remote sensing

Article

Coherent Accumulation for Measuring Maneuvering
Weak Targets Based on Stepped Dechirp Generalized
Radon-Fourier Transform

Yuxian Sun !, Shaoqiang Chang 1, Bowen Cai !, Dewu Wang ? and Quanhua Liu »**

check for
updates

Citation: Sun, Y.; Chang, S.; Cai, B.;
Wang, D.; Liu, Q. Coherent
Accumulation for Measuring
Maneuvering Weak Targets Based on
Stepped Dechirp Generalized
Radon-Fourier Transform. Remote
Sens. 2023, 15, 5161. https:/ /doi.org/
10.3390/rs15215161

Academic Editor: Piotr Samczynski

Received: 20 September 2023
Revised: 20 October 2023
Accepted: 22 October 2023
Published: 29 October 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Radar Research Lab, School of Information and Electronics, Beijing Institute of Technology,
Beijing 100081, China

Beijing Institute of Technology Chonggqing Innovation Center, Chongging 401120, China
Beijing Institute of Radio Measurement, Beijing 100143, China

*  Correspondence: liuquanhua@bit.edu.cn

Abstract: The problem of accurately measuring the motion parameters of low radar cross-section
(RCS) maneuvering targets has long been a hurdle in the radar technology landscape. Small targets,
due to their elusive characteristics, are particularly difficult to detect with conventional radar systems.
In this paper, we investigate the capabilities of dechirp-receiving stepped-frequency radar, a modern
system using a linear frequency modulation signal for downconversion. This permits the radar to
function at reduced sampling rates while maintaining the transmission of large-bandwidth signals
and achieving synthetic imaging. Our primary contribution is introducing the stepped dechirp
generalized Radon-Fourier transform (stepped DGRFT) algorithm. This novel approach allows
the radar system to perform coherent accumulation, enhancing the accuracy of motion parameter
estimates for low-RCS maneuvering targets. Results from our simulations and measured data
analysis validate the effectiveness of our proposed algorithm, demonstrating its superiority over
other methods.

Keywords: dechirp-receiving; motion parameter estimation; stepped-frequency; weak target

1. Introduction

Low radar cross-section (RCS) targets, which have been continuously emerging over
the past few years, pose significant threats and challenges to radar detection [1-3]. To
achieve high-resolution imaging and accurate motion parameter estimation of low-RCS
maneuvering targets, radar systems must employ wideband or ultrawideband signals.
This approach enables the acquisition of more target information, thereby enhancing target
classification and identification [4,5].

Ideally, radar can directly transmit and receive large-bandwidth linear frequency
modulation (LEM) signals and use dechirping processing to obtain a high-resolution range
profile (HRRP) [6]. However, current limitations in radio frequency (RF) unit design and
sampling rate make it difficult to directly dechirp ultrawideband signals. Furthermore,
the use of large-bandwidth signals can easily produce issues such as amplitude and phase
distortion. Direct dechirping processing of such signals is not conducive to refined pro-
cessing, such as amplitude, phase and velocity compensation, which affects the imaging
quality of the target. By contrast, stepped-frequency signals can be processed coherently in
multiframes to realize larger-bandwidth synthetic imaging by using a small subpulse band-
width [7,8], and multiple subpulses can be processed separately to realize amplitude, phase,
and velocity compensation to enhance the imaging quality [9]. Consequently, subpulse
wideband dechirping can be integrated with a stepped frequency [10] to realize dechirping
of stepped-frequency large-bandwidth signals, that is, the transmission of wideband chirp
signals in subpulses, dechirping of the echoes, and performing frequency hopping between
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pulses. Targets can thus be imaged using large-bandwidth signals by integrating coherent
methods, such as spectrum splicing, time-domain splicing, and amplitude, and phase and
velocity compensation.

A target with a low RCS has an extremely low signal-to-noise ratio (SNR); hence, the
radar system needs to extend the coherent processing interval (CPI) to obtain a sufficient
coherent accumulation gain to stably detect maneuvering weak targets [11,12]. However,
extending the coherent accumulation time for maneuvering targets often leads to the across-
range unit (ARU) phenomenon. This, in turn, results in a sharp drop in the performance of
conventional moving target detection (MTD) techniques based on the slow-time Fourier
transform. Therefore, a novel coherent accumulation method must be developed for
maneuvering weak targets.

Many early methods for coherent target accumulation were based on the keystone
transform. The concept of the keystone transform was first proposed in [13]. By scaling
the slow-time and fast-time frequency plane, the keystone transform can be applied to
correct the ARU phenomenon of a target. Subsequently, the Fourier transform can be
used to perform coherent accumulation of the target energy. The keystone transform
has been widely applied to pulse-Doppler radar [14-17]. The basis of the correction of
the target ARU phenomenon by the keystone transform is the accurate estimation of
the target velocity (the velocity ambiguity number), usually through parameter search
methods, such as the noncoherent Radon transform, which requires heavy computation
and exhibits unstable performance at extremely low target SNRs. In addition, the keystone
transform is typically implemented using sinc interpolation, resulting in loss of the coherent
accumulation gain [18].

Only the ARU phenomenon induced by the target velocity is considered in the above-
mentioned coherent accumulation methods based on the keystone transform. However,
when a target has a nonnegligible acceleration, phase compensation must also be performed
on the acceleration induced across the Doppler unit (ADU). Ref. [19] analyzed the rela-
tionship between the target ARU phenomenon and motion parameters of various orders,
proposed the generalized Radon-Fourier transform (GRFT), and achieved full coherent
accumulation of weak targets by constructing a Doppler filter bank. The wideband-scaled
Radon-Fourier transform (WSRFT) was proposed in [20], which combined the wideband
motion model with the Radon—-Fourier transform (RFT) to realize the coherent accumu-
lation of weak targets for instantaneous wideband systems. An adaptive RFT (ARFT)
algorithm was proposed in [21], which combined the space-time adaptive theory with
the RFT to realize the unified processing of clutter suppression and weak target detection.
Refs. [22,23] enhanced target coherent accumulation by considering the scenario where a
target enters or exits a radar beam at an unknown time during the coherent accumulation
period. Ref. [24] proposed a new coherent integration approach based on the product
scale zoom discrete chirp Fourier transform (PSZDCFT). The method is a linear transform
without energy loss and is suitable for SNR environments. Ref. [25] proposed a novel long-
time coherent integration method based on segmented compensation to detect dim targets.
The proposed method can integrate the energy of the target more effectively than MTD
and RFrFT, and the novel method has better detection performance for complex moving
targets under a low signal-to-clutter ratio situation. A wideband coherent accumulation
method based on the stepped generalized Radon—Fourier transform (stepped GRFT: using
the GRFT in conjunction with a stepped-frequency signal) was proposed in [26]. Ref. [27]
conducted an analysis on several phenomena, including frequency mismatch, modulation
frequency mismatch, residual video phase (RVP), and across-range Doppler unit (ARDU).
To address these issues and achieve long-time accumulation of echoes, Ref. [27] proposed
a dechirp generalized Radon-Fourier transform (DGRFT) algorithm. The proposed al-
gorithm employs fast-time time-domain dechirp-mismatch compensation and fast-time
frequency-domain RVP compensation, as well as compensation of the envelope phase
along the slow time dimension.
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The dechirp-receiving stepped-frequency radar system is designed to precisely esti-
mate the motion parameters of a target. These parameters are subsequently utilized for
motion compensation and coherent accumulation of the target echo. Through synthetic
wideband processing, this procedure allows for the generation of a high-resolution range
profile (HRRP) with superior focusing capabilities, particularly for maneuvering weak
targets. This enhancement, in turn, aids in target detection and identification. However,
the current dechirping estimation methods pose challenges in meeting the demands for
estimating the motion parameters of maneuvering weak targets. The DGRFT algorithm
has been proposed for a radar system with a constant carrier frequency. Furthermore,
while the dechirp-receiving stepped-frequency signal can be treated as a single carrier
frequency signal after synthetic wideband processing, the coherent accumulation algorithm
used to estimate the motion parameters for target motion compensation through synthetic
wideband processing conflicts with the steps required to construct an ideal HRRP (see
Figures 1 and 2).

Synthetic wideband
processing

Motion parameter

Echo [ Dechirp-receiving [ ostimation

—»| HRRP [

Figure 1. Application of existing long-term accumulation methods to a dechirp-receiving stepped-
frequency signal.
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Figure 2. Steps for constructing an ideal HRRP for a dechirp-receiving stepped-frequency signal.

Therefore, a modified DGRFT method (i.e., stepped DGRFT) for dechirp-receiving
stepped-frequency signals is proposed in this study for the long-term coherent accumu-
lation and accurate estimation of the motion parameters of maneuvering weak targets
before synthetic wideband processing. By integrating motion compensation and synthetic
wideband processing, this method effectively improves HRRP focusing for maneuvering
weak targets.

The remainder of this paper is organized as follows. Section 2 introduces the dechirp-
receiving stepped-frequency signal model and proposes the stepped DGRFT for estimating
the motion parameters and generating an HRRP. Section 3 presents a simulation to validate
the proposed algorithm. Measured data results are provided in Section 4 to verify the
practical performance of the proposed algorithm. In Section 5, the conclusions are drawn.

2. An Algorithm Based on Stepped DGRFT for Estimating Motion Parameters and
HRRP Focusing

2.1. Principle of Dechirp Receiving

The dechirp-receiving technique employs a linear frequency-modulated (LFM) signal
that is coherent with the frequency of the transmitted signal for the purpose of down-
conversion. In this downconversion stage, the echo is multiplied by the conjugate of the
reference signal in the time domain. The dechirping process effectively eliminates the fre-
quency modulation present in the LFM echo, subsequently narrowing the signal bandwidth.
This facilitates operation at a reduced sampling frequency while still accommodating the
transmission of signals with large bandwidths.

The frequency modulation slope of the transmitted signal is denoted by k, the original
bandwidth of the signal is denoted by B, the pulse width is denoted by T}, and Af denotes
the stepped-frequency interval. The echo received after dechirping can be approximated as
a single-frequency signal, as shown in Figure 3.
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Figure 3. Single-frequency echo produced by dechirping.
2.2. Principle of the Stepped DGRFT Algorithm

The dechirp-receiving stepped-frequency transmitted radar signal can be expressed as

t ) )
s(n, tp) = rect(ﬁ) exp (]nktp2> exp (]27Tfhtp), 1)

where n = (m — 1)N + h is the subpulse number, m is the frame number (m = 1,2,..., M),
M is the total number of frames used for coherent accumulation, N is the number of
subpulses in each frame of the echo, and / is the sequence number of the subpulse in the

. . . . L,L0<t<T ,
frame. t, is the fast time, T} is the pulse width, and rect(+) = k= Tﬁ is
0, others 1
the frequency modulation slope. f;, = fo + hAf is the carrier frequency of each subpulse
(h=0,1,.., N —1); fo is the initial carrier frequency. Af is the stepped-frequency interval,
T, is the pulse repetition period (PRT), and the accumulation time is T = MNT,.

Within a single-point target scenario, the target motion parameters of each order are
represented by the set ar = [ag, a1, a3, -+, ax_1], where ag, a1, a3, ..., denote the initial
radial range, initial velocity, initial acceleration, etc., of the target. The slow time can be
expressed as T,. Then, the instantaneous radial range of the target can be expressed as

K-1

. 1

V(H,NT) = a7, — Z E“Tank Tn € [0, T], (2)
k=1"™"

where T, is the slow time and K is the order of motion parameters.
The stop-and-go model can be used to obtain the target echo after downconversion to
the baseband as
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t, — 27(n, c
Sro(n, tp) :Krrect< 4 Pn,ar)/ >><
TP
N 2
exp [jnk (tp - zr(n,CaT)> ] X
. 7 n,er
oxp | ey 0T, ©)

where K; is the amplitude factor of the target echo, which is assumed to remain unchanged
between pulses in the same CPI, and c is the speed of light. The following reference signal
is used for dechirping:

. ZRref . 2Rref z
Sref(tp):exp ]27Ifh(tp_7)+]7fk(tp_7) , 4)

where R,y is the reference range. The downconversion process consists of multiplying
the echo by the conjugate of the reference signal in the time domain, where the dechirp-
receiving echo can be expressed as

Sr(i’l, tp> :Sr()(n/ tp) X S;’kef(tp)

B ty —2¢(n,at)/c A /. 2R,of
_K,rect( T, > X exp [—]Ck(r(n, ar) — R,ef) (tp - )} X

[

A/, A 2
exp |:_]th (I’(TI,IXT) - Rref):| X exp l:]czk(r(n/“T) - Rref) :|

ty —2¢(n,at)/cC

:Krrect< > x exp(Pr,). ®)
TP

In the formula above, the first phase term is the range phase produced by dechirping
that changes linearly with the instantaneous radial range of the target 7(n, at); the second
term is the azimuth phase that changes with 7(n, ar), namely, the Doppler phase history;
and the third term is the RVP term. Figure 4 shows the time—frequency relationship of
the dechirp-receiving stepped-frequency signal. To elaborate, each subpulse transmits a
wideband LFM signal, which is subsequently processed using dechirping. In the intervals
between these pulses, frequency hopping takes place.

To achieve effective coherent accumulation of multiframe signals, it is necessary to
compensate the term exp(®r,) in (5), where the corresponding filter bank, namely, the
phase compensation factor, is

h(n, &) = exp [jiﬂk(?(n,a) Ry (tp - ZRC”’fﬂ X exp [ji”fh (P(n,2) Rmf)] <

2
exp {—ji?k(?(rl,m) - Rref) }, (6)

Then, the modified DGRFT algorithm for the dechirp-receiving stepped-frequency signal
can be obtained as

MN-1 %
Ga)= Y, / sr(n,tp)h(n, o) exp(—j2mfty)dty, @
n=0 _"

where f € [ —fs;/2, fs/2] is the fast-time frequency and f; is the fast time sampling
frequency.
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Figure 4. Time—frequency relationship of the dechirp-receiving stepped-frequency signal.

The echo produced by dechirping s, (1, t,) is subjected to the fast Fourier transform
(FFT) in the time domain to obtain the HRRP of the target after compensation through the
filter bank h(n, a). After compensation using the filter bank, the peaks of the HRRPs of all
the dechirped subpulses are aligned to the reference distance. By traversing and searching
the target motion parameters, we obtain the coherent accumulation output of the target
echo. If and only if the set of search parameters a satisfies « = aT, the output is largest
at the reference distance after MN HRRPs in (7) are coherently superimposed; that is,
complete coherent accumulation of the target is achieved. Each group of parameters in the
search parameter set corresponds to the value at the reference distance after accumulation.
Peak detection is performed on the resulting matrix to accurately estimate the target motion
parameters in the parameter search space. Unlike classical DGRFT, the proposed DGRFT
algorithm for modifying the dechirp-receiving stepped-frequency signal defined by (7)
considers the hopping characteristics of the carrier frequency between the pulses of the
dechirp-receiving stepped-frequency signal and is therefore named stepped DGRFT.

For most application scenarios, the radial target velocity v can be regarded as constant
during the accumulation time. In this case, only the initial radial range Rt and vt of the
target need to be estimated. The stepped DGRFT algorithm is thus simplified to stepped
dechirp Radon-Fourier transform (stepped DRFT) as

MN-1 %
Gla)= ). /sr(n,tp)h(n,r—vrn)exp(—jZHftp)dtp, (8)
n=0

where

2R,
h(n,r,v) =exp {j4cnk<r — 0Ty — Rref) (tp - Ce’f)] X exp []'4cnfh (r — 0Ty — Rmf)} X

A 2
exp |:]C2k<1’ 0Ty — Rref) :|r )
is the degenerated filter bank, r is the initial radial range of the target, and v is the radial velocity.

2.3. Discretized Stepped DRFT

Let the search range of the initial radial range of the target be ¥ € [rmin, Ymax). For
time-domain windowed data, usually rmin = 0 and rmax = 7, where 7; is the range gate
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length. The velocity search range is v € [Umin, Umax|. As the coherent accumulation time is
T = MNT,, the Doppler resolution of the Doppler frequency filter [19] can be expressed as

1
Pa = T (10)

Therefore, the maximum velocity search interval can be obtained as

_Apg A c

Ao = = 3T T IMNT.f,

(11)
where the velocity search interval decreases with increasing carrier frequency. For the
convenience of calculation, the following velocity search interval is selected:

[

Ay = s,
* " 2MNT, faver

(12)

where fuer = fo+ %A f is the average carrier frequency. Then, the velocity search
number can be obtained as

N, = round(vmaXAﬂ), (13)
v

where round() represents a rounding operation.
For a given system sampling rate f;, the range search interval is

c
=, 14
A= 5 (14
Therefore, the number of range searches is
7
N, = round(--). (15)
A,

The velocity dimension and range dimension search vector can be expressed as [19]

v(i):vmin+iAv/ i=01---,Ny,—1

16
r(p) =phy, p=01,---,N—1 (16)
Substituting (16) into (9) yields the discretized phase compensation factor
I 2R
®d(n,i,p) =exp jgk(r(p) — ()T, — Rn,f) (t’ — ”fﬂ X
L ¢ c
[ .47 .
oxp |12 i (1(p) = o007 ~ R )|
[ .4m . 2
exp | =15 (1) =007~ Rey) . 17)
where t' is the fast time sampling point.
Substituting (16) and (17) into (8) yields the discretized stepped DRFT:
MN-1
G(ni,p) =Y. s(nt,)®(nip)exp(—jQt’). (18)
n=0

After the radar echo is processed by the discretized stepped DRFT, the resulting
matrix output is subjected to coherent superposition within the reference range, and then
maximum detection is performed to obtain the estimated target motion parameters 9 and .
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2.4. A Dechirp-Receiving Stepped-Frequency Imaging Algorithm Based on Time-Domain Splicing
and Synthesis

Dechirp-receiving stepped-frequency imaging algorithms are primarily categorized
into spectrum splicing and time-domain splicing techniques. The spectrum splicing ap-
proach involves initially multiplying the dechirped echo at a singular frequency point with
the reference signal utilized for dechirping. This produces the original wideband echo, also
referred to as the directly sampled signal. Subsequently, this signal undergoes intrapulse
first-order Doppler compensation. Thereafter, spectrum splicing across multiple frequency
points is employed to generate an ultrawideband signal. In contrast, time-domain splicing
imaging offers greater convenience compared to spectrum splicing imaging. The latter
encompasses a more intricate procedure and presents numerous challenges in applications.
The procedure for time-domain splicing imaging is described below. The target is assumed
to be stationary to simplify the analysis. Using (5), the local dechirped baseband echoes of
the i-th and (i + 1)-th subpulses are

tpi —2R/c A7 2R
Sri(tpi) :Krl'eCt<plT> X exp [—]Ck(R — R,ef> <th. — C”f)] %
P

exp {—]Llcnfl (R — Rrgf)} X exp {]gk (R - R,ef)z] , (19)

st () =Roret( ZEEE ) wonp TR (R = Ru) (1 = = )
p

exp [—ji”fm (= Rref)} < exp [jifk(R - Rref)z] . 20)

We let t); = tyi1 = tand AT = Af/k. As fiy1 = fi + Af. The local dechirped
baseband echo processed by time-domain delayed splicing is

Stocal_base(t) =sri(t) + syi1(t — AT)
t—2R/c At ZRref
_KrreCt<w) X exp |:— 7k<R — Rref) (t — c ):| X

exp {jinfi (R - Rmf)] X exp [j‘f;k(zz - Rref)z} : 21)

Comparing (19) and (21) reveals that time-domain splicing changes the time-domain
pulse width of the local dechirped processed baseband echo from the original value of
Ty to Ty + AT. When Af = B, i.e., AT = T, according to the principle of dechirping, the
equivalent bandwidth is By, = B(T, + AT)/T, = 2B.

The analysis presented above demonstrates that for multiple subpulses, time-domain
splicing yields the following baseband echo of the dechirp-receiving stepped-frequency
ultrawideband signal:

N-1
Sbasefl(t) = Z Slocal?baseﬁi(t - iAT)
i=0

. t— 2R/C ,47'[ ZRref
_Krrect((l\]_l)wr> X exp |:—]Ck<R - Rrgf) (t - c >:| X

exp [_]'LLZTJQ(R—R,EJ:)} X exp {ji?k(R—Rref)z} (22)

Equation (22) indicates that the equivalent bandwidth after time-domain splicing and
synthesis is By, = B((N —1)T, + AT)/T,. Note that the motion of the echo envelope and
the quadratic phase term caused by the target motion considerably affect each dechirped
subpulse, making it necessary to finely compensate for the synthesized echo using a high-
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precision velocity measurement before performing time-domain splicing and synthesis to
enhance the imaging quality.

2.5. Motion Compensation and HRRP Focusing

Correct motion compensation is a prerequisite for HRRP focusing. The motion param-
eters estimated using stepped DGRFT are used to perform motion compensation of the
maneuvering weak target in the time-domain:

2R,
s (1, tp) =s7 (1, ty) * exp [J'tn" (7= 07— Rey) (’* - cf)] x
AT Ao 2
exp []th (r — 0Ty — Rref):l X exp |:]C2k(r — 0Ty — Rref) } . (23)

Next, extraction-based time-domain splicing is used to synthesize the wideband to
yield the HRRP of each frame signal. As the target is weak with a low SNR, the HRRPs of
M frames of signals must be summed in the slow time dimension, thus achieving the HRRP
after coherent accumulation; that is, the HRRP of the maneuvering weak target is focused.

3. Simulation Verification and Analysis

The proposed stepped DGRFT method is verified and the algorithm performance is
comparatively analyzed against that of existing DGRFT methods by performing simulation
experiments on two scenarios: target maneuvering motion with a constant velocity and
constant acceleration.

3.1. Algorithmic Performance Analysis for a Target With a Constant Velocity
3.1.1. Simulation Parameters

Table 1 shows the main parameters and target characteristics of the simulated radar
system. To carry out a detailed comparison of the performances of the stepped DRFT and
conventional DRFT algorithms, the signal carrier frequency in the simulation was set to
hop linearly at a fixed stepped-frequency interval within a step cycle. The target moved
at a constant velocity and consisted of two equal-intensity scattering points with initial
radial ranges of 300 km and 300.000625 km. The target spanned a total of 12 range units
throughout the entire accumulation period, and there was a clear ARU phenomenon. To
endow the target with weak characteristics, Gaussian white noise was added to the echo
such that the dechirp-receiving FFT yielded an echo with an SNR of —10 dB.

Table 1. Simulation parameters.

Property Value
Pulse width T}, 100 ps
Instantaneous bandwidth B 2 GHz
Accumulation time T 12s
Stepped-frequency interval Af 1.8 GHz
Number of steps N 5
Number of frames used for coherent accumulation M 40
Initial target range 300 km and 300.000625 km
Target velocity 50m/s
SNR after pulse compression —10dB

3.1.2. Performance Analysis of Stepped DRFT and Conventional DRFT

The velocity search range for stepped DRFT and conventional DRFT was set from
0m/s to 200 m/s. Figure 5 shows the estimated target motion parameters obtained using
the stepped DRFT algorithm (the estimated target velocity is 50 m /s with an error of 0 m/s).
Figures 6 and 7 show the target HRRP obtained after motion compensation, time-domain
splicing, synthetic wideband processing, and coherent accumulation. The results indicate
that the proposed algorithm achieves accurate estimation and compensation of the target
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parameters. For the target HRRP obtained after coherent accumulation, the positions
of the two scattering points of the target are accurate with an amplitude difference of
approximately 0.07 dB. Therefore, the HRRP is well-focused.

Figure 5. Target motion parameters estimated using the stepped DRFT algorithm.

Normalized Amplitude(dB)

Normalized Amplitude(dB)

-10
100

0

fo)
!

Velocity(m/s)

X 300
Y 50
Z0
L ]
| il ‘
(b TR
| i il
| ‘
| \3‘ {1l
i | ! | | |
| | ‘ | | | ‘
I g R ,\
U 730005
R 599 95
0 299.9
Range(km)

10 -

-12

-16

299.9 299.92 299.94 29996 299.98 300 300.02 300.04 300.06 300.08
Range(km)

Figure 6. HRRP-focusing results obtained using the stepped DRFT algorithm.

For conventional DRFT, synthetic wideband processing without motion compensation
was first used to obtain the target HRRP, which was then accumulated over a long period
of time using the DRFT. Figure 8 shows the target motion parameters estimated using
the DRFT algorithm. The estimated target velocity is 44.32 m /s with an error of 5.68 m/s.
Figure 9 shows the target HRRP obtained after motion compensation, time-domain splicing,
synthetic wideband processing and coherent accumulation. The following results were
obtained using conventional DRFT: the two scattering points of the target were submerged
in noise, the two HRRP peaks appeared at 300.061714 km and 299.983333 km, and the
HRRP was not correctly focused.
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Figure 7. Magnified view of the HRRP focusing results obtained using the stepped DRFT algorithm.

0 <

= X 300.075
T 5 Y 44.3182
= Zo

Z

= 4

Q.

E

< )

- -6

U

3

g 8

=

-]

Z

-10 |
1000 S

W

50 =

300.05

300
299.95

Velocity(m/s) 0 2999 Range(km)

Figure 8. Target motion parameters estimated using the conventional DRFT algorithm.

In summary, based on our use of a stepped-frequency transmitted signal and dechirp
receiving for a constant-velocity target, the proposed stepped DRFT algorithm outperforms
the conventional DRFT algorithm in terms of the estimation accuracy of the target motion
parameters and the HRRP-focusing effect.

3.2. Algorithmic Performance Analysis for a Target under Constant Acceleration
3.2.1. Simulation Parameters

Table 2 shows the main parameters and target characteristics used for the simulated
radar system. The performances of the stepped DGRFT and conventional DGRFT al-
gorithms were compared in detail for a target under constant acceleration. The target
consisted of two equal-intensity scattering points with initial radial ranges of 300 km and
300.000625 km. The target spanned a total of 12 range units over the entire accumulation
period, and there was a clear ARU phenomenon. The target was endowed with weak
characteristics by adding Gaussian white noise to the echo such that the dechirp-receiving
FFT yields an echo with an SNR of —10 dB.
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Figure 9. HRRP-focusing results obtained using the conventional DRFT algorithm.

Table 2. Simulation parameters.

Property Value
Pulse width T}, 100 ps
Instantaneous bandwidth B 2 GHz
Accumulation time T 12s
Stepped-frequency interval Af 1.8 GHz
Number of steps N 5
Number of frames used for coherent accumulation M 40
Initial target range 300 km and 300.000625 km
Initial target velocity 50m/s
Target acceleration 3.6 m/s?
SNR after pulse compressionn —10dB

3.2.2. Performance Analysis of Stepped DGRFT and Conventional DGRFT

For stepped DGRFT and conventional DGRFT, the velocity search range was set to
0-200 m/s, and the acceleration search range was set to —10 to 10 m/s?. Figures 10 and 11
show the target motion parameters estimated using stepped DGRFT. The initial target ve-
locity is estimated at 50 m/s with an error of 0 m/s, and the target acceleration is estimated
at 3.6 m/s? with an error of 0 m/s?. Figures 12 and 13 show the target HRRPs obtained
after motion compensation, time-domain splicing, synthetic wideband processing, and
coherent accumulation. The results indicate that the proposed algorithm achieves accurate
estimation and compensation of the target parameters. In the target HRRP obtained after
coherent accumulation, the two scattering points of the target are accurately located with
an amplitude difference of approximately 0.33 dB. Therefore, the HRRP is well-focused.

Figures 14 and 15 show the target motion parameters estimated by the DGRFT algo-
rithm. The initial target velocity is estimated at 18.97 m/s with an error of 31.03 m/s, and
the target acceleration is estimated at 9.10 m/s? with an error of 4.10 m/s2. Figure 16 shows
the target HRRP obtained after motion compensation, time-domain splicing, synthetic
wideband processing, and coherent accumulation. The following results were obtained
using the conventional DGRFT algorithm: the two scattering points of the target were sub-
merged in noise, and the two peaks of HRRP appeared at 300.090351 km and 300.115840 km.
Therefore, the HRRP was not correctly focused.
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Figure 10. Target motion parameters estimated using the stepped DGRFT algorithm plotted on the
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X 3.6
Y 300

. 20
g 2
U
E
2 4
[=9
2 - \‘
T 64
k I ‘LI \'\
E \H { ‘ |
5 .8 wy\ i { ‘ I
3 I!I\ I ‘m)‘ “\‘I“‘ |

I ( l‘ ! ‘ ‘ ‘ Y |‘
10 ‘ ’ \ 10
30001 300005 L0 l = i
200995 5
299,99 0
Range(km) Acceleratiun(m/sz)

Figure 11. Target motion parameters estimated using the stepped DGRFT algorithm plotted on the
acceleration-range plane.
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Figure 12. HRRP focusing results obtained using the stepped DGRFT algorithm.
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Figure 13. Magnified view of the HRRP focusing results obtained using the stepped DGRFT algorithm.
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Figure 14. Target motion parameters estimated using the conventional DGRFT algorithm plotted on
the range—velocity plane.
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Figure 15. Target motion parameters estimated using the conventional DGRFT algorithm plotted on
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Figure 16. HRRP focusing results obtained using the conventional DGRFT algorithm.

In summary, based on a stepped-frequency transmitted signal and dechirp receiving
for maneuvering constant-acceleration targets, the proposed stepped DGRFT algorithm
outperforms conventional DGRFT in terms of the estimation accuracy of motion parameters
and HRRP focusing.

4. Measured Data Verification and Analysis
4.1. Measured Data Parameters

The proposed stepped DGRFT algorithm was verified for use in practical applications
by performing experiments and analyzing the measured data. The experiments were car-
ried out using a Ka-band radar, a stepped-frequency transmitted signal, an instantaneous
bandwidth of the subpulse of the stepped-frequency signal of 2 GHz, dechirp receiving,
and a civil aircraft as the detection target. A weak target was simulated by adding Gaussian
white noise to the measured data such that the dechirped echo after transformation to the
frequency domain had an SNR of —10 dB. The target did not move at a constant velocity
during the observation period and could be approximated as a maneuvering target because
of high-order motion parameters. Table 3 shows the main parameters and target character-
istics of the radar system used in the experiment. The target spanned a total of 18 range
units over the entire accumulation period, and there was a clear ARU phenomenon.

Table 3. Measured data parameters.

Property Value

Pulse width T}, 100 ps

Instantaneous bandwidth B 2 GHz

Accumulation time T 192s
Stepped-frequency interval Af 1.8 GHz

Number of steps N 2
Number of frames used for coherent accumulation M 160

SNR after pulse compression —10dB

4.2. Performance Analysis of Stepped DGRFT and Conventional DGRFT

For stepped DGRFT and conventional DGRFT, the velocity search range was set to
0-200 m/s, and the acceleration search range was set to —10 to 10 m/s?. Figures 17 and 18
show the target motion parameters estimated using the stepped DGRFT algorithm. The
initial target velocity was estimated at 49.639 m/s, and the target acceleration was esti-
mated at —2.528 m/s?. The estimated motion parameters were used to perform motion
compensation on the target. Figures 19 and 20 show the target HRRP obtained after mo-
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tion compensation, time-domain splicing, synthetic wideband processing, and coherent
accumulation, where the target position was 18.107392 km. No noise was added to the
measured data, and the target ranging method based on the peak points was used to
measure the target. The initial range of the target obtained by fitting is 18.107981 km. The
fitted ranging results are shown in Figure 21. The proposed algorithm achieves accurate
estimation and compensation of the target parameters. The main scattering point of the
target HRRP obtained after coherent accumulation is accurately located, and the HRRP is
well focused.

0 X 18.1076
— Y 49.6387
[
= :
‘EJ/ _2 N |
g
= -4
[=%
z
- b
U
=
= .8
g
| |
Z 10 . | ‘

49.7 \\ ‘
h \\‘\ | -7-’"(“7-)7-“’7-
\r}\ 18.2
49.65 U \
65 \\\ | g b= e
R 18.1
Velocity(m/s) o

Range(km)

Figure 17. Target motion parameters estimated using the stepped DGRFT algorithm plotted on the
range—velocity plane.
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Figure 18. Target motion parameters estimated using the stepped DGRFT algorithm plotted on the
acceleration-range plane.
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Figure 19. HRRP focusing results obtained using the stepped DGRFT algorithm.
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Figure 20. Magnified view of the HRRP focusing results obtained using the stepped DGRFT algorithm.

Figures 22 and 23 show the target motion parameters estimated using conventional
DGREFT: the initial target velocity was estimated at 86.19 m/s, and the target acceleration
was estimated at —2.73 m/s?. Figure 24 shows the target HRRP obtained after motion
compensation, time-domain splicing, synthetic wideband processing, and coherent accu-
mulation. The following results were obtained using conventional DGRFT: the signal of
the target civil aircraft is submerged in noise, and an HRRP peak appears at 18.192220 km,
which differs by 84.24 m from the result obtained using the target ranging method based
on the peak points with no added noise. Therefore, the HRRP is not properly focused.

Figure 25 shows the detection probabilities of targets at varying SNRs using both the
stepped DGRFT and traditional DGRFT algorithms. From the figure, it is evident that
the stepped DGRFT algorithm achieves a detection probability exceeding 0.8 when the
SNR is above —13 dB. Furthermore, its detection probability reaches 1 when the SNR is
higher than —10 dB. On the other hand, the traditional DGRFT algorithm can only attain a
detection probability of 0.8 when the SNR surpasses —2 dB.
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Figure 21. Target ranging results obtained using peak points.
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Figure 22. Target motion parameters estimated using the conventional DGRFT algorithm plotted on
the range-velocity plane.
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Figure 23. Target motion parameters estimated using the conventional DGRFT algorithm plotted on
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Figure 24. HRRP focusing results obtained using conventional DGRFT.
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Figure 25. Detection probabilities with different SNRs.

5. Discussion

Based on the analysis of measured data, it is evident that the proposed algorithm,
which employs a transmitted stepped-frequency signal paired with dechirp receiving, offers
superior performance over conventional DGRFT in estimating target motion parameters
and in focusing the target’s HRRP. The stepped DGRFT algorithm can achieve stable
detection of the target when the SNR is above -10dB. The conventional DGRFT method
relies on the coherent accumulation of HRRP following synthetic wideband processing.
This approach fails to effectively compensate for distortions in the range profile arising from
target motion. Consequently, there is a notable reduction in the target’s SNR after coherent
accumulation. Such diminished SNR subsequently leads to the echo being overwhelmed
by noise, making it less distinguishable.



Remote Sens. 2023, 15, 5161 20 of 21

6. Conclusions

In this study, we introduce the stepped DGRFT algorithm for dechirp-receiving
stepped-frequency radar. This algorithm achieves long-term coherent accumulation, ac-
curately estimates the motion parameters of maneuvering weak targets, and enhances
the focusing of HRRP. We conduct a comparative analysis to evaluate the performance
of the stepped DGRFT and conventional DGRFT in terms of motion parameter compen-
sation and HRRP focusing. The effectiveness and superiority of the proposed algorithm
over conventional DGRFT are verified through simulations and measurements. Our re-
sults demonstrate that the stepped DGRFT algorithm significantly improves the imaging
capability of dechirp-receiving stepped-frequency radar for maneuvering weak targets.
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