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Abstract— Monostatic pursuit refers to the operating mode
formed by two monostatic synthetic aperture radar (SAR) sys-
tems that follow an identical orbit with a separation in a time of
several seconds. The detected changes between SAR scenes with
several seconds of time difference are most likely the changes
caused by ground moving targets. Hence, this operating mode
opens an opportunity to detect ground moving targets by SAR
change detection methods. This article investigates this possibility
to detect ground moving targets using change detection and to
combine change detection and ground moving target indication
(GMT]I) for GMTL. In this combination, a GMTI method will help
to classify the detected changes obtained with a change detection
method. Some GMTI results are provided in the article based on
the measurements in the monostatic pursuit mode with deployed
targets, conducted by TerraSAR-X and TanDEM-X in Sweden
in early 2015.

Index Terms— Change detection, ground moving target indi-
cation (GMTI), pursuit mode, synthetic aperture radar (SAR).

I. INTRODUCTION

ROUND moving target indication (GMTI) is an impor-
Gtant application of synthetic aperture radar (SAR) for
both military purposes, e.g., surveillance and reconnaissance,
and civilian purposes, e.g., traffic monitoring. A comprehen-
sive GMTI method is desired to include capabilities of detect-
ing moving targets in a ground scene of interest, estimating
motion parameters of detected targets, and providing images of
detected targets. One of the fundamentals used for developing
GMTI methods is the Doppler frequency shift caused by
motions. The movement of a target in a ground scene produces
Doppler frequency and if the speed of the target is high
enough, it is distinguishable from the surrounding stationary
clutter. The optimal schemes based on Doppler frequency and
Doppler rate using the maximum likelihood criterion were
developed in the early 1990s [1]. Another effect that can
be used to develop GMTI methods is shadowing caused by
the displacement of moving targets in SAR images. This
displacement leads to the nulls in images associated with the
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original positions of moving targets [2]. Under the condition
of strong ground backscattering, GMTI methods based on the
shadowing effect can give good GMTI results. Besides the
displacement, moving targets get smeared in SAR images [3].
On one hand, this effect can make GMTI more difficult. On the
other hand, this effect can also be used to develop SAR
GMTI methods under the principle that moving targets get
refocused whereas clutter is smeared simultaneously when the
SAR image formation process is carried out by the true target
normalized relative speed. It is obvious that displacement and
smearing are effects related only to the magnitude of SAR
images. Another target feature that can be used to develop
SAR GMTI methods is the phase of SAR images. The method
proposed in [4] is based on the fact that the phase error in
SAR images is caused by ground moving targets. The error is
estimated over a SAR image and compared with a detection
threshold to conclude whether a target is present or not.

Change detection is another important application of SAR.
SAR change detection enables detecting changes in a ground
scene between two measurements at different times. The
changes can be the result of natural disasters or human legal
and illegal activities. The SAR change detection methods
developed are very diverse thanks to the theories such as
Neyman—Pearson lemma and Bayes’ theorem that can be used
for method development. Different probability distributions
for random variables such as complex normal distribution
and bivariate gamma distribution are available to model the
distribution of clutter and noise present in SAR images [5], [6].
Different processing schemes also contribute to the diversity of
the change detection methods. If these methods can be used for
SAR GMTI, then a large number of new SAR GMTI methods
may emerge.

During the time period of October 2014 to February 2015,
TerraSAR-X [7] and TanDEM-X [8] have been operating
in the monostatic pursuit mode [9]. This operating mode
requires TerraSAR-X and TanDEM-X satellites flying with an
identical orbit in space and separated few seconds in time.
With the short separation in time between the measurements,
the changes in a ground scene come mainly from ground
moving targets. This opens a new opportunity to detect ground
moving targets not only with the available SAR GMTI meth-
ods but also with the available SAR change detection methods.
In order to investigate and evaluate this new opportunity, the
measurements with deployed targets were conducted around
Mantorp, west of Linkoping, Sweden, in 2015 using the
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TerraSAR-X and TanDEM-X satellites. The systems were
configured to operate in monostatic pursuit mode with sep-
aration along-track. The separated distance corresponds to
about a 10 s delay. In the ground scene, some ground moving
targets with different velocities were deployed. The time for
the measurements was selected at 6:30 am local time on a
Saturday morning for better controlling the measurements.
At the measurement time, there was almost no traffic. This
allowed the vehicles to be deployed as desired and able to
drive at low speeds without disturbing other vehicles. The
outcome of the measurements is a dataset (SAR images) that
can be used for investigating and evaluating the possibility to
detect ground moving targets with the available SAR change
detection methods.

In this article, we present an investigation on the possibility
to use SAR change detection methods for GMTI with the
data measured by two SAR systems operating in monostatic
pursuit mode. It is desired that SAR change detection can
provide at least the changes possibly caused by ground moving
targets that can be used to indicate the presence of targets.
A combination of SAR change detection and SAR GMTI for
a broader context of GMTI is also addressed.

The rest of this article is organized as follows. Section II
discusses about GMTI, the signature of ground moving target
in a SAR image, focusing approach and local GMTI by
focusing. Section III presents the change detection method
that will be used for GMTI in this study. Section IV reports
the setups and the data acquisition for the monostatic pursuit
mode measurements that were conducted in Sweden in 2015.
The experimental results and evaluations are provided in
Section V. Section VI includes the concluding remarks.

II. GROUND MOVING TARGET INDICATION

GMTTI aims at detecting moving targets in the ground scene,
estimating parameters of the detected moving targets such
as speed and direction of movement, and retrieving focused
images of the detected ground moving targets. The presence
of ground moving targets in a SAR scene leads to some
effects in the SAR image that can be used as bases to develop
GMTI methods for strongly reflected targets. A typical effect
is smearing that can be observed easier in comparison to other
effects such as shadowing. A GMTI method developed on this
phenomenon is named moving target detection by focusing.

A. Ground Moving Target Signature

As shown in [10], the mathematical expression of a ground
moving target signature in a SAR image formed in a slant-
range plane (x, y) is given by

(v —y)

(x — x0)*
5 =1
Yo

y2(r2= 1)y

where (x,y) is the SAR image coordinate and y is the
normalized relative speed. It is calculated by

2
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where v, and v,, are the speeds of the ground moving target
and the SAR platform, respectively, A¢ is the angle formed
by the target velocity and the platform velocity. Equation (1)
is the function of either an elliptic curve or a hyperbolic curve
centered at (xo, yo). This center relates to the true position of
the moving target (xg, y,) by

g Sin A¢p

X)g =Xy — ———————— 3
0 & Day — g COS Aqﬁyg £
and
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= I+ (——. 4
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l—v—g§y§1+v—g. Q)
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In the general case, for y > 1, i.e., y2 —1>0, (1) will be
a function of ellipse. Since (y> — 1)/y2 < 1, the major axis
lies in y-axis while the minor axis corresponds to x-axis. The
axial ratio of the ellipse (1) is determined by

y
|y2 1]

and the tilt angle is ¢ = z /2. In the opposite case y < 1,
ie., y2—1 <0, (1) represents a function of hyperbola. Since
(y2—1)/y% < 0, the major axis lies in y-axis or the tilt
angle is 7 /2. The axial ratio of the hyperbola is also
given by (6).

For space-borne SAR systems like TanDEM-X and
TerraSAR-X [6], [7], the orbits are circular. The speed of the
SAR platform is converted to the ground speed. Herein, v,y
refers to this ground speed. It is usually extremely high in com-
parison to speeds of any ground moving target v, < vay. The
normalized relative speed given by (2) can be approximated
by y ~ 1. In this case, the minor axis of the ellipse approaches
zero and, as consequence, the axial ratio approaches infinity
(AR =~ 00). Equation (1) is approximated by a function of
a line going through the center (xo, yp). The signature of a
ground moving target in a SAR image in this special case
is a line that is parallel to the SAR platform’s orbit. The
displacement is only in the azimuth direction because of the
approximation in this case yo & y,.

AR = (6)

B. Locally Focusing of Ground Moving Target

The locally focusing technique for ground moving target
was derived from the Range Migration algorithm in [11].
According to the Range Migration algorithm [12], a SAR
image of a ground scene J(x, y,t = —fp) can be expressed in
the form of a 2-D inverse Fourier transform by
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where 7 is the time from transmission of signal until the data
recording starts, S(ky, y = 0, (c/2)(k; +k3)'/?) denotes the
2-D Fourier transform of data after the Stolt interpolation, k,
and k, are the azimuth and range wave numbers, respectively.
The azimuth wavenumber is defined by

_ o,

Vay

kx (@)
where f, denotes azimuth frequency and lies in the range
[—pulserepetition frequency (PRF)/2, +PRF/2]. The wavenum-
bers and the radar angular frequency w are linked together by

the relationship
W= %, [ki+ k3

and (9) is the base for the Stolt interpolation.

Assume that a moving target is present in the ground scene
and the normalized relative speed is determined by y. The
moving target will be displaced and smeared in the SAR
image (7) in a form of an elliptical or hyperbolic curve in
the SAR image of the ground scene. To refocus it on a new
SAR image, this new SAR image should have the following
expression:

©)
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that is (10) in [11]. The term k,/y in (10) replacing k, in (7)
is interpreted by that the speed of the platform is rescaled with
the normalized relative speed y . Equation (10) implies that to
refocus the moving target, an extra interpolation is required

dk,

(10)
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The relationship between k, and I;y can be easily shown to be

1 -
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Refocusing a moving target in the new image of a ground
scene also means that the clutter will be smeared in it.

13)
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C. Local GMTI

The processing scheme for local GMTI is summarized as
follows [11].

1) Selecting area of interest.

2) Testing different hypotheses on y for (10).

3) Retrieving highest magnitudes for each hypothesis.

4) Locating peak(s).

5) Minimizing false alarms.

An area of interest is not necessarily the area where a
moving target is present in the ground scene. It is the SAR
image area, where the target is displaced into it due to the
movement and appears as an elliptic or hyperbolic curve. The
calculation on this displacement is based on (3) and (4).

The range of hypotheses can be derived from (2) by setting
cosoo = =1 and providing the maximum expected ground
moving target speed, v,, for selected target types. For example,
if the maximum speed of targets is 10% speed of the SAR
platform, a range of hypotheses will be given by y € [0.9 1.1].
The step size between hypotheses on normalized relative speed
must also be taken into account since it affects the detection
time of the method. An optimum quantization step size Ay
between hypotheses is suggested in [13] as a function of min-
imum range, center frequency, aperture length, the maximum
loss of intensity and the so-called detection constant. Besides
the regular step size, numerical methods such as the midpoint
method can be used to have an irregular step size in order to
minimize the detection time.

For a small area of interest and under the assumption that
there is no more than one ground moving target displaced into
it, the graph representing the relationship between normalized
relative speed and magnitude has only one peak. This peak
corresponds to the case that the moving target is refocused
with a correct normalized relative speed. We can also select
a large area of interest with more than one displaced target.
Several peaks retrieved from the graph need to be examined
before concluding how many targets are displaced into the area
of interest.

To minimize the false alarms, morphological operations
such as erosion and dilation should be applied. This allows for
those detections with dimension below the spatial resolutions
of the SAR system will be considered to be false alarms,
whereas the detections separated less than the spatial reso-
lutions of the SAR system will be merged. In the case where
a selected structuring element for the morphological opera-
tions is larger than the spatial resolutions, the morphological
operations can remove true ground moving targets. Therefore,
a selection of structuring elements should be based on moving
target backscattering and the parameters such as speed and
direction.

III. CHANGE DETECTION

A large number of change detection methods have emerged
though time. A common processing sequence for change
detection usually includes: SAR image formation, detection,
and false alarm minimization. The detection step requires two
images: one is defined as a reference image and the other
is defined as surveillance (updated) image. The data to form
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the reference image and surveillance one is measured for the
same SAR scene but at different time periods. In an ideal
case, the changes in the ground scene can be detected by
subtraction or logarithmic division of the reference image to
the surveillance image, followed by thresholding. However, the
presence of clutter and noise in the SAR images prevents sub-
traction or division and thresholding from providing reliable
change detection results. In practice, change detection methods
usually require much more complex operations to obtain
them. In this study, a change detection method derived with
Neyman—Pearson lemma is considered, in which simplicity
and efficiency are the motivations for the choice.

The Neyman—Pearson lemma has been used to derive statis-
tical hypothesis tests for SAR change detection [6], [14], [15].
It is good to highlight that certain assumptions on targets must
be made to calculate these statistical hypothesis tests [16] and
such assumptions affect change detection results significantly.
A recent publication proposed a way to avoid unwanted
assumptions by reformulating the likelihood ratio test in the
following form [17]:

P(u)
P(u|Hy) ~
where P(u|Hp) is the probability of variable u, P(u|Hp) is
the probability of variable u given Hy, and 4 is the threshold.

In the SAR change detection context, the variable u can
be either scalar or vector that contains information about
reference and surveillance images. Since the processing time
plays an important role in GMTI, the dimension of the variable
u should be minimum, i.e., u should be a scalar instead of a
vector. The hypothesis Hj corresponds to a statement of no
change, whereas the hypothesis about the change is denoted
by H;. Without change, the variable u is assumed to contain
only clutter and noise

(14)

Hy: u=c+n. (15)

If we denote the change by the variable s, the hypothesis H;
is defined by

H:u=s+c+n (16)

A. Scalar Data Formation

As mentioned, the variable u for SAR change detection is
a scalar and should contain information about reference and
surveillance images. For the reference and surveillance images
acquired on two different dates and/or with two different SAR
systems, system calibrations are necessary. Assume that the
SAR systems are calibrated. We also assume that the reference
and surveillance images are perfectly coregistered. To create
this variable, we first remove the phase information from the
complex surveillance image and the reference image. The
remains in the images are only magnitudes. Then we subtract
the surveillance image from the reference image to get the
unique difference image that is represented in a matrix like
the surveillance image and the reference image. The variable
u is one sample of the difference image or in other words,
an element of the data matrix. This process is expressed by

u=3(m,n) = |Iu(m,n)| —|3,(m, n)| a7
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where the subscripts , and , denote reference and surveillance
(updated), respectively.

B. Statistical Hypothesis Test

An appropriate model for clutter and noise present in J
can be used for calculating P (u|Hp). An investigation into the
statistics of J is therefore necessary. Under the assumption that
the clutter and noise present in I is normally distributed, the
probability P (u|Hy) is calculated from the probability density

function
1 l<u—,u)2 as)
Y
o2 P 2 o

where ¢ and ¢ are mean and standard deviation, respectively,
that can be estimated from J using the maximum likelihood
approach or the local frequency ratio approach. However,
the local frequency method allows the effective estimation of
parameters with less information. In addition, the method can
provide locally accurate estimations.

The probability P(u) can be calculated directly from the
data histogram of u. To create the data histogram, we arrange
J into bins. Assuming that the value of u belongs to a certain
bin, P(u) will be the ratio of the frequency with respect to
that bin to the sum of the frequencies given by all bins.

Armed with P(u|Hp) and P(u), we can easily conduct the
likelihood ratio test using (14).

p(ulHy) =

C. Change Detection

The processing scheme for change detection is summarized
as follows.

1) Performing calibration and coregistration for surveil-
lance and reference images.

Selecting area of interest.

Forming difference image using (17).

Estimating parameters for probability density function
and forming data histogram.

Calculating statistical hypothesis test for each image
sample using (14).

6) Thresholding.

7) Minimizing false alarms.

The first and the last processing steps of the change detec-
tion scheme are identical to that of the local SAR GMTTL. It is
worth mentioning that after calculating the statistical hypoth-
esis test for each image sample, we get a matrix of ratios.
Hence, the values of this matrix vary in a very wide range
(1, 00). The value 1 corresponds to the case where P(u) =
P(u|Hyp). This corresponds to the ideal case where there is
no change and the distribution of J is perfectly matched with
the model for clutter and noise. The ratio approaches infinity
when P(u|Hy) approaches 0. This corresponds to the case
where a change is present and u is beyond the values covered
by the model for clutter and noise. In the linear scale, the
separation between the values of the matrix can be very large.
A conversion from a linear scale to a logarithmic scale is
therefore applied to the matrix of ratios before thresholding,

2)
3)
4)

5)
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resulting into

{& (19)

Fali)| = 20

In theory, if the data histogram part containing only clutter and
noise is totally matched with the probability density function,
the threshold should be about A = 1 or log(1) = 0. In practice,
there is always a mismatch between them. The threshold
should therefore be set by log(4) > 0.

IV. CHANGE DETECTION FOR GMTI

The monostatic pursuit mode requires two identical mono-
static SAR systems. One system measures the ground scene
of interest at a certain time instant and after a few seconds,
another system performs the same measurement using the
same orbit. Two SAR images, a reference and surveillance, are
formed from the measured data and then coregistered. With
the short separation in time between the measurements, the
ground scene is considered to be unchanged except ground
moving targets. The clutter caused by the large objects and
trees should be stable. There might be changes caused by, for
instance, the tree branches but these changes are supposed to
be small in comparison to the changes caused by the ground
moving targets. The targets migrate through many resolution
cells during the time separation between measurements. For
the short measurement time and the short separation time,
the ground moving targets are likely still within the scene.
Under these circumstances, it is possible to detect ground
moving targets not only by GMTI methods but also by change
detection methods. It is also possible to detect the slow-moving
targets or even targets changing status from standing to moving
between the measurements. The initial investigation on change
detection for GMTI can be found in [18].

A. GMTI and Change Detection

Assume that there is a ground moving target present in the
ground scene during the first measurement performed by a
SAR system. After the image formation process, the target is
smeared as a curve and the center of the curve is displaced to
a coordinate (xp, y;) in the SAR image.

After a few seconds (Atr), the second measurement is
performed by another SAR system. The target is assumed to
be still present in the SAR scene and move with the same
velocity. In the image formed with the second measurement
data, the target is defocused with the same form and the center
of the curve is now displaced to coordinates (x3, y2).

If the image formed with the first measurement data is
assigned the role of the reference image and the other is
assigned the role of the surveillance image, a change centered
at (xp, y2) will be detected under the assumption that the
change detection method presented in Section III works well
and detects correctly the change. If we exchange the roles of
reference and surveillance images and apply the same change
detection method, under the same assumption, a change cen-
tered at (x;, y;) will be detected. The change detection results
show that

5235514
TerraSAR-X Change T Local GMTI
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Fig. 1. General processing scheme for SAR GMTI using change detection.

1) There is a ground moving target displaced to the area
of interest.

2) The signature of the detected target change from the
coordinates (x;, y;) to the new coordinates (x;, y») over
the time Ar.

Having obtained estimates of moving distance and moving
time, estimating the speed, the direction and the relative speed
of the detected target from the coordinates is straightforward.
The true target trajectory can also be retrieved using (3)
and (4). The estimated relative speed allows retrieving the
image of the detected target using the focusing approach
presented in Section II.

Hence, SAR GMTT using a change method can have capa-
bilities such as detecting moving targets in a ground scene of
interest, estimating motion parameters of detected targets, and
locating the trajectories of detected targets.

B. Processing Schemes for SAR GMTI Using Change
Detection

Fig. 1 presents a general processing scheme for SAR GMTI
using change detection with two change detection blocks, two
GMTI blocks and a data fusion block. In the general case,
a change detection method detects only the changes occurring
on the surveillance image under the assumption that there
is no change on the reference image. The typical examples
are the change detection methods proposed in [5], [6] using
the likelihood ratio test and bivariate probability distributions
to model clutter and noise. For SAR GMTI using change
detection, the changes caused by moving targets also appear on
the reference images and detecting these changes is important
for GMTI. This explains why there are two change detection
blocks in the processing scheme and the roles of reference and
surveillance are exchanged in the blocks.

In a less general case, where the surveillance and reference
images are combined with subtraction or logarithmic division
and the clutter and noise model can be represented by a
symmetrical probability distribution density function, a single
change detection block is required. The positive changes (the
targets appear in the surveillance image) and the negative
changes (the targets appear in the reference image) can be
detected by thresholding the right tail and the left tail of
the probability distribution density function. Fig. 2 presents
the detailed processing scheme with one change detection
block, showing a combination of the change detection method
presented in Section III and the local GMTI method presented
in Section II. The aim of this combination is to obtain not
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Fig. 2. Processing scheme for the proposed method.

only the desired capabilities of GMTI as mentioned but also
more reliable GMTI results in comparison to the GMTI results
obtained by only a change detection method or only the local
GMTI method.

Among the processing steps for change detection, threshold-
ing, and minimizing false alarms should be performed for the
GMTT purpose. A low threshold for change detection should
be selected, e.g., 1 = 1 or log(1) = 0. This low threshold
ensures that all changes, even very small changes, are not
ignored by the change detection method. The morphological
operations should be designed so that only the detected
changes with the signature (1) are considered, whereas the
detected changes without this signature are eliminated. The
dilation is therefore first applied to the detected changes.
The adjacent detected changes will be merged together if the
separation between them is below the spatial resolutions of
the SAR system. The erosion is then applied to the detected
changes and the changes are merged by the dilation. The
structuring element for the erosion should be matched with
the ground moving target signature (a line). The detected
changes and the changes merged by the dilation, that do
not match with the structuring element, will be considered
false alarms and removed from the change detection results.
In theory, we may find the centers of the detected changes
(x1, ¥1) and (x2, y») and then estimate speed, the direction and
the relative speed of the detected targets. In practice, finding
the relations between the detected changes is not easy when
there are several targets displaced to the area of interest for
change detection. In addition, it is also difficult to determine
the centers of the detected changes. For this reason, the next
processing step will be the local GMTL

The local SAR GMTI method presented in Section II is
applied to the two images. The change detection results help
to locate the areas of interest for GMTI. They need only cover
the detections with ground moving target signature and their
surroundings. For small areas of interest, the processing time
for testing the hypotheses will be very short. The peak of
the graph representing the relationship between normalized
relative speed and magnitude corresponds to the case a moving
target is focused with a correct normalized relative speed.
After this processing step, the information about possible
detected moving targets and their normalized relative speeds
are available for two images.
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For concluding which detections are moving targets and
which detections are not, a data fusion step is necessary for
the processing scheme for SAR GMTI (Fig. 1). The following
criteria can be used for data fusion.

1) A moving target should be detected by both change

detection blocks.

2) Two detections of a moving target should be close
together and the separation is limited by the maximum
speed of targets.

3) Two detections of a moving target should have the same
normalized relative speeds y .

The detections that meet these criteria will be classified
as ground moving targets, whereas other detections will be
classified as false alarms.

With the retrieved y, we can form the images of the
detected moving targets. For the detected moving targets that
are refocused in the SAR images, we can easily locate (xy, y;)
and (x,, y2) and then estimate speeds and the directions of
those targets.

V. MONOSTATIC PURSUIT MODE MEASUREMENTS

The measurements were performed in February 2015 with
the aim to investigate the possibilities to use change detection
for the monostatic pursuit SAR GMTI and to combine GMTI
methods and change detection. The arrangements are depicted
in Fig. 3. The given time for the measurements was about 6:30
am on a Saturday.

A. TerraSAR-X and TanDEM-X

TerraSAR-X, an X-band SAR sensor, was launched in
2007 [7]. The system operates in three different modes: staring
spotlight, stripmap, and scanSAR modes, providing a wide
range of products from high-resolution images to images
covering large ground scenes. The system can be configured
for various polarizations such as single [horizontal linear trans-
mission and horizontal linear reception (HH) or vertical linear
transmission and vertical linear reception (VV)], dual [HH/VV,
HH/horizontal linear transmission and vertical linear reception
(HV), or VV/vertical linear transmission and horizontal linear
reception (VH)], and even quadrature (VV, HV for one channel
and VH, HH for the other) [19]. The applications based
on TerraSAR-X include 2-D and 3-D topographic mapping,
surface movement monitoring, change detection, defense, and
security applications, etc.

TanDEM-X is almost identical to TerraSAR-X, and when
operating in cooperation with TerraSAR-X, they create a
SAR interferometer [8]. TanDEM-X was launched in 2010.
It was developed for the purpose of generating a global digital
elevation model (DEM) and to demonstrate new radar imaging
techniques and applications. TanDEM-X and TerraSAR-X
have been flying in close formation, down to under a hun-
dred meters apart, with adjustable baselines in across- and
along-track directions when generating the DEM. The dif-
ference in incidence angle to the scene between the two
platforms is the basis to determine the interferometric height.
TerraSAR-X and TanDEM-X formation also offers flexibility
in sharing operational functions for both the TerraSAR-X
and TanDEM-X mission. The pursuit monostatic mode for
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Fig. 3. Arrangements of monostatic pursuit mode measurements.

GMTI was demonstrated for TerraSAR-X/TanDEM-X. As the
background to this pursuit of monostatic mode, airborne GMTI
has been extensively studied for many years, and several
algorithms have been developed [20], [21].

TerraSAR-X and TanDEM-X have been operating in the
pursuit monostatic mode only a few time periods, the first one
was during the commissioning phase in 2010 and the second
was from the end of 2014 until the beginning of 2015 as
the first part in the science phase of the TanDEM-X mission.
The pursuit monostatic mode [9] requires TerraSAR-X and
TanDEM-X to fly in an identical satellite orbit in space and
separated few seconds in time. During the commissioning
phase this time separation was about 2.5 s and in the science
phase it was 10 s. The selection of a suitable value for the
delay in seconds for GMTI was analyzed in [22], in which it
is found that the time separation between the satellites should
be between 2 and 4 s. The reason the separation should not be
larger is due to the expected acceleration for passenger cars.

During the measurements, TerraSAR-X and TanDEM-X
were arranged in the pursuit monostatic mode as depicted in
Fig. 3. The orbits of the satellites TerraSAR-X and TanDEM-X
were identical but TanDEM-X is behind TerraSAR-X with a
separation along-track. For these specific measurements, the
distance corresponded to a 10 s delay in time. The mea-
surements were in descending pass with the incidence angle
of about 36°. The primary parameters of TerraSAR-X and
TanDEM-X for the measurements are summarized in Table I.

Since high-resolution images for the investigation are of
interest, both satellite systems were operating in the staring
spotlight imaging mode [23]. For this mode, the azimuth
resolution is about 0.230 m while the slant range resolution
is about 0.588 m. The pixel spacings are 0.166 m in azimuth
and 0.455 m in slant range. The coverage area is 3000 m in
azimuth times 3600 m in range. Both satellites were operating
using HH polarization. Fig. 4 shows the image of the SAR
scene.

B. Ground Scene and Deployment

The selected test site for the measurements is Mantorp,
a small village outside the town of Linkoping, Sweden.
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TABLE I

PARAMETERS OF TERRASAR-X AND TANDEM-X
FOR GMTI EXPERIMENT

Parameter TerraSAR-X&TanDEM-X

Platform speed vqqo 7.6 km/s

Platform altitude h 505 km
Incidence angle 6 36°

Center frequency fe 9.65 GHz

Bandwidth B 300 MHz

Pulse repetition frequency (PRF) 4448 Hz
Integration time ¢; 6.9 s

Minimum range Ymin 624 km
Satellite movement direction ¢4 193°

The reasons for this selection include easy deployment, avail-
ability of smaller roads, and a highway in the favorable geom-
etry regarding the satellite orbits. Furthermore, the area mainly
consists of farmland, minimizing the risk of interference from
forest clutter and houses. This means fewer false alarms in
the vicinity of targets and a low probability of targets being
obscured. Since the time for the measurements was about
6:30 am on a Saturday morning, there was almost no traffic.
This allowed the vehicles to be deployed as desired and able
to drive at low speeds without disturbing other vehicles. The
test site was also well suited due to the variety of movement
directions. However, there was snow on the ground during the
measurements and the temperature was below 0°.

At the time of measurement, the target deployment included
several ground vehicles. Among deployed targets, one of the
targets, a truck, was selected to have a reflector mounted
on the top. This ensured that there would be a clear strong
controlled signal in the image. This reflector was mounted and
directed as similar as possible with two deployed reflectors
in the ground scene. This target will be used mainly for an
illustration of the GMTI using the change detection method
presented in Section I'V. Other deployed targets, e.g., a moving
truck and a military vehicle, are also used to show the practical
issues of the proposed method. For the deployed targets,
the positions were logged with global positing system (GPS)
devices. Fig. 3 provides information about the speeds and the
driving directions of these targets with respect to the satellites’
descending orbit.

VI. EXPERIMENTAL RESULTS

The GMTI results presented in this section are retrieved
from two areas of interest marked by the white rectangles
in Fig. 4. The area of interest is selected according to the
true locations of the vehicles and the possible displacements.
We consider here the area of interest marked by the solid-line
rectangle. The road in the lower right was an arterial where the
truck with the mounted reflector on top was moving during the
measurements. This area of interest will be used to illustrate
the operation of the change detection for the GMTI method
presented in Section IV and the block diagram given in the
lower part of Fig. 1. Because the change detection is based
on a hypothesis statistical test, it is necessary to investigate
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Fig. 4.

Image of ground scene (Mantorp, west of Linkoping, Sweden) generated by the SAR data acquired in February 2015 by TerraSAR-X. Acquisition

mode is staring spotlight with HH polarization. The transmission bandwidth is 300 MHz and the center frequency is 9.65 GHz. The azimuth and range
resolutions are about 0.230 and 0.588 m, respectively. White rectangles mark areas of interest where GMTI using change detection is tested.

the statistic of the considered data (parts of difference image
covering the areas of interest).

A. Statistic of Data

Two coregistered SAR images obtained from the measure-
ments are placed at the inputs of the change detection block
in the block diagram given in the lower part of Fig. 1. Assume
that the TerraSAR-X image is assigned the role of reference,
i.e., 3, and the TanDEM-X one is assigned the role of sur-
veillance, i.e., J,. The difference image is formed using (17)
and presented by a matrix. The area of interest marked with
a solid-line rectangle is extracted from the difference image
to investigate the statistic. It includes several types of ground
covers, e.g., buildings, houses, forests, fields, and roads. The
data histogram of the area of interest is provided in Fig. 5.
The probability density function of a normal distribution (18)
is plotted in the same figure, in which the mean x and the
standard deviation o of the function are estimated by the
local frequency ratio method. The plotted probability density
function matches well with the data histogram.

In the same figure, we also plot the probability density
function (18), in which the parameters x4 and ¢ are esti-
mated by the maximum likelihood method. We can see a
significant mismatch between the data histogram and the

x10°

T
[ Histogram

— — — - Maximum likelihood
Frequency ratio

2.5

Frequency
&

0.5

0
-300

-200

-100 0
Logarithmic ratio

100 300

Fig. 5. Data histogram and probability density functions with parameters
estimated by maximum likelihood and ratio frequency methods.

probability density function. This significant mismatch is
due to the specular reflections originating from the roofs of
buildings or the ground objects randomly forming trihedral and
dihedral corners. The maximum likelihood method considers
all data samples, including a large number of samples associ-
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TABLE 11
DEPLOYMENT OF TARGETS IN EXPERIMENT 1

Target Type True True Detection Estimated | Estimated
speed direction speed direction
Target 1 Truck with reflector 30 km/h 262° Yes 31.2 km/h 262.8°
Target 2 Light military vehicle 20 km/h 25° Yes 17.9 km/h 28.2°
Target 3 Moving truck 25 km/h 25° Yes 25.0 km/h 28.2°
Target 4 Minibus 35 km/h 262° No
Target 5 Minivan 20 km/h 336° No
Target 6 Minivan 30 km/h 336° No
Target 7 SUv 70 km/h 75° No
Target 8 Person with reflector 4.5 km/h 290° Yes 4.4 km/h 284.1°
Target 9 Truck without reflector | 30 km/h 290° Yes 29.4 km/h 284.1°
Target 10 Minibus 20 km/h 20° Yes 15.5 km/h 20°
Target 11 SUV 20 km/h 20° Yes 15.5 km/h 20°
Results Probability Error Error
70% 10% 3%

ated with the specular reflections, to estimate the parameters
for the probability density function. For this reason, the local
estimation like the ratio frequency method will give better
estimations.

We can also exchange the roles of reference and surveil-
lance. In this case, the difference image formed using (17)
gives the horizontally flipped versions of the data histogram
and the probability density function given in Fig. 5.

B. Change Detection

In Fig. 5, we normalize the probability density function
with the peak frequency of the data histogram. With this
normalization, the likelihood ratio test (14) will be given by
the ratio of f(u|Hp) to the frequency with respect to the bin,
that u belongs to. The samples of the difference image that
results in P(u) > P(u|Hp) due to the mismatch between the
data histogram and the probability density function will be
excluded from the calculation. The corresponding surveillance
image pixels are assigned directly to the hypothesis Hj,
concluding no change.

Calculating likelihood ratio test (14) is applied to the
samples u > /o to detect the positive changes and u < —./o
to detect the negative changes. The samples —/c <u < /o
are therefore ignored and the corresponding surveillance image
pixels are assigned directly to the hypothesis Hy. This helps
to reduce the computation cost. The result is a matrix of
likelihood ratios.

As discussed in Section III, the detection threshold is set to
A = 1. The likelihood ratios below 4 = 1 will be assigned
to the hypothesis Hy. The likelihood ratios above A =1
will be further processed with the morphological operations.
We consider three morphological operations, two erosion and
one dilation, for minimizing false alarms. First, we remove the
detections smaller than the spatial resolutions of TerraSAR-X

and TanDEM-X. Based on the spatial resolutions and the
element spacings, a structuring element 2 x 2 (azimuth x
range samples) is suitable for this erosion operator. Then,
we merge the adjacent detections that are separated less than
the spatial resolutions of the systems. The structuring element
2 x 2 pixels is used again in this dilation operator. Finally,
another erosion is applied to remove the detections without the
signature of ground moving target. For this erosion operator,
a structuring element 12 x 2 (azimuth x range) is reasonable
under the consideration of the smearing caused by moving
targets and the dimensions of moving targets of interest. The
detections with the dimensions smaller than 12 x 2 pixels or
2.00 x 091 m will be removed from the change detection
results.

With a reference to the processing scheme given in the
lower part of Fig. 1, Fig. 6(a) shows the positive changes after
thresholding (right tail) with totally six detections marked by
the red dots. The detection with a clear signature of ground
moving target belongs to the truck with the corner reflector
(Target 1 in Table II). Two detections in the upper right
correspond to the power lines that were swinging due to the
weather. The remaining three detections are unknown. The
location of the one in the upper left corresponds to the yard
of a house. The locations of the two detections in the middle
correspond to the different parts of a house, in which one
corresponds to the roof of the house and the other to the roof
of a small storage building. It is good to highlight that the
roof of the storage building is made of corrugated metal sheets
combined with steel rods. A small change in incident angle
can result in change detections.

The negative changes that are achieved after thresholding
(left tail) with totally ten detections marked with the green
dots are given in Fig. 6(b). These change detection results are
equivalent to the ones when the roles of reference and
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Fig. 6. Change detection results for area of interest marked by solid-line
rectangle in Fig. 4. (a) Reference: TerraSAR-X, surveillance: TanDEM-X.
(b) Reference: TanDEM-X, surveillance: TerraSAR-X.

surveillance are exchanged. After exchanging, the
TerraSAR-X image is assigned the role of surveillance
and the TanDEM-X one is assigned the role of reference.

The positive and negative changes can be analyzed as
follows.

1) The detection with a clear signature of ground moving
target belongs to the truck with the corner reflector. Due
to the movement, the truck is detected at two different
positions. This difference can be used to estimate the
speed and the driving direction of the truck.

Two detections in the upper right correspond to the same
power lines. Due to the random swinging, the power
lines are detected at two different positions. We do not
need to investigate these detections further for the GMTI
purpose.

The changes in the yard of the same house in the
upper left are also detected. However, the positive and
negative changes belong to different parts of the same
object. It can be the result of a small change of the
object due to weather, but it can also be the result of
imperfect coregistration. Therefore, this detection will
not be further investigated for the GMTI purpose.

The changes in the roof of the same house and the
roof of the same storage building are detected. It is
most likely due to the structure of the roof (corrugated
metal sheets combined with steel rods). Therefore, these

2)

3)

4)
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Fig. 7. Graph representing the relationship between normalized relative speed
and magnitude (area of interest marked by solid-line rectangle in Fig. 4).

detections will not be further investigated for the GMTI
purpose.

Four remaining negative changes, that are not linked to
any positive changes, belong to roofs of different houses
in the SAR scene. They are classified directly as false
alarms and will not be further investigated for the GMTI
purpose.

5)

C. Local GMTI

The analysis of the change detection results defines the areas
of interest for local GMTI. The areas of interest are very small
areas as given by the red and green dots and the small areas
surrounding these dots.

For the first local GMTI block using the TanDEM-X image
(with the reference to the lower part of Fig. 1), there is only
one area of interest corresponding to the location, where the
truck with the corner reflector is displaced. It is defined by
the red line (formed by the dots) and the area surrounding it.
An area 41.6 x 2.73 m or 250 x 6 samples will cover the
ground moving target signature.

Based on (5), the speed of the platform given in Table I,
7.6 km/s, and the maximum speed of a truck 80 km/h or
0.02 km/s, the range of normalized relative speed is estimated
by y € [0.997 1.003]. A selected step size Ay =1 x 1074
requires 61 tests. Fig. 7 plots the graph (Change 1) represent-
ing the relationship between normalized relative speed and
magnitude obtained with the first local GMTI block.

The peak is found at the hypothesis y = 0.9997, at which
the detected change is best focused. This indicates that the
change detected by the change detection block is most likely
a ground moving target with a relative speed of y ~ 0.9997.

For the second local GMTI block using the TerraSAR-X
image, there is also one area of interest corresponding to the
location, where the truck with the corner reflector is displaced
after 10 s. It is defined by the green line (formed by the dots)
and the area surrounding. The same parameters for the area
of interest, the same range of normalized relative speed, and
the same step size are used in the second local GMTI block.
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The local GMTI result obtained with the second local GMTI
block (Change 2) is reported in the same figure, Fig. 7. The
result is interpreted as that the change detected by the change
detection block is most likely due to a ground moving target
with a normalized relative speed of y ~ 0.9996.

D. Data Fusion

The first and second local GMTI blocks provide two detec-
tions with two different normalized relative speeds, y =
0.9997 and y = 0.9996. The difference between the two
values is just 0.001%. These values are used to form the SAR
images of the refocused detections in the areas of interest.
These images replace the areas of interest with unfocused
detections. Fig. 8 shows these replacements with the back-
ground given by the TerraSAR-X image. We see that

1) One detection is obtained with the first local GMTI

block and one with the second block.

2) These two detections are close to each other.

3) They can be refocused by very similar normalized

relative speeds.

With the reference to the criteria for data fusion given in
Section IV, the detections are classified to be ground moving
target. The local coordinates of the focused moving target
(corresponding to the peaks) are (x;, y;) = (390.9, 93.35) and
(x2, y2) = (343.1, 123.3) giving a distance of 56.4 m in the
slant range plane. To find the true distance in the ground range,
the distance in the slant range should be scaled with the sine
of the incident angle (36°). The true distance that the truck had
been moving between two measurements is therefore 86.7 m.
With the time separation of 10 s between the measurements,
the speed of the moving target is 8.67 m/s or about 31.2 km/h
that is matched with the speed of the deployed truck. The
driving direction can also be estimated to be about 69.78°. This
value is matched to the road, in which the truck was moving
along. There is a small difference between the normalized
relative speeds provided by the first and second local GMTI
blocks. It can be the result of slightly different orbits of the
SAR systems operating in the monostatic pursuit mode or it

5235514

200

A

E Change 1
S 400
=
=
N
<
= 600
Q
Q
s
800
1000
700 600 500 400 300 200 100 0
Local slant range [m]
b
. (b)
200
B
E o
=}
£
N
<
= 600
Q
<
s

800

1000

700

600 500 400 300

Local slant range [m]

200 100 0

Fig. 9. Change detection results for area of interest marked by dashed-line
rectangle in Fig. 4. (a) Reference: TerraSAR-X, surveillance: TanDEM-X.
(b) Reference: TanDEM-X, surveillance: TerraSAR-X.

can be the small change in speed or direction of the truck.
All of them can cause this small difference. The calculation
based on (xi, y;) and (x;, y,) gives the value y ~ 0.9996.

E. Practical Issues

During the measurements, several vehicles were deployed
on the SAR scene. We consider here the next area of interest
marked by the dash-line rectangle in Fig. 4. The road in the
middle of the dashed-line rectangle was a local street where
two vehicles (a light military vehicle referring to Target 2 in
Table II a moving truck referring to Target 3 in Table II)
drove in the same direction (northward) with different speeds.
The truck was driven at a low speed initially and then it was
accelerated. The light military vehicle driving behind the truck
kept a steady speed.

The change detection results provided by the first and
second local GMTI blocks are reported in Fig. 9.

There are two positive changes detected by the change
detection block. They are marked by the red dots, in which one
in the upper middle part of the area of interest with a clear
signature of ground moving target (Change 1). The change
detection block indicates three negative changes marked with
the green dots, in which three are with a clear signature of
ground moving target (Changes 2, 3, and 4). These detections
can be analyzed as follows.
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1) The detections with a clear signature of ground moving
target in the upper middle part of the area of interest
most likely correspond to a ground moving target.

Two remaining detections are the negative changes but
not related to any positive change. They are most likely
ground moving targets. Due to their movements, they
were displaced outside the area of interest.

2)

The local GMTI results with the areas of interest defined
with the help of the change detection results are summarized
in Fig. 10.

For the first local GMTI block, the peak is found at the
hypotheses 7y 1.0009, at which the detected change is
refocused (Change 1). This indicates that the change detected
by the change detection block can be a ground moving target
with a normalized relative speed of y ~ 1.0009. However,
there are certain reasons that the magnitudes surrounding the
peak are also high. One of them can be the acceleration of the
moving truck during the measurements. Another reason can be
the interference of the reflections from the moving truck and
the light military vehicle, as for several pixels in the images
both the targets contribute to the pixel values.

For the second local GMTI block, we retrieve two dis-
tinguishable peaks at the hypotheses y 0.9993 and
y = 0.9995, at which the changes are best refocused
(Changes 3 and 4). The results are interpreted as that the
two negative changes detected by the change detection block
are most likely ground moving targets with a normalized
relative speed of y & 0.9993 and y =~ 0.9995. The same
problem caused by acceleration and/or signal interference can
be observed in the graph representing the relationship between
normalized relative speed and magnitude for the remaining
detected change (Change 2). Although the peak is found at
y = 1.001 but the magnitudes surrounding the peak are also
high.

The first and second local GMTI blocks provide two detec-
tions with similar normalized relative speeds, y = 1.0009 and
y = 1.001, and they are close to each other. Fig. 11 shows the
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area of interest for change detection (marked by the dashed-
line rectangle in Fig. 4) with integrated images of detections.
With the reference to the criteria for data fusion given in
Section IV, the detections are classified to be ground moving
target. The local coordinates of the focused moving target
are (xj,y1) = (453.8,359.9) and (x,, y2) = (446.1,313.8).
The speed of the moving target is estimated at 4.99 m/s or
17.9 km/h. The driving direction can also be estimated to be
about 164.8°. This driving direction is matched to the road
on which the military vehicle and the moving truck were
moving along. The estimated speed is below the speed of
the military vehicle but can be associated with the deployed
moving truck with acceleration. The calculation based on
(x1, y1) and (xz, y2) gives the value y ~ 1.0006. The value
y = 1.001 corresponds to another speed of about 25 km/h that
is the speed of the military vehicle used in the measurements.
The concluding remark is that both the acceleration and
the signal interference caused difficulty in detecting moving
targets and estimating motion parameters.

Two remaining detected changes are unknown and supposed
to be ground moving targets present in the SAR scene.
They are close together and have similar normalized relative
speeds. To estimate their motion parameters, another area of
interest, just below the currently considered area, is selected
for the change detection for the GMTI method. However,
with currently available information about the estimated 7y,
different hypotheses can also be given for them. For example,
they might be targets moving on the same road at different
speeds. They might be moving on different roads. Further
investigations on these targets are required before making
conclusions about them. However, these investigations will not
be covered by this study.

VII. PERFORMANCE ANALYSIS

In Section VI, the experiment results are based on two areas
of interest and three deployed vehicles (Target 1, Target 2,
and Target 3). Besides this, there were others ground moving
targets that had been deployed in the SAR scene. The list
of target deployments is summarized in Table II. Among
11 targets, 7 are detected by the change detection method,
whereas 4 are not detected for explainable reasons.

1) Target 4 moved behind the truck and it seems to be
partially obscured by the truck.

2) Targets 5 and 6 moved along a road with strong
backscattering. It is therefore difficult for the change
detection method to detect the changes.

3) Due to the road condition (highway), Target 7 could not
keep moving at low speed. The target went beyond the
SAR scene.

The detection probability is calculated by the number of
employed targets to the number of detected targets. The
calculation of detection probability excludes target 5 due to
the unwanted situation. Hence, the change detection method
gives a detection probability of 70%.

The average error in speed estimation is the average value of
the relative errors calculated for each speed estimation. There
are totally seven speed estimations corresponding to seven
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Fig. 11. Area of interest for change detection with integrated images of
detections (marked by dashed-line rectangle in Fig. 4).

detected targets. A value of 0.1 is obtained for the average
error or in other words 10%.

The average error in direction estimation is calculated using
the same principle. There are also totally seven direction
estimations corresponding to seven detected targets. The aver-
age value of the relative errors calculated for each direction
estimation is shown to be 0.03 or 3%.

VIII. CONCLUSION

In this article, we reviewed some mathematical backgrounds
concerning the signature and the displacement of ground
moving target in a SAR image. They are the bases of focusing
on the target and the local GMTI method. This article also
reviewed some SAR change detection methods and one of
them was selected for investigating the possibilities to detect
ground moving targets using change detection and to combine
change detection and GMTI. The SAR change detection
method is developed on a new form of likelihood ratio test
that avoids unwanted assumptions about target.

A change detection for the GMTI method was proposed for
SAR systems operating in the monostatic pursuit mode. The
processing scheme of the method is a combination of SAR
change detection and SAR GMTI. Two SAR change detection
blocks with exchanged roles of reference and surveillance
are used to detect possible ground moving targets. They are
followed by two local GMTI blocks that help to classify the
detected changes. A data fusion block provides the images of
detected changes, GMTI results, and the estimated parameters
of ground moving targets. In the case where the clutter and
noise presented in the data are symmetrically distributed and
the clutter and noise model is therefore represented by a
symmetrical probability distribution density function, only a
single change detection block is required.

Some GMTI results are provided in this article based on the
data from the controlled measurements using TerraSAR-X and
TanDEM-X conducted in Sweden in 2015. TerraSAR-X and
TanDEM-X were operating in the monostatic pursuit mode
with the time separation between the measurements of 10 s.
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In the ground scene, a few moving targets was deployed and
two of them was used in this study to test and evaluate the
change detection for GMTI method. The GMTI results showed
that the method can detect ground moving targets and estimate
the parameters of the detected targets.

To further evaluate the change detection for the GMTI
method, it is necessary to have an experiment with a large
number of targets that will be our future work.
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