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Moving Target Relative Speed Estimation and
Refocusing in Synthetic Aperture Radar Images

Thomas K. Sjögren, Viet T. Vu, Mats I. Pettersson,
Anders Gustavsson and Lars M. H. Ulander.

Abstract

In this paper, a method for moving target relative speed estima-
tion and refocusing based on Synthetic Aperture Radar (SAR) images is
derived and tested in simulation and on real data with good results. Fur-
thermore, an approach on how to combine the estimation method with
the refocusing method is introduced. The estimation is based on a chirp
estimator that operates in the SAR image and the refocusing of the mov-
ing target is performed locally using subimages. Focusing of the moving
target is achieved in the frequency domain by phase compensation, and
therefore makes it even possible to handle large range cell migration in
the SAR subimages. The proposed approach is tested in a simulation
and also by on real Ultra Wide Band (UWB) SAR data with very good
results. The estimation method works especially well in connection with
low frequency UWB SAR, where the clutter is well focused and the phase
of the smeared moving target signal becomes less distorted. The main
limitation of the approach is target accelerations where the distortion
increases with the integration time.

1 Introduction

When observing the Earth from spaceborne or airborne platforms with the
use of imaging sensors such as Synthetic Aperture Radar (SAR) or electro-
optical cameras, it is possible to e.g. observe climate change, classify forest
and crop types, and monitor effects of earthquakes. In the case of an optical
sensor, the image is obtained during an extremely short time which is decided
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by the shutter opening time. In the case of a SAR system, however, the data
is gathered over seconds and even minutes. On further comparison of the two
types of sensors, SAR is able to operate in bad weather and during the night.
SAR is also capable of detecting change and movement. It is possible to detect
e.g. moving ships or other vehicles on the ground. Such information can be
used for many different applications, e.g. surveillance of ships and traffic [1]-
[4]. In order to obtain good results for the purpose of e.g. traffic monitoring,
the SAR system should be equipped with at least two antennas physically
separated in the flight direction. The reason is that combining the antennas
allows for strong suppression of stationary scatterers, i.e. clutter [5], [6].

In Narrow Band (NB) SAR, which also can be referred to as conventional
SAR, the bandwidth of the signal is normally small compared to the center fre-
quency, often less than 10 percent. Two examples of conventional SAR systems
are the spaceborne Radarsat-2 [7] -[9] and TerraSAR-X [3],[10]. Such systems
often have integration angles of less than 10 degrees. For these conditions SAR
processing algorithms such as Chirp Scaling (CS) [11] are very efficient to form
the images. NB SAR systems often operate at high center frequencies. This
allows for a high resolution in the SAR image in terms of both range and az-
imuth, even when only a low integration angle and a low relative bandwidth
are available. However, for each frequency band, the higher the resolution, the
better the ability to detect and separate targets. If very high resolution is of
interest, larger relative bandwidths and larger integration angles are needed.
In these cases, Ultra Wide signal bandwidth and Ultra Wide beamwidth are
needed. We denote such systems UWB-SAR systems.

If there is an interest in imaging the ground in forested areas, the Foliage
Penetrating (FOPEN) capability characteristic of Low Frequency (LF) SAR
can be utilized. LF SAR systems must at the same time make use of UWB
SAR in order to obtain good resolution. Furthermore, having wavelength res-
olution such as CARABAS-II [12] allows for resolution cell often smaller than
the scatterer. This gives unique capabilities to separate e.g. target from trees.
To clarify further, in this paper we use the terminology that stationary scat-
terers are clutter. This should be understood by the fact that with a UWB
system at low frequencies, the number of scatterers per resolution cell is less
than one. This is a unique property that leads to very stable clutter signa-
ture between illuminations and the high performance, for example in change
detection [13]. LF SAR in combination with UWB is related to extreme con-
ditions such as very long integration times as well as a hyperbolic target range
history. These conditions demand that either algorithms such as Range Migra-
tion Algorithm (RMA) [14] or any of the family of Back Projection algorithms,
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e.g. Global Backprojection (GBP) [15], are used if good image quality is to be
obtained. When combining foliage penetration with the previously mentioned
SAR abilities, it is possible to detect changes under foliage [13].

Usually in SAR images, the signature of a moving object is contained in
one range cell. In this case, a one-dimensional matched filter can be applied
locally in order to focus the moving target. However, the signature of moving
objects in UWB-SAR images spreads over multiple range cells. In these cases,
a one-dimensional matched filter will be insufficient. Therefore, the refocusing
method needed to obtain a high resolution SAR image of the moving target
based on a SAR image depends strongly on the system parameters.

Many methods have been presented that estimate the speed of moving tar-
gets in SAR imagery [16] -[24]. In [22], a method for estimating Normalized
Relative Speed (NRS) is given using subapertures. There are also methods
which estimate target acceleration, as presented, e.g., in [17]. When using sin-
gle channel SAR, only one degree of freedom is usually available for parameter
estimation. Because of this, only the speed parameter in the along-track or
the across-track direction can be measured, while the use of more antennas
allows for more degrees of freedom. Some recent publications show solutions
on how to estimate more than one parameter using single channel SAR data
[18]. Once the parameters have been estimated, it is also important to obtain
a focused SAR image. Different methods have been suggested for this process.
For instance, based on an estimate of the speed parameter, GBP can be used
to form a focused, very small SAR image that surrounds the moving target[23].
Other methods apply a matched filter to the final SAR image or use an inter-
polation in the 2D frequency domain such as in [24], allowing for high-quality
refocusing of SAR images with long integration times, such as those produced
by UWB SAR systems. It must be noted again that this assumes constant
relative speed. In the refocusing methods given in [24], the basic assumption
is that the original SAR image was produced to image stationary objects on
the ground.

This paper presents a method to estimate the speed of a moving object
and to refocus it. Here we consider estimation and assume that the target
has been detected. The presented method can be used for detection, however
this is left out in this presentation. The estimator is operating on the phase
information of a SAR image. The model of the phase information is a more
general version compared to the one developed in [23]. The refocusing equation
is derived for a general case when the original SAR image was formed with an
arbitrary focusing speed, making it more general compared to [24] where only
stationary speed was considered. Further benefits of the method are that the
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size of image for refocusing can be any, as long as it is rectangular. To our
knowledge, both the estimation method and the refocusing method are new and
can be used independently of each other. Moreover, in this paper an approach
how to combine the methods is presented.

The paper is divided into eight sections. In section II, the radar model used
and the theory of SAR moving target focusing employing NRS are presented.
In section III, an analytical expression is given for the phase of a moving target
in a SAR image. The procedure for obtaining the NRS estimate is presented
in section IV and in section V the refocusing method is derived. Section VI
shows results based on simulations. In Section VII, results using a real SAR
image with a simulated target superimposed is presented. Finally, in section
VIII and IX the findings are discussed and conclusions drawn.

2 The Radar model and Moving target focusing

To estimate speed of and to refocus a moving target in the SAR image, a model
is needed. The model used in this paper is based on a set of assumptions. We
assume a point target, a non-accelerating flying platform above a flat earth
and that the start-stop approximation is valid. However, as discussed later,
the platform motion compensation is already done in the image formation.
Thus, a signal model where the received signal is a time-shifted and attenuated
version of the transmitted signal is attained. Given any radar signal, the pulse-
compressed signal before SAR processing for a target is given by (1)

spc (τ, t) = p (τ, t) e
−j2π

(
2Rt(t)

c −τ
)
fc (2)

where τ is fast time, p (τ, t) is the magnitude of the pulse compressed signal, t
is slow time, Rt (t) is the range history to target, c is the speed of light, and fc
is the center frequency of the radar signal.

If a target is moving on the ground during the SAR illumination time at
a constant speed, i.e. with no acceleration, we can parametrize the position
according to

xtc (t) = vx (t− t0) + x0

ytc (t) = vy (t− t0) + y0

ztc (t) = 0 (3)

where t0 is the time where the distance is at the minimum between the target
and the platform and (x0, y0) is the position of the target at minimum range.
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In the same coordinate system we can also write the movements of the SAR
platform with constant speed vp, moving parallel with the x-axis. The platform
movements can be written as

xpc (t) = vpt

ypc (t) = 0

zpc (t) = h (4)

and the range between the target and the platform in Cartesian coordinates
can be described according to

R (vx, vy, vp, t) =√
(vpt− vx (t− t0)− x0)

2
+ (vy (t− t0) + y0)

2
+ h2

(5)

Now, if we want to make a SAR image in which we focus a target with
the parameters x0, y0, vx, vy, we can rewrite (4) using image coordinates. They
take on the following form

Rt (t) =

√
γ2t (vpt−Xt)

2
+ Y 2

t (6)

Identifying the t2 coefficients in (4) and (5), we get the NRS γt as well as
expressions for the image coordinates Xt and Yt of target positions according
to [25]

γt =

√
(vp − vx)

2
+ v2y

v2p
(7)

Xt = x0 −
vy

(vp − vx)
y0 (8)

and

Yt =

√√√√h2 + y20

(
1 +

v2y

(vp − vx)
2

)
(9)

where t0 = Xt/vp from (5) was used [25]. Based on this expression for a moving
target range history, we are able to process the SAR scene using

Rp (Xp, Yp, γp, t) =
√
γ2p (vpt−Xp)

2
+ Y 2

p (10)

where γp is the processing NRS, Xp is the azimuth image coordinate and Yp
the slant range image coordinate in order to focus all targets with γt = γp.
The geometries are illustrated in Fig. 1 and Fig. 2.
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Figure 2: SAR image formation geometry with respect to an arbitrary station-
ary ground point (Xp, Yp). The integration time is here denoted by tn.

Figure 3: SAR image formation geometry with respect to a moving target. In
the figure, Xt is the aircraft position, and Yt is the range between the aircraft
and the target, at t = t0. The integration time is here denoted by tn.

3 Phase of a moving target in a SAR image

Starting with the expression for the pulse-compressed signal given in (1), we
know that we can focus a moving target if γp = γt. At the same time as we
focus a moving target, all scatterers with other NRSs will become defocused
and therefore all stationary targets will defocus or smear.

In SAR processing, phase is fundamental. When looking at a defocused
target, information about its phase will be essential in order to be able to
estimate the speed of the target. Therefore, finding the phase from a target
with γt in a SAR image processed at γp is important.

Using the GBP integral [15] combined with NRS [19], the image response
can be represented by (10), where Xp and Yp are the processed SAR images
pixels and spc is the pulse-compressed target radar echo [26]. To evaluate the
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h (Xp, Yp, γp) =

∞∫
−∞

spc

(
2Rp (Xp, Yp, γp, t)

c
, t

)
Rp (Xp, Yp, γp, t) dt

=

∞∫
−∞

p

(
2Rp (Xp, Yp, γp, t)

c
, t

)
e

−j4πfc
c [Rt(t)−Rp(Xp,Yp,γp,t)]Rp (Xp, Yp, γp, t) dt

(11)

integral in (10) and derive the phase component of the moving target impulse
response, i.e.

−j4πfc
c

[Rt (t)−Rp (Xp, Yp, γp, t)] (12)

we use the approximation of stationary phase[27]. In order to find the time of
the stationary phase tst, we take the first derivative with respect to time in the
phase component of (10) and set it to zero. The time of stationary phase is
shown to be

tst =
Rt (t) γ2pXp −Rp (Xp, Yp, γp, t) γ

2
tXt

vp
[
Rt (t) γ2p −Rp (Xp, Yp, γp, t) γ2t

] (13)

In the phase component of (10), we leave out j4πfc/c in the coming deriva-
tions and try to simplify it after inserting t = tst from (12). To start with, we
use the difference of two squares on (13) and obtain (14)

δR (tst) = Rt (tst)−Rp (Xp, Yp, γp, tst) (14)

R (tst) =
γ2t (vptst −Xt)

2
+ Y 2

t − γ2p (vptst −Xp)
2 − Y 2

p

Rt (tst) +Rp (Xp, Yp, γp, tst)
(15)

Equation (12) can be rewritten in the following form

vptst −Xp =
γ2tRp (Xp, Yp, γp, tst)

γ2pRt (tst)
(vptst −Xt) (16)

Substituting (15) into (14), the following expression is obtained

δR (tst) =

γ2
pγ

2
t (γ

2
p−γ

2
t )[

γ2
p−γ2

t

Rp(Xp,Yp,γp,tst)
Rt(tst)

]2 (Xp −Xt)
2

+ Y 2
t − Y 2

p

Rt (tst) +Rp (Xp, Yp, γp, tst)
(17)
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Thus, we can write the final expression for the phase in the SAR image by
multiplying with 4π/λc in (16) as

θ (Xp, Yp) =

4π
γ2
pγ

2
t (γ

2
p−γ

2
t )[

γ2
p−γ2

t

Rp(Xp,Yp,γp,tst)
Rt(tst)

]2 (Xp −Xt)
2

+ Y 2
t − Y 2

p

λc (Rt (tst) +Rp (Xp, Yp, γp, tst))
(18)

Since Rp (Xp, Yp, γp, tst) and Rt (tst) are very large in relation to the exten-
sion of the object after smearing in the SAR image, we can make the approxi-
mation

Rp (Xp, Yp, γp, tst)

Rt (tst)
≈ 1 (19)

and (17) can therefore be approximated by

θ (Xp, Yp) = 4π

γ2
pγ

2
t

γ2
p−γ2

t
(Xp −Xt)

2
+ Y 2

t − Y 2
p

2λcRt (tst)
(20)

4 Estimation procedure

The phase in (19) indicates that the phase in azimuth can be described as a
quadratic function. By estimating this quadratic term we can find γ̂t. In our
model, we assume one target, clutter and noise. These three components of
the signal are assumed to be added together. In [28] it is shown that high
SNR allows for approximating the phase as a sum of the phase from the signal
and phase noise. Using this approximation, and that we assume that the slant
range of the target is known, we can write the phase in the SAR image in
azimuth direction according to [28] as

θ (Xp, Yp) |Yp=Yt =
a0
2
X2
p + a1Xp + a2 + n (Xp) (21)

where n (Xp) is a phase noise component from clutter, radio frequency inter-
ference, receiver and SAR algorithm. We will now use the method presented
in [28]. We sample the phase of a range bin, Θp,s, in the given SAR image.
This range bin in the SAR image is denoted by S (Xp).

Θp,s = atan

{
= [S (Xp)]

< [S (Xp)]

}
(22)
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The number of pixels used is experimentally decided. In this paper all pixels
within the 3 dB width were used. Having extracted these pixels, we can find
the second derivative of this sequence by

Θ̈p,s = ∆2
XpΘp,s (23)

where ∆2
Xp

is the finite difference operator [28]. This second derivative is of

interest as it directly corresponds to a0 in (20). We suggest that the same
estimator for the chirp rate as proposed in [28] and [23] is used, namely a
BLUE estimator. The estimate is then

â0 =
1TC−1Θ̈p,s

1TC−11
(24)

where C is the covariance matrix of the second derivative of the phase from
n (Xp).

By obtaining an estimate of a0, we can estimate γt by identifying the
quadrature term of (19) together with (20). Using the fact that for pixels
close to the image point (Xt, Yt), Rt (tst) can be assumed to be constant and
approximately equal to minimum range to target, the relation between a0 and
γt found from (19) is

γ̂t =

(
8π

2λcYtâ0
+ γ−2p

)− 1
2

(25)

In [29], a moving target and a stationary scatterer were placed at the same
position in the SAR image and the estimation accuracy was investigated by
comparing if C was based on the contributions from n or on assuming n to
be white noise. The results did not indicate any difference between the two
cases unless in a special case when the image was formed for γp = 1. For this
reason as well as for simplicity, C will in this paper be used in its simplest
form, namely based on a white noise approximation.

5 Refocusing in a SAR image

The idea is to refocus the moving target based on a processed SAR image. In
comparison to [24] however, the image does not need to have been formed for
γp = 1, but could be created using arbitrary relative speed within the limits
0 < |vrel| < 2 |vp|. In this paper, we propose a refocusing algorithm. First, one
unfocused subimage of any size is selected. This image is transformed to wave
domain by a two-dimensional FFT. Wave domain is here understood to be the
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domain the SAR image is in after applying two-dimensional Fourier transform.
In this domain, the refocusing is applied using a reinterpolation of the wave
domain image. Then this signal is transformed back to the image domain and
if the correct γp is used the target will be focused. Range migration can be
described by the change of variable

kρstat =
√
k2R − k2x (26)

where kR is the range wave number, kρstat is the slant range wavenumber when
focusing a stationary ground, i.e. γp = 1, and kx is the azimuth wavenumber.
If instead a moving target is to be focused, the azimuth wavenumber needs to
be rescaled with the NRS of that moving target, corresponding to [30]

kρMT =
√
k2R − γ2t k2x (27)

However, if the original image is processed at an arbitrary NRS γp, the slant
range wavenumber for that speed will be [30]

kρstat =
√
k2R − γ2pk2x (28)

and all moving targets with the NRS γp will be focused. If there is a moving
target with γt 6= γp, that target will not be focused. To focus the moving target
at γt from an image focused at γp, the following procedure should be carried
out.

• Selecting an area surrounding the moving target in the image processed
at γp.

• Transforming subimage to the wave domain.

• Applying the coordinate transform given by (28) which is found by in-
serting (27) in (26).

kρMT =
√
k2ρstat + k2x

(
γ2p − γ2t

)
(29)

• Multiplying with (29)

kρstate
−jr0

(∣∣∣√(γ2
p−γ2

t )k2x+k2ρstat
∣∣∣−kρstat)√

k2ρstat + k2x
(
γ2p − γ2t

) (30)

• Applying 2D inverse Fourier transform.
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Figure 4: Schematic sketch illustrating how the estimation and refocusing ap-
proach is applied. The three gray blocks are outside the scope of this paper.

Table 2: Simulated System and Real CARABAS-II Parameters

Parameter Simulation CARABAS-II

Center frequency fc 350 MHz 52 MHz

Integration time tn 20 s 100 s

Bandwidth B 300 MHz 60 MHz

Minimum range r0 1412 m 9922 m

Platform speed vp 100 m/s 129 m/s

γt 1.0155

γ̂t 1.0150

6 Simulation results

In this section, we present simulation results that illustrate how speed can be
estimated and a moving target refocused using the approach outlined above.
The simulations are based on parameters chosen for a low-frequency SAR sys-
tem on board an airborne platform at a distance close to the imaged ground
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Table 3: Simulated Target Parameters

Target vx vy γt x0 y0

[m/s] [m/s] [m] [m]

A 4 0 0.9689 1288 925

B 1 0 0.9922 1288 975

C 5 −2 0.9613 1288 1000

D 2 0 0.9845 1288 1000

E −4 0 1.0311 1288 1025

F −2 0 1.0155 1288 1050

scene, leading to a large integration angle even at short integration times. In
Table 1, the sensor system parameters for the simulation are given.

The procedure in which the refocusing and estimation were made is illus-
trated in Fig. 3. First, subimages are extracted from the image and then each
subimage is focused by iteratively estimating and refocusing until the target
is focused. The estimated value of γt for the subimage is the estimate of the
target NRS, γt. After all subimages are refocused, they are combined together
to form the complete SAR image.

For the simulation, six targets with different speeds were chosen. The speeds
of the targets are found in Table 2. Based on the originally obtained image,
Fig. 4, the signatures for each target are extracted, thus producing six smaller
images. For each of these images, the estimation procedure described in section
IV was used to obtain an NRS estimate. The images were then refocused
according to the procedure presented in section V. In these refocused images,
new estimates were obtained and the images are once again refocused. For each
of the targets, up to three iterations are made. After this, the small focused
images of the targets produced by the process are combined and the final result
is shown in Fig. 5. The azimuth displacement of target C in the image seen
in Fig. 5 can be understood by the nonzero vy, causing Xt 6= x0 according to
(7). In Table 3, the NRS estimates obtained for all targets are found, as well
as the errors denoted δγt .

The errors are larger for the targets having larger |1− γt|, thus leading to
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longer convergence times.

7 Real data results

7.1 Measurement scene

To investigate the performance of the method when using real data, a simulated
moving target was inserted into a real SAR image obtained by the CARABAS-
II system [12]. The SAR measurement was conducted on the Island of Visingsˆ
on the lake Vättern in Sweden. Also in Table 1, the CARABAS-II parameters
for this specific measurement and the moving target parameters are given. The
target has been inserted into a forested area of the original SAR image which
can be seen in Fig. 6. The weak signature of the unfocused moving target can
hardly be seen in Fig. 7, i.e. the zoomed part of Fig. 6. In order to evaluate the
method, it is important to find the signal level in relation to surrounding clutter
and noise, and therefore parameters like Signal to Clutter Ratio (SCR), Signal
to Noise Ratio (SNR), Clutter to Noise Ratio (CNR) and Dynamic Range of
SAR scene are of interest.

In this work we have chosen the integral method defined in [31] to evaluate

1Dynamic Range of SAR Scene is defined as the ratio of the energy of strongest reflecting
object in the scene to the noise energy. The scene is in this case shown in Fig. 6.

Table 4: Simulation Results

Target γ̂t γt δγt

A 0.9673 0.9689 0.0016

B 0.9922 0.9922 0.0000

C 0.9586 0.9613 0.0027

D 0.9841 0.9845 0.0004

E 1.0290 1.0311 0.0021

F 1.0150 1.0155 0.0005
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Figure 5: Original simulated SAR image.

the properties. According to this definition, SCR in dB scale is given by

SCR = 10log

∣∣∣∣∣∣∣
∫∫

AS,3dB

S dA

∣∣∣∣∣∣∣− 10log

∣∣∣∣∣∣∣
∫∫

ARCC,3dB

m (RCC) dA

∣∣∣∣∣∣∣ (31)

In (30) S is the impulse response for the moving target after focusing and
AS,3dB its resolution area. RCC is the autocorrelation of the clutter, ARCC ,3dB
its correlation area and m (RCC) the mean of the autocorrelation.

As a simulated target was inserted, the SCR was chosen and calculated
easily. The energy of the target was found from an image without clutter
surrounding. The SCR was in this case selected to be 5.7 dB. Similar to SCR,
the CNR and SNR were calculated. The clutter energy was found from the
imaged forest in Fig. 7 and the noise energy was found from an open water
area near the forest. From this and the measured CNR, the SNR was obtained
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Figure 6: Final image after iterative focusing of all targets seen in Fig. 4 and
composition of respective subimages.

as shown in Table 4. In Table 4, the Dynamic Range of the SAR Scene is
also shown. The Dynamic Range of the SAR Scene was calculated as the ratio
between the energy in the strongest reflecting object in the scene of Fig.6 to
the noise level. This Dynamic Range should therefore not be confused with the
total Dynamic Range of the system which is higher. A very notable number
is the CNR of only 10 dB. This relates to the very low backscatter from trees
at these low frequencies. In fact, at low frequency both forest attenuation and
backscatter are low and therefore at low frequency targets hidden even in dense
forest can be detected [13].

7.2 Measurement Results

The scene with the moving target superimposed is shown in Fig. 6 and a
zoomed-in version is depicted in Fig. 7. The pixels are extracted and the
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Table 5: Measurement Parameters

Parameter Value

Signal to Clutter Ratio (SCR) 5.7 dB

Signal to Noise Ratio (SNR) 15.7 dB

Clutter to Noise Ratio (CNR) 10.0 dB

Dynamic Range of SAR Scene 1 38.9 dB

processing scheme illustrated in Fig. 3, using (24) for estimation, is applied.
The number of focusing iterations for the moving target was set to three.

In Fig. 8 and Fig. 9 the subimage processed at γp = γt is shown in
the surroundings of other subimages processed at γp = 1, i.e. for stationary
scatters. The target subimage can easily be identified to the other parts of
the image with a focused target in the middle and all other parts appearing as
white. The moving target is well focused with the method and the brightness
of the target is at the same level as the strongest clutter scatterers in the
surrounding subimages. This is expected in this case with a SCR of only 5.7
dB. However, the most amazing result is the strong suppression of the clutter
in the target subimage. The reasons for the suppression are mainly two: The
radar system operates at low frequency and that the system is an UWB system.
Normally for microwave SAR systems the backscattering from forest is caused
by volume scattering in the foliage. At low frequency, however, the scattering
occurs mainly by the trunk ground interaction, and the scattering can therefore
mainly be considered as a one scatter scattering mechanism. In UWB systems
the scatterers size is commonly larger than the resolution cell. Therefore, with
the used system there will be a low density of scatterers per resolution cell, even
in forested area, and in fact there will be many resolution cells per scatter. The
low density of scatters will not lead to a normal speckle process but rather to
the situation that each scatter will smear, resulting in unfocused scatters that
will have much lower peak values. The effect will be lower levels on peaks from
the clutter areas. However the total energy is the same in both cases. For
large integration angles this defocusing effect is large as seen, and it is also
illustrated in [19].

In this experiment, the target had an NRS of 1.0155 and the estimate
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Figure 7: SAR image of Visingsö where a simulated moving target has been
synthetized and placed in the forest. White corresponds to weakest intensity
and black to strongest intensity.

obtained after the third and last iteration was 1.0150, giving an error of 0.0005.
For a target moving only in azimuth, this corresponds to a speed of 2 m/s, and
an estimate of 1.93 m/s which gives a relative error of 3.5%. On the other
hand, for a target moving only in range, this corresponds to 22.76 m/s and an
estimate of 22.39 m/s, which gives a relative error of 1.6%. The estimate is
thus close to the true value of the target NRS, showing that even in the case
where the simulated target is superimposed into clutter that partly covers the
signal, these proposed approach appears to work.

8 Discussion

In order to obtain good results, the platform should preferably be located close
to the imaged scene. The reason is that for shorter integration times, the
dynamics change less for the moving targets and that high resolution SAR
images are produced in short time. Another advantage is that this allows the
platform to fly at a lower speed, allowing for higher accuracy when conducting
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Figure 8: A zoom-in of the simulated moving target which has been added to
the SAR scene. White corresponds to weakest intensity and black to strongest
intensity.

the speed measurement since the accuracy of the actual speed measurement is
related to the ratio between the target speed and the platform speed. It should
be noted, however, that the method does not depend on these observations,
it only performs better when they are in place. What should be remembered,
also, is that the refocusing is made based on processed SAR images in which
the stationary objects have been focused, i.e. γp = 1. This means that motion
compensation has already been performed between the stationary objects and
the moving platform, and therefore the moving target focusing can more easily
be done. However, how appropriate the model of no acceleration in (2) strongly
depends on radar system parameters and actual target motion. Anyhow, it has
been shown at low frequencies that the model in (2) works on real targets for
very long integration times [19],[23]. One should further note the ability to
apply the refocusing method for detection purposes.
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Figure 9: Final SAR image after iterative focusing and combination with origi-
nal SAR image. White corresponds to weakest intensity and black to strongest
intensity.

9 Conclusions

This paper proposes an approach to estimate the speed of a moving target and
to refocus it. The estimation of relative speed is based on a chirp estimator
that makes use of the target phase. Focusing is made in subimages where the
SAR image is transformed to the wave domain and compensated according to
the target NRS, γt and the NRS used in SAR processing of the image. The
estimation and the focusing are then combined in an iterative process. The
approach is illustrated with one simulation and one test in which a simulated
target is superimposed onto a complex SAR image. We can conclude that even
when the peak of the moving target signal is at the same level as the peaks of
the surrounding clutter, the target can be refocused successfully. The refocused
target can also be combined with the original SAR image, thus providing the
end user with good information on where the target was located in relation
to the surroundings as well as the magnitude of its NRS. To conclude, we can
say that the simulated and real results show that the proposed approach to
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Figure 10: Zoom-in of the focused moving target of the final SAR image after
iterative focusing and combination. White corresponds to weakest intensity
and black to strongest intensity.

estimate and refocus appears to be functional.
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[4] M. V. Dragoševic and S. Chiu, “Space-based motion estimators - Evalu-
ation with the first RADARSAT-2 MODEX data,” IEEE Geosci. Rem.
Sens. Lett., vol. 6, no. 3, pp. 438–442, 2009.

[5] H. Hellsten and L. M. H. Ulander, “Airborne array aperture UWB UHF
radar - Motivation and system considerations,” IEEE Aerosp. Electron.
Syst. Magazine, vol. 15, no. 5, pp 35–45, 2000.

[6] L. M. H. Ulander and H. Hellsten, “Low-frequency ultra-wideband array-
antenna SAR for stationary and moving target imaging,” in Proc. Radar
Sensor Technology IV, vol. 3704, Orlando, FL, Apr. 1999, pp. 149–158.

[7] P. Meisl, A. A. Thompson and P. A. Luscombe, “RADARSAT-2 mission -
Overview and development status,” in Proc. EUSAR, Munich, Germany,
May 2000, pp. 373–376.
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[23] T. K. Sjögren, V. T. Vu, M. I. Pettersson, H-J. Zepernick and A. Gus-
tavsson, “Speed estimation experiments for ground moving targets in low
frequency UWB SAR,” in Proc. RADAR, Edinburgh, UK, Oct. 2007, pp.
519-523.

[24] J. K. Jao, “Theory of synthetic aperture radar imaging of a moving tar-
get,” IEEE Trans. Geosci. Remote Sensing, vol. 39, no. 9 pp. 1984–1992,
2001.

[25] M. I. Pettersson, “Detection of moving targets in wideband SAR,” IEEE
Trans. Aerosp. Electron. Syst., vol. 40, no. 3, pp. 780–796, 2004.

[26] M. I. Pettersson, “Optimum relative speed discretisation for detection of
moving objects in wide band SAR,” IET Radar, Sonar and Navigation,
vol. 1, no. 3, pp. 213–220, 2007.

[27] J. C. Curlander and R. N. McDonough, Synthetic Aperture Radar Systems
and Signal Processing, Wiley, ISBN: 978-0-471-85770-9, 1991.

[28] P. M. Djuric and S. M. Kay, “Parameter estimation of chirp signals,”
IEEE Trans. Acoustics, Speech and Signal Processing, vol. 38, no. 12, pp.
2118–2126, 1990.

[29] T. K. Sjˆgren, V. T. Vu and M. I. Pettersson, “Moving target relative
speed estimation in the presence of strong stationary surrounding using a



24 BIBLIOGRAPHY

single antenna UWB SAR system,” in Proc. IGARSS, vol. I, Boston, MA,
Jul. 2008, pp. 157–160.
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