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Abstract. In multifunction phased array radar systems, different activities (e.g., tracking, search-
ing, imaging, feature extraction, recognition, etc.) would need to be performed simultaneously.
To relieve the conflict of the radar resource distribution, a micromotion feature extraction method
using tracking pulses with adaptive pulse repetition frequencies (PRFs) is proposed in this paper.
In this method, the idea of a varying PRF is utilized to solve the frequency-domain aliasing
problem of the micro-Doppler signal. With appropriate atom set construction, the micromotion
feature can be extracted and the image of the target can be obtained based on the Orthogonal
Matching Pursuit algorithm. In our algorithm, the micromotion feature of a radar target is
extracted from the tracking pulses and the quality of the constructed image is fed back into
the radar system to adaptively adjust the PRF of the tracking pulses. Finally, simulation results
illustrate the effectiveness of the proposed method. © The Authors. Published by SPIE under a
Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of this work in
whole or in part requires full attribution of the original publication, including its DOIL [DOI: 10
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1 Introduction

In recent years, space targets (e.g., rocket bodies, fragments of satellites, ballistic warheads, etc.),
especially space debris, are fast becoming a threat to aerospace activities.* Generally, a space
target has a complex micromotion, such as spinning, precessing, and rolling, in addition to the
body translation.** These micromotions will produce additional frequency modulation on the
radar echo signal, which is called the micro-Doppler effect.”~ The micro-Doppler signature
describes the characteristics of the micromotion target and reflects the transient behavior of
the Doppler frequency shift, which provides important information for space target recognition.®
Therefore, since the concept of micro-Doppler was proposed, micromotion feature extraction has
attracted much attention in research.’~'> Micro-Doppler feature extraction of the micromotion is
usually implemented based on a time-frequency analysis technique. Based on this, an estimation
method of the motion parameters was proposed in Ref. 13, and an adaptive chirplet represen-
tation for feature extraction from targets with rotating parts was analyzed in Ref. 14. A feature
extraction based on empirical-mode decomposition (EMD) was proposed in Refs. 15 and 16.
Also, image processing algorithms, such as the Radon transform'” and Hough transform,'’~"
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have been introduced for the micromotion feature extraction. However, these methods need a
long observation time and high pulse repetition frequency (PRF), because the time-frequency
distribution (TFD)-Hough requires at least one-half or one full rotating period to successfully
extract the micromotion feature.'® For example, assuming that the rotating radius is 5 m, the
rotating frequency is 3 Hz, and the carrier frequency of the radar is 1 GHz, then the PRF
must be higher than 1260 Hz to avoid the frequency-domain aliasing phenomenon of the
micro-Doppler signal.

However, a phased array radar has to simultaneously serve different activities and the long-
observation time and high PRF needed would place a great demand on the radar resources.
On the other hand, the micromotion feature extraction is independent of the signal bandwidth.
Hence, if the micromotion feature extraction of the radar target can be implemented with a nar-
row-band tracking pulse, then there is no need to allocate additional fixed radar resources for this
task. Therefore, it will lighten the demand on the radar resources and the efficiency of the radar
can be significantly improved. This is the motivation of this paper.

The radar target tracking period is usually relatively long. As such, the bandwidth of the
micro-Doppler signal is relatively wide, which will create frequency-domain aliasing and
make micromotion feature extraction difficult. To solve the problem, a varying PRF method”
can be utilized to eliminate the aliasing. Broadly speaking, although the PRF for the tracking
pulse is relatively low, micromotion feature extraction can be implemented through changing the
PRF of the tracking pulse. However, in the case of a varying PRF, existing micromotion feature
extraction algorithms, such as the time-frequency techniques, the Hough transform, the EMD
algorithm, etc., will not function properly. In this paper, an orthogonal matching pursuit (OMP)
algorithm is used to complete the micromotion feature extraction of targets via constructing a
corresponding atom set of the micro-Doppler signals. Furthermore, since the rotating radius and
initial phase of a micromotion scatterers can be estimated by the OMP algorithm, we can obtain
the two-dimensional (2-D) distributed image of the target scatterers.

Because the rotating radius and rotating frequency are not known a priori, it is not possible to
develop an algorithm to determine the optimal PRF. Thus, the simplest way to find the most
suitable PRF is by first estimating the dominant micro-Doppler frequencies of all micromotions
and using them to formulate a scheme for a varying PRF. However, this action itself is also a
waste of the radar resources. Therefore, an adaptively varying PRF method is proposed in this
paper to further improve radar efficiency. In this method, through constructing the atoms set at
the prevailing tracking data rate, the target image quality is assessed and fed back to the radar
system to guide the adjustment of the PRF of the tracking pulses and the reconstruction of
the dictionary atoms.

This paper is organized as follows: The analysis of the radar echo of micromotion target and
the micromotion feature extraction with varying PRF sampling based on OMP are illustrated in
Sec. 2. The micromotion feature extraction method using tracking pulses with an adaptive PRF is
proposed in Sec. 3. Simulations are presented in Sec. 4 to validate the effectiveness of the pro-
posed method, and some conclusions are made in the last section.

2 Micromotion Feature Extraction of Radar Target with
Varying PRF Sampling

2.1 Analysis of the Radar Echo of Micromotion Target

Taking a spinning target as an example, the analysis of the narrow-band radar echo is as follows:
Assume that the translational motion of a spinning target has been compensated and the geom-
etry of the radar and the spinning target is shown in Fig. 1, where the LOS represents the line-of-
sight direction of the radar, the target is rotating around the Z-axis at an angular velocity @, and «
denotes the intersection angle between the LOS and @. In fact, the rotation velocity @ can
be divided into @, and wg, where @, is perpendicular to the LOS and @y is parallel to the
LOS. Obviously, the rotation produced by @y will not produce any radial motion and will
not produce micro-Doppler modulation on the echo signal. On the other hand, @, will produce
radial motion and also micro-Doppler modulation. Therefore, @, is called the effective rotation
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Fig. 1 Geometry of the spinning target.

vector.”! The effective imaging plane is perpendicular to @,, and P’ is the projection of the target
scatterer P in the imaging plane.

Assume that the signal transmitted by the radar is p(z) = exp(j2zf.t), then the baseband
echo signal from the scatterer p on the target is

sp(r):apexp(—jw>re[0,n], (1)

where 7 is the slow time, f. denotes the carrier frequency, and o, is the reflection coefficient of
the pth scatterer. R, (¢) is the instantaneous distance between the pth scatterer and the radar at
slow time 7. Under the far-field condition and based on the plane wave approximation, the
instantaneous distance R, (f) can be expressed as

R,(7) = r,sin((w, + f,,)t +0,) sin(a) = r,sin((w, + f,)t+6,), 2)

where the (r,,6,) is the polar coordinate of the pth scatterer in the rotating plane, w, = |@,|
denotes the length of the target rotation angular vector, namely, the rotation frequency around the
Z-axis, r;, is the effective rotation radius in the imaging plane, and f is the relative rotating
speed caused by the target translational movement. Generally, the angular variation caused by
target spinning is far greater than the relative rotation angle caused by f. For instance, assume
the distance from the target to the radar is 1000 km, the horizontal flight speed is 5000 m/s, and
the relative rotating speed caused by the translational movement is approximately only
0.005 rad/s. Under these conditions, f. can be ignored. Assume that the target consists of P
scatterers, then the baseband echo signals from the target can be represented as

. 4nf
s(t) = Zo-,, exp (_j - <. rjsin(w,7 + 9[,)). (3)
p=1

For convenience, Eq. (3) can be written in the discrete form as follows:

P
4
s(m) = E o, exp(—jﬂfc' rysin(w, - m - PRI+6’,,)) m=12,...,N, )
c
p=1

where N = PRF - T, PRI = 1/PRF, indicating the pulse repetition interval.

If the radar transmits the pulses with varying PRF, namely the radar transmits the pulses to
the target with PRF, within the interval [t,,¢,,.,](n = 1,2, --- N, t; = 0,1y, = T,), then the
baseband echo signals of the target can be written as
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=S opexp| =L rpsin(w, - m - PRI +6,)]  m=1,.... M,
= Zﬁzl G, EXp {—]@ r[’, sin(a)p -M, - PRI,

+a)p-(m—M1)-PR12+9p)} m=M,+1,....M, +M,

4. . . —
=) _10,exp [—] ”Cf‘ T sm(a),, S N-IM; - PRI,
erp . (m—MaH+MN) PRIN+9[)):| m:MaH _MN+ 1’---7Ma11
®)

where M, = (t,,1 —t,) - PRF, and My = M| + M)+ --- +My.

2.2 Micromotion Feature Extraction Method Based on OMP

In recent years, the advantages of high efficiency and easy implementation have seen the wide
use of the OMP algorithm for sparse signal decomposition and reconstruction. From the prin-
ciple of the OMP algorithm, we know that the decomposition and reconstruction of the signals
can be implemented by constructing the atoms in the dictionary according to the intrinsic char-
acteristics of the signal itself.?>%}

It should be pointed out that when extracting the micromotion feature of a target, we need to
satisfy PRF > 87f R« /4 to avoid the frequency-domain aliasing of the micro-Doppler signal,'®
where f represents the target rotation frequency, R, denotes the maximum rotation radius of
the target, and A is the wavelength. Obviously, the low PRF of tracking pulses usually cannot
satisfy this requirement, which leads to under-sampling of the micro-Doppler signal and pro-
duces frequency-domain aliasing. Thus, the effective results of micromotion feature extraction
cannot be obtained based on the OMP for a low-PRF tracking radar. However, varying the PRF
sampling can enlarge the nonambiguous interval of the micro-Doppler signal.

When observing the target with the varying PRF as described in Eq. (5), the peak of the
frequency spectrum of the signal with frequency F is f,(n = 1,2, ---,N) with PRF,(n =
1,2, ---,N) sampling and the nonambiguous interval is PRF,(n = 1,2, ---,N). Only when
F satisfies f, = Fmod(PRF,)(n =12, ---,N), can it be mapped to the corresponding
atoms in the dictionary. At this time, the nonambiguous interval of the signal is the least common
multiple of PRF,(n = 1, --- N), which significantly enlarges the nonambiguous interval in the
micro-Doppler frequency domain. As a result, the micromotion feature extraction of the radar
target can be realized based on the OMP. It should be pointed out that PRF,(n =1, --- N)
should be co-prime to make the nonfuzzy interval of the signal as large as possible.

From Eq. (5), it can be seen that the echo of each micromotion point is determined by the
parameter (r,,,®,,6,). Therefore, the atom can be constructed by setting different (', @, 6)
values

N ’ ’ n—1
. 4xf. Rl —R' [ Qua— Qo
A ,0) = Z: exp [_J e o Ron = o i (a)% (;_0: M, - PRI,

n=1 N’/
F(Ulm =My - =M,y =1) = Ulm = My= - =M, = 1))
O — O
(m=My— - =M,_,) - PRIn> + GMH, 6)
Ny
x>0 , p
where My =0, PRI; =0, and U(x) = { 3 [REins Rinax)s [Qumins Pinax)s [Ormins Omax] are

Ox<0’
the value ranges of r’, w, and 6, respectively, and (R} — Rlin)/Nrs (Qmax — Cmin) /N
and (©p,, — Opin) /Ny are the increment steps of the searches for r/, w, and 6, respectively.

Applying normalized processing to each atom: d(r', w,0) =d(r’, w,0)/||d(r', ®, 0)||,, then
the atom set can be represented as
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D=1[d(1.1,1),....d(1,1,N,).d(1.2,1),....d(1.2,N).....d(1,N,.N,).d(2.1,1).....

- -

d(27vaN9)7""d(Nr”Nw’N9>]M><NrerN9‘ )
For the sake of simplicity, D is recorded as D = [Zl 1,32, ... ,(_iN’, NoNo ysn v No' The signal

s, with a varying PRF sampling can be denoted as o
s, = Dp, (8)

where f is the projection coefficient of s, under the atom set D.
The detailed steps of the micromotion feature extraction algorithm with varying PRF sam-
pling based on the OMP can be described as follows:

Step 1: Initialize the parameters: the residual s, = s,, the index set pos, = @, the matched
atoms recorder matrix 1y = @, the power threshold 6 > 0, the iteration counter 7 = 1,
the maximum iteration number H, and f is the zero vector with N,.N,N, X 1 dimensions.

Step 2: Calculate the inner product between s, and all atoms in the atom set
D: {< Srh_],dl > |l = ],2, s ,NrwaNg}.

Step 3: Find the number of the atom in the atom set corresponding to the maximum inner prod-
uct: pos, = argmax;_....x,v,n,| <Sr,_,-d; > |; then set pos, = pos;_; U {pos;}.

Step 4: Record the atom corresponding to the maximum inner product in IT, T, = [IT;_;, dps, ],
and remove it from the atom set D.

Step 5: Solve the optimization problem f = arg mingl|s, —IT,f||, with the least squares
method: g = (TTYT1,)~'11s,. .

Step 6: Update the residual: s, = s, —IT,f.

Step 7: Set h=h+1,if h<H and ||s,, ||, > &, repeat Steps 2 to 6; if h = H or |[|s, ||, <5,
iteration ends, proceeds to Step 8.

Step 8: Extract the micromotion feature of the target: the micromotion parameter (r’, , 8) of
the micromotion point can be extracted according to the atom number in the index set pos.
The detailed steps can be described as follows:

First, transform the atom number in posy into the number of the parameter r’, w, 0:

indexr’(i) = [pos(i)/N,Ng|,i=1,--- H )
indexw(i) = [(pos(i) — (indexr'(i) — 1) - N,Ny)/Nyl,i=1,--- ,H  (10)

index@(i) = pos(i) — (indexr’(i) — 1) - N,Ng — (indexw(i) —= 1) - Ny, i =1, --- H.

(11)
Then, the micromotion feature of the micromotion point can be obtained
R, ..—R'.
r'(i) = =" . indexr'(i) (12)
N,
Q. —Q .
(i) = —"—"" . indexw(i) (13)
N,
O — O
0(i) = ——"0 . indexd(i). (14)
Ny

Step 9: Because (r’, 0) is the polar coordinate of a scatterer in the imaging plane, the 2-D dis-
tributed information of the target points can be determined according to the micromotion
feature parameter r’(i) and 6(i) extracted in Step 8, and f(i) is the reflection coefficient of
the point, thus we get the image of the target.
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3 Micromotion Feature Extraction of Radar Target from Tracking Pulse
with Adaptive PRF Adjustment

Since the tracking pulses are usually narrow-band, the micromotion feature extraction of the
radar target can be implemented from tracking pulses with varying PRF samplings based on
the OMP as mentioned in Sec. 2. However, without knowing the rotating radius and rotating
frequency a priori, it is difficult to judge if the PRF, (n = 1,2, ..., N) used can effectively elimi-
nate the frequency-domain aliasing of the micro-Doppler signal. Therefore, we need to feed the
feature extracted from the micromotion and the target image quality back to the radar system and
adaptively guide the adjustment of the PRF and the dictionary atoms.

Set the tracking data rate set PRF, < PRF, < ... < PRFy and ensure that PRF,(n =1, - --
N) are co-prime. Set the initial target tracking data rate f,; = PRF,, extract the micromotion
feature of the target based on the OMP algorithm at the periodic interval 7', and select the cor-
relation coefficient of the target images F,_; (i, j) and F,(i, j) as an image quality assessment
metric, which is defined as

o Yo Funi (i, ))OF (i )
VI G DILIFLG DT

where O represents the Hadamard product, and || - ||, denotes the /,-norm for the matrix.

Obviously, if the correlation coefficient is relatively small, this means the similarity of target
images from adjacent intervals based on the OMP algorithm is relatively low and the image is not
identical to the distribution of the scattering centers of the target, thus the PRF needs to be further
increased. On the contrary, if the correlation coefficient is relatively large, this indicates that
the images are almost identical and the micromotion feature extraction of radar target has
been effectively achieved.

Therefore, we should select an appropriate threshold T',. If a is less than the threshold, then it
means that the required precision of the micromotion feature extraction has not been attained and
we should increase the tracking data rate in the next interval 7 f, ,.; = PRF,; Otherwise, we
have the required precision for the micromotion feature extraction and we shall maintain the
target tracking data rate f,,,; = PRF,.

It needs to be pointed out that the dictionary atoms of the OMP algorithm should be updated
with a change of the target tracking data rate.

The atom in the dictionary during the n’th micromotion feature extraction of the target is
recorded as d,,(r’, w, 6). If the correlation coefficient of the target image obtained from this time
interval and the previous time interval does not exceed the threshold T, then we need to increase
the tracking data rate in the next interval: f,,.; = PRF, ;. Then, the updated equation of the
atom in the dictionary can be written as

1 /
47[fc ! Rmax - Rmin . sin (w Qmax - Qmin

(15)

>/

a1 (. .0) =, (. .6) + exp [—j

Nr’ Nm
~ (ZMn PR, + (U(m =My~ =M, = 1) = U(m =My - =M, ,; ~ 1))
i=0
O — O
(m =My - —M,l)~PRI,,+1) +9%)], (16)
0

where M, =T - PRF, ;.

In conclusion, the flowchart of the micromotion feature extraction method from tracking
pulse with the adaptive PRF proposed in this paper is shown in Fig. 2.

What should be pointed out is that with the condition of high-frequency scattering, the shield-
ing effect can be easily induced by the spin motion because of the geometry of the target. In this
case, a nonlinear shielding function F, needs to be introduced to describe the target scattering
state, then the reflection coefficient of the pth scatterer is o, F,. Without the loss of generality,
assuming F, obeys the Bernoulli distribution

P{F,(r) =1} =1-¢ P{F,(r) =0} =¢ (17
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L Calculatin -
Transmitting pulse Micro-motion s correlati Ong a>T, Image obtained
for target tracking fi .

X eature extraction : Jiwn =PRE,
with £, = PRF, coefficient a

a<T,

Transmitting pulse
for target tracking
with f,., =PRE,,

Fig. 2 Micromotion feature extraction of radar target from tracking pulse with adaptive pulse
repetition frequency (PRF) adjustment.

where £ is the shielding rate and denotes the possibility of scattering shielding. However, the
shielding effect does not change the intrinsic characteristics of the radar echo signal, so the atom
set D is still reasonable and the proposed micromotion feature extraction method from the
tracking pulse can also successfully extract the micromotion features of the target.

4 Experimental Results

To validate the effectiveness of the micromotion feature extraction method with varying PRF
sampling based on the OMP, simulations are given in this section. The pulse duration is 7', =
1 ps and the carrier frequency is f. = 1 GHz. The radar is located at the origin O of the coor-
dinate system, and the coordinate of the target reference point is (0, 1000, 1700) km. The target
consists of three rotational scatterers whose coordinates are (10.4,—6,0), (—10.4,—6,0), and
(0,10, 0), respectively, in meters relative to the reference point in the rotating plane. The flight
speed of the target is (0,0,1000)m/s, the target is rotating around the Z-axis, and its rotation
velocity is (0,0, z)rad/s. The distribution of the target scatterer in the imaging plane is shown
in Fig. 3.

The observation duration is 7. = 2 s. The signals are sampled with a PRF = 13 Hz at the
first 0.6 s, sampled with a PRF of 15 Hz between 0.6 to 1.2 s, and sampled with a PRF of 19 Hz
for the final 0.8 s. Obviously, each PRF does not satisfy PRF > 8z fR,,. /4 = 252, and the time-
frequency analysis of the echo signal while varying the PRF sampling is as shown in Fig. 4.

From Fig. 4, it can be seen that the micromotion feature of the target cannot be extracted due
to aliasing. However, the micromotion feature extraction of the target can be implemented with
the method proposed in Sec. 2 of this paper. Setting the maximum iteration count at H = 4, the
threshold of the residual signal energy is 6 = 0.1. The result of the micromotion feature extrac-
tion of the target is shown in Table 1. The target’s image can be obtained as shown in Fig. 5(a),

y-axis/m
o

-10
-10 -5 0 5 10
x-axis/m

Fig. 3 Geometry of the target.
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500

frequency/Hz
o

-500

Fig. 4 Time-frequency distribution with varying PRF sampling.

Table 1 Micromotion features extracted with varying PRF sampling.

r'(m) w (rad/s) 0 (rad) Coefficient x
Feature parameter 1 6.0 z 11z/6 23.58
Feature parameter 2 5.0 z /2 21.37
Feature parameter 3 5.9 z Tn/6 21.01
Feature parameter 4 6.0 z 77/6 3.42

and the time-frequency distribution of the reconstructed signal from the decomposition result is
shown in Fig. 5(b).

From Table 1, we can see that the algorithm can successfully extract the micromotion features
of the three scatterers with r’ be 5.0, 5.9, and 6.0 m, w be xrad/s, and 6 be z/2 rad, 7z/6 rad,
and 117/6 rad, respectively, which are close to the original real parameters. It should be pointed
out that four groups of feature parameters are extracted since the maximum iteration number H in
the OMP algorithm has been set as 4. Table 1 indicates that as the iteration increases, the energy
of the extracted signal decreases correspondingly, and the fourth group of feature parameters

(a) 10 - - (b)500-
5k
I
s A
(2}
> g
-5 -
-10 ~ - - - P 500 = - - -
-10 -5 0 5 10 0 0.5 1 1.5 2

x-axis/m time/s

Fig. 5 Image of the target reconstructed using Orthogonal Matching Pursuit (OMP) method and
the time-frequency distribution of the reconstructed signal for noise-free case. (a) The target image
by OMP. (b) The time-frequency distribution of the reconstructed signal from the decomposition
result.
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Table 2 Micromotion features extracted with varying PRF sampling (SNR = 0 dB).

r'(m) o (rad/s) 0 (rad) Coefficient x
Feature parameter 1 6.0 z 11z/6 24.16
Feature parameter 2 6.0 z /6 21.09
Feature parameter 3 5.0 b /2 19.87
Feature parameter 4 5.9 z 11z/6 3.13

corresponds to the residual signal with the lowest energy. The target image shown in Fig. 5(a) is
almost identical to the scatterers shown in Fig. 3. The time-frequency distribution of the recon-
structed signal from the decomposition result also reinforces the correctness of the results.

To validate the robustness of the algorithm, Gaussian noise with SNR = 0 dB is added into
the echo signal. The echo signal of the target is sampled with varying PRF, and then the micro-
motion feature extraction of the target is implemented with the proposed method. The result is
shown in Table 2. The image reconstructed from the extracted parameter (r’,¢) and coefficient
P is shown in Fig. 6(a), and the time-frequency distribution of the reconstructed signals from
the decomposition result is shown in Fig. 6(b).

From Table 2, we can see that the algorithm can successfully extract the micromotion features
of the three scatterers with a low SNR = 0 dB. The image shown in Fig. 6(a) is almost identical
to the distribution of the target scatterers. However, when SNR is reduced to —5 dB, the micro-
motion features cannot be correctly extracted with the algorithm.

The previous simulations have been carried out with varying PRFs (0.6 s at 13 Hz, 0.6 s at
15 Hz, and 0.8 s at 19 Hz). Next, we carried out the micromotion feature extraction method with
an adaptive PRF. We stepped the correlation of the images through the set of tracking data rate:
PRF, =5 Hz, PRF, = 7 Hz, PRF; = 9 Hz, PRF, = 11 Hz, PRF5 = 13 Hz, PRF¢ = 17 Hz,
and PRF; = 19 Hz. The interval of the micromotion feature extraction of the target based
on the OMP algorithm is 7' = 0.4s, and the threshold of the correlation coefficient of the target
images from the adjacent times is 7, = 0.8.

The plot of the correlation coefficient of the images from each adjacent two time-intervals is
shown in Fig. 7. We can see that the correlation coefficient reaches the threshold after the fifth
micromotion feature extraction, and the target tracking data rate is f, s = 13 Hz, much smaller
than the 19 Hz used in the previous simulations; here, the extracted micromotion feature is
shown in Table 3 and the image reconstructed from the extracted parameter is shown in Fig. 8.

To highlight the advantage of the proposed algorithm, the traditional micromotion
feature extraction method based on TFD-Hough transform is used for comparison. Assume
PRF = 1000 Hz that satisfies PRF > 8z fR,c/4 to avoid the spectrum-aliasing problem.

(a)10 - . +  (b) 500
5 -
T
5 3
> g
5~
-10 - - - - - -500 ~ - - -
-10 -5 0 5 10 0 0.5 1 1.5 2
x-axis/m time/s

Fig. 6 Image of the target reconstructed using OMP method and the time-frequency distribution of
the reconstructed signal for SNR = 0 dB. (a) The target image by OMP. (b) The time-frequency
distribution of the reconstructed signal from the decomposition result.
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0.8 -

0.6 ~

02+ /

correlation coefficient of the target images
AN

0 - - e E
1 2 3 4 5

micro-motion feature extraction times

Fig. 7 Correlation coefficient of the target’s images.

The micromotion features extracted by the TFD-Hough transform are shown in Table 4. From
Table 4, we can see that the precision of the TFD-Hough transform is not satisfactory because
the method is limited by the time-frequency resolution. Also, the TFD-Hough method needs 2-s
continuous time resource for target observation with PRF = 1000 Hz. Comparatively, the pro-
posed micromotion feature extraction method using tracking pulses can obtain more precise
extraction results without continuous time-resource allocation. As a result, the radar efficiency
can be improved.

Finally, we discussed the shielding effect of scatterers. Assume £ = 0.5 and PRF = 1000 Hz,
the time-frequency distribution of the radar echo signal is shown in Fig. 9. We can see that the
shielding effect produces an adverse influence on the time-frequency distribution. In the final

Table 3 Micromotion features extracted from the tracking pulse with adaptive PRF.

r'(m) o (rad/s) 0 (rad) Coefficient x
Feature parameter 1 6.0 7 117/6 23.11
Feature parameter 2 5.9 b Tn/6 20.84
Feature parameter 3 5.0 z /2 20.80
Feature parameter 4 5.1 x /2 2.93
10 r
5=
E
(2]
2 4.
®
>
5
-10 = - - ¥
-10 -5 0 10
x-axis/m
Fig. 8 The fifth target image by OMP.
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Table 4 Micromotion features extracted based on TFD-Hough.

r'(m) o (rad/s) 0 (rad)
Feature parameter 1 4.4 b4 0
Feature parameter 2 5.3 z 3rn/4
Feature parameter 3 5.0 z /8
Feature parameter 4 5.7 z 0
Feature parameter 5 4.9 z n/12
Feature parameter 6 5.5 z /4
Feature parameter 7 7.2 7 19z/12
Feature parameter 8 6.2 z /2

simulation, we implement the micromotion feature extraction method with an adaptive PRF
under the shielding effect. The set of tracking data rate is the same as previous simulations,
and the plot of the correlation coefficient of the images from each adjacent two time-intervals
is shown in Fig. 10. We can see that the correlation coefficient reaches the threshold after
the sixth micromotion feature extraction, and the target tracking data rate is f,c = 17 Hz.

frequency/Hz

Fig. 9 Time-frequency distribution with shielding effect.

correlation coefficient of the target images

500 r—wr
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Fig. 10 Correlation coefficient of the target's images.
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Table 5 Micromotion features extracted from the tracking pulse with adaptive PRF under shield-
ing effect.

r'(m) o (rad/s) 0 (rad) Coefficient g
Feature parameter 1 6.0 z 11z/6 21.13
Feature parameter 2 5.9 z /6 17.94
Feature parameter 3 5.0 z /2 17.26
Feature parameter 4 5.1 z /2 2.16
N
<
>
[&]
C
()
o}
o
g
-500 * - - - -
0 0.5 1 15 2
time/s

Fig. 11 The time-frequency distribution of the reconstructed signal from the decomposition result.

Here, the extracted micromotion feature is shown in Table 5 and the time-frequency distribution
of the reconstructed signals from the decomposition result is shown in Fig. 11. The simulation
shows the good performance of our proposed method under the shielding effect.

5 Conclusion

To lighten the demand on radar resources, a micromotion feature extraction method using
tracking pulses with an adaptive PRF is proposed in this paper. With this method, the atom
set of the micro-Doppler signals is constructed according to the prevailing tracking data
rate, and the correlation of the images (constructed at the current and previous PRFs) is fed
back to the radar system and used to adjust the PRF of the transmitted pulse and the dictionary
atoms. The micromotion feature extraction of the target is then implemented using tracking
pulses based on the OMP method. The steps of the method are described in detail, and the
simulations are given to illustrate its effectiveness. Although the spinning target is taken as
an example in this paper, the proposed method is also suitable for other micromotion targets
such as vibration and precession targets.

In fact, recognition of a target can be achieved according to the result of the micromotion
target feature extraction of the target. On this basis, the tracking data rate can be adjusted again
according to the different types of the targets. Meanwhile, the tracking property can be fed back
to the radar system to adjust the tracking period.
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