate that the proposed mechanism could be potentially 

promising when considering the alternative methods, including the stack-averaged CCD 
and particle-based tracking methods, as compared in Figure 8. The real point-wise signal 
tends to become sheltered after undergoing processing. After comparison with the 
aforementioned methods, the noise and clutter responses cannot be excluded from the 
thresholding operation, as dark, low coherent areas may also be caused by the motion of 
the current or agriculture texture, and not by the moving scatters. Figure 8a–d illustrate 

Figure 7. Detection results across four temporal sequences: the images in the middle are abstracted from the first low-
resolution images that are obtained. (a) Ocean landscaped in Lvshungang. (b) Agricultural areas in Dingxin. (c) Ocean
landscaped in Sasebo. (d) Agricultural areas in Jinmen. The red squares represent the areas wherein moving targets may
exist. By calculating the geometric mappings and searching the high resolution, six subaperture decomposed Scheme 100.
pixels in each direction, due to possible Doppler centroid mismatch), have been visually found and are indicated by the
blue squares. The potential moving targets are encircled in white with these 11 groups of high-resolution sequential images
on both sides, and the temporal lines are from left to right and top to bottom.

4.2. Comparison with Related Methods

The obtained results indicate that the proposed mechanism could be potentially
promising when considering the alternative methods, including the stack-averaged CCD
and particle-based tracking methods, as compared in Figure 8. The real point-wise sig-
nal tends to become sheltered after undergoing processing. After comparison with the
aforementioned methods, the noise and clutter responses cannot be excluded from the
thresholding operation, as dark, low coherent areas may also be caused by the motion of
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the current or agriculture texture, and not by the moving scatters. Figure 8a–d illustrate the
stack-averaged coherence level for Lvshungang, Dingxin, Sasebo, and Jinmen, respectively.
The dark areas are also revealed as having low coherence, and motion signals could not be
directly inferred by using the threshold operation.
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Figure 8. Stack-averaged coherence changes in magnitude for (a) Lvshungang, (b) Dingxin, (c) Sasebo,
and (d) Jinmen. The dark areas indicate low coherence and cover the majority of the observation
areas, owing to the multi-angle scattering sensibility. It is difficult to separate them from the motion
signals, which could also appear as low coherence in normal resolution cases.

In addition, even though the accurate initial location of the moving target is manually
provided, the classical PF-based tracking strategy still cannot accurately indicate the target
centroid, as shown in Figure 9a–e. This shortcoming is due to the multi-angular observation
scheme: the scattering of ground signals usually fluctuates across image sequences. Hence,
the amplitude-based similarity assessment is no longer robust. Considering the rightmost
vessel in the Lvshungang experiment as an example, we use the three red squares around
it to obtain a barycenter according to their areas. In addition to the position bias in
Figure 9c,d, a benchmark is also presented in Figure 9e: across the image sequence, the
potential moving target is assumed to be nearly static with a subpixel offset (black line),
and the GLRT-based method could denote a static estimation from the beginning to end
(blue line). However, PF-based tracking could not achieve coverage (red line). Moreover,
the GLRT method involves the direct application of the MLE to the entire image sequence,
whereas the tracking strategy recursively calculates position approximations. It should
be noted that the latter method is less computationally efficient. Therefore, particle-filter
numerical approximations are not recommended in this scenario.
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Figure 9. Results of applying the PF-based tracker to the Lvshungang image sequences. In (a), the first image, the cyan
square is specified to indicate the centroid of the moving vessel accurately. In (b), the 10th image, the target can still be
tracked. In (c), the 50th image, a location variation can be visually observed. In (d), the 100th image, the cyan square cannot
indicate the moving target centroid, with larger position bias. (e) Benchmark position estimation accuracy of the PF-based
tracking and phased-based GLRT method proposed in this article, wherein the visually estimated position is approximately
set as 0 during the position bias computation.

5. Discussion

The likelihood ratio detection and tracking method, which utilizes the particle-filter
technique, suffers from issues such as dimensionality. In addition, only the magnitude of
the image is considered, i.e., the envelope information of the moving target distributions.
Therefore, considering the viewing angle variations, the magnitude properties may be
determined, as the background appears to be dynamic, but the GLRT method exhibits
asymptotic behavior in terms of the characteristics of the problem considered in this study.
Since these images are obtained from different squinted angles, the scatter properties vary.
This issue degrades the performance as the likelihood ratio functions are difficult to define
in terms of magnitude information. A similar problem occurs with the PF-based tracking
techniques, as mentioned in the previous sections. However, the overlap frequency ratio
between adjacent images should be constant and sufficiently large. This requirement is
related to the continuous angle variations in the staring spotlight mode. Therefore, the
similarity or correlation between neighboring images and the physical significance of their
interferometric phases could be fundamentally ensured.

Satellites are used to extend observation areas and ensure adequate monitoring ca-
pacity. The phase-based traditional GLRT introduced in this study are applied to complex
images. Moreover, the clutter and noise are regarded as interference, which can be consid-
ered using a Gaussian approximation to determine whether a signal is present or whether
noise exists. The utilization of the phase domain instead of classical amplitude information
is the main innovative aspect of this study. Classical methods mainly consider amplitude
and intensity information for information retrieval. In contrast, the method proposed in
this article begins with the identification of phase difference information, which is im-
portant in the proposed method and is used to create long time-series data. It should be
noted that the GLRT is the MLE of the likelihood ratio, and a direct computational model
is relatively simple compared to numerical recursion. The proposed method is relatively
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simple, and the phase information is quite useful. However, it has not yet been utilized in
the multi-squint case, which accounts for the variation of the antenna pattern.

Finally, all components of the proposed method are programmed in a MATLAB
environment with 32 GB of memory and an i9-type CPU. The execution time is dozens
of seconds for each scenario. During the very short acquisition time, the other complex
parameters are assumed to be insignificant, and therefore, only the measured distance
variation is related to the scatter motion. Since the time interval is short and relative
motion is characterized by selecting nearby high-energy and stable geometric features, the
shift contribution is mainly generated by the target displacement as the magnitude varies
between pixels.

6. Conclusions

This article explores the use of interferometric phase information for applications
involving wide-area SAR temporal sequence monitoring. To the best of the authors’
knowledge, this study is the first to introduce a likelihood ratio framework into the phase
domain. Additional phase contributions are considered to exist with subpixel motions.
Therefore, a faint target in terms of the magnitude domain is not necessarily weak in terms
of phase variations. The proposed method is directly applied using real TerraSAR-X data
for two types of scenarios primarily consisting of calm sea and agricultural areas.

The method presented in this article cannot determine whether multiple interactive or
proximal red squares represent a single target or not. The number of potential targets of
interest, even in the case study of group targets, could be inferred using this method [31].
Other scenarios involving land-avoidance strategies, wherein static man-made objects or
infrastructure exist, may also be examined. These two problems will be considered in our
future studies.
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