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Abstract

The micro-Doppler (m-D) effect which is also called micro-motion effect is a kind of physical phenomenon, which is
often produced in ISAR imaging of space targets. When the space target has a micro-Doppler effect, it will produce
frequency modulation for the radar echo and cause serious interference to ISAR imaging of the target. In this paper,
the micro-spin model is modeled, and the echo of micro-spin model scattering point is processed respectively by
short-time Fourier transform (STFT), Wigner-Vile Distribution (WVD), and pseudo-Wigner-Vile Distribution (PWV), and
the micro-Doppler curve is derived. On this basis, for the space target with spin components, this paper introduces
an ISAR imaging algorithm using the micro-Doppler removal based on STFT and proposes an improved algorithm
based on rigid body parameter estimation, which can obtain better imaging results.
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1 Introduction
The concept of micro-Doppler (m-D) is firstly proposed
by V.C. Chen of the US Naval Research Laboratory [1],
which collectively refers to tiny movements such as vi-
bration, rotation, and accelerated movement other than
some parts of the target or target. And the modulation
of these tiny movements on the radar echo spectrum is
called the micro-Doppler effect.
The physical essence of micro-Doppler is the Doppler ef-

fect of the relative distance between the equivalent scattering
center of the target and the phase center of the radar an-
tenna as the micro-motion changes. Under the condition of
small relative measurement bandwidth and observation ac-
cumulation angle, the local scattering source of the target
can be approximated by the ideal point scattering center.
The scattering center has a constant position and phase, and
the scattering intensity varies little with frequency. This ap-
proximation is the basis of the current micro-Doppler
mechanism research on target characteristics but also the
basis of the establishment of micro-Doppler mathematical
model [1]. From the literature point of view, the research
contents of radar micro-moving target characteristics can be

summarized as micro-target radar echo modeling, micro-
Doppler signal separation, micro-Doppler feature extraction,
micro-motion target imaging, and micro-Doppler character-
istics of the target classification and identification [2].

2 Construction of point scattering model for
micro-spin target
Spin is a basic form of micro-movement but also the
common form of space target micro-movement. We
can create three coordinate systems: radar coordinate
system (U, V, W), reference coordinate system (X, Y,
Z), and local coordinate system (x, y, z). The geo-
metric relationship between the rotating target of
the radar target is shown in Fig. 1.
A rigid body rotates at the angular velocity

ω→ ¼ ωx;ωy;ωz
� �T

along the coordinate axes x, y, and z in
the local coordinate system (x, y, z), the initial position of

a scattering point P on the rigid body is r0
→¼ ωx;ωy;ωzð ÞT , its

coordinates in the reference coordinate system (X, Y, Z) is

ℜInit⋅ r0
→

, and ℜInit is the initial rotation matrix.
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The rotation unit vector in the reference coordinate

system is:

ω
→ ¼ ωx;ωy;ωz

� �T ¼ ℜInit⋅ω
→

ω
→
��� ��� ð2Þ

According to the Roche equation, at time tm, the rota-
tion vector in the reference coordinate system is:

ℜt ¼ I þ ω
0^sin Ωtmð Þ þ ω̂02 1− cosΩtmð Þ ð3Þ

where ω is an oblique symmetric array.
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So, the vector of point P in the reference coordinate
system at time tm is:

r
→ ¼ ℜt⋅ℜInit⋅ r0

→ ð5Þ
The coordinate vector of point P in the radar coordin-

ate system is:

R
→

t ¼ R
→þr

→ ¼ R
→þℜt⋅ℜInit⋅ r0

→ ð6Þ
where R

→
is the position of the origin of the reference

coordinate system in the radar coordinate system.
From the ISAR imaging principle, the expression of

the echo signal of the single-base broadband ISAR im-
aging radar in the fast time domain is:

Sd fk ; tmð Þ ¼ σTp sinc Tp fk þ 2KrΔR tmð Þ
c

� �� �
exp −j

4π
λ
ΔR tmð Þ

	 


ð7Þ
where tm is the slow time, Tp is the pulse signal repeti-
tion period, and Kr is the frequency modulation slope.
ΔR(tm) = R(tm) − Rref(tm), R(tm) is the distance from the
target to a radar at time tm, and Rref(tm) is the distance
from the target center to the radar at time tm.
Assume that the radar line of sight LOS direction unit

vector is n
→

, its micro-Doppler can be approximated as:

f mD tmð Þ ¼ 2
λ

dΔR tmð Þ
dtm

¼ 2Ω
λ

�
ω^ ω^sinΩtm þ I cosΩtm
� �

ℜInit⋅r0
→
�T

⋅ n
→ ð8Þ

which can be written as:

f mD tmð Þ ¼ A1 cosΩtm þ A2 sinΩtm ð9Þ
where A1 ¼ 2Ω

λ

h
ω̂0ℜInit

⋅r0
→

iT
⋅ n
→
, A2 ¼ 2Ω

λ

�
ω̂02ℜ

Init⋅r0
→
�
T⋅n→.

It can be seen that the rotating micro-Doppler is re-
lated to the Euler angle, the rotational angular velocity
and the initial distance, so the target ISAR radar echo
can be written as:

Sd fk0; tmð Þ ¼ σTp exp −jφd tmð Þf g ð10Þ
ϕd(tm) is the Doppler phase shift produced by the tar-

get micro-motion. Equation (10) is the echo model of
the micro spin target.

3 Time-frequency analysis of micro-Doppler
Time-frequency analysis is also called time-frequency
distribution. Its basic task is to describe the energy dis-
tribution density of the signal in time and frequency and

Fig. 1 The geometric representation of micro-spin target
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describe the law that the frequency of the signal changes
with time [3, 4]. It uses time-frequency to characterize
the signal. We can master the time domain information
but also master the frequency domain information; we
can also know a frequency component at which moment
and how it changes, which can fully observe the signal
characteristics. Commonly used time-frequency analysis
methods include short-time Fourier transform, Wigner-
vile distribution, and pseudo-Wigner-vile distribution.

The single-component signal of the spin-moving target
point is simulated, and then, the signal is processed by
time-frequency analysis method. The simulation parame-
ters are radar transmission signal-carrier frequency
f = 10 GHz, bandwidth B = 500 MHz, and pulse repetition
frequency fP = 500 Hz. The coordinates of the target in the
radar coordinate system are (X = 0, Y = 2.53, Z = 4.38) km.

It is assumed that the azimuth and pitch angles of the target
center of mass relative to the radar coordinate system are α
= π/2 and β= π/3, assume that the target has a scattering
point P with coordinates (x = 1.0, y = 0.4, z = 0.6) m, the ini-
tial Euler angle of the target local coordinate system is
(ϕ = 30, θ = 20, ψ = 20), The angular velocity of point P is
ω→ ¼ π;

ffiffiffi
2

p
π;π

� �T rad/s The theoretical micro-Doppler curve
and time-frequency analysis are shown in Fig. 2.
Simulation results show that the STFT has the best

analysis effect in the three time-frequency analysis
methods. Through the micro-Doppler curve, the
micro-Doppler law can be seen intuitively. The effect
of the WVD in the three time-frequency analysis
methods is not ideal, and there is other time-
frequency curve interference in the time-frequency
diagram, which is generated by the cross-term of the

Fig. 2 Spin-fretting model time-frequency analysis m-D graph. a STFT analysis curve. b WVD analysis curve. c PWV analysis curve. d Theoretical
micro-Doppler curve
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Fig. 3 Signal model simulation results. a STFT of the signal. b The rearrangement of STFT. c Reconstructed FFT. d STFT of the signal after m-D re-
moval. e FFT of the signal after m-D removal
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signal in the transformation. The time-frequency dia-
gram appears fuzzy now. The effect of PWV in the
three time-frequency analysis methods is centered.
Due to the smoothing of the window, the fuzzy
phenomenon of the time-frequency diagram is greatly
reduced, and the interference of other time-frequency
curves can be eliminated. The change of micro-
Doppler is better observed [5-7].

4 ISAR imaging algorithm for space targets with
rotating parts
ISAR imaging of space targets with moving parts usu-
ally produces micro-Doppler phenomena, which re-
duce the image quality of ISAR and interfere with the
resolution of the target [8, 9]. In this paper, we intro-
duce an ISAR imaging algorithm which can effectively
remove the micro-Doppler effect. The algorithm can
effectively eliminate the effect of jog effect by short-
time Fourier transform (STFT) and get good results
in ISAR imaging.

4.1 ISAR imaging algorithm of m-D removal based on
STFT
The discretization form of short-time Fourier transform
(STFT) can be expressed as:

STFT m; kð Þ ¼
XM−1

s ið Þw i−mð Þe−j2πik=m

i¼1

ð11Þ

Consider a set of M elements of the STFT, for a cer-
tain frequency k:

Sk mð Þ ¼ STFT m; kð Þ;m ¼ 0; 1;…;M−1f g ð12Þ

By the sorting procedure, we can get a new ordered
set of elements:
Ψk(m) ∈ Sk(m), such as |Ψk(0)| ≤ |Ψk(1)| ≤ |Ψk(2)|… ≤ |

Ψk(M − 1)|. Summing all the STFT samples, we obtain:

SL kð Þ ¼
XMQ−1

M¼0

Ψ k mð Þ ð13Þ

where MQ = int[M(1 −Q/100)] and Q is the percent of
removed values. Equation (13) is the reconstructed FFT
of the signal.
After the above-mentioned processing, the single-

frequency component and the sinusoidal frequency
modulation component of the signal can be effectively
separated; we can use this principle to simulate the sig-
nal analysis.
From the previous analysis, it can be seen that the

echo signal of the target with rotating parts not only
contains the single-frequency component but also the

Fig. 4 Simulation results of imaging algorithm. a Result of R-D algorithm. b Result of m-D removal algorithm

Ji et al. EURASIP Journal on Wireless Communications and Networking  (2017) 2017:177 Page 5 of 9



sine frequency modulation component, so let the signal
model be:

s mð Þ ¼ σB
XK
i¼1

ejyBim

þσR

XP
i¼1

ej yROimþARi sin ωRimþϕið Þ½ �

ð14Þ

Let K = 1, P = 2, σB = 20, σR = 15, yB1 = 0.1π, ARi = 100,
ωR1 = π/256, ωR2 = π/128, yROi = 0, ϕi = 0. The signal con-
tains a single-frequency signal and three sinusoidal FM
signals. The simulation results are shown in Fig. 3.
By comparing the simulation results in Fig. 3c, e, we

can see that this method has a good effect on the
separation of the single-frequency signal and the sinus-
oidal frequency modulation signal. Here, we apply this
method to the space target with the rotating part. In
ISAR imaging, the algorithm steps are as follows:

Step 1 For the echo signal in each range bin, calculate
STFT values of mixed signals. By STFT, the mixed sig-
nals are demonstrated in the T-F domain.
Step 2 At each frequency bin of the TF domain, sort

the absolute values of STFT results.
Step 3 Remove the sorting STFT results according to the

constant threshold such as 50% of the highest value part of
the TF domain or an adaptive threshold in equation 14.
Step 4 Obtain rigid body by summing the remaining

STFT results.
Using this algorithm to simulate, the simulation target

is a low-orbit satellite, assuming that the target has com-
pleted the speed compensation and motion compensa-
tion. Assuming that there are two points on the satellite
in a micro-spin state, the rotation frequency is 4 and
6 Hz, respectively, and the radius of rotation is 0.3 and
0.5 m respectively. The simulation parameters are as
follows: bandwidth is 500 MHz, carrier frequency is
10 GHz, pulse repetition frequency is 500 Hz, horizontal
longitudinal sampling points are 256 points. The simula-
tion results are shown in Fig. 4.

Fig. 5 Signal model simulation results of the proposed algorithm. a STFT of the signal after m-D removal in Section 4.1. b STFT of the signal after
m-D removal with the proposed algorithm. c Reconstructed FFT in Section 4.1. d Reconstructed FFT with the proposed algorithm
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From Fig. 4a, it can be found that the space target with
the spin component has two obvious interference lines
in the middle of the image when the RD imaging algo-
rithm is used. This is the spectrum of the sine FM signal
generated by the spin component. Figure 4b shows that
the effect of the fretting effect can be effectively elimi-
nated by using the micro-Doppler removal ISAR
imaging algorithm proposed in this section, but its
image resolution is reduced and some of the rigid body
information of satellite is missing.

4.2 An improved algorithm based on rigid body
parameter estimation
From the signal model simulation results shown in Fig. 3,
we can see that the main lobe of the recovered single-
frequency signal is widened and has obvious side lobes,
this is because the most important step of the method
described in Section 4.1 is to remove the larger ampli-
tude elements in the time-frequency plane. However,
this operation also eliminates some of the elements of
the single-frequency signal in the time-frequency plane,
which manifests the widening of the main lobe width of
the recovered and the presence of the side lobes.
After the removal of the micro-Doppler interference,

the cumulative sum of the remaining elements at the
rigid scattering point k is expressed as:

SL k0ð Þ ¼ σ
XMQ−1

m¼0

W 0ð Þej2πm�0=M

¼ σ �MQ �W 0ð Þ ð15Þ

σ is the amplitude of the single-frequency signal corre-
sponding to the single-frequency signal, W(0) is the
value of the Fourier transform at the zero point of the
time-frequency analysis, and MQ is the number of the
remaining elements. Since these three parameters are
fixed values, we can estimate the corresponding single-
frequency signal amplitude value SL(k) by finding the
value at the scattering point of the rigid body, and the
frequency value of the single-frequency signal can be
estimated by k0 so that we can estimate the single-
frequency signal corresponding to the rigid body
scattering point.
The simulated signal in Section 4.1 is simulated and

analyzed by this principle. The simulation results are
shown in Fig. 5.
Figure 5a shows that the direct removal of the micro-

Doppler part also causes the loss of the single-frequency
signal component. Figure 5c shows that the single-
frequency signal recovered directly from Fig. 5a will
cause the main lobe to widen due to the absence of data;
Fig. 5b, d shows that the improved algorithm proposed
in this section can solve the above problem effectively.

Here, we apply this improved algorithm to the spatial
target ISAR imaging with spin components. The algo-
rithm steps are as follows:
Step 1 For the echo signal in each range bin, calculate

STFT values of mixed signals. By STFT, the mixed sig-
nals are demonstrated in the T-F domain.
Step 2 At each frequency bin of the TF domain, sort

the absolute values of STFT results.
Step 3 Remove the sorting STFT results according to

the constant threshold such as 50% of the highest value
part of the TF domain.
Step 4 Obtain rigid body by summing the remaining

STFT results.

Fig. 6 Flowchart for the proposed algorithm
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Step 5 For the i-th rigid body scattering point, the signal
amplitude value is estimated by the expression σi = SiL(k)/
[W(0) ×MQ] by finding the frequency value of the rigid
body single-frequency signal estimated at the peak of ki0. In
the time-frequency domain, the length of the rigid-body
single-frequency signal should meet: |l| ≤ 1 + 2(M/MW − 1),
where MW is the window length, M/MW − 1 is the number
of STFT nonzero values of the single-frequency signal at k
= ki0. When k = ki0, find and note the position, set the value
of STFT whose length is M/MW − 1 to zero on both sides.
This process is repeated when i = i + 1.

Step 6 Estimate all the frequency ~k i0 and amplitude
values ~σ i0 , obtain rigid body single-frequency signal for
each distance unit, and then, use R-D imaging algorithm
to obtain ISAR image of the target.
The flowchart for the proposed algorithm is shown in

Fig. 6.
Using this algorithm, the low-orbit satellite of Section

4.1 is simulated and analyzed. The simulation parame-
ters are the same as those in Section 4.1. The simulation
results are shown in Fig. 6. Through the comparison be-
tween Fig. 6a, b, by just the m-D removal method in
Fig. 6a, smearing effects of rigid bodies caused by side
lobes influence the imaging quality. It can be seen that
rigid bodies in Fig. 6b are clearly distinguished, which
shows that the improved algorithm effectively solves the
problem of rigid body information loss and obtains ISAR
image of the satellite with good quality (Fig. 7).

5 Conclusions
When the space target has a micro-Doppler effect, the
micro-motion will produce the frequency modulation of
the radar echo, and its Doppler has the characteristics of
sinusoidal frequency modulation. In this paper, the
micro-spin model is modeled, and the echo is processed
by short-time Fourier transform (STFT), Wigner-Vile
Distribution (WVD), and pseudo-Wigner-Vile Distribu-
tion (PWV), and the micro-Doppler curve is derived. On
this basis, for the space target with spin components,
this paper uses the micro-Doppler removal ISAR im-
aging algorithm based on STFT to obtain good imaging
results and proposes an improved algorithm based on
rigid body parameter estimation which can obtain better
ISAR image.
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