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Abstract: The  application  scope  of  the  forward  scatter  radar
(FSR)  based  on  the  Global  Navigation  Satellite  System  (GNSS)
can  be  expanded by  improving  the  detection  capability.  Firstly,
the  forward-scatter  signal  model  when  the  target  crosses  the
baseline  is  constructed.  Then,  the  detection  method of  the  for-
ward-scatter  signal  based  on  the  Rényi  entropy  of  time-fre-
quency distribution  is  proposed and the  detection  performance
with different time-frequency distributions is compared. Simula-
tion results show that the method based on the smooth pseudo
Wigner-Ville  distribution  (SPWVD)  can  achieve  the  best  perfor-
mance. Next, combined with the geometry of FSR, the influence
on  detection  performance  of  the  relative  distance  between  the
target  and  the  baseline  is  analyzed.  Finally,  the  proposed
method  is  validated  by  the  anechoic  chamber  measurements
and  the  results  show  that  the  detection  ability  has  a  10  dB
improvement  compared  with  the  common  constant  false  alarm
rate (CFAR) detection.
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 1. Introduction
Passive  radar  based  on  the  external  radiation  source  has
many  advantages  [1,2].  However,  the  target  echo  power
may usually  be  too  weak to  be  detected.  Therefore,  it  is
necessary to use long-time integration techniques or high-
gain  antennas  [3−5],  which  makes  the  receiver  complex
and  expensive.  The  passive  radar  based  on  the  Global
Navigation Satellite System (GNSS) has a wide coverage
area and can work all weather and all day. However, the
power density on the ground is too low (about −130 dBm),
resulting in a very short detection range for GNSS-based
passive radar [6−10].

The  high-level  radar  cross  section  (RCS)  can  be
obtained in  the  forward-scatter  region.  If  forward-scatter

detection  is  used,  the  detection  range  can  be  improved
effectively. A forward scatter radar (FSR) network based
on GNSS can be constructed through multiple distributed
detection nodes on the ground, which can be used for air-
craft  detection  [11].  In  this  way,  it  is  urgent  to  find  an
effective detection method for the forward-scatter signal.

There are many research results on target detection for
GNSS-based  passive  radar  [12].  The  received  signal
shows  an  obvious  fluctuation  [13−15],  when  the  target
crosses the baseline.  Based on the echo extraction in the
traditional  tracking  loop  of  the  GNSS  receiver,  the
received  signal  model  was  given  in  [16−18],  and  the
shadow  inverse  synthetic  aperture  radar  (SISAR)  signal
model  and  imaging  method  were  established  [19].  The
forward-scatter  signal  of  the  civil  airplane  was  captured
in the experiment, and the experiment in [20] verified the
feasibility of target detection in the FSR network.

The  extracted  forward-scatter  signal  is  a  two-sided
chirped  signal,  which  is  similar  to  the  linear  frequency
modulation (LFM) signal [21]. For the detection of LFM
signal  [22−24],  time-frequency  analysis,  and  Hough/
Radon transform are usually used. It needs to perform the
two-dimensional  peak  search,  which  is  computationally
intensive.  It  is  especially  important  to  find  effective  sig-
nal detection methods [25−28] combining the characteris-
tics of forward-scatter signals.

In this paper, the geometry of GNSS-based FSR is con-
structed  first,  and  the  forward-scatter  signal  model  is
given. Then, the signal detection is realized by using the
Rényi entropy of the time-frequency distribution, and the
detection performance with different time-frequency dis-
tributions under constant false alarm rate (CFAR) condi-
tions is compared. Finally, the detection algorithm is vali-
dated by the anechoic chamber measurements.

 2. Forward-scatter signal model
The FSR baseline  coordinate  system is  shown in Fig.  1,
with  the  receiver  at  the  origin  and  the  transmitter  at  the
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y-axis.  The  target  trajectory  is  parallel  to  the xOy plane,
so the z-axis  is  perpendicular  to the target  trajectory and
baseline,  and  the  velocity  is v.  The  distance  from  the
intersection point of the target trajectory projection on the
xOy plane and the baseline to the origin is dR. The three-
dimensional  position  coordinates  of  the  rectangular  tar-
get (length l × width h) are (x(t), y(t), zp), where zp is the
target  height  relative  to  the xOy plane,  and  is  also  the
shortest distance from the target trajectory to the baseline.
The  intersection  angle  between  the  target  trajectory  pro-
jection and the baseline is θt. The angles αh, αv and βh, βv

represent the azimuth and elevation of the target relative
to  the  receiver  and  transmitter,  respectively. RT repre-
sents the distance between the target and the satellite, RR

represents  the  distance  between  the  target  and  the
receiver, and L represents the distance between the satel-
lite and the receiver.
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Fig. 1    Geometry of GNSS-based FSR
 

Under  the  forward-scatter  detection  structure,  the
received signal can be regarded as the coherent superpo-
sition  of  direct  wave  and  target  scattered  wave.  After
down-conversion  and  code/carrier  tracking,  the  expres-
sion  of  the  extracted  forward-scatter  signal  is  given  in
[16−18] as

E (t) = Utg (t)cos
[
φσ−

2π f0

c
(RT (t)+RR (t)−L (t))

]
(1)

where Utg(t)  is  the  target  scattered  signal  amplitude,
depending  on  the  target  shape  and  target  position, φσ is
the target scattered phase, f0 is the carrier frequency, and
c is the velocity of light.

The  Doppler  frequency  is  the  difference  between  the
Doppler  frequency of  the target  scattered signal  and that
of the direct signal. Utg(t) can be calculated as

Utg (t) =
√

2Pr (t) =

√
2PEGRσfs (t)λ2

(4π )3R2
T (t)R2

R (t)
(2)

where Pr(t)  represents  the  target  scattered  signal  power,
PE is  the  equivalent  omnidirectional  radiation  power

(including antenna gain) of the GNSS satellite, GR is the
receiving  antenna  gain, σfs is  the  target  forward-scatter
RCS, and λ is the signal wavelength.

The forward-scatter RCS of the rectangular target [29]
can be calculated as

σfs (t) = 4π
(lh)2 sin(θt−βh)cos2βv

λ2
·(

sinc
(
π lsin(θt−βh)

λ
sin(αh+βh)

))2

·(
sinc

(
π hcosβv

λ
sin(αv+βv)

))2

. (3)

In the FSR baseline coordinate system, (1) is approxi-
mately expressed as

Er (t) ≈ Utg (t)cos
[
π K′r t

2+π z2
P/ (dRλ)−φσ

]
(4)

K′rwhere  is the Doppler rate in Hz/s, expressed as

K′r =
v2sin2θt

dRλ
. (5)

In summary, the phase contains information such as the
distance dR from  the  target  crossing  position  to  the
receiver  and  the  minimum distance zp from the  target  to
the baseline. The frequency modulation includes informa-
tion such as target velocity v and motion direction θt. The
change  of  these  parameters  will  influence  the  detection
performance, especially the values of dR and zp are related
to the power of the target scattered signal.

Although the target  can obtain a high level  of  RCS in
the  forward-scatter  area,  coherent/incoherent  integration
is  still  required  to  improve  the  signal  to  noise  ratio
(SNR). Due to the limitations of the forward-scatter con-
dition,  the  target  is  in  the  detectable  range  for  a  short
time, and it is challenging to achieve target detection and
motion  parameter  estimation  in  this  period.  The  signal
parameters, including Doppler slope and scattering phase,
are  determined  by  the  target  motion  state,  so  the  signal
waveform cannot  be  known in  advance.  It  is  difficult  to
obtain the prior knowledge required for traditional detec-
tion  quantity  design.  Thus  the  usual  incoherent  energy
integration  method  is  used.  However,  when  the  SNR  is
low,  the  noise  energy  will  also  be  accumulated,  which
leads  to  that  the  method  cannot  work  very  well.  In  the
next  section,  the  signal  detection  method  based  on  the
Rényi  entropy  of  time-frequency  distribution  [30]  is
introduced,  which  does  not  require  energy  accumulation
and avoids this problem effectively.

 3. Signal detection based on Rényi entropy of
time-frequency distribution

Entropy is  a measurement of the “uncertainty” of a sys-
tem. The concept of Rényi entropy of time-frequency dis-
tribution [30] is defined as
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Hα (Cs (n,k)) =
1

1−α log2

N∑
n=−N

K∑
k=−K

 Cs (n,k)∑
n′k′

Cs (n′,k′)


α

(6)

where N is the number of sampling time points, K is the
number  of  sampling  frequency points, α＞0 is  the  order
of Rényi entropy, and Cs(n,k) is the time-frequency distri-
bution corresponding to signal s(n).

The  Rényi  entropy  reflects  the  amount  of  information
contained in the time-frequency distribution. Because the
noise  is  a  random  signal,  its  time-frequency  distribution
contains  a  large  amount  of  information.  We  can  use  the
Rényi  entropy  of  the  time-frequency  distribution  as  the
detection statistic quantity. For different kernel functions,
the  entropy  values  are  different.  To  make  the  entropy
value smaller and have a good distinction with the noise,
it is necessary to minimize the complexity of the time-fre-
quency distribution.

According  to  the  detection  theory,  the  decision  crite-
rion is

Hα (Cs(n,k))
H0

>
<
H1

γ (7)

γwhere  is the threshold of judgment.
The judgment criterion is expressed as

X =
K∑

k=−K

N∑
n=−N

 C (n,k)∑
n′

∑
k′

C
(
n
′
,k

′
)

α

H0

>
<
H1

η (8)

η = 2(1−α)γwhere .
According to the central limit theorem, for a sufficient

number  of  sampling  time  points N and  sampling  fre-
quency points K, X approximately obeys the normal dis-
tribution with mean value m and standard deviation σ.

The  false  alarm  probability  of  detection  can  be
expressed as

Pf = Q
(
η−m
σ

)
(9)

Q (x) =
w +∞

x

1
√

2π
exp

(
−1

2
t2

)
dtwhere  is  the  right-tailed

probability function of the random variable.
Therefore, the judgment threshold is

η = σQ−1 (Pf)+m. (10)

After 104 Monte Carlo simulations, the detection statis-
tics  of  noise-containing  forward-scatter  signal  are  calcu-
lated  and  its  distribution  is  showed  in Fig.  2.  The  flow
chart  of  simulation  validation  is  summarized  in Fig.  3.
First, the SNR parameter is set, Monte Carlo simulations
for  the  case  only  with  noise  are  conducted,  and the  nor-
mal distribution curve is used to fit the detection statistic
X. The mean value m and the standard deviation σ can be
estimated,  so  the  decision  threshold η can  be  obtained.
Then, based on (4), the signal containing forward-scatter

signal  and  noise  is  simulated  by  Monte  Carlo  for  equal
times  to  determine  the  detection  probability.  Changing
the  parameters,  the  above  process  is  repeated  to  obtain
the detection probability with different SNRs.
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Fig. 2    Test of normal distribution of statistics
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 4. Simulation and analysis

In  the  real  scene,  the  received  signal  includes  forward-
scatter  signal,  multipath  signal,  noise,  and  interference.
The  multipath  signal  can  be  removed  by  adding  a  win-
dow  in  the  linear  canonical  transform  domain  [31].  The
forward-scatter signal simulation using (4) in this section
only  considers  noise.  The  parameters  are  shown  in
Table 1. The time domain waveform of the forward-scat-
ter signal is shown in Fig. 4(a), and the target RCS calcu-
lated with (3) is shown in Fig. 4(b), which shows that the
signal  amplitude is  modulated by RCS, and the signal  is
symmetrical about the crossing time. The SPWVD of the
forward-scatter signal is shown in Fig. 4(c). The forward-
scatter signal is approximately the LFM signal.

 
 

Table 1    Simulation parameters of forward-scatter signal

Parameter Symbol Value

Omnidirectional radiation power/dBw PE 30

Receiving antenna gain/dB GR 10

Carrier frequency/MHz f0 1 268.52

Baseline length/km RD 21 528

Target scattered phase/rad φσ 3π/2

Rectangle target length/m l 20

Rectangle target width/m h 13
The distance between the target crossing

point and the receiver/m
dR 8 000

The angle between the target motion direction
and baseline/rad

θt π/2

Target velocity/(m·s−1) v 250
The minimum distance between the target trajectory

and the baseline/m
zp 0

Signal sampling frequency/Hz fs 100

False alarm probability Pf 10−6
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Fig. 4    Simulation results of forward-scatter signal

 
 4.1    Detection  performance  with  different  time-fre-

quency distributions

The  selected  time-frequency  transformation  methods
include  pseudo  Wigner-Ville  distribution  (PWVD),
SPWVD,  Born  Jordan  distribution  (BJD),  Margenau
Hill  distribution  (MHD),  Choi  Williams  distribution
(CWD)  and  Butterworth  distribution.  The  SPWVD
expression is

SPWx(t, f ) =w +∞
−∞

h(τ)
w +∞
−∞

g(s− t)x(s+
τ

2
)x∗(s− τ

2
)e−j2π f τdsdτ (11)

where x(t) represents the forward-scatter signal, g(s−t) is
a smooth window function in the frequency domain; h(t)
is a smooth window function in the time domain; g(0) =
h(0)  =  1.  The  rest  of  the  time-frequency  distribution  is
defined in [32].

The  times  of  Monte  Carlo  simulations  is  set  as 1 000,
as  shown  in Fig.  5(a).  The  Rényi  entropy  is  also  calcu-
lated  for  noise  signals  with  different  SNRs,  as  shown in
Fig.  5(b),  which  proves  that  the  forward-scatter  signal
detection can be realized by using the difference of Rényi
entropy.
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Fig. 5    Rényi entropy under different time-frequency distributions
 

Set the order of Rényi entropy as 3, the times of Monte
Carlo  simulations  as  104,  and  the  signal  duration  as  1  s.
The detection probability curves are shown in Fig. 6. The
detection probability with the SPWVD is the highest and
the MHD is the worst. When SNR = −3 dB, the detection
probability  with  almost  all  the  time-frequency  distribu-
tions  exceeds  80%,  which has  great  advantages  over  the
12  dB  requirements  of  conventional  CFAR  detection.
Therefore, the detection range can be further expanded by
selecting  the  proposed  detection  method  for  the  GNSS-
based FSR.
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Fig. 6    Detection probability under different time-frequency distri-
butions (false alarm rate is 10−6)

 4.2    Detection  performance  analysis  with  different
signal parameters

According  to  the  forward-scatter  signal  model,  the
signal  parameters,  affecting  the  detection  perfor-
mance,  include the distance dR from the projection point
on  the  baseline  to  the  receiver,  the  shortest distance zp

from  the  baseline  when  the  target  crosses, the  angle θt

between the target trajectory and the baseline, and the tar-
get  velocity v.  In  addition,  the motion  process  when  the
target  is  gradually  approaching  the  baseline  also  affects
the detection performance. In the real application, a seg-
ment  of  the  received  signal  is  chosen  to  detect  whether
there is a target echo. Assuming that the vertical distance
from the  midpoint  of  the  target  trajectory  corresponding
to the signal segment to the baseline is d, and the impacts
of zp and d values on the detection performance are ana-
lyzed as follows.

Fig. 7 shows the detection probability with different zp.
In Fig.  7(b),  when zp reaches  35 m,  the  detection proba-
bility decreases quickly, which is caused by the modula-
tion of the target RCS on the signal amplitude. The target
RCS  can  be  regarded  as  a  sinc  function,  and  then  it
reaches  the  first  zero  point.  With  the  increase  of zp,  the
corresponding bistatic angle gradually decreases, and the
RCS  value  changes  as  the  side  lobe.  The  RCS  drops
sharply,  so  the  detection  probability  decreases.  As  the
length of the signal segment increases,  the signal energy
becomes larger, and the peak value of detection probabi-
lity becomes larger after zp > 50 m. Under the current sys-
tem  parameters,  the  detection  range  near  the  baseline  is
35  m,  and  a  larger  detection  range  can  be  obtained  by
extending  the  signal  integration  time  and  using  a  high-
gain antenna.
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Fig. 7    Detection probability analysis
 

Fig. 8 shows the detection probability with different d.
Starting with the case that the target trajectory is symme-
trical about the baseline (d = 0 m). The signal segment is
intercepted using a sliding window with the length set to
0.5 s, 0.6 s, and 0.7 s, respectively. And the sliding length
is 0.02 s. With the increase of d, the corresponding posi-
tion in the center of the signal segment is gradually away
from the baseline. With the same receiver noise, the SNR
is  gradually  reduced.  Therefore, Fig.  8 shows  a  down-
ward trend. When d ≈ 150 m, the corresponding moment
of the signal  segment center  is  about 0.6 s.  At this  time,
the detection curve is stable near a certain value, and the
RCS value corresponding to the signal segment is gradu-
ally  away from the  main  lobe.  The  greater  the  length  of
the  signal  segment,  the  greater  the  detection  probability
stability value. When d reaches about 200 m, the central
moment  of  the  signal  segment  is  0.8  s,  which  corre-
sponds to the RCS slide lobe area, so the detection proba-
bility drops sharply.
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Fig. 8    Detection probability with different d

 5. Experimental validation
 5.1    Anechoic chamber experiment design

To obtain  the  forward-scatter  signal,  we make the  target
pass through the line between the transmitting and receiv-
ing  antennas  with  a  uniform  velocity.  The  target  height
should be  adjustable,  so  we can obtain  the  target  echoes
with different heights. The designed experiment scenario
is shown in Fig. 9, where HT and HR are the heights from
the  transmitting  antenna  and  receiving  antenna  to  the
ground, respectively,  and H is  the height  from the target
center to the ground. The motion direction of the target is
consistent with the slide rail direction, and θt is the angle
between the target  motion track and the baseline. dT and
dR are the distances from the intersection point of the tar-
get  track and the baseline to the transmitter  and receiver
respectively. The target size is l×h m2, RD is the baseline
length.
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Transmitter Receiver
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Fig. 9    Design drawing of the experiment scene
 

The measure system consists of absorbing materials, an
aluminum plate  target,  an  electric  booster,  a  slide  rail,  a
radar  transmitting/receiving  antenna  (with  20°  beam
width)  and  a  vector  network  analyzer.  The  experimental
scene  is  shown  in Fig.10.  After  the  experiment  scene  is
built, we start the vector network analyzer to transmit and
receive  the  signal.  The  system  parameter  settings  in  the
experiment are shown in Table 2.
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Fig. 10    Experimental scene in the anechoic chamber
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Table 2    Experimental parameters

Parameter Value

Target size(l×h)/cm2
13×13

Target height H/m 1.21−1.46

Height of transmitting antenna HT/m 1.21

Height of receiving antenna HR/m 1.21

Polarization HH

Frequency/GHz 10

Testing time/s 23.7

θt/(°) 90

dT/m 1.16

v/(m·s−1) 0.14

RD/m 2.36

 

 5.2    Experimental results analysis

For the aluminum plate target, the electric booster is used
to  make  the  target  pass  through  the  line  between  the
transmitting  antenna  and  the  receiving  antenna,  the  vec-
tor  network  transmits  the  stepping  frequency  signal  (the
frequency  is  8−12  GHz).  The  direct  signal  amplitude  is
calculated  with  the  average  value  of  the  received  signal
amplitude without the target. The received signal after the
removal  of  the  direct  wave  at  the  frequency  point  of
10  GHz  is  given  in Fig.  11(a),  which  can  be  approxi-
mately considered that zp = 0 m and the target accurately
crosses the baseline. To use the most concentrated part of
the  signal  energy  for  detection,  the  signal  segment  of
9−15 s is intercepted, and its time-frequency distribution
is shown in Fig. 11(b).
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(b) Time-frequency diagram of measurement data
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Fig. 11    Analysis of measurement data
 

Six  sets  of  data  are  measured  with  different  target
heights.  The  measured  data  are  considered  as  the  noise-
free  signal,  and  noise  is  added  to  obtain  the  detection
probabilities  at  different  SNRs  with 5 000 Monte  Carlo
times, as shown in Fig. 12. When the SNR reaches −3 dB,
the  detection  probability  reaches  83%,  which  has  worse
performance than that in Fig. 6, because the original mea-
surement data contains background noise.
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Fig.  12      Detection  probability  using  SPWVD  (false  alarm  rate  is
10−6)
 

We add noise to the original measurement data so that
the  SNR  is  0  dB,  when zp =  0  m  or d =  0  m.  In  other
cases, the received signal is added with equal white Gaus-
sian  noise.  The  number  of  Monte  Carlo  times  is  104.
Results are shown in Fig. 13. With the increase of zp and
d from zero, the detection probability shows a decreasing
trend,  which  is  consistent  with  the  simulation  results
when zp <  35 m,  proving the  correctness  of  the  theoreti-
cal analysis.
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Fig.  13      Detection  performance  analysis  under  different  parame-
ters (false alarm rate 10−6, SPWVD)
 

 6. Conclusions
In this paper, the GNSS-based FSR signal model that the
target crosses the baseline is induced. Aiming at the prob-
lem  of  forward-scatter  signal  detection,  a  detection
method based on the rényi entropy of time-frequency dis-
tribution is proposed. The results show that the detection
performance  of  the  method  based  on  SPWVD  distribu-
tion  is  the  best  when  the  false  alarm  rate  is  10−6.  When
the SNR is  0  dB,  the detection probability  reaches 99%.
Compared  with  the  conventional  CFAR  detection
method, it can effectively improve the detection range. In
addition, the method can adapt to the scene where the tar-
get  deviates  from  the  baseline,  which  lays  a  foundation
for  subsequent  signal  parameter  estimation  and  target
parameter  estimation.  In  the  next  step,  research  on  the
estimation  methods  of  the  signal  parameter  based  on
detection results will be carried out.
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