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Abstract: When a target moves at hypersonic speed, the aerodynamic thermal effect will cause air
molecules to form a plasma sheath that envelopes the outer surface of the target, which consists
of a large number of charged particles. The plasma sheath imposes a complicated modulation
effect on the radar echo signal in terms of amplitude, phase, and frequency. When the plasma
sheath is time-varying, the inter-pulse coherence of the multi-cycle echo signals is severely disrupted,
resulting in the failure of coherent accumulation. To address the problem of abnormal inter-pulse
energy accumulation in targets covered with time-varying plasma sheaths, we analyzed the dynamic
modulation effects of time-varying plasma sheaths on echo signals and constructed a radar echo
model enveloped with time-varying plasma sheaths. Based on this, we propose a method for inter-
pulse energy concentration of multi-cycle echo signals based on range-frequency inversion, second-
order Wigner-Ville distribution (WVD), and slow-time symmetric auto-correlation. The proposed
method is capable of realizing energy concentration for targets enveloped with time-varying plasma
sheaths and can accurately estimate the motion parameters of the target. The effectiveness of our
proposed method has been verified via simulation analysis of multi-cycle echo signals from targets
enveloped with time-varying plasma sheaths, and the reliability of the method has been further
validated through statistical experimental analysis.

Keywords: time-varying plasma sheath; dynamic modulation effect; range-frequency inversion;
second-order Wigner—Ville distribution; slow-time symmetric auto-correlation; energy concentration

1. Introduction

When the speed of a near-space target exceeds Mach 15, the air molecules around the
outer surface of the target are dissociated and ionized due to aerothermal ionization, which
forms a plasma sheath composed of charged ions, free electrons, and neutral particles en-
veloping the surface of the target [1]. The plasma sheath imposes a complicated modulation
effect on the radar echo signal of the target, which will result in severe waveform distortion
in the echo signal and the occurrence of ghost targets in the one-dimensional range profile,
severely affecting the reliable radar detection [2—4]. When the above target moves with
high maneuverability, its aerodynamic characteristics characterize the plasma sheath with
time-varying properties, which are mainly reflected in the time-varying electronic density
of the plasma sheath. The time-varying electron density changes the dielectric properties
of the plasma sheath, causing radar echo signals to couple with time-varying reflection
coefficients. This phenomenon may, further, lead to variations in the initial and final phases
of each cycle of the echo signals, resulting in abnormal inter-pulse coherence.

In recent years, with the continuous investigation of near-space targets, achieving
reliable detection on near-space targets has become a focus in the field of radar detection.
In 2007, Chen et al. found that the plasma sheath modulates the amplitude and phase
of radar echoes [5]. Later, they further discovered that the plasma sheath can also reflect
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radar signals [6]. It is known that the echo signal consists of many components during the
process of radar detection of targets enveloped with plasma sheaths. In 2019, Zhang et al.
reproduced the phenomenon of ghost targets on a one-dimensional range profile by simu-
lating the broadband radar signal of targets enveloped with plasma sheaths [7], confirming
that the radar echo signals are coupled with multiple Doppler-frequency components.
Subsequently, in 2021, Ding et al. revealed the mechanism of “false targets” [8]. Specifically,
by constructing a narrowband radar echo model of a plasma-sheath-enveloped target, they
analyzed the multi-domain characteristics of radar echo signals under typical heights and
speeds. In 2017, based on the measurement data of the RAM-C project, Yao et al. estab-
lished a spatiotemporal frequency-domain model of targets enveloped with time-varying
plasma sheaths and further investigated the statistical characteristics of electromagnetic
(EM) wave phase disturbance and amplitude fluctuation caused by time-varying plasma
sheaths [9-11]. When the target enveloped with a time-varying plasma sheath exhibits
high maneuverability, multi-cycle radar echo signals may also exhibit linear range walk
caused by velocity, and second-order range migration and Doppler migration caused
by acceleration. In 2005, Zhang et al. effectively accumulated coherence by eliminating
the phenomenon of migration through range-cell resolution (MTRC) using the Keystone
transformation [12]. Later in 2005, Zhou et al. solved the double-span problem for the
target’s second-order range migration by adopting the generalized second-order Keystone
transformation [13]. Unfortunately, most of the existing energy concentration methods
primarily focus on the high speed and high maneuverability of the target, and on the
extremely low signal-to-noise ratio (SNR), which fail to eliminate the modulation effect of
the time-varying plasma sheath on the echo, causing abnormal accumulation of multi-cycle
echo energy.

Currently, the research potential has become significant in the methods for concentrat-
ing energy on multi-cycle radar echo signals from targets enveloped with time-varying
plasma sheaths. To deal with the problem of abnormal energy accumulation caused by
the complex dynamic modulation effect of a time-varying plasma sheath on echo signal,
we propose a method utilizing a range-frequency inversion transformation, second-order
WVD algorithm, and slow-time symmetric autocorrelation to realize energy concentration
of multi-cycle radar echo signals. The feasibility of the proposed method has been veri-
fied through simulation experiments, and its detection effect has been evaluated through
statistical experimental analysis. It has been verified that our proposed method can effec-
tively concentrate energy and accurately estimate motion parameters while exhibiting high
computation efficiency, which is beneficial for theoretical and practical applications.

The key contributions of this study can be summarized as follows: Firstly, by ana-
lyzing the impact of the time-varying plasma sheath on echo signals, we formulated a
range-frequency inversion, second-order WVD algorithm to minimize the influence of the
time-varying plasma sheath. The performance of our proposed method outperformed
those of the existing prevailing methods in terms of multi-cycle energy concentration
on plasma-sheath-enveloped targets. Secondly, considering the characteristics of high-
maneuverability of the target, we adopted the method of acceleration compensation to
mitigate the disadvantageous effects caused by the maneuverability of the target. Specifi-
cally, we applied symmetric auto-correlation processing to the range-frequency, slow-time
signals after acceleration compensation, which not only realizes multi-cycle echo energy
concentration of the target enveloped with time-varying plasma sheath but also reduces
the computation time of the proposed method. Thirdly, in contrast to existing studies,
we constructed a radar echo model for targets enveloped with a time-varying plasma
sheath. Based on the method of range-frequency inversion, second-order WVD slow-time
symmetric autocorrelation, we achieved energy concentration of multi-cycle radar echo
signals for the targets enveloped with a time-varying plasma sheath, compensating for
the problem of abnormal energy concentration in multi-cycle radar echo signals caused
by the presence of a time-varying plasma sheath. Simulation and experimental analysis
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verified the effectiveness of our proposed energy concentration method in the case of the
time-varying plasma sheath.

2. Radar Echo Model of Time-Varying, Plasma-Sheath-Enveloped Target

In this study, we take a blunt cone target RAM-C as the model to be analyzed. Due
to the non-uniformity of the flow field parameters of the plasma sheath enveloping the
target, the target surface can be divided into I reference points, as shown in Figure 1. At
each reference point that is perpendicular to the direction of the target surface, the electron
density of the plasma sheath approximates a double Gaussian distribution [14], as shown
in Figure 2.
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Figure 1. Plasma-sheath-enveloped target model.
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Figure 2. Distribution of electron density on the plasma sheath.

When the target moves with high maneuverability, changes in aerodynamic charac-
teristics cause variations in parameters such as the electron density in the plasma sheath
on the target surface, which makes the electron density time-varying. The time-varying
electron density further influences the dielectric properties of the plasma sheath. In the case
of a time-varying plasma sheath, the radar echo signal will couple with the time-varying
characteristics of the electron density, i.e., the radar echo signal will couple with the time-
varying maximum reflection coefficient, which, further, causes changes in the initial and
final phases of each cycle of the echo signal.

The time-varying electron density model at the i-th reference point can be expressed as

Nei(i,t) = Ne(i)(1 + r(i, 1)) )

where Ne(i) denotes the electron density distribution at the i-th reference point and r(i, )
denotes the perturbed electron density.
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According to the above Equation (1), the time-varying electron density has a steady-
state electron density as its initial value, which then oscillates through the perturbed
electron density that varies over time. The probability density function (PDF) of the
perturbed electron density satisfies

1 B [r(i,t>—2;q]2
e 257 2
A 27'[(5[ ( )

where J; is the jitter variance of the perturbed electron density and y; is the jitter mean of
the perturbed electron density.
The power spectral function of the perturbed electron density can be expressed as

P(r(i, 1)) =

£ ,(f—f(szﬂ
Ps(r(i,t)) = aje 1" +bye 21 3)

where f; is the central frequency of the perturbed electron density, a; 1 is the peak of the
first Gaussian power spectrum, by | is the peak of the second Gaussian power spectrum,
ay,1 is the standard deviation of the first Gaussian power spectrum, and b, ; is the standard
deviation of the second Gaussian power spectrum.

The time-varying electron density distributed in a local region of the plasma sheath is
demonstrated in Figure 3.
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Figure 3. Time-varying electron density distributed in a local region of the plasma sheath.

The plasma sheath at each reference point can be divided into | layers. When EM
waves are vertically incident on the target surface, by adopting the method of stratified
equivalent wave impedance [15], the time-varying reflection coefficients of the plasma-
sheath-enveloped target from the stagnation point to the tail at each layer of each reference
point can be calculated by

Ria(t) -+ Ryy(t)
DRyl @

Ran(t) = :
Ry;(t)

Rpa(t)
where R; ;(t) is the time-varying reflection coefficient at layer j of the i-th reference point.
Due to the fact that EM waves have a position of maximum reflection in the time-

varying plasma sheath, and that the reflection coefficient at this position has higher energy,
the strongest reflection position at each reference point can be described by

Rmax(t) = [Rl(t) RI(t)] ®)
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According to the above Equation (5), it is known that the modulation effect of the
time-varying reflection coefficient imposed on the echo signal varies dynamically at each
instantaneous moment. Therefore, the time-varying reflection coefficient of the multi-period
radar echo signal can be expressed as

Rmax(t) = [Rl(tr’m RI(t,m)] (6)

With a linear-frequency-modulated (LFM) signal as the radar’s transmission signal, its

expression is given by
t . 1 5
s(t) =rect| — | exp| j27t| fc + =kt )
Ty 2

t 1,1t < Tp/2
H—) =< 1, "+ 8
rec (T,,) { 01t > T,/2 ®)
where Tp denotes the pulse width, ¢ denotes the fast time, f. denotes the carrier frequency,
and k denotes the modulation frequency.
The radar echo signal of a target enveloped with the time-varying plasma sheath is

the superposition of the echo signals at each reference point on the target enveloped with
the time-varying plasma sheath, which can be expressed as

s(totm) =) R,-(t,m)rect(?) exp (j27r((fc + fai)(t—T) + %k(t - T)2)> ©9)

i=1

EN _f LIt <Ty/2
rect(Tp) = { 0/t > T,/2 (10)

In the above Equation (9), R;(t, m) denotes the maximum reflection coefficient at the
i-th reference point (a complex factor affecting the amplitude and phase of the radar echo
signal), f;; denotes the Doppler frequency coupled at the position corresponding to the
maximum reflection coefficient at the i-th reference point, and 7 denotes the radar echo
delay. Since the detection radar uses a narrowband signal and the target is in the far
field, the effect of the interval between the reference points imposed on the target can be
neglected. Assuming that the target is always within the same range cell, t;; denotes the
slow time, Ry denotes the initial range between the target and the radar, vy denotes the
initial velocity of the target, and a denotes the acceleration of the target.

Conducting pulse compression with respect to the radar echo signal, we obtain

) ! |Ri(t,m)|5a<”B <t — T+ fdz’TP>> exp<j2n<fc + f"”)t)
=g (7o 2 ) expjgo(&-(t,m))) 2

(11)

It can be seen from the above Equation (11) that the function Sa(-) determines the
peak position on the one-dimensional range profile of the echo signals, which represents
the range between radar and the target. However, due to the presence of the intra-pulse
Doppler frequency f;;, the peak position will shift accordingly, which will cause the exis-
tence of multiple peaks on the one-dimensional range profile. In the case of a time-varying
plasma sheath, the pulse compression result of the radar echo is subject to dynamic phase
modulation. Due to the dynamics of the plasma sheath, a significant difference exists
between its initial and ending phases represented in the range domain of the echo signals
amongst different pulses, which may destroy the inter-pulse coherence of the signals.
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Coherent accumulation of the range domain characterization results for a target
enveloped with a multi-period, time-varying plasma sheath can be calculated by

M l(m —
)= 3 [settw)]xp (17 5 ) )

which can further be expressed as

T ) e+ fu)t = ) S S

=3 exp (e (aTM = 1)) expli(Ri(t,m)

SA; = Sa (nTp (t -7 - f;?)) (14)

M Aprect <
(13)

SA2 = S(/l(TC(derM — l)) (15)
* 2RO
=2 (16)

where f; denotes the Doppler frequency corresponding to the target’s motion speed.

In the above Equation (13), the function S(I) contains two Sa functions. The intra-pulse
Doppler frequency and the inter-pulse Doppler frequency together affect the peak position
of the Sa function, and the phase of the time-varying reflection coefficient destroys the inter-
pulse coherence of the signal. Therefore, the inter-pulse coherence of the multi-period echo
signals from a target enveloped with a time-varying plasma sheath will be affected by ghost
targets, high maneuverability characteristics, and the phase of the time-varying reflection
coefficient, thereby causing failure of conventional coherent accumulation methods and in
the energy concentration.

3. Multi-Cycle Energy Concentration Method for Time-Varying,
Plasma-Sheath-Enveloped Target

3.1. Dynamic Modulation Cancellation Technology Based on Frequency-Inversion Second-Order WVD

After conducting pulse compression, the echo signal is subject to fast Fourier transform
(FFT) along the fast time axis, resulting in a range-frequency, slow-time signal, which can

be expressed by
fai
fr— L T

| Aiorect 2 exp(—j27t(fr + fc)T) exp <j27'(fdlB pf,)

Sc(fritm) = Z (17)
i=1 ' fd‘zT .
exp (—JN’BP> exp(jp(R;(fr,m)))
The above Equation (17) can further be written as
f— L 2<R0 + 0k + ;atmz)
| Ajorect 2 exp | =27 (fr + fc) .

Se(fritm) = Z (18)

. 2
exp (jznfd;STp f,> exp <_jnfdzBTp> exp(jo(R;(fr,m)))

It can be seen from the above Equation (18) that under the condition of time-varying
plasma sheath enveloping, the effect of the plasma sheath imposed on the range-frequency,

slow-time signal is reflected in three phase terms, i.e., exp(j@(R;(fr, m))), exp (j27Tf dg” fr) ,
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Sk(frr tm)

Rk (Z’\, tm)

2
and exp ( —jr BT ) Among these, the phase term exp(j@(R;(f;, m))) is the phase of the
time-varying reflection coefficient. Between the intra-pulse Doppler frequency and the
range frequency, there exists a coupling in the phase term exp (j27rf dgT” fr) As for the

2
phase term exp ( jrT Ja BT ) it is only correlated with the intra-pulse Doppler frequency of

the echo. Since the coupling hinders the accumulation of signal energy, a range-frequency
inversion transformation multiplication is performed on the range-frequency, slow-time

signal in order to eliminate the influence of the phase term exp (]27Tf L fr) during the
signal processing, thereby obtaining

:Sc(fitm)'sc(fr/t’?)zsc( fr/tm) ;c(fr/tm) .
Ay grect exp ]— Ro + voty + atm
(e B i)
<]27‘( ) exp(j2r(m))

I
I

fax
CTry = Myy|Ry||Ry|rect (W) exp(—jSZ—ﬁ (Ro + votm + %atmz))
JayHhax

(20)
-exp (jZn(fdygdx)Tp fr)

fx2_f 2 T,
Mzy = exp (—J’ﬂ(d;y)p) exp(j(@(Rx(fr,m)) = @(Ry(fr,m))))  (21)

-
In the above Equation (19), the term s.(fy, tm) = sc(—fr, tm) denotes the inverse trans-
formation of the signal along the range-frequency axis; Ay denotes the amplitude, CTy,
denotes the cross term generated during the range-frequency axis inversion multiplication,
where x and y satisfy 1 < x < I,1 <y < I, x # y; and My, is a constant phase term
generated during the calculation.
After conducting the range-frequency axis inversion multiplication, the influence of

the phase term exp ( j27tf L f,) coupling the range-frequency with the intra-pulse Doppler

is eliminated, as well as the coupling between the range frequency f, and the slow time £;,.
In addition, the time-varying nature of the plasma caused by fast-time perturbations in the
time-varying reflection coefficient phase term exp(j¢(R;(f;, m))) is uncorrelated with the
time-varying characteristics of the plasma caused by different signal periods. Therefore,
after conducting the range-frequency inversion multiplication, the dimension related to the
fast-time frequency is eliminated, whereas the perturbation related to the number of periods
is retained, which is denoted as the term exp(j2r(m)). Therefore, by performing inverse
fast Fourier transform (IFFT) on the range-frequency dimension of s (f;, t;), we obtain

=IFT rtm
f [Sk(f' )] S, -
Agysinc((B — fu)t )exp<—]c <R0+votm+2atm ))

-k (f ) . +ECy
i=1 j2r exp(j2r(m))

Ca(cly) = Mx,yAl((l) smc((B — fdy;f'”) <f—0— (f@ﬁm)%))

' @0 eXP(*J'SchC (RO + votm + %”t’”2)>

(22)

(23)
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It can be seen from the above Equation (22) that the signal being performed with IFFT
is an Sa function, and the energy of the signal is concentrated at the central position of
the f — t,, domain. Therefore, by extracting the signal along the slow-time dimension at
position f = 0, we obtain

Rk(tm) = Extracty,, [Rk(f, tm)

i—o)
I 1 2Ty
= Y. Apoexp (]&Zﬂ (Ro + votm + zﬂtm2>) exp (]2nf . ) exp(j2r(m)) + ZC»(c,zy)
=1

(24)

8 1
Cfczy) = Mx,yA,((,zz) exp (—]ifc (Ro + votm + zﬂtm2)> (25)

where Extracty,[-] represents the operation of extracting the signal along the slow-time
dimension t,.

After extracting the signal along the slow-time dimension, the two-dimensional signal
is transformed into a one-dimensional signal. In subsequent signal processing, the com-
putational complexity is reduced. Because the expression of the signal in the slow-time
dimension conforms to the form of a LFM signal, the second-order WVD algorithm can be
used to estimate the target’s motion acceleration.

The definition of the second-order WVD algorithm is given by

T T T T\ 1*
Rsowvp (tm, T, 1) = Ry (fm + E)Rk* (fm - §> : [Rk (fm + %)Rk* (fm - ?lﬂ (26)
where T and 77 are two time-delay variables. When there is a fixed time-delay difference
between T and T4, the coupling among t,,, T, and 7 can be eliminated. Let 17 = T + 271,
where 19 is a fixed delay.
Further derivations are presented as

RSoWVD(tm/ T; To) = Ry (fm + %)Rk* (tm — g) . |:Rk (tm + % + To) Ri* (tm — g — T())} '

27
C(voro—i-atmro)) +ZC(3 @)

—~

(3) = My yA1(<33) exp (] 16T7ch (voT0 + ﬂtmﬁ))) (28)

According to the above Equation (27), the coupling among t,;, T, and 77 has been elim-
inated by introducing a fixed delay 7. In the signal Rs,wvp (tm, T; o), only the variables
t and T are included. After conducting the second-order WVD algorithm with respect to

Ry (tm), the effects of the other phase components exp(j2r(m)) and exp ( - ]nf B ) that
are caused by the time-varying plasma sheath on radar echoes, are removed. Subsequently,
performing two-dimensional fast Fourier transform (FFT) on Rsowyp (tm, T; T0), we obtain

RsowvD (ftu, fr) = FFT{FFT,[Rsowvp (tm, T;T0)] }

) p 29
— Agenp(Pann )(£)5 (f, - 20) +Ecll) @)

.8 8
Ct) = Muy ALY exp (1700 ) o719 (f — 22 (30)

It can be seen from the above Equation (29) that after performing two-dimensional

FFT, a peak appears in the f;,, — fr domain corresponding to Rgowvp (ft,, fr), and the peak
8fcat

position ( 0) corresponds to the acceleration of the moving target. Therefore, the
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R (fr, tm) =

acceleration of the target enveloped with the time-varying plasma sheath can be estimated
using the peak position, which can be expressed by

A

A = 8fc cFoargs max[Rsowvp (fi,, fr)] (31)

3.2. Energy Concentration Method Based on Slow-Time Symmetric Autocorrelation

According to the estimated acceleration, an acceleration compensation function is
constructed to eliminate the acceleration exponential terms in the signal, which can be

written as
aktm /2)

Ho () = exp (]47T(fr s 32)

Multiplying the acceleration compensation function with the range-frequency, slow-
time signal, we obtain

_Jai
|Rirect ! 5 2 exp<j27f(fr +fc)2(RO+Z’0t’ﬂ)> <]2ﬂfd1 Pfr>

[

(33)

-1 2
exp (—jnf‘”BT") exp(jg(Ri(fr,m)))

The signal model has been transformed from a uniformly accelerated motion model
to a uniform motion model. However, since the acceleration compensation function is
multiplied by the range-frequency, slow-time signal, the influence of the time-varying
plasma sheath on the signal still exists. To eliminate the influence of the plasma sheath on
the signal and achieve energy concentration on the multi-period radar echoes, slow-time
symmetrical autocorrelation processing is performed on the signal, which is expressed by

Qk(fr/ tm + Tm)Qk*(fr/ tm — Tm)
I f’_7 VT U, (34)

_ . 0m o 7711 . %
= ;Amlrect B exp( j8m 3 )exp( j8rf . )exp(]Zr(m))+ZCTxy

exp (—j87mf, 1)

f— min(fdx'fdy ) +max (fdx'fdy)
" . 4
CTy, = Myy|R«| | Ry | rect - min (fzofay ) ~max (i fay)

4
.exp(—j87rf,rm (fcf _ W))

In the above Equation (34), A, 1 denotes the amplitude, 7;;, denotes the time delay
(usually an integer multiple of the pulse repetition period), and CT;, denotes the cross-
term generated after performing slow-time symmetrical autocorrelation. After conducting
slow-time symmetrical autocorrelation with respect to Qy(f;, tx), the phase effects caused
by the plasma sheath on the signal are effectively removed. In addition, because the
acceleration exponential term is eliminated, the term Ry, (f;, Tn;) is independent of ,,. Due
to the coupling that exists between f, and 7, variable scale inverse Fourier transform
(SCIFT) is performed to realize decoupling. Performing SCIFT and FFT with respect to
R (fr, Tm), we obtain

(35)

Co(Fons fon) = FFTy, {SIPf, (R (f3, rm)]}

N ié Amzsine <B (Erm B L;é)) exp (jﬂfdi (frm - ;Z)) (ffm 4UOf0> (36)
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where f;, denotes the equivalent fast time after SCIFT, and f,, denotes the frequency
after FFT.

According to the above Equation (24), after performing SCIFT and FFT, the signal
energy accumulates peaks in the f-, — f, plane. Based upon the position of these peaks,
the target’s velocity can be estimated as

Uk = %arg&m — fon H1AX [Con (Frs fr)] 7

where B is the scale transformation factor that is mainly used to adjust the parameter range.

This study proposes a multi-cycle energy concentration method for targets enveloped
with a time-varying plasma sheath based on range-frequency inversion, second-order
WVD slow-time symmetric autocorrelation. Specifically, the proposed algorithm utilizes
range-frequency inversion multiplication combined with second-order WVD processing to
eliminate the dynamic modulation effects of the time-varying plasma sheath on echo signals,
and to estimate the acceleration of moving targets. Then the acceleration-compensated
signals are processed by slow-time symmetric autocorrelation to concentrate the energy
of multi-cycle radar echoes, thereby estimating the target’s motion speed. The flow of the
proposed method is demonstrated in Figure 4.

Estimate Acceleration
target compensation
acceleration function

Radar Echo

Range
Pulse second-order . )
Compression WVD 0 dm;;l;wn

Range
dimension
FFT

,E mi“t;ng slow-time delay
signals a. ong autocorrelation
Slow Time

Range h .
dimension Ener gy
IFFT ) concentration

frequency
Inversion

Figure 4. Flowchart of the proposed method.

4. Simulation Verification

This section verifies the impact of the time-varying plasma sheath imposed on radar
echo signals, which includes the coupling of multiple intra-pulse Doppler frequencies and
the abnormal inter-pulse coherence of multi-cycle radar echoes. Additionally, the proposed
method has been analyzed and validated via simulation, demonstrating its reliability and
effectiveness.

In Table 1, the simulation parameters are set based on typical radar detection parame-
ters of plasma-sheath-enveloped targets.

Table 1. Parameter setting of the simulation.

Parameter Setting Values
Initial range R=30km

Carrier frequency fe=5.8GHz
Pulse width Ty =100 ps
Bandwidth B =10 MHz
Sampling frequency Fs =20 MHz
Pulse repetition interval T, =220 us

Number of pulses M =512

Velocity vy = 6800 m/s

Acceleration a=200m/s?




Remote Sens. 2024, 16, 2316

11 of 16

4.1. Echo Signal Processing for Target Enveloped with Time-Varying Plasma Sheath

The simulation involves pulse compression and coherent accumulation of multi-cycle
radar echo signals from a target enveloped with a time-varying plasma sheath, for which
the results are depicted in Figure 5.

] 500
FrameNumber 1
FrameNumber 512
E o038 3 400
E 2
B 0o 2
o 2300
2 2
3)
E 04} 5 200
i )
=]
g Z
<02 100
0
28 29 30 31 32 28 29 30 31 32
Range/km Range/km
(a) (b)
60
x10*
5 40
1.5 £ 20
£
i >
20
Q
0.5 =
' g 20
0
50 -40
32
31
30 N
) 0 g 2 28 29 30 31 32
velocity/m/s - Range/km Range/km
() (d)

Figure 5. Pulse compression results of (a) the first and last cycles of target enveloped with time—
varying plasma sheath and (b) multi—cycle echo signals. (¢) Coherent accumulation results of the
target enveloped with time-varying plasma sheath. (d) Energy diagram of coherent accumulation
results for the target enveloped with time-varying plasma sheath.

It can be observed from Figure 5a that due to the gradual decrease in peak electron
density at each reference point from the area of the stationary point to that of the tail end,
the incident depth of EM waves varies at different reference points on the target surface,
and the coupled Doppler-frequency changes, which causes the occurrence of ghost targets
in one-dimensional range profile (i.e., multiple peaks occur in the one-dimensional range
profile). The pulse compression results from the first and the 512th cycle echoes suggest
that due to the high speed of the target enveloped with the time-varying plasma sheath,
their movement exceeds the radar’s range-cell resolution, causing a significant shift in
the peaks.

It can be observed from Figure 5b that when the plasma-sheath-enveloped target
exhibits high maneuverability, multi-cycle radar echo signals undergo both range-cell
migration and Doppler shift, resulting in multiple slant lines on the two-dimensional
period-range plane. Furthermore, due to the time-varying characteristics of the plasma
sheath, the time-varying coefficient dynamically disturbs the amplitude and phase of the
echo signals, causing a certain degree of diffusion phenomenon in the energy distribution
of the two-dimensional periodic range plane.

Figure 5¢,d suggest that when the plasma sheath is time-varying, the inter-pulse coher-
ence of multi-cycle radar echo signals is disrupted. After performing pulse compression,
the echo signals are processed with coherent accumulation. Due to the effects of range walk,
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Doppler shift, ghost targets, and time-varying reflection coefficients, the peak energy of the
coherent accumulation undergoes severe dispersion, making it impossible to estimate the
target’s motion speed by peak energy.

The simulation results for performing conventional coherent accumulation methods
to concentrate the energy of multi-cycle echo signals from the target enveloped with time-
varying plasma sheath are demonstrated in Figure 6.

1 .
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Figure 6. Pulse compression results of (a) the first and last cycles of the target enveloped with time—
varying plasma sheath after correction and (b) multi—cycle echo signals after correction. (c) Coherent
accumulation results of the target enveloped with time-varying plasma sheath after correction.
(d) Energy diagram of coherent accumulation results of the target enveloped with time-varying
plasma sheath after correction.

It can be observed from Figure 6a,b that adopting conventional compensation methods
can eliminate the range walk and Doppler shift caused by the high maneuverability of the
target enveloped with a time-varying plasma sheath. Unfortunately, these methods fail to
eliminate the dynamic modulation effects caused by the time-varying plasma sheath on the
radar echoes, resulting in multiple significant straight lines and ongoing dispersion on the
two-dimensional period-range plane.

Figure 6¢,d reveal that the time-varying nature of the plasma sheath causes changes in the
initial and final phases of each cycle’s echo signals. When processing the compensated echo
signals with coherent accumulation, the disruption of inter-pulse coherence causes energy
leakage in the peak values after coherent accumulation. The problem of energy dispersion
caused by the time-varying characteristics of the plasma sheath remains unresolved.

4.2. Simulation Verification

The problem of abnormal coherent accumulation of multi-cycle echo signals from the
target enveloped with time-varying plasma sheaths is mainly caused by anomalies in pulse-
to-pulse coherence due to changes in the phase of the time-varying reflection coefficient. In
response to the above problem, this study considers a noise-free, single-target experimental
scenario. Specifically, we analyzed the feasibility of the proposed method in accumulating
energy from multi-cycle echo signals under various degrees of simulated random phase
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disturbances while maintaining the same flight altitude, speed, and acceleration conditions.
And to verify the feasibility of the proposed method in practical applications, the noise
resistance of the proposed method was analyzed.

It can be observed from Figure 7 that in the absence of random phase disturbances,
although the echo signals among each cycle are coherent, multiple intra-pulse Doppler
frequencies are still coupled within the echoes. The method proposed in this study is
capable of eliminating the coupled intra-pulse Doppler frequencies within the echo signals,
concentrating the energy of the multi-cycle echo signals while realizing the estimation
of the target’s motion speed. The estimated value of the target’s motion acceleration is
a = 200.03 m/s? with an estimation error of Aa = 0.03 m/s2, which is less than the order of
magnitude of 107!, The estimated value of the target’s motion speed is v = 6796 m/s, with
a speed estimation error of Av = 4 m/s, and the error is within 1 order of magnitude.

x10% X -5.03931 s

Y -200.03 x10°" X -648.082

Z 1.9161x1032 4 Y -6796

s Z 4.13543x10%5

)

2000

1000 2

-1000 0 2000

4
x10 0
Fr/Hz -1000
2000

2
Acceleration/m-s™ velocity/m/s Fr/Hz
@) (b)

Figure 7. (a) Estimation results of acceleration without random phase. (b) Energy concentrating
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results without random phase disturbances.

It can be observed from Figure 8 that when the plasma sheath exhibits time-varying
characteristics, the proposed method effectively minimizes the dynamic modulation effects
caused by the time-varying plasma sheath on echo signals. This is realized through
range-frequency inversion multiplication and second-order WVD on the range-frequency,
slow-time signals. These techniques not only mitigate the dynamic modulation effects
but also eliminate the range walk and Doppler migration phenomena associated with
high-maneuvering target. As a result, the energy peaks become significantly prominent
in the domain of f;, — fr, enabling accurate estimation of the target’s motion acceleration
at a = 200.03 m/s? with an estimation error of Aa = 0.03 m/s2, where the error is less
than the order of magnitude of 10~!. After compensating for the acceleration affected
by the time-varying plasma sheath and applying slow-time symmetric autocorrelation
to the signals, the method concentrates the energy of multi-cycle echo signals. From the
location of the peak values, the estimated target motion speed is v = 6796 m/s with a speed
estimation error of Av = 4 m/s, and the error remains within 1 order of magnitude.
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Figure 8. Cont.
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Figure 8. (a) Estimation results for acceleration with random phase disturbances ranging from 0 to
30°. (b) Energy concentration results with random phase disturbances from 0 to 30°. (c) Acceleration
estimation results with random phase disturbances ranging from 0 to 45°. (d) Energy concentration
results when random phase disturbances are 0-45°. (e) Acceleration estimation results with random
phase disturbances ranging from 0 to 60°. (f) Energy concentration results when random phase
dis-turbances are 0-60°. (g) Acceleration estimation results with random phase disturbances ranging
from 0 to 90°. (h) Energy concentration results when random phase disturbances are 0-90°.

The noise resistance performance of the proposed method is shown in Figure 9.
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Figure 9. Relative error curve of the estimation of (a) target motion acceleration and (b) target motion

speed.
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It can be observed from Figure 10 that when the time-varying plasma sheath imposes
complex dynamic modulation effects on the radar echo in terms of amplitude, phase, and
frequency, the proposed method can concentrate the energy of multi-cycle echo signals
from targets enveloped with the time-varying plasma sheath at SNR > —16 dB. When the
SNR is greater than —16 dB, the proposed method can accurately estimate the motion
parameters of the target, suggesting that the algorithm still exhibits good performance in
low SNR situations (i.e., strong noise resistance).
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Figure 10. Error curves of the estimation of (a) target motion acceleration and (b) target motion speed.

It can be observed from Figure 9 that when the target’s moving speed varies, the
relative error of speed estimation is less than 1%. When the acceleration of the target varies,
the relative error of the acceleration estimation is less than 2%. As target motion parameters
vary, the relative error remains in a small error range, which proves that the proposed
method has certain universality.

5. Conclusions

This study analyzes the complex dynamic modulation effects of time-varying plasma
sheath imposed on radar echo signals. By simulating the radar echo model of the tar-
get enveloped with the time-varying plasma sheath, it has been verified that the plasma
sheath can cause the occurrence of ghost targets in single-cycle radar echo signals and
abnormalities in inter-pulse coherence and energy accumulation in multi-cycle echo signals.
To solve the problem of abnormal multi-cycle echo signal energy concentration caused
by the time-varying plasma sheath, we proposed a method based on range-frequency
inversion, second-order WVD, and slow-time symmetric autocorrelation. Our proposal
effectively mitigates the dynamic modulation effects induced by the time-varying plasma
sheath through range-frequency inversion multiplication and second-order WVD, thereby
enabling accurate acceleration estimation of the plasma-sheath-enveloped target. Following
acceleration compensation of the signals, we performed slow-time symmetric autocorrela-
tion processing on the echo signals to concentrate the energy of the multi-cycle echo signals
and to estimate the motion velocity of the target. The simulation results have proved
the effectiveness of the proposed method in suppressing the dynamic modulation effects
caused by the time-varying plasma sheath, concentrating the energy of multi-cycle echo
signals, while maintaining excellent performance even at low SNRs. According to the
peak position of energy accumulation, the accurate estimation of the motion parameters of
time-varying, plasma-sheath-enveloped target can be obtained. And the relative error of
motion parameter estimation is kept in a small range, proving that the proposed method
possesses excellent applicability for targets with different motion parameters. This provides
a valuable approach for the study of energy concentration in multi-cycle radar echo signals
from targets enveloped with time-varying plasma sheath.

Despite the aforementioned research findings, only the anomalous inter-pulse co-
herence caused by time-varying reflection coefficients on multi-cycle echo signals was
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considered in the experimental setup, whereas the random disturbance generated by time-
varying reflection coefficients on the instantaneous time of echo signals was neglected.
This defect may affect the practical application of our proposed method. Our future re-
search interests will focus on more refined modeling of target radar echoes enveloped
with time-varying plasma sheaths, thereby eliminating the impact of time-varying plasma
sheaths on echo signals while laying theoretical foundation for improving the generality
and robustness of multi-cycle echo signal energy concentration.
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