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In this paper, a novel efficient parameter estimation method is proposed for maneuvering targets based
on the stepped frequency radar. Since the envelope migration can be represented by the exponential
phase variance with respect to range frequency, the received echoes are first converted into the range
frequency domain and modeled as cubic phase (CP) signals. Then, a new correlation transform, referred
to as recursive delay correlation transform (RDCT), is defined and applied to estimate the parameters
of maneuvering targets. Since RDCT is simple and only requires the fast Fourier transform (FFT) and
the nonuniform FFT (NUFFT), the searching operation is unnecessary and the computational cost is
significantly reduced. Compared to the other four representative methods, the proposed RDCT-based
method has no error propagation and can greatly improve the anti-noise performance on the premise of
retaining the computational efficiency, achieving a good balance between the computational complexity
and estimation performance. Theoretical analyses of anti-noise and anti-aliasing performance, and several

simulation results verify the effectiveness of the proposed parameter estimation method.

© 2017 Elsevier Inc. All rights reserved.

1. Introduction

With the development of modern radar technology in both mil-
itary and civil fields, improving the resolution has been receiv-
ing more and more attentions. The study on forming the high-
resolution signal waveforms and the corresponding signal pro-
cessing methods has important significance for the high-accuracy
detection, multi-targets identification and multi-targets imaging.
Generally, widening the signal bandwidth and lengthening the co-
herent processing interval (CPI) are common approaches to achieve
high-resolution range and velocity measurements. Due to the dis-
advantages of the high sampling rate, large data storage and high
hardware cost, synthesizing a large bandwidth is preferable to di-
rectly transmitting a conventional wideband signal and has be-
come one of the most important trends in the field of high-
resolution radar system design [1]. Since stepped frequency (SF)
waveforms can synthesize a very wide frequency bandwidth with
narrow bandwidth transmitter and receiver, they are widely used
in high-resolution radar system (such as synthetic aperture radar
(SAR) imaging, inverse SAR (ISAR) imaging, etc.) [2,3].
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It is well known that the “stretch” processing method [3,4]
based on the inverse discrete Fourier transform (IDFT) is widely
used in the SF radar. It can obtain high range resolution profiles
(HRRPs) with narrow instantaneous bandwidth and low system
complexity. However, the “stretch” processing method is highly
sensitive to the target motion, and thus it is inappropriate for the
maneuvering targets. As for the maneuvering targets with com-
plex motion, the existence of relative motion parameters between
radar and targets inevitably induces envelope migration (EM) and
Doppler frequency spread (DFS) terms. These factors degrade the
focusing quality of HRRPs, resulting in the resolution descending
and performance deterioration for the detection and estimation.
Therefore, for detecting and estimating the maneuvering targets
with complex motion in the SF radar, it is quite important to pre-
cisely compensate the EM and DFS terms.

For the EM compensation, many effective methods have been
presented, including envelope correlation [5,6], keystone transform
[7-9], Radon transform [10] and entropy minimization algorithm
[11,12], etc. The envelope correlation compensates the EM based
on the estimated velocity obtained from correlation operation.
Thus, it is limited to the high signal-to-noise ratio (SNR) environ-
ments. Keystone transform can compensate the EM via scaling op-
eration without any prior kinetic information of targets and is suit-
able for the low SNR circumstances. However, it performs poorly
in the situation of existing velocity ambiguity [9]. Although Radon
transform and entropy minimization algorithm can deal with the

Process. (2017), https://doi.org/10.1016/j.dsp.2017.10.005

Please cite this article in press as: S. Wu et al., Efficient and noise-resistant parameter estimation method for maneuvering targets in stepped frequency radar, Digit. Signal

67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119


https://doi.org/10.1016/j.dsp.2017.10.005
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/dsp
mailto:ws900226@163.com
mailto:cuiwei@bit.edu.cn
mailto:siliangw@bit.edu.cn
https://doi.org/10.1016/j.dsp.2017.10.005

0 N O s W N =

O 0O OO0 OO0 g OO oo oo oD DD DD DDA DA DANOWWOWOWOWO®WOWOWWNDNDNDDNDNMNDNDNDNDDNDND S 2SS4 dd S S
O A WN =+ O © 0N O O & WN = O © 0N O g h WOWN - O © 0N OO & ON - O © 0N OO B WOWN -+ O © 0N O A WM = O ©

JID:YDSPR AID:2206 /FLA

[m5G; v1.224; Prn:16/10/2017; 17:15] P2 (1-13)

2 S. Wu et al. / Digital Signal Processing eee (eeee) sse—eee

velocity ambiguity, they are implemented by the searching opera-
tion, bringing heavy computational load.

For the DFS terms compensation, the straightforward way is to
construct the compensation function based on the accurately es-
timated parameters. Generally speaking, the uniformly accelerated
motion is accurate enough to describe the motion characteristics
of maneuvering targets. In the SF radar, the acceleration of the tar-
get contributes to a quadratic phase term and a cubic phase term.
Thus, the azimuth echoes should be modeled as the cubic phase
(CP) signals. Recently, with regard to the parameter estimation of
CP signals, many methods have been proposed, and they generally
fall into two categories: methods based on correlation and meth-
ods without correlation. Most typical methods based on correla-
tion include product high order ambiguity function (PHAF) [13],
product high-order match phase transform (PHMT) [14], product
generalized cubic phase function (PGCPF) [15], TC-dechirp Clean
[16] and higher order ambiguity function-integrated cubic phase
function (HAF-ICPF) [17], etc. The essence of these methods is to
reduce the order of CP signals via multilinear or bilinear operators,
then the estimated parameters are obtained via Fourier transform
or one-dimensional search. However, they are prone to the low
resolution and high SNR threshold problems. The maximum likeli-
hood algorithm [18] and the discrete chirp Fourier transform [19]
belong to the category of methods without correlation. Although
these methods achieve good performance in the low SNR envi-
ronments, the required multi-dimensional search consumes heavy
computational burden.

Recently, in order to compensate EM and DFS terms simulta-
neously, several detection and estimation methods for the ma-
neuvering targets have been proposed, such as, Radon-Fourier
transform/Generalized Radon-Fourier transform (RFT/GRFT) [20,
21], Radon Lv’s distribution (RLVD) [22] and phase differentiation-
RLVD (PD-RLVD) [23,24], etc. RFT/GRFT are typical likelihood ratio
test detectors and achieve optimal estimation performance, but
the ergodic search in them will inevitably introduce huge com-
putational complexity. To reduce the computational complexity, a
fast implementation based on particle swarm optimization (PSO)
has been presented in [25], but it is sensitive to the set of initial
parameters and may converge to the local optimal maximum, re-
sulting in performance degradation. By calculating the LVD along
the trajectory of the target, RLVD and PD-RLVD can jointly elim-
inate EM and DFS and coherently accumulate the energy on the
two-dimensional (2D) frequency plane. LVD is free of searching
and only requires the 2D Fourier transform over a scaled time-
lag instantaneous autocorrelation function [26], which significantly
reduces the computational complexity. However, matching the tra-
jectory of the target requires large quantities of searching calcula-
tions, which would lead to a heavy computational burden.

Drawing lessons from the current parameter estimation meth-
ods for the maneuvering targets and considering the tradeoff be-
tween the computational complexity and the anti-noise perfor-
mance, we propose a search-free and noise-resistant parameter
estimation method based on a novel defined correlation transform,
referred to as RDCT. In the proposed method, the received echoes
are first converted into the range frequency domain to eliminate
the EM and modeled as CP signals. Then, the defined RDCT is
applied to directly estimate the motion parameters. The imple-
mentation of RDCT only requires FFT and NUFFT, which help avoid
brute-force search, and thus the computational cost is saved. Fur-
thermore, the analyses of cross terms, anti-noise performance and
anti-aliasing performance demonstrate that the proposed method
is appropriate for the situation of multiple targets with ambigu-
ous velocities and it can acquire higher anti-noise performance
compared to PHMT, HAF-ICPF and TC-dechirp Clean. Through the
simulations for synthetic models, we validate the effectiveness of
the proposed method.

The remainder of this paper is organized as follows. In Sec-
tion 2, we establish the signal model of maneuvering targets in the
SF radar. In Section 3, we introduce the principle of the proposed
parameter estimation method based on the novel defined RDCT
and discuss the influence of cross terms. In Section 4, we theoret-
ically analyze the computational cost, anti-noise performance and
anti-aliasing performance of the proposed method and specifically
discuss the differences from the LVD-based methods. In Section 5,
simulations with synthetic radar data are carried out and the con-
clusions are drawn in Section 6.

2. Signal model
Assume that the transmitted signal in the SF radar is

St(Tr, tm) = u(zr) exp [jznfc(m)(fr‘f‘tm)] (M

where 7, is the fast time (range time), ty; = mT; is the slow time
(azimuth time) with T, denoting the pulse duration time (PRT),
0 <m < M —1 denoting the pulse index and M denoting the num-
ber of pulses within a CPL. u(t;) is the transmitted waveform.
fem) = fc+mAf is the carrier frequency of the mth pulse where
fc is the initial carrier frequency and Af is the frequency step
size.

Suppose that there are K moving targets in the scene. For the
wideband transmitted signal, the baseband received echoes can be
expressed as [27,28]

& _ 2Relt)
SB(-[r’tm)_;\/K_kOku(W(Tr ))

C— Vg
R tm
X exp[—j4nfc(m)$vl)] (2)
X exp [ — jam f.(m) C‘i’;t‘:k]

where oy is the backscattering coefficient of the kth target. «, =
Z_z’; is the scale factor of the kth target with v, and c denoting
the radial velocity of the kth target and the speed of light, respec-
tively. Ry (tm) is the instantaneous range between radar and the kth
target. The last term in (2) is the intra-pulse Doppler. Obviously,
it varies with f.(m) and results in the range-Doppler coupling.
To compensate this coupling term, the wideband matched filter
(WFM) [27] is performed on the received echoes and the results
are given by

Sm(Tr. tm) = ﬁ:KkUkPOCk(Tr B M))

k=1 ~ Vi 3)
R tm
X exp [ - j47rfc(m)%vl)]

C—Vg C—Vg
the assumption of |vi|/c <« 1, we have ky ~ 1 and ¢ — v =~ c. Thus,
(3) can be further simplified as

where p(/ck(rr — M)) = f‘u(;qc<tr — M))‘zdn. Under

Sm (T, tm) ~ iakp(rr - M) exp| - j4nfdm)@]

c
k=1

(4)

Usually, the uniformly accelerated motion is accurate enough

to describe the moving characteristics of the maneuvering targets.
Thus, Ry (t;) can be expressed as

1
Ry (tm) = Rok + Vitm + iakt% (5)
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