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Abstract — A precise and efficient radar detection
method based on crossed two-component LFM signal is
proposed to deal with the detection problem of plasma-
covered object. The method contains two segments: 1)
design of transmitted signal, and 2) detection of object
information (position and velocity) from the ambiguity
function of the echo signal. For the first segment, the
transmitted signal is designed to be a 2-component LFM
signal with each component crossing with the other one
in the time-frequency domain. The crossing design of
the two components eliminates the disturbance term
in solving the ambiguity function, guaranteeing the
stability of detection. In the second segment, a mixed
detection technique is proposed, which contains prior-
information-based component classification and optimal
parameters solution, maintaining both the accuracy and
efficiency in detection. By the proposed method, both the
efficiency in computation and accuracy in detection are
achieved. The simulation results illustrate the validity of
the method.

Index Terms— Crossed two-component LFM signal,
plasma sheath, radar detection, reentry object.

I. INTRODUCTION

The radar detection of plasma-covered reentry
object arouses great attention in recent decade years with
the development of applications like spacecraft recycle
and radar surveillance. The emphasis in this research
field lies in the study of the effect and its solution of
plasma sheath on radar echo. Several researchers [1-6]
carried out their work in this field and reveal some effect
rules, including magnitude attenuation, dispersion in
frequency, which may cause the deviation or failure
in detection of object. However, these works mainly
focused on the effect study of plasma sheath but few
gave the way to overcome the effect. Certainly, there are
some methods that can be used to deal with the plasma
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sheath effect to some extent, like appending magnetic
field [7,8] and changing the antenna assembly of object
[9]. Unfortunately, these methods are proposed to deal
with the communication breakout problem but not
suitable for the radar detection problem.

In our previous work [10], we proposed an idea of
utilizing multi-component linear-frequency-modulation
(LFM) signal to detect the radar echo of plasma-covered
objects. The motivation of the idea is the consideration
of the influence rule of plasma sheath on ambiguity
function of the echo signal reflected by a plasma-covered
object. The rule can be summarized as following: the
plasma sheath can exert significant influence on the 2-D
time-frequency position of the maximal point of
ambiguity function, but its effect on the 2-D structure of
energy distribution is trivial. Under this consideration,
we found that, by using the multi-component LFM signal
[11-16] as the transmitted signal, one can produce an
ambiguity function with stable and detectable structure,
which is a more suitable way to detect the plasma-
covered object. However, the work in Ref. [10] is
preliminary and leaves a key problem about how to
detect the object from the echo for the case of multi-
component LFM signal as transmitted signal.

There are several methods which can be used to
detect the multi-component LFM signal, including
fractional Fourier transform (FRFT) [12-14], Wigner-

Hough transform (WHT) [15], Radon transform [16], etc.

These methods are effective in solving the parameters of
each component of the composite LFM signal. However,
they have a common weakness, that is: the estimation
precision of the parameters of components strongly
relies on the setup of the increment of rotation angle
and displacement quantity. A higher parameter precision
means a smaller increment which implies a more
complexity in calculation, restricting its real-time
detection application. But the radar detection of reentry
object, considered in this paper, requires both the
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precision and real-time capability. Thus, these common
methods mentioned above are not suitable for solving the
detection problem in this paper.

Maintaining both the detection precision (or accuracy)
and the real-time capability in the detection of multi-
component LFM signal is an intractable problem. We
tackle this problem only for the 2-component LFM
signal in this paper. This is because the 2-component
LFM signal is enough to acquire the stability and
detectability in structure of the ambiguity function for
the detection of plasma-covered object.

In this paper, we propose a precise and efficient
radar detection method of plasma-covered object based
on crossed 2-component LFM signal. The detection
method contains two parts: 1) the design of transmitted
signal, and 2) the detection of object information
(position and velocity) from the ambiguity function of
the echo signal reflected by a plasma-covered object. For
the first part, the transmitted signal is designed to be a
2-component LFM signal with each component of the
signal crossing with the other one in the time-frequency
domain of ambiguity function. The crossing design of
the two components eliminates the disturbance term
in solving the ambiguity function, guaranteeing the
stability of detection. For the second part, to maintain
both the precision and efficiency in detection, we
propose a mixed detection technique containing the
prior-information-based component classification and
the optimal parameters solution. By the proposed
method, both the efficiency and accuracy in detection are
achieved. The simulation results illustrate the validity of
the method.

I1. BACKGROUND OF RADAR DETECTION
OF A PLASMA-COVERED OBJECT
Let a transmitted radar signal be s(t). When the
signal s(t) meets with a plasma-covered reentry object,
an echo signal r(t) is generated. The relation of r(t) and
s(t) can be expressed as follows [6]:

r(t) =[s(t) ®1(t) ® p(t)]-exp(j27 fgt), 1)
where t is the time variable within one pulse repetition
interval (PRI) of a radar system, the sign '®"' represents
convolution, I(t) denotes the effect of space distance, p(t)
is the effect of the plasma surrounding the object to be
detected, and fy isthe Doppler frequency caused by the
velocity of the object.

Generally, the plasma effect on a radar echo is
described by the reflection coefficient of plasma p(f)

in frequency domain, expressed by

p(f) = 1p(f)lexp(ipy(f)), )
where | p(f)| is the magnitude of p(f) and ¢, (f) is
the phase of P(f). Note, the p(t) in (1) is a time-domain
expression and it is the Inverse Fourier Transform of
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p(f).

The plasma affects a radar echo both on the
magnitude and on the phase. Fiure 1 shows an example
of the plasma effect based on the measurement data of
'RAM-C' experiment [17]. The label ‘Diff. Phase’ in Fig.
1 means the differential phase which reflects the change
of phase. The 'Max Ne' denotes the maximal electron
density of plasma, which is an important plasma
parameter and is usually varying in a reentry flight of an
object. Clearly, the plasma causes magnitude attenuation
as well as phase jump in frequency domain, as shown in
Fig. 1.
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Fig. 1. An example of the plasma effect on echo signal
both on magnitude (top figure) and on phase (bottom
figure) in frequency domain.

To further reveal the plasma effect on radar
detection, we then give the introduction of radar signal
and that of ambiguity function analysis as follows.
The LFM signal (with one component), as a common
transmitted radar signal, is expressed as the form:

s(t) = Aexp(j(2r fot +$ Bt?)) , A3)

where the symbols A, fy, T, and B are the amplitude,

center frequency, pulse width, and bandwidth of the
transmitted signal, respectively.

The ambiguity function analysis of echo signal is a
popular and useful method in radar detection, by which
the object information about the position (reflected from
the time delay) and the velocity (reflected from the
Doppler frequency) of the object can both be determined.
In addition, the resolution of the echo signal in the 2-D
time-frequency domain can also be revealed from
ambiguity function. Let the ambiguity function of echo
r(t) be y(z, f), expressed by:

2z f) = j_f: s@rf(t+7)exp(j2z fr)dt , 4)

where the superscript ' ' denotes complex conjugation,
and 7 and f are the time delay and frequency shift,



respectively. By detecting the peak of the magnitude of
x(z, f), one can estimate the true time delay and the true

Doppler frequency of an object to be detected. Certainly,
the environmental interference or noise (such as the
plasma effect considered here) may influence the
estimation error.
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Fig. 2. Comparison of echo signal without plasma effect
and that with plasma effect in magnitude. (a) Magnitude
of echo signal without (top) and with (bottom) plasma
effect in frequency domain. (b) Magnitude of echo signal
without plasma effect in time-frequency domain. (c)
Magnitude of echo signal with plasma effect in time-
frequency domain.
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Note: the echo signal r(t) as well as the transmitted
signal s(t) in (4) are usually of intermediate frequency
form in realistic radar system, which implies a down-
conversion operation with a frequency fy,,, . Whatever

faown 1S, it ONly results in an additional oscillation with

fixed frequency on the whole ambiguity function y(z, f)
but not affects the energy distribution of y(z, f). With
this in mind, we omit the down-conversion frequency
faown 1N (4).

Figure 2 shows a comparison of echo signal without
plasma effect and that with plasma effect in the
frequency domain and in the time-frequency domain
solved by ambiguity function. The plasma effect in the
figure is selected to be a severe case to obtain an obvious
comparison (the same with that described by the purple
dashed line in Fig. 1). The transmitted signal is selected
to be a LFM signal with parameters: f, =2.7GHz,

B=200MHz, and T =1us . The horizontal coordinate and
vertical coordinate of the ambiguity function (sub-figure
(b), (c)) are the time axis (denoted by Az ) and frequency
axis (denoted by Afy ), respectively. Note: the true time

delay and true Doppler frequency in the ambiguity
function are both set to be zero here to make the
comparison clear.

It can be found from Fig. 2 (a), compared with the
echo signal in the top sub-figure, that in the bottom
sub-figure has an obvious magnitude distortion and
attenuation in frequency band due to the plasma effect.
From the comparison of Fig. 2 (b) and Fig. 2 (c), it is
clear that the peak of the ambiguity function is shifted
largely in the time-frequency domain, also the magnitude
of the major energy distribution is attenuated. The effect
of plasma will result in distinct deviation in detection of
the object in position and velocity.

I11. RADAR DETECTION OF PLASMA-
COVERED OBJECT BASED ON CROSSED
TWO-COMPONENT LFM SIGNAL

A. Design of transmitted signal

As shown in the Introduction section, the proposed
radar detection method contains two parts, shorted
by signal design and object detection here. The object
detection is obviously the key of the proposed detection
method, by which the object information of an echo
hidden in its time-frequency structure is extracted.
Before the presentation of the object detection, the signal
design has to be introduced firstly.

As indicated in our previous work [10], the peak
point of ambiguity function of echo signal in magnitude
is sensitive to the plasma effect, but its 2-D structure of
energy distribution is insensitive to the plasma effect.
Thus, if one can design a transmitted signal with a
robust and detectable structure, the plasma effect will
be reduced significantly. To meet this requirement, we
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designed a 2-component LFM signal as follows:

2
s(t) = AZexp(j(Z;z fot+ (=)' z Btz)), te [—I,I] ,(5)
ia T 2 2
where A, B, T, and f, are the common amplitude,
bandwidth, pulse width and center frequency of the
two components. Note: the two components in (5) are
designed to cross with each other in time-frequency
domain, which suppresses the generation of disturbance
term in time-frequency domain.

Figure 3 shows an example of ambiguity function
for such an echo signal (without plasma effect). The
setup of parameters is same with that in Fig. 2 except for
the signal type changing to two-component LFM signal.
As shown in Fig. 3, the two components of LFM signal
cross with each other, with the crossing point at the
center of each component, complying with (5).

The horizontal coordinate and vertical coordinate
of the crossing point in Fig. 3 represent the true time
delay (reflecting the true position of object) and the true
Doppler frequency (reflecting the true velocity of object),
respectively. Therefore, the object information (including
the true position and velocity of the object) can be
extracted by detection of the crossing point of the two
components. Actually, detecting the crossing point of the
two components is equivalent to detecting the structure
of the 2-D energy distribution of the LFM signal in
ambiguity function. This is because the crossing point,
as a main quantitative expression of the crossing
characteristic of the 2-D energy structure, possesses a
stable and robust position (2-D coordinate), reflecting
the stability of the structure. Clearly, the shift of the
energy peak of any one component along its main energy
region (a 'line") cannot affect the position of the crossing
point, reflecting its stability.
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Fig. 3. The magnitude of ambiguity function of echo
signal for the case of a two-component LFM signal as
the transmitted signal (without plasma effect).
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B. Detection method based on crossed two-component
LFM signal

As stated in Sec. I11-A, the crossing point of the two
components of the LFM signal contains the information
of true time delay and that of true Doppler frequency.
However, the direct detection of the crossing point
with high precision is a difficult problem. We tackle this
problem from the following thinking: the parameters of
the two components can be calculated at first, with which
an equation set is generated; by solving the equation set,
one can work out the crossing point. The key problem in
the thinking is how to obtain an efficient and accurate
estimation (or calculation) of the parameters of the two
components.

To deal with the problem, we propose a mixed
detection method containing prior-information-based
component classification and optimal parameters
solution. Different from the scenarios in Ref. [12-16],
in the detection application of this paper, we have an
important prior information about the echo signal
reflected from a plasma-covered object. That is: the echo
signal is initially produced from a transmitted signal
whose parameters (center frequency, bandwidth, and
pulse width) is known in advance. There are differences
between the echo signal and the transmitted signal due to
plasma effect. But, the differences are minor from the
view of the whole 2-D time-frequency ranges where the
main echo energy locates (see Fig. 3).

In detail, the available information which can be
used as prior information is listed as two parts as below.
a) From the aspect of actual application, the Doppler

frequency shift in an echo signal relative to the

bandwidth of its corresponding transmitted signal is
significantly small, making it possible to partition
the 2-D time-frequency figure of the echo signal
along the Doppler frequency axis.

b) The bandwidth B and pulse width T of the
transmitted signal determine the slope of the
two ‘energy lines' of the main energy regions of

ambiguity function to be J_rTE.

By utilizing the 'part a' prior information shown
above, we will classify all the available peak points
in the two 'energy lines' of echo signal in the 2-D time-
frequency domain. A schematic diagram about the
procedure has been drawn in Fig. 4. As shown in the
figure, we first partition the 2-D time-frequency figure
along the time axis (horizontal axis) to obtain two valid
regions and one fuzzy region. Then we pick all the valid
peak points from the leftmost column to the rightmost
column of the data in the valid region of | ¥(z, f)|. Only
those peak points lying in the two 'energy lines' (marked
by 'linel" and 'line2") are thought to be valid and can be
picked. Note that the 'lines' composed of the picked



points are broken off by the fuzzy region, forming a
fracture region along the vertical axis. Finally, we
classify all the picked points into their corresponding
‘energy lines' ('linel' or 'line2’) according to separation
effect caused by the fuzzy region and the fracture region.
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‘energy lines'. Actually, by using the 'part b' prior
information of the transmitted signal listed before, we
find that there are only two undetermined parameters by

and b, , which comply with the following equations:

Pl

picked points picked points

y \

linel

A Afd

Fig. 4. Schematic diagram of peak points classification based on prior information of transmitted signal.

The determination of the range of the fuzzy region
is indeed the determination of the maximal Doppler
frequency fy_max . It is related to the maximal relative
velocity v, between the object to be detected and the
radar station, complying with the following equation:

~|Vmax | fO! (6)
c

fd —-max ~

where ¢ is the speed of light, and f, is the center

frequency of transmitted signal. Usually, the velocity
Vmax 1S set as large as possible to ensure the validity of

the classification shown in Fig. 4.
In the picking of the peak points in the 'energy lines’,
there is a magnitude threshold labeled by M qgg) here

(in 'dB' form). For one column of the data in the valid
region of | ¥(z, f)|, only the maximal point larger than

M7 (gg) is thought to be a valid peak point (in an ‘energy

line") and is picked. The threshold is determined by the
following equation:

M+ (gB) =| 2(7, ) Inax(d) —Cr(dB) - )
where | (7, T) lnax(dg) is the maximum of | x(z, f)| in
'dB" form, and Cr(gp) is a const value in 'dB' form

indicating the boundary of the main energy region of
the components. The value Cygp) is set as 6dB here.

In some extreme case where the echo signal is extreme
weak, one can consider to set a smaller Cy ggy (such as

the half-power boundary 3dB) to obtain a more stable
results.

After picking the points and classifying them, one
can evaluate the undetermined parameters of the two

=
.2 line2
on
: I’/
= Hemresen et 27,
S N
line2 = linel
Az
B
by = for +=7pn. (82)
B 8b
b2:fp2_?fp2’ (8b)

where (7, fyy) and (75, fy2) are the time-frequency

coordinate of a picked point in 'linel' and that in 'line2',
respectively.
The optimal by and b, are labeled as by, and

by (opt) - respectively. They are the solution of the following
optimization problem:

N 2
L B
By(opt) =arg min Z(bl —( Fou(n) *+ 3 7oi(n) D . (%)
b nzt

N 2
L B
baopt) = argbmln Z‘i(bz _( fo2(n) —?sz(n) )j , (9b)
n=

2

where N; and N, are the number of picked points in
'line1' and that in 'line2", respectively, and (7 p1(ny, fp1(n))
and (7p2mn)s fp2(n)) arethe coordinate of the n-th picked

point in 'linel' and that in 'line2', respectively.

The optimization problem (9a) and (9b) just can be
solved by the least square method which can generate the
optimal results in the sense of minimizing the energy of
error. Whereas the undetermined parameter here is only
one for one problem (9a) or (9b), so the solution form is
simple, as shown below:

Nl

1 B
byopty = Z( foa(n) +—fp1(n)j !
Ny & T

(10a)

N

1 & B

bZ(Opt) = —N2 zl[ fp2(n) —?sz(n)) . (10b)
n=,
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Replacing by and b, in (8a) and (8b) by bygpr
and by respectively, then combining (8a) and (8b) to
be simultaneous equations and solving the variables f and
7, we obtain the evaluation of the crossing point of the
two components. By simplification of the result, the time
delay 7z and Doppler frequency fy_g of the crossing
point can be expressed as follows:

_ (bl(opt) - b2(opt) )T

TE

2B (11)
£ g = op) * Paop)
2
Obviously, 7 and fy_g correspond to the

estimated time delay and estimated Doppler frequency
of the object to be detected, respectively. The error of
re and that of fy_g can then be defined as:

{ ATE =Tg —Typpe
Afg_g = fa_g — fa_True
where 7rqe and fy_t.,e denote the true time delay and
true Doppler frequency of the object, respectively.

(12)

V. SIMULATIONS

In this section, we will illuminate the validity of
the proposed method. Also we will give a comparison of
the method to the common FRFT-based method to show
its superiority. The software for simulation is MATLAB
R2014, and the computer hardware setting is as follows:
CPU: Intel Core i5 3.3GHz, Memory: 8GB, OS: Windows7-
64bit.

To show the validity of the proposed method, the
noise is considered in the simulation. The signal-noise-
ratio (SNR) is employed to measure the noise level,
which is defined as follows:

SNR =10log;o(Ps / P,) (13)

where the unit of SNR here is dB, and P; and P, are

the power of signal (echo signal without noise) and that
of noise, respectively. As for each test SNR, we make
statistical measures with 100 times (generating 100 noise
samples). For each noise sample, we test four block sizes
of the time-frequency matrix obtained by ambiguity
function. Some common parameters settings are given
as below. The center frequency of transmitted signal is
fo =2.7GHz , the model of transmitted signal is adopted

as a 2-component LFM signal as shown in Sec. Ill. The
plasma effect is selected to be the same case described in
the purple dashed line in Fig. 1, which is a severe case
for the selected transmitted radar signal. The default true
time delay and Doppler frequency of an object is set as
3.5us and 342KHz, respectively.

A. Validation of the proposed method
A fixed transmitted signal is simulated with pulse
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width 50us and bandwidth 100MHz. One can find that
the ambiguity resolutions of this transmitted signal in
time delay and Doppler frequency are 10ns (1/100MHz)
and 20KHz (1/50us), respectively. In the calculation of
ambiguity function, the discrete size (or block size) of
the generated function needs to be considered. Clearly,
larger size can provide finer time-frequency structure
which is helpful for estimation, but it will be more
time-consuming. In contrast, smaller size case provides
coarser time-frequency structure but is more efficient in
calculation. As a simplification, the generated figures of
ambiguity function are considered to be square (the same
number of rows and columns). We select four different
block sizes (number of rows or columns) for test: [500,
250, 125, 63], which are in a reasonable range for real-
time radar detection. Figure 5 shows the estimation
errors for the time delay and Doppler frequency by the
proposed method for the four block sizes at SNRs of
-20dB, -10dB, and 0dB, respectively. For each selected
SNR and block size, there are 100 results generated
corresponding to 100 noise samples and drawn in Fig. 5.

As shown in Fig. 5, the estimated time delay and
Doppler frequency tend to concentrate with the increase
of SNR. As for the block size, its influence on the
concentration of estimation results is trivial, but it will
affect the deviation of the results. Usually, the smaller
the block size, the larger the deviation of estimated
results.

Whereas the most important fact observed from Fig.
5 is that the proposed method can work in an acceptable
way even at an extreme SNR of -20dB (see Fig. 5 (a)).
In this extreme SNR case, the estimated results are still
not over the ambiguity resolution (10ns in time delay and
20KHz in Doppler frequency) and have not generate
‘bad point’, which shows the high estimated accuracy
and stability of the proposed method.

To show the deviation and error of the estimated
time delay and Doppler frequency from a quantitative
view, we calculate the average deviation and the std
(standard deviation) of the estimated results. The tested
SNRs are extended to five cases for sufficient test: -20dB,

-15dB, -10dB, -5dB, and 0dB. Let | Azg | be the absolute

average error of time delay and | Afy_g | be the absolute
average error of Doppler frequency. Let 5, be the std

of time delay error and Onf, . be the std of Doppler

frequency error. Fig. 6 shows the statistic results of the
average deviation and std.

As presented in Fig. 6, the average deviation of time
delay and that of Doppler frequency are both insensitive
to SNR. Whereas they can be affected by the block
size distinctively. In general, larger block size is more
possible to generate smaller estimated deviation, which
conforms to the results in Fig. 5. As for the std of
estimated error, the influence of SNR predominates.
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With the increase of SNR, the stds of estimated errors
both for time delay and Doppler frequency decrease.
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Fig. 5. The estimation errors for time delay Azg and
Doppler frequency Afy_g for 4 block sizes of time

frequency matrix at different SNRs. (a) SNR=-20dB, (b)
SNR=-10dB, and (c) SNR=0dB.
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Fig. 6. Average deviation and std of the estimated time
delay and Doppler frequency by the proposed method.

Top left: absolute average error of time delay | ATE | vs
SNR; top right: absolute average error of Doppler
frequency | Afy_g | vs SNR; bottom left: std of time
delay error 5, vs SNR; bottom right: std of Doppler

frequency error 5S¢ vs SNR.

One can also find that the maximal deviation of
estimated time delay is not larger than 3ns and that of the
Doppler frequency is not larger than 1.5KHz. Both of
them are lower than the ambiguity resolution (10ns
for time delay and 20KHz for Doppler frequency)
significantly. As for the stds of estimated errors, they are
also much lower than the ambiguity resolution even for
the extreme SNR of -20dB.

For the time consumption, the proposed method also
has superiority. Actually, the most time-consuming
part of the method lies in the calculation of ambiguity
function. In the simulation of Fig. 5, at any a fix SNR
and a fixed noise sample, the algorithm consumes near
the same time of about 0.5s for each block case without
considering the calculation of ambiguity function. For
the calculation of ambiguity function, it takes about
10.4s, 5.6s, 2.8s, and 1.6s for the block sizes 500, 250,
125, and 63, respectively. Certainly, in the calculation
of ambiguity function, the fast algorithm is employed.
However, one should note that the simulation in this
paper does not utilize the parallel computing. Whereas in
the realistic application, the parallel computing is highly
suggested, which can further significantly reduce the
consumed time.

B. Comparison of the proposed method to FRFT-
based method

To evaluate the proposed method fairly, we employ
the common FRFT-based method to estimate the time
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delay and Doppler frequency. For fair comparison, the
related parameters are set same with that by the proposed
method shown above. The block sizes of the angle-shift
region in FRFT are set as [500, 250, 125, 63], the same
with that in Sec. VI-A. Figure 7 shows the estimated
results for SNR=-20dB.

20 20 SNR:-20dB
— SNR:-20dB — block size:250
N block size:500 N
T 10 T 10
= <
w 0 w 0
4 10 4 10
20 o 20 o
10 0 10 10 0 10
-_\rE (ns) ATE (ns)
5000 SNR:-20dB 5000 | SNR:-20dB o
. block size:125 __ block size:63 ~_©
N @ N oo ©
T T
< 0 @ 3 0
Y % y
\_b “_U
5 5000 9% 5 -5000
-10000 -10000
-2000 0 2000 -2000 0 2000
ATE (ns) ArE (ns)

Fig. 7. The estimation errors for time delay Azg and
Doppler frequency Afy_g by FRFT for four block sizes
at SNR=-20dB.

As for the block cases 500 and 250 as shown in Fig.
7, the maximal divergences of estimated results have
reached about 20KHz for Doppler frequency and 10ns
for time delay even though the results have better
concentration. As for the cases with block sizes 125
and 63, however, the estimated results are flawed.
Comparing these results with that by the proposed
method as shown in Fig. 5 (&), one can find the resulting
deviation by the proposed method is smaller (not larger
than half of that by FRFT). Furthermore, as for the block
sizes 125 and 63, the proposed method also generates
acceptable result with smaller deviation.

The detailed estimated results for other SNRs are
not shown here for saving space. Instead, we calculate
the average deviation and the std of the estimated results
for all the five candidate SNRs (including -20dB, -15dB,
-10dB, -5dB, and 0dB) and present them in Fig. 8.
Considering the huge estimation errors for blocks 125
and 63 at lower SNRs, we separate these blocks into two
groups and plot the results in two sub-figures, as shown
in Figs. 8 (a) and (b).

As shown in Fig. 8 (a), the average deviation and the
std for the block sizes 125 and 63 do not reach a 'normal
level' until the SNR gets to a larger level (> -10dB here).
Yet the average deviation in the 'normal level' is still
much larger than that by the proposed method in Fig. 6,
even though the std reaches zero. Take a look at the case

of SNR=0: for | Af4_g |, the deviation reaches 141.9KHz
for block size 63 and 19.4KHz for block size 125; for
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|E| , it reaches 7.4ns for the two block sizes. For
block sizes 500 and 250 in Fig. 8 (b), the estimated results
appear to be stable (SATE =01, =0 ) for SNR>-15dB.
Whereas, the average deviations are nearly not affected
by the SNR and are in a higher level than that by the
proposed method in Fig. 6. For SNR>-15dB, | Afy g |
reaches 18KHz for both the block sizes 500 and 250, and
| ATE | reaches 7ns for block size 250 and 3ns for block
size 500.
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1500
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0 J oy . " 3
20 15 10 5 0 20 15 10 5 0
SNR (dB) SNR (dB)
(a)
(A: block size:500, o: block size:250)
8 18. = es -
(o oS T 75
7 6f" g7
= - 17
E, i
< =
B Y SRR S—. Y & < 165
2 16
20 15 10 -5 0 20 15 10 -5 0
SNR (dB) SNR (dB)
4 8
3f 56|
2 4
g 3
1 )
0 & 0. &
20 -5 -0 5 0 20 45 -0 5 0
SNR (dB) SNR (dB)

Fig. 8. Average deviation (| Azg | and | Afq_g |) and std
(Oar, and S ) of the estimated time delay and

Doppler frequency by FRFT. (a) Block sizes: 125 and 63.
(b) Block sizes: 500 and 250.

The larger deviations of the estimated results by
FRFT are mainly due to that the estimation precision
mainly relies on the setup of increment (or the block size
mentioned here), as indicated in the Introduction Section.
Whereas, given the same block size, the proposed
method makes full use of the block information (exactly,
the 'energy line' information) and the prior information,



with the estimation results solved by an optimal scheme
on those information. This results in a much higher
improvement in estimation, as shown in Fig. 5 and Fig.
6.

For the time consumption, at any a fix SNR and
a fixed noise sample, it is about 1210s for calculating
all the four block cases in all, including 894s, 244s, 57s,
and 15s for the block sizes 500, 250, 125, and 63,
respectively. It is very time-consuming compared with
the proposed method. The applicable fast algorithm
of FRFT in the scenarios of this paper is in the
consideration of our further work.

In all, the simulation results above show the validity
of the proposed method in precision and efficiency. In
addition, the results also illustrate the stability of the
proposed method, in which acceptable estimation results
are generated without ‘bad point” even for SNR=-20dB.
The comparison to FRFT-based method further shows
the superior of the proposed method in solving the radar
detection problem of plasma-covered objects.

V. CONCLUSION

In this paper, we proposed a precise and efficient
radar detection method based on crossed 2-component
LFM signal to deal with the detection problem of
plasma-covered objects. By designing the transmitted
signal to be a crossed 2-component LFM signal and
detecting the object information from the ambiguity
function of echo signal, the accuracy and efficiency are
achieved. The simulation results illustrate the validity of
the proposed method in accuracy, efficiency, and
stability in estimating the object information (position
and velocity). In our further work, some more extreme
cases for plasma influence will be studied and also the
detection of multiple objects will be considered.
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