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Abstract: The aerodynamic thermal ionization affects the re-entry target, and the surface will form a
‘plasma sheath (PSh).’ The PSh with fluid characteristics will produce relative motion with the re-entry
target. In the radar detection of the re-entry target, the relative motion characteristics cause the echo
signal to couple different intra-pulse Doppler frequency components, forming a ‘false target’ on the
one-dimensional range profile. In addition, the flight velocity of the re-entry target is exceptionally
high (usually greater than 10 Mach), and there will be a severe phenomenon of migration through
range cells (MTRC) during the detection period, which will make the coherent integration of the
multi-period radar echo signal invalid and further affect the reliable detection of the re-entry target.
Aiming at the ‘false target phenomenon’ and MTRC phenomenon in the process of re-entry target
detection, this paper proposes an improved keystone algorithm. Based on the traditional keystone
algorithm, a reliable, coherent integration method for radar echo of the plasma-sheath-covered target
is proposed by modifying the scale transformation factor and constructing the Doppler frequency
compensation function. It can effectively compensate the intra-pulse Doppler frequency and inter-
pulse Doppler frequency to improve the energy gain of the real target and lay a theoretical foundation
for the reliable detection of the plasma-sheath-covered target.

Keywords: plasma sheath; doppler frequency; false target; migration through range cells; improved
keystone transform

1. Introduction

When various re-entry targets are moving in nearby space at hypersonic velocity,
the high-velocity incoming flow in the stagnation area of the target generates a high
temperature after passing through the shock layer, and a large number of air molecules
are dissociated and ionized. The ionized products move relative to the target and flow
from the stagnation point area to the tail end area to form a ‘plasma sheath (PSh).’ PSh
is a complex electromagnetic (EM) medium that produces a series of EM interference,
such as power modulation and phase disturbance to EM waves [1]. In addition, PSh with
fluid characteristics will generate reflected radar signals [2–6], increasing the echo signal
component.

In the early research, Close et al. conducted radar observations of the sporadic Leo
meteor shower (a type of re-entry target), analyzed the RCS of meteors in different frequency
bands and proved that the appearance of the PSh caused the signal component in the echo
to increase [1]. Figure 1 shows the radar detection results of meteors under two frequency
conditions. The left diagonal is the head echo, considered to be the reflection signal of the
head meteor plasma, and the right diffuse reflection signal is the non-specular trail, which
is considered the reflection signal formed by the plasma. At present, referring to the radar
detection results of meteor plasma, the re-entry target should have at least two reflected
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signals under the influence of the PSh. Zhang Xi et al. established a broadband echo model
of the flow field distribution in the PSh based on the transmission/reflection process of
EM waves in the PSh, and initially analyzed the ‘false target’ phenomenon caused by the
PSh [7]. On this basis, the author of this article has carried out research on the Doppler
frequency compensation method of the single-period echo signal. By increasing the energy
gain of the real target, the target detection of the single-period echo signal is realized [8].
Although the current research has made some progress, the research on the processing of
multi-period radar echoes of the PSh-covered target is still in its infancy.
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Due to the limited bandwidth of the radar transmitting signal (the bandwidth is in-
versely proportional to the range resolution unit), the high moving velocity of the target
causes the migration through range cells (MTRC) phenomenon. The research on the solu-
tions to the MTRC phenomenon caused by the high-velocity movement is relatively mature,
such as the maximum likelihood method [9], the coherent Radon transform [10], and the
algorithm based on the Keystone transform (KT) [11–14]. However, the above methods are
mainly aimed at rigid targets. The generation of the PSh changes the characteristics of the
targets, changing from a traditional rigid target to a composite target with a fluid-covered
rigid body, which makes the traditional method inapplicable. Therefore, there is still no
effective detection method to detect the PSh-covered target.

Given the above situation, this paper simulates the radar echo signal of the PSh-
covered target and analyzes the relationship between the inter-pulse Doppler frequency
(IrD-frequency) and the intra-pulse Doppler frequency (IaD-frequency) in detail from the
theoretical perspective. The IaD-frequency of echo signal coupling is extracted by fractional
Fourier transform. The scale transformation factor is improved by using the IaD-frequency,
and the IrD-frequency compensation function is constructed by the approximation criterion
of the IaD-frequency and the IrD-frequency. Based on the improved scale transformation
factor and the IrD-frequency compensation function, the traditional keystone algorithm is
improved to eliminate the MTRC phenomenon, and the ‘false target’ phenomenon of the
multi-period echo signal energy gain of the real target is significantly improved. Finally,
the feasibility of the proposed algorithm is verified through theoretical deduction, and the
algorithm’s effectiveness is further verified through simulation.

The remainder of this paper is organized as follows. Section 2 proposes a PSh-covered
target detection method based on the improved Keystone algorithm. Section 3 simulates
and verifies the proposed target detection method. Section 4 summarizes conclusions.

2. Detection Method of PSh-Covered Target Based on Improved Keystone Algorithm
2.1. Echo Model of the PSh-Covered Target

When the target passes through the Earth’s atmosphere, its surface is covered with a
PSh, as shown in Figure 2.



Remote Sens. 2022, 14, 4869 3 of 15Remote Sens. 2022, 14, x FOR PEER REVIEW 3 of 15 
 

 

  
(a) (b) 

Figure 2. (a) PSh-covered target; (b) electron density calculation results. 

In Figure 2, the gray part denotes the target, and the colored part denotes the PSh, 
and the black dots denote different reference points on the surface of the target.  

Due to the fluid characteristics of the PSh, the far-field plane wave has different elec-
tromagnetic scattering characteristics and relative motion characteristics at different posi-
tions of the PSh, as shown in Figure 3. 

 
Figure 3. Local reflection characteristics of PSh-covered targets. 

By referring to [15], the IrD-frequency and reflection coefficient of each reference po-
sition under the PSh can be obtained, and the echo signal of the PSh-covered target can be 
obtained. 

The following table shows the calculation process for determining the reflection co-
efficient and Doppler frequency of the n-th point: 

In the table above, c is the velocity of light; fd(n) and fp(n,zm) respectively represent the 
IaD-frequency of the PSh at the n-th reference point and characteristic frequency of the 
PSh at the n-th reference point; fc represents the carrier frequency of RF signal; A(n) B(n) 
C(n) and D(n) represent the transmission parameters of the PSh at the n-th reference point; 
Z0 represents the vacuum’s impedance; and Zm+1 represents the impedance of the m-th 
layer at the reference point. 

According to the reflection coefficient and Doppler frequency equation in Table 1, 
the reflection coefficient and Doppler modulation frequency at different positions of the 
target are calculated, and the radar echo model of the PSh-covered target is established. 
The echo signal Rpla( t̂ , tq) of the q-th period of the n-th reference point is as follows [15]: 

)()ˆ()(),ˆ(
1

0,0 ntpnRefttR
N

n
qvqpla 

=

⋅+−⋅= ϕττ  (1)

where t̂  is the fast time, τ0 represents the initial time delay, τv,q is the time delay which is 
caused by the range change induced by the q-th period (q = 1,2...Q), which is expressed as 
follows: 

c
TqV rr

qv
)1(2

,
−−=τ  (2)

Figure 2. (a) PSh-covered target; (b) electron density calculation results.

In Figure 2, the gray part denotes the target, and the colored part denotes the PSh, and
the black dots denote different reference points on the surface of the target.

Due to the fluid characteristics of the PSh, the far-field plane wave has different
electromagnetic scattering characteristics and relative motion characteristics at different
positions of the PSh, as shown in Figure 3.
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By referring to [15], the IrD-frequency and reflection coefficient of each reference
position under the PSh can be obtained, and the echo signal of the PSh-covered target can
be obtained.

The following table shows the calculation process for determining the reflection
coefficient and Doppler frequency of the n-th point:

In the table above, c is the velocity of light; fd(n) and fp(n,zm) respectively represent the
IaD-frequency of the PSh at the n-th reference point and characteristic frequency of the PSh
at the n-th reference point; fc represents the carrier frequency of RF signal; A(n) B(n) C(n)
and D(n) represent the transmission parameters of the PSh at the n-th reference point; Z0
represents the vacuum’s impedance; and Zm+1 represents the impedance of the m-th layer
at the reference point.

According to the reflection coefficient and Doppler frequency equation in Table 1, the
reflection coefficient and Doppler modulation frequency at different positions of the target
are calculated, and the radar echo model of the PSh-covered target is established. The echo
signal Rpla(t̂, tq) of the q-th period of the n-th reference point is as follows [15]:

Rpla(t̂, tq) =
N

∑
n=1

Re f (n) · p(t̂− τ0 + τv,q) · ϕ0(n) (1)

where t̂ is the fast time, τ0 represents the initial time delay, τv,q is the time delay which is
caused by the range change induced by the q-th period (q = 1, 2, . . . , Q), which is expressed
as follows:

τv,q = −2Vr(q− 1)Tr

c
(2)
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where Vr represents the radial velocity of the target rigid body. ϕ0(n) in Equation (1) repre-
sents the phase term containing the IaD-frequency, which is expressed explicitly as follows:

ϕ0(n) = exp(−j2π( f0 + fd(n))τ0) · exp(j2π fd(n)t̂) · exp(−j2π( f0 + fd(n))τv,q) (3)

p(t̂) represents the complex envelope of the linear frequency modulation pulse signal, which
can be specifically expressed as follows [16,17]:

p(t̂) = rect(
t̂

Tp
) · exp(jπkt̂2) (4)

where k and Tp are the radar signal’s modulation frequency and pulse width, respectively.

Table 1. Reflection coefficient and IaD-frequency calculation process.

Require: fp(n,zm), C, fc, Z0,Zm+1, A(n), B(n), C(n), D(n)

(1) Compare the value of fp(n,zm) and fc:
if fc > fp(n,zi−1) fc < fp(n,zi−1) i = 1, 2, . . . , m→ i = m;

if fc > fp(n,zi−1) i = M − 1→ i = M;
where M represents the total number of layers in the plasma

sheath;

(2) Calculation equation of reflection coefficient at each
reference point

If i = M→ reflection medium is the metal;
Re f (n) = B(n)−Z0D(n)

B(n)+Z0D(n)
If i = m→ reflection medium is the plasma at the (m + 1)layer;

Re f (n) = (A(n)+B(n)/Zm+1(n))−Z0(C(n)+D(n)/Zm+1(n))
(A(n)+B(n)/Zm+1(n))+Z0(C(n)+D(n)/Zm+1(n))

(3) Doppler frequency calculation at n-th point:
fd(n) = −

2Vn(i) fc
c

According to the reference [12], the time–domain waveform of the radar echo is
severely distorted, and the disturbance within the pulse is serious. Through conduct-
ing pulse compression and frequency mixing operation on the echo signal expression of
Equation (1), the pulse compression result ypla(t̂, q) of the echo signal is as follows:

ypla(t̂, q) = Rpla(t̂, q) ∗ exp(−jkt2)

=
N
∑

n=1

1
k Re f (n)sinc(πB(t̂− 2R0

c − fc fd(Vr)(q− 1)Tr − fd(n)
k ))ϕ1(n)

(5)

In the above Equation (5), R0 is the initial range of the target, and fd(Vr) represents the
IrD-frequency (IrD-frequency is determined by the target’s radial velocity). ϕ1(n) represents
the phase term in the pulse compression result, which is expressed explicitly as follows:

ϕ1(n) = exp(−j4π( f0 + fd(n))
R0

c
) exp(j2π fd(Vr)

Vr(q− 1)Tr

c
) (6)

It can be seen from Equation (5) that the Sinc(.) function in the echo signal represents
the target position on the one-dimension range profile after being pulse compressed, and
the Sinc(.) function peak is affected by the IaD-frequency and the IrD-frequency.

Equation (5) can be further rewritten as:

ypla(t̂, q) =
N

∑
n=1

1
k

Re f (n)sinc(πB(t̂− 2R0

c
− fc fd(Vr)(q− 1)Tr −

fd(n)
B

Tp))ϕ1(n) (7)

It can be seen from the above equation that the peak position of the one-dimensional
range profile of the echo signal is affected by both the pulse width and the bandwidth. When
the pulse width increases, the peak interval increases; when the pulse width decreases,
the peak interval decreases. The IrD-frequency affects the phenomenon of MTRC, thereby
further causing coherent accumulated energy diffusing in the case of multiple periods. The
IaD-frequency fd(n) affects the number of peak targets, thus resulting in the occurrence of
the false target.
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The subsequent section will focus on problems of false target and MTRC in multi-
period radar echo signals of the PSh-covered target, to which an improved Keystone
algorithm will be proposed for effective detection.

2.2. Calculation of Doppler Frequency of the PSh-Covered Target

In the previous research, it has been acknowledged that the IaD-frequency and
IrD-frequency cause the false target phenomenon and the MTRC phenomenon in the
radar echo. This part will estimate the two kinds of Doppler frequencies and provide a
priori parameters for the improved keystone algorithm.

Using the fractional Fourier transform (FRFT) method [18,19], the IaD-frequency of the
echo signal is estimated, and the IaD-frequency component is extracted from Equation (1)
of the echo signal. The FRFT result of the echo signal is as fellow:

Xθ,q =
∫ ∞

−∞
Rpla(t̂, q) · Kθ(t̂, u)dt (8)

where Kθ(t,u) is regarded as the key to perform the FRFT, substituting Equation (1) into
Equation (8), and simplification can get the result after FRFT transformation:

Xθ,q =
N

∑
n=1

(
√
(1− j cot θ) exp(jπu2 cot θ)α(n) (9)

where α(n) represents the integral term in the FRFT transformation process, which is
specifically expressed as follows:

α(n) =
∫ ∞

−∞
exp(jπ(k + csc θ)(t̂− τq)

2
) exp(j2π( f0 + fd(n)− u csc θ)(t̂− τq))dt (10)

In Equation (9), θ = pπ/2 denotes the counterclockwise rotation angle of the signal’s
time axis, 2π denotes the period, (−π, π) denotes the value range, and p denotes the order
of FRFT. The period and the value range are 4 and (−2, 2), respectively.

In the above Equation (9), when θ = −arccot(k) is the optimal rotation angle, the
modulus value of Xθ(u,q) can be written as:

∣∣Xθ,q
∣∣ = Tp

√
(1− j cot θ)

sin(π( f0 + fd(n)− u csc θ)Tp)

π( f0 + fd(n)− u csc θ)Tp
(11)

The envelope of Equation (11) has a sinc(.) function. When f 0 + f d(n) = ucscθ, |Xθ ,p| is
the maximum value. Search for the peak of the two-dimensional plane (θ,u), and determine
the peak coordinates as follows:

{θesti, uesti} = argmax
∣∣Xθ,q

∣∣
θ,u

(12)

Therefore, by scanning the absolute value of the FRFT transformation of the echo signal
with the rotation angle θ as a variable, not only can the peak value of the two-dimensional
plane (θ,u) be searched for, but also the position of the peak point is determined.

The peak coordinates are used to calculate all frequency components of the echo signal,
and based on the carrier frequency of the intermediate frequency signal, the IaD-frequency
coupled in the echo signal is determined. The specific expression is as follows:

fdesti(i) = uesti(i) csc θesti(i)− f0 (13)

where fdesti is the estimated value of IaD-frequency. The IaD-frequency affects the posi-
tions of false targets. When the target flies at a fixed velocity and a fixed altitude, the
IaD-frequency does not change. The multi-repetition frequency method is used to roughly
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estimate the IrD-frequency of the target, and the ambiguity number of the IrD-frequency
estimation is calculated.

As shown in Figure 4, based on the different repetition frequencies fr1 = 1/Tr1 and
fr2 = 1/Tr2, the corresponding IrD-frequency frequencies fd(Vr1) and fd(Vr2) are estimated
using coherent accumulation processing. The actual velocity of the target can be expressed as:

fdesti(Vr) =

{ |( fd(Vr1)+ fd(r1V1rmax))+( fd(Vr2)+ fd(r2V2rmax))|
2 ,

argmin
V, r
|( fd(Vr1) + fd(r1V1rmax)) + ( fd(Vr2) + fd(r2V2rmax))|

}
(14)

where fd(.) is the Doppler frequency. When the repetition frequency is fr1, Vr1, Vr1max, and
r1 respectively represent the measured fuzzy velocity, maximum velocity value, and fuzzy
number. When the repetition frequency is fr2, Vr2, Vr2max, and r2 respectively represent the
measured fuzzy velocity, maximum velocity value, and fuzzy number.
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2.3. Multi-Period Echo Signal Processing Method Based on the Improved Keystone Transform

This section uses the IrD-frequency fdesti(Vr) to calculate the ambiguity number of the
estimated velocity. Based on the estimated IaD-frequency fdesti(i), the scale transformation
factor is modified, and the IaD-frequency compensation function is constructed. The energy
gain of the real target is improved, and the MTRC phenomenon is corrected to achieve the
effective energy focusing of the multi-period radar echo of PSh-covered targets.

Perform Fourier transform on the fast time dimension of Equation (1) to obtain the
frequency domain representation of the multi-period echo signal, as shown below:

ypla( f , q) =
N

∑
n=1

A
k

Re f (n)rect(
f
B
) · exp(−j2π f τq) exp(−j4π( f0 + fd(n) + f )

R0

c
) · β(n) (15)

where β(n) represents the phase term containing the target inter-pulse velocity information
and the IaD-frequency information, which is specifically expressed as follows:

β(n) = exp(j4π( f0 + fd(n) + f )
Vr(q− 1)Tr

c
) exp(j2π

fd(n)
k

f ) (16)

In the above equation, the related terms with frequency f and Doppler frequency fd(.)
are as follows:

exp(j4π( f0 + fd(n) + f )
Vr(q− 1)Tr

c
) (17)

exp(j2π
fd(n)

k
f ) (18)

Among the above two equations, Equation (17) leads to the MTRC phenomenon of
multi-period echo signals, and Equation (18) affects the generation of false targets.
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According to Equation (17), the traditional keystone scale transformation factor is
modified, and the improved scale transformation factor is as follows:

tq =
f0 + fdesti(i)

f + f0 + fdesti(i)
tc (19)

where tc is the virtual time corresponding to tq. It can be seen from Equation (19) that the
slow-time dimension is stretched within the region where f < 0, and is compressed within
the region where f > 0.

Accordingly, the compensation function of the IaD-frequency is designed based on
Equation (18) for the phenomenon of the false target, to which the corresponding expres-
sions are written as:

φ(i) = exp(−j2π
fdesti(i)

k
f ) i = 1, 2, . . . , I (20)

where I represents the estimated number of intra-pulse Doppler frequencies after perform-
ing FRFT transformation of the echo signal, i represents the i-th estimated intra-Doppler
frequency of the pulse.

Establish a sinc-type interpolation function based on Equations (19) and (20), and
process Equation (15), which is specifically expressed as follows:

Y( f , tc) =
Q

∑
q=1

I

∑
i=1

ypla( f , q)sinc(
f0 + fdesti(i)

f + f0 + fdesti(i)
tc − tq) · φ(i) (21)

Due to the high-velocity movement of the target, the velocity is usually blurred.
Therefore, Equation (21) is further modified as follows:

Y( f , tc) = η(tc)
Q

∑
q=1

I

∑
i=1

ypla( f , q)sinc(
f0 + fd(i)

f + f0 + fd(i)
tc − tq) · φ(i) (22)

where η(tc) represents the phase correction function that can be expressed as:

η(tc) = exp(j2πW
f0 + fd(i)

f + f0 + fd(i)
tc) (23)

In the above Equation (23), W represents the fuzzy number of the velocity, which is
expressed as follows:

W = f loor[ fdesti(Vr)/(2 · Tr)] (24)

Based on the above research, the flow chart of the improved keystone algorithm is as
follows in Figure 5 below:
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According to the above principle, the improved keystone processing is performed on
Equation (21), and the IFFT operation is performed to obtain the processed signal, which is
specifically expressed as follows:

Ypla(t̂, tc, n) =
I

∑
i=1

N

∑
n=1

1
k
|Re f (n)|sinc(πB(t̂− 2R0

c
)(1 +

fd(n)− fdesti(i)
k

)) exp(jϕ(Re f (n))) · λ(n) (25)

where λ(n) represents the phase term containing the IaD-frequency, which is specifically
expressed as follows:

λ(n) = exp(j4π( f0 + fd(n))tc) exp(−j4π( f0 + fd(n))
R0

c
) exp(j2π fd(Vr)

Vr(q− 1)Tr

c
) (26)

By comparing the corresponding positions of the peak energy of the Sinc function
contained in Equations (25) and (1), it is found that the term fd (Vr)(q − 1)Tr causes the
MTRC phenomenon to disappear. When the term fd (n) − fdesti(i) is zero, the peak position
of the Sinc function only correlates with the initial range R0 of the target. By accumulating
all periods, the sum of I times energy accumulation is conducted at the target range, thereby
forming a maximum energy peak at the initial range of the target.

3. Simulation and Analysis

This section uses computational plasma flow field simulation data [20]. The simulation
of multi-period radar echo is carried out for the target under typical flight altitude and
flight velocity.

Through time-frequency analytical results of the target radar echo in simulation
Equation (1), the multi-frequency information contained in the echo signal is therefore
determined. Through the method of multi-repetition frequency, the IrD-frequency fre-
quency of the target is estimated. Based on the two kinds of Doppler frequencies, the
improved Keystone algorithm proposed in this paper can solve the MTRC phenomenon
while achieving the energy accumulation of the real target. The corresponding simulation
parameters are listed in Table 2.

Table 2. Simulation parameters.

Parameter Value

Initial range of the target R0 = 10 km

Carrier frequency of the EM wave fc = 9.5 GHz

Pulse width Tp = 10 µs

Signal bandwidth B = 15 MHz

Sampling frequency Fs = 300 MHz

Flight velocity V = 25 Ma

Signal-to-noise ratio SNR = −10 dB

Pulse repetition period Tr = 100 µs

3.1. Echo Signal Processing of PSh-Covered Targets

This section uses the FRFT method to calculate the radar echo’s time-frequency domain
to obtain the echo coupling’s IaD-frequency component. Analyze the period-range two-
dimensional distribution of the multi-period echo signal, and determine the Doppler fre-
quency corresponding to the velocity of the target based on the method of multi-repetition
frequencies.

Figure 6 shows the FRFT result of the radar echo signal from the PSh-covered target.
As the time axis rotates counterclockwise, the energy accumulation of the echo signal on the
time axis gradually increases. When the rotation angle of the time axis is perpendicular to
the modulation frequency of the signal, the signal energy accumulates to form a peak, and
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an approximate ‘discrete’ phenomenon is formed in the two-dimensional order-frequency
plane. Due to the relative motion characteristics of the PSh and the target, the Doppler
frequency component ‘f 0 + fd(n)’ in the echo signal coupling pulse is caused, and there are
multiple energy peak points as the result of FRFT transformation.
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Figure 6. Time-frequency result of echo radar.

Figure 6 is a U-axis slice of the result of FRFT transformation of the PSh-covered target.
It is known that during the FRFT transformation, the angle axis only affects the estimation
of the modulation frequency in the echo signal. Based on Equation (1), it can be obtained
that the PSh does not affect the modulation frequency. Steps include fixing the coordinate
axis position corresponding to the modulation frequency, slicing the order axis (U axis), and
obtaining the echo signal carrier frequency projection on the U axis. Through the analysis
of the U-axis slice of the FRFT transform result, it is found that three Doppler frequency
components (Doppler frequency within the pulse generated by the PSh) are coupled in the
echo. By extracting the peak values of the three peak values of IaD-frequency, the obtained
frequencies are 0.538 MHz, 0.256 MHz, and 0.0259 MHz, respectively. It can be deduced
that the maximum value of the IaD-frequency only quantitatively approximates the value
of the IrD-frequency but differs in physical meanings, to which the specific expression can
be written as {

fd(n) ≤ fd(vr)
fd(vr) ≈ max[ fd(n)]

(27)

Figure 7 shows the pulse compression comparison of the echo signals of different
periods of the PSh-covered target (comparison results of the first period and the last period),
in which there are three blue peaks and three red peaks, indicating a significant MTRC
phenomenon.
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Figure 7. Slicing diagram of the target echo signal’s time-frequency results with PSh.

In a single period, the IaD-frequency causes an increase in the number of peaks on the
one-dimensional range profile, and the deviation of the peak position between multiple
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periods is caused by the bandwidth limitation of the radar transmission signal and the
Doppler frequency between pulses.

As shown in Figure 8, the pulse compression of the multi-period echo signal results in
multiple oblique straight lines parallel to each other. Since the simulation in this paper is a
steady-state PSh (the target is at a constant velocity and a fixed flying height), the Doppler
frequency component coupled in the echo does not change, and the PSh and the target are
in a state of accompanying flight at all times, so there are multiple inclined straight lines in
the two-dimensional period-range plane of the multi-period echo signal.
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Figure 8. Pulse compression results.

It can be seen from Figure 9 that the coherent integration processing is performed on
the pulse compression result of the multi-period echo signal, and the peak energy of the
two-dimensional range-Doppler frequency plane is diffused. The velocity of the target is
extremely high, which is far greater than the maximum velocity range of the radar, and
the limitation of the radar transmission signal bandwidth makes the range resolution unit
limited, resulting in an obvious MTRC phenomenon in the multi-period echo signal, and
the peak energy of the target cannot be effectively accumulated.
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As shown in Figure 10, the change of repetition period (1/repetition frequency) affects
the result of coherent integration. The repetition period of the transmitted radar signal is
increased from 100 µs to 130 µs, and the corresponding repetition frequency is reduced
from 10 KHz to 7.692 KHz. When the repetition period is 100 µs, the maximum velocity
that the radar can measure is 0.23 Ma (corresponding to the Doppler frequency 5000 Hz),
the coherent integration result of the target is on the 43rd Doppler channel, and the mea-
sured velocity is −27 m/s (corresponding to Doppler frequency is −1719 Hz). When the
repetition period is 130 µs, the maximum velocity that the radar can measure is 0.18 Ma
(corresponding to the Doppler frequency is 3846 Hz), the coherent integration result of the
target is on the 64th Doppler channel, and the measured velocity is −1 m/s (corresponding



Remote Sens. 2022, 14, 4869 11 of 15

to Doppler frequency is −60 Hz). Aiming at the target’s actual velocity of the target far
greater than the maximum velocity that the radar can measure, based on Equation (14), the
IrD-frequency estimated value is 0.53 through the optimization search, the corresponding
velocity is 24.7 Ma, and the velocity measurement error is 0.98%.
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Combined with the simulation results of Figures 10 and 11, the conclusion drawn from
Equation (27) is that the maximum IaD-frequency is similar to the IrD-frequency. Fixing
the repetition period (1/repetition frequency) of the radar signal, based on Equation (24),
the fuzzy numbers obtained by the two kinds of Doppler frequencies are the same, and the
ambiguity number will provide a priori parameters for the improved keystone algorithm.
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3.2. The Improved Keystone Algorithm

According to the prior parameters obtained in Section 3.1, based on the improved
keystone algorithm proposed in this paper, as shown in Equation (22), the multi-period
echo signal is processed, and simulation analysis is provided to verify the effectiveness of
the algorithm in this paper.

As shown in Figure 12, the improved keystone algorithm based on this paper com-
pensates for the multi-period echo signal, solves the MTRC phenomenon, and improves
the energy gain of the real target (the energy of the real target is much greater than the
energy of other targets). According to Equation (22), when fd(n) = fdesti(i), the peak value
is compensated to the real target position (10 km), otherwise over-compensation occurs,
and then an ‘over-compensated target group’ is formed, and multiple peaks appear on the
one-dimensional range profile.

As shown in Figure 13, after the algorithm in this paper processes the multi-period
echo signals of the plasma-sheath-covered target, the number of straight lines in the
two-dimensional range-period plane increases, which is due to the existence of the over-
compensation phenomenon and scaling factors mismatch phenomenon.

When the scaling factor is matched to the echo component, the slanted line is per-
pendicular to the range axis, and when the IaD-frequency is properly compensated, the
peak position is located at 10 km. Due to the concentration of pulse energy during the
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accumulation of multiple compensations, the linear energy at 10 km is much larger than
other linear energy.
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It can be seen from Figure 14 that multiple peaks will occur after performing coherent
integration with respect to Equation (25). Compared with Figure 10, it can be found that
although the number of peaks increases, the energy diffusion is significantly alleviated.
The algorithm in this paper solves the diffusion problem, thereby effectively accumulating
the energy of the multi-period echo signal.
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As shown in Figure 15, the coherent integration result processed by the improved
Keystone algorithm forms the largest energy peak at the target’s actual position. The energy
at the real target position is much larger than the other peak energy.

After compensation, the coherent integral energy gain of the real target is significantly
improved, which is 9.8 times higher than that in Figure 9. By improving the keystone
algorithm processing, the ratio of the real target energy to the maximum peak false target
energy is increased from 0.83 to 2.583, an increase of 3.11 times.
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3.3. Analysis of Simulation Experiment under Typical Parameter Conditions

In this section, according to the RAM-C data and radar parameter data in Table 2,
the radar echo signal of the target at typical flight altitude and typical flight velocity is
processed and calculates the energy ratio between the real target and the maximum false
target at peak value. Meanwhile, different classical methods are used to process the multi-
period echo signals in typical states, which further verifies the algorithm’s effectiveness in
this paper. The processing results of multi-period echo signals are shown in Table 3.

Table 3. Improved algorithm processing results.

fc = 9.5 GHZ Velocity/Altitude Energy Ratio

1 25 Ma/30 Km 2.583

2 15 Ma/30 Km 3.342

3 15 Ma/40 Km 2.274

4 15 Ma/60 Km 1.941

From the above table, it can be concluded that the flight altitude and velocity of
the target have an impact on the energy ratio after the improved keystone process. By
comparing the energy ratio of the target at Mach 25 and Mach 15, it can be seen that the
inhibition ratio of energy decreases as the velocity increases. Under the condition of the
same relative movement velocity of the target, different flight heights will affect the energy
ratio of the real target and the false target after compensation. This is because the density
of air near the ground decreases as altitude increases. The gradual thinning of the PSh
reduces the energy of the echo signal (low energy signals are easily overwhelmed by noise).

Shown in Figure 16 are the proposed method, frequency domain compensation algo-
rithm and MTD method. When the real target energy is less than the false target energy,
the traditional method can only detect the parameter information of the false target. When
the false target is in a stable state, the error of detection results does not change. When
the real target energy is greater than the false target energy, the traditional method can
effectively detect the target. Compared with the improved algorithm in this paper, it can
be seen that when the real target energy is less than the false target energy, the algorithm
can effectively detect the real target, and when the signal-to-noise ratio is greater than
−17 dB, the detection error of the real target is 0. With the decrease in signal-to-noise
ratio, the accuracy of IaD-frequency extraction decreases, and the matching degree of the
constructed scale transformation factor decreases. Therefore, the detection error of the
improved algorithm increases.
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4. Conclusions

Based on the radar echo model of the plasma-sheath-covered target, the influence law
of peak interval on the one-dimensional range profile of the echo signal is analyzed. By
analyzing the distribution characteristics of the time-frequency domain, the characterization
of IaD-frequency and IrD-frequency frequency is derived.

The IaD-frequency is used to modify the scale transformation factor, and the IrD-frequency
is used to construct the compensation function so as to improve the traditional Keystone
algorithm. The improved algorithm can effectively improve the energy gain of the real
target, solve the MTRC phenomenon, and realize the reliable, coherent integration of
multi-period radar echo.

Finally, the effectiveness of the proposed algorithm is verified by processing the multi-
period echo signals at typical flight altitudes and velocities. The reliability of the algorithm
is further verified by comparing it with the traditional algorithm. The research results
of this paper lay a theoretical foundation for further reliable radar detection and stable
tracking of plasma-sheath-covered targets.
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