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Abstract
The effect of target micro-motions on the Synthetic Aperture Radar signal results in micro-Doppler target signatures.
These micro-Doppler signatures can be a useful source of information for target classiﬁcation. However the presence of
stationary target and noise in the scene makes the extraction of the micro-Doppler signature a difﬁcult challenge. In this
paper a micro-Doppler signature extraction method based on the Singular Value Decomposition is applied to extract the
target micro-Doppler features from the received SAR signal. The effectiveness of the proposed approach is conﬁrmed
through simulations.

1

Introduction

A common problem in SAR systems is the detection and
the characterization of moving targets within a scene. If
the target exhibits a regular and straight motion pattern
during the image acquisition then a ground moving target
indicator (GMTI) is the technique that is normally used.
However characterizing target movement is generally different from the constant or linear motion observed in the
GMTI. Vibrations and rotations of the target facilitates further characterization of a speciﬁc target. The capability to
identify and classify these kind of motions aids in more
effective and accurate target classiﬁcation. For example it
has been demonstrated that vibrating micro-Doppler signatures allow us to distinguish a diesel engine of a bus from
a gas turbine engine of a tank [1, 3].
In [11] the micro-Doppler signature for vibrating targets in
a monostatic SAR system was analyzed and tested with an
X-band system, while in [10] a millimeter Wave (mmW)
system was used to analyze the micro-Doppler for vibrating and rotating SAR. In both cases time-frequency analysis was performed using the Wigner Ville Distribution exploiting the properties of the Cohen’s family of transforms
[4]. However these analysis were performed in a very high
signal-to-clutter ratio (SCR) environments in order to validate the micro-Doppler model. In an operative system the
micro-Doppler signal will normally be embed in low SCR
and the challenge becomes the extraction of this feature
from the received signal.
Various approaches have been reported for this extraction
problem including, [9] wherein a chirplet based extraction method was presented, in [12] the Radon and wavelet
transform were used to extract the features from ISAR
data, for both these methods the computational overload
resulted to be very high. In [14] the Along Track Interfer-
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ometry (ATI) was applied to extract the micro-Doppler signature removing the clutter signal, however this approach
requires a speciﬁc system desing.
In [6] Singular Spectrum Analysis (SSA) was applied to
the ISAR signal to minimise the effect of micro-motions
in order to improve the image quality. In this paper a technique based on SSA is developed and applied for microDoppler extraction from SAR data that operates in the case
of high SCR. The reminder of the paper is organised as
follows. In section II the basics of micro-Doppler effect
in monostatic SAR is presented. Section III presents the
SSA approach while section IV presents the novel application of SSA for the effective extraction of micro-Doppler
signatures from received SAR echoes. Section V presents
results obtained through simulations that conﬁrms the usefulness of the extraction technique. Section VI concludes
the paper.

2

Micro Doppler effect in SAR

The micro Doppler effect in SAR was theoretically studied in [2], while in [11] and [10] the effect was analyzed
using real experiments. Mechanical vibrations or rotations
of radar targets induce a superimposed phase modulations
in the received SAR signal. In the case of vibrations, analyzing the micro-motions in the range direction, the phase
modulation induced on the SAR received signal is [10]:
ΦM D (η) =

4π
Av cos(wv η)
λc

(1)

where η represents the slow time, λc the carrier frequency,
Av and wv the vibrating amplitude and pulsation respectively. From the derivative of (1) the induced micro-

Doppler frequency results:
fM D (η) =

−2Av wv
sin(wv η)
λc

(2)

From (2) the induced micro-Doppler frequency depends on
the system working frequency and from the vibrating amplitude and frequency.
Thus the received SAR signal from a vibrating target after
range compression results to be:


R(η)
(3)
waz (η)
src (τ , η) =pr τ −
c


4πf0 R(η)
exp −j
exp {−j2πfM D η}
c
where c is the speed of light, R(η) is the slant range function, τ is the fast time, pr (.) is the range envelope and
waz (.) is the antenna pattern. For a stationary target the
equation describing the signal model is the same in (3)
without the second exponential. The entire received signal comprises the superposition of the contribution of the
echoes from all the cells in the same range gate. When
the vibrating target is embedded in an environment with
strong scatterers the extraction of the micro-Doppler feature from the signal becomes mandatory to be exploited
for target recognition purposes and for the fromation of
micro-Doppler databases.

3

Singular Spectrum Analysis

the diagonal matrix of the eigenvalues of XXT in nonincreasing order and P = (P1 , P2 , · · · , PL ) is the corresponding orthogonal matrix of the eigenvectors of XXT .
At this stage a selection of the eigen-vectors, from a selection of a group of l (1 ≤ l ≤ L) eigen-vectors
Pi1 , Pi2 , · · · , Pil from the matrix P can be performed.
This step corresponds to splitting the elementary matrix
Xi in groups and summing the matrix within each group.
Last step is the reconstruction, the matrix X̃ can be
computed as an approximation to X as ||x̃ij || =
l
T
k=1 Pik Pik X. The one dimensional series can be obtained by the averaging over the diagonals of X̃ containing
the contribute of the components corresponding to the l selected eigen-vectors.

4

Singular Spectrum Analysis for
the m-D extraction in SAR

The proposed approach to extract the micro-Doppler signature is shown in Figure 1.

  

 
 

Singular Spectrum Analysis (SSA) is a technique used to
analyze time series signals based on Singular Value Decomposition (SVD) [7]. The aim of SSA is to decompose
the original time series into the sum of a small number
of independent and interprable components such as trends,
slowly varying components and noise.
The SSA technique consists of two complementary stages:
decomposition and reconstruction. The decomposition
ﬁrstly uses embedding to decompose the original signal in
a trajectory matrix which is then separated into an independent trajectory matrix using SVD. In the reconstruction
stage subgroups of the trajectory matrices and diagonal averaging are used to reconstruct the new time series.
The ﬁrst step in the analysis is the construction of the trajectory matrix [8]. Consider a time series of length N ,
YN = (y1 , · · · , yN ), ﬁx the window length L ≤ N/2 and
deﬁning K = N − L + 1. The embedding stage builds a
multi-dimensional time series X1 , · · · , XK starting from
YN , where Xi is populated with (yi , · · · , yi+L−1 ) ∈ RL .
The parameter to be selected in this stage is the window
length L, the trajectory matrix X = [X1 , · · · , Xk ] is a
Hankel matrix which means that all the elements on the diagonal i + j = const are equal.
SVD is then applied to the matrix XXT , to form eigenvalues and eigenvectors of XXT XXT represented with
XXT = PΛP where Λ = diag(Λ1 , Λ2 , · · · , ΛL ) is
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Figure 1: Proposed micro-Doppler extraction process.

Starting from the raw data, the range compression step is
performed using a replica of the transmitted signal. From
the range compressed data the range gate containing the
scatterer is selected. Depending on the analyzed conﬁgurations a range cell migration correction step [5] can be
performed before the extraction of the range gate.
In order to align the signal within the time-frequency plane
to obtain a correct visualization and positioning of the
time-frequency distribution, the Doppler centroid and the
azimuth frequency slope is removed from the signal before
the three steps of the SSA. After the reconstruction the
resulting micro-Doppler signature can be visualized and
used for target classiﬁcation through the computation of
the Pseudo Wigner Ville Distribution (PWVD) [4].
In order to select the components the clutter energy should
be considered, in a realistic scenario the clutter energy results to be higher than the energy from the target with
micro-Doppler meaning that the eigenvalues spectrum exibhits clear separation between the clutter compoents and
the micro-Doppler components.

The proposed micro-Doppler extraction method was tested
with simulated data. The simulated system is an X band
(10 GHz) SAR. In the simulations a K-distributed clutter is
assumed. This kind of distribution was shown to ﬁt properly for both monostatic and bistatic ground and sea clutter
[13].
Two simulations with different vibrating amplitudes and
frequencies were performed all with a SCR less than −3
dBs. The point scatterer model has been used to perform
the simulations, in the ﬁrst simulation a vibrating target
with a vibrating amplitude of 10 cm and a vibrating frequency of 8 Hz was placed in the scene centre. The PWVD
of the range gate under test is shown in Figure 2, it can be
seen that the sinusoidal modulation induced from the target vibration is not clearly visible while the clutter is strong
and evident in the time-frequency analysis.
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Figure 4: Extracted m-D signature for the ﬁrst simulated
conﬁg.
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The point target for the second case has a vibrating frequency of 5 Hz and 2 cm of vibrating amplitude. The
PWVD of the range gate under test is shown in Figure 5,
it can be seen that the modulation induced from the target
vibration is not clearly visible and is actually mixed with
the clutter.
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Figure 2: Pseudo-Wigner Ville Distribution of the analyzed range gate for the ﬁrst simulated conﬁg.
From the eigenvalue spectrum, shown in Figure 3, obtained using the SSA it is possible to identify the main
component containing the higher amount of energy.
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micro-Doppler signature contains all the features describing the vibration. In Figure 4 are now clearly visible the 4
periods in 0.5 seconds corresponding to the 8 Hz vibration
of the simulated point target while it can be measured a
maximum micro-Doppler frequency of 325 Hz, this value
from the inversion of (2) corresponds to 0.097 m of vibrating amplitude.
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Figure 5: Pseudo-Wigner Ville Distribution of the analyzed range gate for the second simulated conﬁg.
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Figure 3: Eigenvalue spectrum for the ﬁrst simulated conﬁguration.
This component contains the contribution of the strong
echoes of the stationary clutter signal, while components
from 2 to 33 result to contain the micro-Doppler signature of the simulated vibrating target. In Figure 4 it is
shown the obtained reconstructed micro-Doppler signature
extracted from the clutter. It can be seen that the resulting
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Figure 6: Eigenvalue spectrum for the second simulated
conﬁguration.

From the eigenvalue spectrum, shown in Figure 6, obtained using the SSA it is possible to identify the main
component containing the higher amount of energy. This
component contains the contribution of the strong echoes
of the stationary clutter signal, while components from 2
to 11 contain the micro-Doppler signature of the simulated
vibrating target. In Figure 7 it is shown that the obtained
reconstructed micro-Doppler signature is extracted from
the clutter. It can be seen that the resulting micro-Doppler
signature contains all the features describing the vibration.
In Figure 7 can be measured 2.5 periods in 0.5 seconds
corresponding to the 5 Hz vibration of the simulated point
target while a maximum micro-Doppler frequency of 46
Hz corresponding to 0.022 m of vibrating amplitude was
measured.
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Figure 7: Extracted m-D signature for the second simulated conﬁg.
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Conclusions

In this paper the effectiveness of the use of the Singular Spectrum Analysis to extract micro-Doppler signatures
from SAR signals in clutter was demonstrated. The technique is robust with respect to high signal to clutter ratio
providing an useful tool for micro-Doppler analysis in realistic environments.
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