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Abstract. Detection techniques of micro-motion targets have been explored
with increasing attention according to its complex and flexible features. In this
paper, concepts and existing achievements of micro-motion and micro-Doppler
are summarized horizontally from two aspects: micro-motion analysis founda-
tion and techniques, strategies and implement. Addressing this goal, a general
micro-Doppler formula is introduced with four typical micro-motion forms.
Moreover, several extraction and imaging methods are demonstrated from four
perspectives, i.e. radar quantity, micro-motion complexity, other strategies and
potential problems. Subsequently, available application on ballistic target
recognition and critical issues of this emerging field are proposed, with a pro-
spect towards the trend of development.

Keywords: Micro-motion � Micro-Doppler � Micro-motion model � Feature
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1 Introduction

With the continuous development of signal processing and semiconductor techniques,
imaging radar has been widely utilized in both military and civilian fields due to its
excellent performance in information acquisition. Compared with the traditional
detection and tracking radar for coordinate parameter measurement such as detection,
ranging and angle measurement, the imaging radar, which is extensively exploited, can
acquire high-resolution images of the observation target or scene then extract its shape,
size and other information [1].

As anthropic exploration activities have shown a tremendous increase in space, the
amount of spatial micro-motion targets such as satellites and space debris has risen
sharply. Due to their high moving velocity and complex motion forms, these space
targets not only affect the normal operation of spacecraft, but also pose a threat to
homeland security. Consequently, there is an urgent need for developing techniques on
space situational awareness, air defense and anti-missile based on the high-resolution
imaging, feature extraction and recognition of radar 3-dimensional micro-motion targets.
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Imaging radars are mainly categorized into Synthetic Aperture Radar (SAR) [2, 3]
and Inverse Synthetic Aperture Radar (ISAR) [3, 4]. Among them, ISAR achieves high
resolution by applying a large time-bandwidth product, and simultaneously high azi-
muth resolution by exploiting the inverse synthetic aperture array formed by the rel-
ative motion between the target and the radar. Generally, while the entire target or
target component is moving, there always exists a micro-motion (or micro-dynamics)
other than centroid translation such as vibration, rotation and accelerated movement
[5]. For high-resolution imaging radars, target micro-motion is defined as the small
motion of the whole target or some components in the direction of the radar’s line of
sight (LOS) compared with the radial distance between the target and the radar. For
representative space targets such as space debris, warheads and decoy targets, micro-
motion is generally classified into certain forms as spins, precession, nutation, roll and
swing [6]. Relatively, the corresponding frequency modulation generated when a tar-
get’s micro-motion implements a phase modulation to the radar echo is called micro-
Doppler signal. The micro-Doppler effect, apparently, refers to the phenomenon about
extra modulation caused by micro-motions [1].

Gone are the days when micro-Doppler signals were regarded as unfavorable
factors rather than meritorious information because of the rudimentary signal pro-
cessing technology. It was only until 2000 when the concept of micro-motion and
micro-Doppler was officially introduced and applied in microwave radar observation
by V. C. Chen from the US Naval Research Laboratory, that the observation and
utilization of the micro-Doppler effect becomes prevalent [7–10]. The improvement of
the radar detection refinement avoids the micro-Doppler signal being simply removed
any more. On the contrary, it is used to characterize the target’s attribute type and
motion intent after feature extraction, by which, the abundant information, e.g. struc-
ture, shape, motion state, material properties and stress state becomes available [11].
Since then, worldwide scholars have increasingly devoted themselves to the research
on feature extraction, imaging and recognition techniques of micro-motion targets, in
which domain, significant and remarkable achievements have been accomplished.

Most of research papers and surveys nowadays [7, 11–14] have provided a
unambiguous prospect of techniques about micro-motion observation according to the
dimension from the data processing process. For instance, article [11] analyzes the
existing micro-motion models, feature extraction, imaging and recognition techniques
in data processing order. Based on the existing surveys, this paper summarizes the
available micro-motion feature extraction and imaging techniques horizontally from the
perspective of analysis foundation and implementation strategies. Respectively, this
paper is divided into the following parts. Section 2 introduces the premier basis of
micro-motion analysis, e.g. modeling and summarizes four general micro-motion
models along with several practical problems. Section 3, from the perspective of
techniques, strategies and implement, arranges the existing research on micro-motion,
which consequently consists of four sub-perspectives: radar quantity, target motion
complexity, other methods and related problems. Then, various of application and
potential development trend of the micro-motion target are briefly introduced in
Sect. 4. Finally, Sect. 5 concludes the whole paper and discuss our further research
directions in micro-motion target domain.
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2 Micro-motion Analysis Foundation

2.1 General Micro-motion Model

When analyzing a micro-motion target, it is initial to construct a micro-motion model
that includes rotation, vibration, roll, and cone motion [15]. Under the consideration of
computational simplicity, the point where the energy of the target surface is concen-
trated is always selected as the reference point. Accordingly, the micro-motion scat-
tering model is used to describe the physical characteristics of the target. After that, the
micro-Doppler characteristics of each micro-motion form are analyzed.

The frequency modulation characteristics of the radar echo hold the topmost
position when it comes to micro-Doppler, which can be obtained by the phase infor-
mation / tð Þ of the echo. Moreover, phase information has a strong influence on the
instantaneous distance R tð Þ between the radar and the target. The distance is a function
of time, which reflects the variation of the radial distance between the target and the
radar. Therefore, the foremost requirement when studying micro-Doppler characteris-
tics is to determine the instantaneous distance R tð Þ between the radar and the target
[6, 16]. By establishing a universal target motion model as illustrated in Fig. 1, the
general formula of micro-Doppler can be obtained as formulation (1), where V tð Þ is the
velocity vector caused by micro-motion [6].

fm�d ¼ 1
2p

dU tð Þ
dt

¼ 2f
c
dR tð Þ
dt

¼ 2f
c
V tð ÞTm�n: ð1Þ

It can be seen that, the main difference between Doppler feature and micro-Doppler
feature is that the former reflects the motion state of the target as a whole, while the
latter only reflects that of the target local moving component, that is, the former is
produced by overall translation, and the latter is produced by local micro-motion [6].
Therefore, essentially speaking, the micro-Doppler features can be regarded compa-
rably as the Doppler features, which means characteristic information can be attained
by implementing invertion to original signal.

Fig. 1. Radar and micro-motion target
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Based on the model mentioned above, by altering the micro-motion matrix of the
five motion forms, the customized model for each micro-motion forms can be obtained,
as summarized in Table 1 [6, 16, 17].

2.2 Practical Problems

The aforementioned universal model is based on the ideal assumption of point scat-
tering without considering the impact of several environmental factors in practice. In
the real environment, however, observation of translation and micro-motion often
encounters subtle but impactive incidents, such as the irregular shapes of targets,
fluctuation of radar signal strength, occlusion effects, etc., which should also be taken
into consideration in actual observations.

In addition to an individual target, when ISAR is used to observe a micro-motion
target, a single radar beam may contain multiple micro-motion targets, such as a broken
satellite debris group [11, 18, 19]. Echo aliasing occurs when the distance between the
targets is tiny. Since the sub-target micro-motion form and the micro-motion param-
eters are both altered, the high-resolution imaging method for a single micro-motion
target will no longer be applicable. In [20], a high-resolution imaging method for
micro-motion group targets based on augmented Lagrangian function is proposed.
Under the complex conditions of Gaussian noise, self-occlusion and mutual occlusion,
and singular values, the method can recover the track matrix of the micro-motion group
target, implement the separation of the track matrix of the sub-object, and obtain the
high-resolution imaging results.

The reason why the micro-motion is difficult to detect is because that it is generally
combined with translation and other forms of motion. There are various solutions and
strategies for disparate motion complexity. Translation, combined with simple and

Table 1. Summarize of different micro-motion modes from article [6]

Micro-motion type Target location vector Micro-Doppler formula

Acceleration
micro-motion
target

R tð Þ ¼ R0 þ 1
2 at

2 fm�d ¼ 1
2p

dU R tð Þð Þ
dt ¼ 2f

c at

Vibration
micro-motion target

R tð Þ ¼ R0 þDV sin 2pfV tð Þ � nV fm�d ¼ 4pfV fDV
c cos 2pfV tð Þ cos a� aVð ÞcosbcosbV þ sinbsinbV½ �

Rotation
micro-motion target

R tð Þ ¼ R0 þRot tð Þ � r0
Rot tð Þ ¼ Iþ x̂ sin Xctð Þ þ x̂2 1� cos Xctð Þð Þ

Rinit ¼
cos/ �sin/ 0
sin/ cos/ 0
0 0 1

2
4

3
5

1 0 0
0 cosh �sinh
0 sinh cosh

2
4

3
5

cosw �sinw 0
sinw cosw 0
0 0 1

2
4

3
5

fm�d ¼ 2f
c Xlðcxl

2sin Xl tð Þ � ðcxl
3cos Xl tð Þþ ðcxl Iþcxl

2ð ÞRinit � r0½ �T �n

Rotation cone
micro-motion
target

Rc tð Þ ¼ Iþ cxc sin Xctð Þþ cxc
2 1� cos Xctð Þð Þ fm�d ¼ 2fXc

c ðcxc cos Xctð Þþ cxc
2sin Xctð Þ½ ÞRinit r0 � r00

� ��T � n.

Swing cone
micro-motion
target

R ¼ AB tð ÞA�1

x; y; zð Þ ¼ i; j; kð ÞA

B tð Þ ¼
cos h tð Þð Þ �sin h tð Þð Þ 0
sin h tð Þð Þ cos h tð Þð Þ 0

0 0 1

2
4

3
5

fm�d ¼ 2f
c AB0 tð ÞA�1Rinit x0y0z0 � z00

� �Th iT
�n
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regular micro-motions, such as rotation and regular vibration, can be modeled sepa-
rately and analyzed by disassembling the type of motion [6]. In contrast, more often
than not, the motion forms of most targets show greater complicacy, such as tanks,
ships and animals, etc. These movements, accompanied by complex micro-motions,
can only be analyzed specifically by a combination with customized motion models for
custom modeling analysis, which is obviously more difficult.

3 Techniques, Strategies and Implement

Existing technical applications for micro-motion targets rely mostly on adaptive
improvements of specific algorithms and strategies, which show an obvious similarity
even in different application domain. Therefore, instead of presenting techniques from
the perspective of separate procedures as article [11], e.g. micro-motion feature
extraction, imaging and recognition, in this section, we will summarize current
researches on the basis of the quantity of radars, micro-motion complexity, other
specific methods and common problems, which hopefully provides readers a horizontal
understanding of micro-motion detection fields.

3.1 From the Perspective of Radar Quantity

Techniques Based on Monostatic Radar [21, 22]. Monostatic radar is widely used in
radar feature extraction and imaging due to its low cost, system simplicity and oper-
ational flexibility. The core idea is to carry out customized and accurate modeling
according to the type of space target. By analyzing and extracting the micro-Doppler
parameters of the target echo, the 3-dimensional structure and motion characteristics of
the micro-motion scattering point are constructed. However, on account of the quan-
titative limitation of radars, it is difficult to observe other micro-motion components of
the target apart from the radial distance of the radar, thus hard to determine the virtual
spatial position of the target.

When it comes to monostatic radar, the bandwidth of detecting radar is also worthy
of consideration [23]. Paper [24] implements a research on phase derived ranging
(PDR) based on wideband radar, which shows a giant efficiency on feature extraction.

Techniques Based on Monostatic Radar. Due to the motion complexity of the
moving target, its micro-Doppler cannot be fully and accurately represented by tradi-
tional monostatic radars. In this case, two [25] or more radars are utilized to observe
and acquire data from different angles. Distributed radars and networked radars possess
the ability to collect the projection components of the micro-motion target from various
perspectives, and analyze the spatial 3-dimensional motion and structural features, thus
improving the target recognition capability of the radar system. Then with a correlation
processing, the 3-dimensional image is synthesized. Although it overcomes the
impossibility of a single radar collecting data in all directions, the existing method is
still utopian because the anisotropy of the actual target makes the imaging more
complicated and untoward.
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Paper [26] proposed a scheme utilizing the multi-view feature of networked radar to
construct a nonlinear equation and extracting the 3-dimensional precession character-
istics of the ballistic target. In [27], with interferometric processing and ellipse fitting
method, the real 3D scattering distribution information and 3D micro-motion charac-
teristics of the space rotation target can be attained by using only a single multi-antenna
narrow-band radar, which meanwhile shows a high precision and significantly reduces
the complexity of the system implementation and the requirements of the radar signal
bandwidth. However, it is merely practicable in certain micro-motion forms.

Interferometric Processing. Interferometric ISAR imaging exploits the difference of
time and spatial information between target echoes to image the target in three
dimensions [28]. The technique is a 3-dimensional imaging method combining space
and time with not only the rotation of the target relative to the radar line of sight under
time lapse but also the spatial variation between the target scattering point and the radar
under disparate antennas or different observation angles. The interferometric method,
on the basis of data source, can be categorized into different arc segment imaging and
disparate receiving antenna imaging. In addition, it has a classification of interfero-
metric imaging based on motion model analysis and that based on data self-focusing
according to the motion compensation method [29]. The micro-Doppler effect theory is
combined with multi-antenna interferometric processing technique in [27], and a
3-dimensional imaging and micro-motion feature extraction method based on L-type 3
antenna model is proposed.

3.2 From the Perspective of Micro-motion Complexity

For Simple Micro-motions, a Parametric Approach Can be Leveraged for
Analysis. Parametric methods usually conform to the assumption that the micro-motion
form satisfies some parametric model properly, such as spin model, precession model
and so on. This type of method shows robustness to complex imaging conditions such
as echo defects and low signal-to-noise ratio. However, when the category of motion
model is unknown, model mismatch is easy to occur. Moreover, heavy calculation
burden is also a disadvantage when the micro-motion form is complicated [15].

For Complex Micro-motions, a Non-parametric Approach is More Appropriate.
Non-parametric techniques mainly include time-frequency analysis methods and
imaging methods based on scattering point track matrix.

It is a common way to extract micro-Doppler features and imaging by applying
time-frequency analysis, which basically reconstructs characteristics by domain
transformation to improve the distribution structure of the micro-Doppler signal in the
original domain, thereby removing redundant features [30]. Time-frequency analysis is
classified into linear [31, 32] and nonlinear: linear including short-time Fourier
transform, wavelet analysis, etc. [6], while nonlinearity includes Cohen-like time-
frequency distribution, Wigner-Ville distribution (WVD), Smoothed-Pseudo Wigner-
Ville Distribution (SPWVD) and so on.

Another non-parametric method is scattering point track matrix method, which
exploits the matrix singular value decomposition method to realize the 3-dimensional
reconstruction for the scattering point of the micro-motion target. In [15], a
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3-dimensional high-resolution imaging method for single micro-motion target based on
track matrix decomposition is presented (see Fig. 2), which is robust to complex micro-
motion forms and reduces the complexity of parametric imaging methods.

3.3 Other Strategies

Empirical Mode Decomposition (EMD). It was proposed by NASA’s N. E Huang
et al., with the main idea to decompose the complex signal into the sum of a finite
number of Intrinsic Mode Functions (IMFs) and the remainders. In [33], the time-
frequency distribution, variable-sampling filtering as well as the fast Fourier transform
(FFT) tools are utilized to extract the micro-Doppler spectrum. Based on this, the
motion and geometric parameters of the micro-motion target are estimated. In [34], the
method of TFD-Hough transform is proposed, that is to build accurate signal model,
design the curve of the corresponding time-frequency distribution map according to the
frequency variation form of the signal, and then extract features.

Sparse Reconstruction. According to the sparse characteristics of micro-motion echo,
it is possible to analyze the micro-Doppler signal by the sparse reconstruction method
[35, 36]. Generally, by constructing a micro-motion target parameter estimation model
based on sparse representation, the estimation problem is transformed into a sparse
solution problem, which can be solved by applying greedy tracking algorithm [37] and
convex optimization method [38]. In [39], the dictionary linear transformation and
sparse solving algorithm are combined, and a flow algorithm of micro-motion
parameter estimation based on sparse representation is designed. As well, the perfor-
mance of the algorithm is examined experimentally.

Physical Characteristics. Due to the specific combat purpose and operational envi-
ronment, space precession targets have their own unique physical characteristics,

Fig. 2. Algorithm flow diagram of a 3D imaging method for single micro-motion target based
on track matrix decomposition [15].

A Survey of Radar Signature Analysis and Applications on Space Targets 293



including geometric features and motion characteristics [34]. The physical character-
istics of the micro-motion target can be extracted according to the correspondence
between the geometry of the target, the micro-motion parameters and the micro-
Doppler parameters in a micro-Doppler model. In paper [34], taking the space ballistic
missile warhead as an example, the geometric and motion characteristics of the space
precession target are analyzed, and the micro-Doppler parameters are estimated by the
parameterized TFD-Hough transform method. Then they extract the physical charac-
teristics of the micro-motion target by mapping the relationship between the physical
characteristics and micro-Doppler parameters.

3.4 Potential Problems and Common Solutions

As a consequence of the complexity of micro-motion and the limitation of current
technology, there are several intractable problems as following in micro-motion target
detection:

Translation Compensation Problem. In general, the target’s micro-motion is always
combined with translation. The uniform and accelerated motion of the target will shift
and broaden its micro-Doppler, which causes a significant influence on translation
detection. Therefore, compensation is the basis for feature extraction and imaging. In
[40], a detailed theoretical analysis of this phenomenon is carried out. In allusion to the
difficulty of traditional ISAR imaging method to compensate accurately under low
SNR, an adaptive low-noise-noise ratio ISAR translation compensation and imaging
method based on a phase derivation of spectrum signal and particle swarm optimization
is proposed, which as well achieves a well-focused ISAR measured data imaging result
with low SNR. Besides, paper [41] put forward a fast translation compensation method
suitable for high-speed ballistic targets. Paper [42] introduce a novel ISAR motion
compensation approach via phase-derived velocity measurement (PDVM) technique to
extract micro-motion feature.

Image Registration Problem. Image registration is one of the key steps of interfer-
ometric processing. The accuracy of the interference phase, thus the quality of the
3-dimensional image depends directly on how the image registration is. Image mis-
match in interferometric imaging includes both image shift and image distortion, the
former being derived from the distance and velocity difference between the target and
the two antennas, while the latter being derived from the relative rotation between the
target and the two antennas. Article [29] discusses the constraints of image distortion
by creating specific image motion models.

Phase Error Problem. When imaging spatial targets, in the target body coordinate
system, the azimuth and elevation angles in the radar line of sight change non-
uniformly at the same time, leading to a non-uniform rotation of the imaging plane.
There is, accordingly, a phase error if applying the traditional ISAR imaging method.
Moreover, interferometric imaging requires high accuracy of image phase, so it is
essential to correct the phase error of the ISAR image. In [29], based on the relative
rotation law between space target and radar, a spatial target echo model after translation
compensation is established. The model is used to analyze the influence of image
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defocus and phase error on the interference caused by nonlinear phase. As well, an
ISAR imaging method based on fractional Fourier transform is proposed to solve this
problem.

In conclusion, the research on micro-motion target detection technique is still in its
infancy, in which domain, without any doubt, increasing effort should be devoted to
solve the existing tough issues.

4 Applications and Prospects

Radar space target imaging technique based on micro-motion features has become a
vital branch of radar research domain through micro-motion target modeling, micro-
motion feature extraction and micro-motion target imaging. The coming decades will
see a broad application prospects of micro-motion technique in military fields such as
space security, air defense and anti-missile, territorial security and strategic early
warning.

4.1 Applications on Ballistic Target Recognition

One of the most significant applications of the micro-motion target recognition
technique in the military field is ballistic target recognition in the midcourse section
[27, 43, 44]. Article [33], taking the ballistic missiles as an example, discusses the
application of the radar feature extraction technique of the micro-motion target. Firstly,
the target scene is designed, the echo signal is simulated, and then the micro-Doppler
and Doppler are extracted. Moreover, RCS modulation features and micro-motion
resolution features provide new technical support for air target and space target
detection and recognition. Paper [30] proposes a time selection imaging method by
abor transformation and time-frequency analysis.

4.2 Prospects

With the continuous breakthrough of techniques and the deepening of research, fresh
and effective solutions for micro-motion target echo modeling, feature extraction and
3D imaging have emerged and verified by measurement and experiment. However,
there are still several directions yearning for revolutionary achievement of radar micro-
motion target detection in the following aspects:

Group Target Detection. At present, the existing techniques mainly focus on one
single micro-motion target rather than a target group, which actually is the most normal
case. When establishing a micro-motion model and extracting features for group target,
the primary consideration is how to effectively remove interference or overlap and
perform low-error separation when the sub-target micro-motion parameters are similar.

Big-Data-Driven Feature Extraction and Radar Imaging Analysis. With the
increasing progress of radar micro-motion target detection, the database based on the
characteristics and images of micro-motion targets will be gradually improved, which
provides a new possibility for the subsequent research direction. Through data analysis
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and data mining based on big databases, certain patterns of micro-motion target
recognition and imaging methods will be proposed. A revolutionary analysis model can
also be constructed by using artificial intelligence techniques, such as deep learning
[45], neural networks, etc.

Improvement of Transmission Media. How to use the newly-emerging bands for
micro-Doppler analysis becomes a hot topic in the case of the increasingly serious
congestion of the traditional electromagnetic wave band [11]. The existing technologies
such as terahertz wave [46] and ultrasonic, with fine-grained recognition, strong
robustness and low cost, are relatively suitable for application in the field of micro-
motion target detection.

5 Conclusion Remarks

By investigating the existing radar techniques for micro-motion targets, this paper
summarizes the concepts and methods as well as current difficulties and probable
solutions in two subjects: micro-motion analysis foundation and techniques, strategies
and implement. In the analysis foundation part, the universal micro-Doppler formula is
quoted, along with classic motion matrices under 4 typical micro-motion forms, as well
as practical problems. Then in the strategies and implement part, several common
extraction and imaging methods are summarized in four perspectives, i.e. radar quantity,
micro-motion complexity, other strategies and potential problems. Finally, the repre-
sentative application of ballistic target recognition and imaging technique and potential
development directions are prospected. This paper, as a survey, can be regarded as a
horizon snapshot in the field of radar micro-motion detection and imaging.
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