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SNR Improvement for Maneuvering Ship Using
Weak Echo Under the Condition of Beidou
GEO Satellites

Yan Li

Abstract—Using global navigation satellite systems as transmit-
ters of opportunity for target detection is a hot issue. The problems
of this technology are the restricted power budget provided by
navigation satellites and the defocusing caused by the movement
of target. To refocus the echo and improve the signal-to-noise
ratio under the condition of Beidou Geostationary satellites, this
article uses jointly the short-time coherent integration and the
long-time integration based on Fractional Fourier transform to
correct the range migration and the Doppler frequency migration
of signals for refocusing the signal energy. The effectiveness of the
proposed algorithm for refocusing the echo from different types of
maneuvering ships (a cargo ship and a ferry) is confirmed via an
experimental campaign.

Index Terms—Beidou geostationary (GEQ) satellites, global
navigation satellite systems (GNSS), maneuvering ships, signal-to-
noise ratio (SNR) improvement.

I. INTRODUCTION

OTIVED by the well-known advantages of no dedicated
M transmitter and low cost of passive radar, researchers
exerted great effort in investigating how to conduct target detec-
tion based on passive radar over the last years. Traditionally,
the use of passive radar for target detection has relied pre-
dominantly on terrestrial signal sources, such as digital audio
broadcasting/digital video broadcasting-terrestrial [1], [2], fre-
quency modulation (FM) [3], [4], and global system for mobile
[5]. Unfortunately, these terrestrial signal sources have limited
coverage and are difficult to illuminate the blue water. Therefore,
researchers turn their attention to spaceborne opportunity signal
sources to increase space coverage and time continuity by using
more opportunity signal sources.

Currently, the use of suitable global navigation satellite sys-
tems (GNSS) constellations, such as Galileo, global position sys-
tem (GPS), GLONASS, and Beidou, as spaceborne opportunity
signal sources to conduct remote-sensing detection applications
has become an interesting field for researchers. GNSS signals
that can be selected as the signal source to constitute a passive
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radar for target detection possess the following advantages. First,
GNSS has a relatively large bandwidth with a maximum range
resolution of 15 m (using the Galileo E5a/b signals, the GPS
L5, or the Beidou B3). Second, the coverage of GNSS signal is
global, including the blue water.

Beidou system is a great choice to be used as transmitters
of opportunity because it has five unique geostationary (GEO)
satellites. GEO satellites have stable azimuth and elevation
angle (almost constant), which means that each Beidou GEO
satellite has an invariable illuminating area and can provide the
possibility for the long-time monitoring in a specific area.

Unfortunately, the studies on target detection based on GNSS-
based passive radar, including Beidou GEO-based radar, en-
counter a serious challenge of weak echo [6], [7]. The main
reason for the weak echo is the restricted transmitted power
of GNSS constellations. For example, the minimum received
power levels on the ground of the Beidou B3I signals are
specified to be —163 dBw, which are measured at the output of a
0 dBi right-handed circular polarization (RHCP) user receiving
antenna [8]. The restricted budget of signals may result in the
interested target not being indicated in range compressed (RC)
map. As aresult, the SNR of echo cannot be focused by directly
using integration algorithms.

On the other hand, the motion state of target, especially
maneuvering target, has an influence on the energy accumulation
under the condition of Beidou GEO-based radar. For maneuver-
ing target, the echo not only has a Doppler frequency and range
migration (RM) caused by initial velocity, but also has Doppler
frequency migration (DFM) caused by radial acceleration [9].
If usual methods are used to compensate the Doppler and RM,
the DFM cannot be solved. In long integration time, the echo of
maneuvering target may be defocused by DFM, and the energy
of echo cannot be integrated. Thus, the effective compensation
of RM and DFM is necessary to improve the SNR of echo.

Aiming at improving the SNR of echo, researchers have
investigated algorithms to improve the coherence of signals by
compensating RM and DFM. The widely used moving target
detection (MTD) method [10], which uses a Doppler filter bank
to correct the Doppler shift within one range cell, possesses a
limited performance for uniform motion target with high speed.
The target’s envelope may easily walk across several range cells
because of the target’s initial velocity and fine range resolution.
This phenomenon is called the RM effect. In this case, the energy
of the target is distributed in the range direction during the
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integration time, and the RM problem will become worse with
faster velocity. Therefore, MTD can improve SNR significantly
within only a range cell. To solve the RM effect, a popular
method called keystone transform (KT) is introduced to correct
the RM [11]. This method involves the remapping of slow-time
axis without the DFM effect. However, this method is only
effective for signals with high radial velocity and relatively high
bandwidth. In addition, it cannot correct the DFM caused by
the radial velocity. Recently, a novel Radon—Fourier transform
(RFT) is proposed to realize the long-time integration for the
moving target with RM [12]-[14]. The RFT can overcome
the coupling between the range walk and phase modulations
effectively by jointly searching along with range and velocity
directions of the moving target. Nevertheless, it will bring about
the integration loss in case of the DFM. To solve the DFM
problem caused by maneuvering targets, the Birmingham team
proposed the target motion compensation (TMC) algorithm
to compensate for the Doppler frequency [15]-[17]. The
performance of TMC algorithm greatly depends on information
precision. Moreover, Li et al. [ 18] proposed a SNR improvement
algorithm by combining KT and fractional Fourier transform
(FrFT). This algorithm can treat the target as a uniform motion
in a short time by dividing the data into frames. Finally, the SNR
can be improved through noncoherent integration. Although
this algorithm has been verified by simulation data, it lacks the
support of field experiments, and computational complexity
increases with the frame amount.

To solve the restricted power budget and the motion state of
target, this article proposes an energy accumulation algorithm
by jointly using short-time coherent integration and long-time
integration under the condition of Beidou GEO satellites. This
algorithm first conducts short-time coherent integration to sup-
press the clutter and indicate the trajectory of target in RC map.
The contribution of short-time integration is to indicate the target
area in RC map and further reduce the search of the interested
areas in RC map, which means that the computation of the
algorithm is reduced. Then, the algorithm extracts the target’s
echo to correct RM and uses FrFT to eliminate the DFM effect.
Moreover, the algorithm can identify the motion parameters of
the target automatically. The proposed algorithm is validated by
the real data.

The rest of this article is organized as follows: Section II
presents the GNSS bistatic radar geometry and basic signal
preprocessing (range compression). Section III illustrates the
overview of common algorithms, such as MTD, RFT, and TMC.
Section IV discusses the FrFT-based SNR improvement algo-
rithm. Section V shows the cargo ship with high radar cross
section (RCS) experiment and the SNR improvement results.
Section VIillustrates the ferry experiment with low RCS and the
improvement results. Finally, Section VII concludes this article.

II. GNSS BISTATIC RADAR GEOMETRY AND RANGE
COMPRESSION

This section shows the geometry of bistatic radar based on
Beidou GEO satellite and then illustrates the range compression
by providing a foundation for the subsequent analysis of echo’s
RM and DFM.
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Fig. 1. GNSS-based bistatic radar system for target detection with a stationary
receiver (RHCP and LHCP antennas) and a satellite.

A. GNSS Bistatic Radar Geometry

The GNSS-based geometry is shown in Fig. 1 to describe
the signal model of GNSS bistatic radar that can be used for
further signal processing. The illuminator of opportunity is a
Beidou GEO satellite, while the stationary receiver is on the
ground. The receiver consists of a RHCP antenna to receive
direct signals from all available Beidou GEO satellites and a
high-gain left-handed circular polarization (LHCP) antenna to
receive the weak reflected signals from the interested target.
The choice of LHCP antenna for radar channel is to minimize
the direct path interference. Beidou GEO satellites operate in
orbit at an altitude of 35786 kilometers and are located at
58.75°E, 80°E, 110.5°E, 140°E, and 160°E respectively. The B3I
signal is composed of the carrier frequency, ranging code, and
navigation message. The nominal frequency of the B3I signal
is 1268.520 MHz. The duration of one navigation message bit
is 20 milliseconds and the ranging code period is 1 ms. The
B3I signal is right-hand circularly polarized and is modulated
by binary phase shift keying [8].

B. Range Compression

When the raw data arrive in the RHCP and LHCP anten-
nas, the intermediate frequency (IF) signal collector uses down
conversion to record IF signals [19]. Afterward, the IF signals
are processed using a software receiver to achieve range com-
pression. To describe this processing clearly, Fig. 2 shows the
procedures of signals collection and range compression. The RC
data can be written as

See (1,t) = A [t - RAC(T)

} exp 2 fa ()t (1)
where ¢ is the index of the sampling time in the pulse repetition
interval (PRI), 7 is the index of PRI period (slow-time), and
A(+) is the amplitude of the cross-correlation function of range
codes (triangular function). f; is the Doppler frequency. Ra is
a bistatic range, which can be written as

RA (t) - Rst (t) + Rtr (t) - Rsr (t) . (2)

where Ry is the range between the satellite and the target;
Ry, is the range between the target and the receiver; Ry, is the



1258
Direct raw Reflected
signal raw signal
# RHCP LHCP
antenna ‘ antenna
Multichannel GNSS IF signal collector
Direct IF l Reflected
signal l l IF signal
Close-loop Open-loop
tracking  Code and carrier phase tracking
RC complex
data
I+jQ
Fig. 2. Flowchart of the multichannel GNSS IF signal collector and range

compression in a software-defined receiver.

range between satellite and receiver. 6(t) is the phase difference
between direct signal and reflected signal, which mainly depends
onthe bistaticrange Ra. R is constantif the target is stationary,
whereas Ra is changeable for maneuvering target. Since the
interested target of this article is maneuvering, we will perform
a detailed analysis of R in the following SNR improvement
algorithm.

III. EXISTING ALGORITHMS: MTD AND RFT

MTD and RFT are SNR improvement algorithms that are
currently used in GNSS-based radar target detection. A brief
description is given because we will compare these methods.

Aiming at the target motion state, several researchers have
investigated the energy integration algorithms. The algorithms
are detailed as follows.

1) MTD algorithm is based on Fourier transform (FT) within
one range cell [20]. The traditional algorithm is that S, ( 7, t) is
performed with the FT during the slow-time to accumulate the
target’s energy coherently. The process is shown as follows:

T, /o
SMTD = / Sre (T,t) exp (—j27 fq7) dT 3)

Ty
where 7). is the dwell time within one range cell; f; is Doppler
frequency, which depends on the radial velocity. Suppose a
uniform linear motion, the above coherent integration in one
range cell is the MTD method, which is also called Doppler
filter bank. The exact Doppler shift can be determined by the
maximum output of different filters by searching velocity. Un-
fortunately, improving the integration gain of MTD further is
difficult because of the limited dwell time in a single range
cell. It can only integrate energy within one range cell and
becomes invalid for solving the RM effect. To illustrate this
limitation of MTD in detail, we depicted the integration area of
MTPD in the red area shown in Fig. 3. Moreover, with regard to
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Fig. 3. Different motion tracks and integration areas of three algorithm.
The red area and the green area is the integration area of different algorithms.
The x-axis is slow-time and the y-axis is range. Assuming 100 m is one range
cell.

non-uniform motion, the polynomial phase of echo related to the
target motion state will make the fast FT based MTD method
invalid, that is, the DFM effect is not solved. Therefore, the
traditional MTD within slow-time is not the optimal approach
for long-time integration to enhance the power of echo. As a
result, the traditional algorithm of MTD cannot solve the effects
brought by RM and DFM.

2) RFT Algorithm: Based on the coupling relationship of
velocity, RM, and Doppler frequency of a moving target, RFT
is proposed to realize the long-time integration for a target with
RM, which may be quite helpful for SNR improvement. The
RFT of S, is defined as [21]

oo
Surr = [ 0|7 B2 20D e (g ar
where vy is initial velocity. From (4), the RFT is essentially
a filter bank with different inputs (12,0 and vg) and outputs.
RFT corrects the RM by selecting the data on the trajectory
Sre[ T,(Ra0 —voT)/c] to form a new data vector, then
compensates the Doppler offset by the Doppler filter bank
exp(—j2m fq47), and finally obtains the condition of long-time
integration. Compared with the MTD method in (3), the
integration time is not limited by the target velocity and range
resolution because the echo is extracted as a vector but related
to the motion of target and illuminating time. Therefore, the
RFT can solve the RM effect, and more pulses can be integrated
coherently within a longer time, which is shown in the green
area of Fig. 3. From this green area, the integration gain of RFT
can involve multiple range cells that ignore the effect of RM.
However, the effect of DFM caused by the radial acceleration
of target still cannot be corrected. Although the Doppler filter
function of RFT exp(—j2n f47) is identical to that of MTD, the
RFT can solve the RM effect under limited condition (uniformly
rectilinear movement). Unfortunately, the effective integration
time along the red straight line in Fig. 3 may be limited by
the DFM because of accelerated or high-order motion. At the
same time, the acceleration will make Doppler and envelope
mismatch between the real echoes and the searching parameters
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of RFT. Therefore, the integrated peaks in the RFT domain
will be broadened, and the coherent integration gain will be
inevitably decreased, accordingly.

As aresult, we first need to carefully consider the ship motion
state and then develop a novel SNR improvement algorithm to
compensate the DFM and the RM. Due to the weak power of
the navigation signal, the maximum detection range is limited,
basically within several kilometers. Under the condition of de-
tection range, the suitable application of GNSS ground-based
detection is coastal ports or inland rivers. The ships may have
maneuvering operations when docking and leaving the shore
due to the low speed of ships in this area. Therefore, building
a simple model of uniform motion is not enough. Considering
maneuvering target, the bistatic range R is changeable with
time. R A can be written as

Ra (1) = % a7t + ot + Rayo (5)
where a, is radial acceleration, v is radial velocity, and Ra o
is the initial bistatic range. In practice, the radial velocity and
acceleration are our final purpose of target detection because
these two parameters of the noncooperative target are unknown.
Because the radial velocity and acceleration correspond to fre-
quency and chirp rate, respectively, the expansion of the Doppler
spectrum can be expressed as

d (at7'2/2 +uT + RA,())
rdr

_dRa(T)
Ja = rdr

= fo +p1 (6)

where A is the wavelength of B3I signals (24 cm), fj is the
central frequency of Doppler, and  is the chirp rate due to radial
acceleration. Based on the above motion model, we propose the
FrFT-based SNR improvement algorithm.

IV. FRFT-BASED SNR IMPROVEMENT ALGORITHM

In this section, we first introduce the principle of FrFT and
then give the implementation steps.

A. Proposed SNR Improvement Algorithm Based on FrFT

It can be deduced from (6) that after range compression, the
phase of echo is modulated by velocity and acceleration. The
Doppler can be approximated as a first-order polynomial, and
the chirp rate can be approximated as a quadratic phase term.
As a result, we need to compensate the quadratic phase term to
improve the outputs of RFT for higher integration gain and use a
specific method to achieve the energy integration of FM signal.

Compared with the FT, the FrFT is more suitable for pro-
cessing nonstationary signals because of its additional degree
of freedom, that is, transform angle. The FRFT has included a
quadratic form (chirp form) in its kernel function, which makes
the linear FM signal integrated as an impulse in the proper FrFT
domain [22]. To overcome the problem of the RM and RFM,
we derive the RFT idea of extracting echo vector and propose
a combinative algorithm to realize long-time integration for the
maneuvering of target based on FrFT. Suppose that f(t,r) is
a two-dimensional complex function defined in the plane, the
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Fig. 4. Block diagram of the proposed SNR improvement algorithm.

algorithm is defined as
Gr () =7 [fn)] = [ Ka@wf@ena @

where 7 denotes the operator, « = ZF is the transform angle,
p is transform order, w is FrFT domain, and K, (¢, u) is the
transform kernel [23]. Specifically, the echo’s FrFT can be
written as

o 1
SFIFT:/ Ko (1,u) Sre |:(2atT2+UT+RA7Q) /¢, T:| dr.
- @®)

The motion parameters v and a; have explicit physical mean-
ings. We will give the detailed calculation about these two
parameters based on the results of FrFT in following section

Equation (8) shows that the FrFT is a linear transform, which
is not influenced by the cross-term interference. Fig. 3 shows
the diagram of the coherent integration area of the proposed
algorithm (green area). The differences and advantages of the
algorithm compared with the others are detailed as follows.

It combines the advantages of RFT and FrFT. Thus, it not only
has the same function of correcting RM as RFT, but also works
well as a useful tool for nonstationary and time-varying signal
processing.

The kernel of FrFT is introduced to compensate the DFM due
to the high-order motion and to generate the ultimate coherent
peak.

It can be regarded as a special Doppler filter bank composed
of filters with different transform angles that can compensate
and represent the velocity and acceleration simultaneously.

The integration gain will be further improved than the other
method (MTD) because it can complete long-time integration.

B. Procedure of the Proposed Algorithm

With regard to clarifying the processing of SNR improvement,
Fig. 4 shows the flow chart of the long time (tens of seconds)
integration algorithm based on FrFT, which can be divided into
four steps. Each processing step will be described as follows.
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1) Step 1: Conduct Short-Time Coherent Integration: In
GNSS receiver, the signals are sampled from slow time and fast
time. The fast sampling frequency corresponds to the sampling
frequency f of the receiver, while the slow sampling number f,.
matches the index of the frame. Therefore, the input RC data can
be written as a two-dimensional (2-D) matrix RC = S,.. (7,7)
for processing, where r € [0, f4] is the index of range cell, that
is, fast time; 7 € [—%, %] is slow time; and 7" is the dwell time
on target.

Under the condition of Beidou GEO satellites, the echo is
weak and the RC map is difficult to show the information of
target before short-time coherent integration (the raw RC map
will be shown in Section V). Therefore, to indicate the trajectory
of target in RC map for extracting the target echo, it is important
to conduct short-time coherent integration for raw RC data.
Notably, the short time is tens of milliseconds, which is shorter
than the long time (tens of seconds). By ignoring the amplitude
of the cross-correlation function of range codes, the RC data can

be written as
Sre (1) = exp {j [ZWRAA(T)} } +w (1) 9)

where w(7) is the noise. The signal is directly integrated and
written as

S SR NG T

7=0 7=0

- exp {j [QWRA)L(T)} } + Cglw (1)

7=0

(10)

where CIT is the coherent integration time.

After basic SNR improvement (step 1), the target’s echo can
be highlighted from the background noise, and thus the RC map
can show a bistatic range history of the target that results in
showing proper initial parameters.

2) Step 2: Choose the Target Area and Extract Echo in RC
Map: In this step, we choose the target area that may include the
interest echo. First, based on relative prior information obtained
by the experimental scene, such as the approximate width of
the river and the range between the river and the receiver, the
expected searching scope of bistatic range [—RA max, RA, max)
and the range resolution Ar are preset beforehand. The RC data
after step 1 in this range scope can be expressed as

nxCIT
RC = > Spe (T, =Tmax +7) (11
7=(n—1)xCIT+1
wheren = 12,..., &, —rmax = % is the starting range
cell; and r is the index of range cell, r = 12, ..., 2RA,max/AT.

Then, the data of correlation peaks in range direction (row
direction according to the RC data matrix) are extracted. The
extracted data is constructed a new data vector X,, for next long
time integration processing, that is

X, =max (RC (:,r))

= [Src (17 Tl) Src (27 T2) e Src (77,7 rn)]T (12)
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where max(+) is the processing of extracting maximum point of
an array, and r is determined by the range direction of peaks.

In [24], the motion model £a,7% 4+ vT + Ra  that represents
accelerated or high-order motion is used for searching lines
(black curve in Fig. 3) in the RC map (slow time versus range
map) to search the target’s bistatic range history and to extract
the echo according to the history. Unfortunately, the improper
searching parameters, such as initial velocity, initial range, and
acceleration, may increase computational burden. In this article,
we use step 1 to simplify the burden, and the echo can be
extracted easily using correlation peaks in the range direction
after step 1.

3) Step 3: Apply FrFT: The discrete FrFT with different
transform angles can be realized by the decomposition algorithm
proposed by Ozaktas [25]

1—j-cot(a) n/2-1
el 27 .
F (u) = —p Z exp (jmu® - cot (av))
T=-n/2
. 2 .
jr7* - cot ()  jmut - csc(a) T
exp( AF? F Sre <2F> (13)

where n is the signal length after step 1, and F' denotes the
highest frequency component of S,.(7) in slow time.

Two loop iterations are detailed and illustrated as follows.

1) Transform orders for the first iteration are changed. In
every iteration, a 1-D searching of p is performed. When
inputting a given transform order, the FrFT will output
a one-dimension transform results in « domain. Then,
changing the transform orders px = p + N Ap where the
number of N depends on the transform step size Ap, and
the FrFT will output two-dimension results. The transform
step size Ap follows the order from large value to small
value (coarse to fine searching). In other words, to simply
the computational complexity, the echo is first performed
with FrFT using coarse searching to judge the existence of
the target. If the FrFT can show a target peak, then the echo
is performed with fine searching to improve the integration
gain. The specific Ap is determined by the acceleration in
such a way that its resolution cannot exceed that target’s
acceleration.

2) The searching area for the second iteration is changed.
Generally, after the FrFT, the echo’s energy can be in-
tegrated as an intensive peak that represents the target
peak. However, if the echo is noise instead of the reflected
signals from target, then the FrFT cannot show an intensive
peak because the energy of noise cannot be integrated. In
this case, we need to select anew searching area for another
transform order iteration until the results can show a target
peak because the searching area may not involve the target.

By implementing FrFT on the vector X,, to compensate the
DFM and the RM simultaneously, the long-time integration of
the maneuvering target’s energy is completed.

4) Step 4: Find the Coordinate of Peak and Estimate Param-
eters: After step 3, the echo of the target has performed long
time integration, and the energy has been integrated. Therefore,
the FrFT result can form an intensive peak with a relatively
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Fig. 5.

high SNR. To obtain the optimum result of SNR improvement,
the transform step size is set to be finer than before to further
accumulate the energy until the SNR of the peak has no increase
or slightly increase. If the peak cannot be observed in the FrFT
map after changing the transform step size, then the searching
area in Step 2 will be chosen again. We will go through all the
searching area and note down the corresponding coordinate of
peak in the two-dimensional domain (p, u). We can write

(pmax,umax) = argmaXy q ‘Gr (p, u)| (14)

where argmax(-) is the function that output the index of the
maximum point, and G,.(-) is the output of FrFT. Since p = 270‘ ,
we substitute the search of p for the search of a.

We can calculate the motion parameters based on this co-
ordinate because the coordinate (Pmax, Umax) matches with the
motion parameters of the target (acceleration and radial veloc-
ity). The calculation is based on the scale factor S. The factor

can be written as
S=v 7/ fr

where 7 is the number of slow time, and f, is the sampling
number in slow time after step 1 (1000/CIT). The normalized
chirp rate f; can be written as

5)

fa= —cot (pr/2) (16)
and the truth chirp rate p can be written as
w=Ffa 1:/S% = fa- fo/m (a7
We can write radial acceleration as
ar = A M. (18)

Besides the acceleration, we can also calculate the velocity
of target based on the FrFT domain u. The central frequency fj
can be written as

fo=wu-csc(pn/2) (19)
and the radial velocity v can be written as
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Experimental scene. (a) Schematic diagram of the experimental GNSS-based radar acquisition geometry. (b) Experimental setup of the receiving system.

V. FIRST EXPERIMENT RESULTS: CARGO SHIP WITH HIGH
RCS

In this section, we conduct a field experiment of moving cargo
ship to confirm the SNR improvement of the proposed algorithm.
The results of each algorithm step will be illustrated.

A. Experimental Setup

Maneuvering target experiment is conducted using BeiDou
CO01 and C04 GEO satellites as transmitters of opportunity.
Fig. 5 shows the experimental setup of MTD. Fig. 5(a) shows
data acquisition geometry during the measurement. The passive
receiver is suited at the northeastern bank of the Wuhan Yangtze
River Bridge in China. Target of opportunity refers to the com-
mercial ANJI 202 cargo ship, which is more than 700 m away
from the receiver and runs in schedule. Fig. 5(b) shows one
white RHCP patch antenna for direct signal and one high-gain
LHCP helical antenna for reflected signal. The collector is with a
sampling frequency of 62 MHz, and the range between samples
is approximately 4.8 m. The size of cargo ship is approximately
110 m x 19 m x 15 m (length x width x height).

Here, we give an estimation of RCS. In [26], the RCS of ship
depends on the tonnage of interested target. The maximum RCS
is approximately

Omax = 11.9 x log;q (tons) 1)

under the condition of wavelength 0.034 m, where tons is
the tonnage of ship. However, in our experiment, the wave-
length of B3I signal is 0.24 cm. Thus, the max value (max)
need to plus a conversion coefficient caused by wavelength
10 x logyo(A%/A%5) = 10 x logy((0.0342/0.24%) ~ —17dB
m?. So, RCS of the cargo ship (approximately 6000 tons) in
the article is about 11.9 x log;,(6000) — 17 ~ 28 dB m?.
Given that GEO satellites are used in this article, the operation
of GEO satellites is analyzed in detail. Thus, we can make a
reasonable approximation to its azimuth and elevation angles.
Here, we take COl and CO04 satellites during the day of the
experiment as examples to discuss the variation of satellite
elevation. We give the elevation angles calculated by ephemeris
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Fig. 6. Elevation angle of two GEO satellites for 24 hours.

TABLE I
ELEVATION ANGLE VARIATION OF TWO SATELLITES OVER DIFFERENT PERIODS

GEO satellite index Period=2 s Period=20 s Period=20 s
Co1 <0.13° <0.13° <0.13°
Co4 < 0.44° < 0.44° < 0.44°

for 24 h (see Fig. 6). The black curve shows that the elevation
angle of CO1 is from 41.71° to 42.22°. The blue curve shows
that the elevation angle of C04 is from 30.37° to 29.12°. Based
on fitting, we can obtain the periodic relationship between angle
and time. The relationship can be written as

Ele; = 41.95 — 0.1361cos (0.2881¢) + 0.2162sin (0.2881¢)
(22)
and

Eles = 29.74 — 0.4431cos (0.2723t) + 0.4314sin (0.2723t)

(23)
where R? is 0.9943 and 0.999. RMSE is 0.01323 and 0.01415.
According (22) and (23), we can calculate the offset of elevation
angle over different time lengths and provide the results given
in Table I. This table shows that the offset of the elevation angle
during the limited signal acquisition time of 20 s is almost less
than 0.5°. Because the periodic offset of the azimuth angles is
similar to that of the elevation angles, we ignore the information
about the azimuth angles. The offset of azimuth angle can be
seen in [27].

B. Short-Time Coherent Integration Results

In the experiment, we collect a time length of 20 s data for
analysis. After the range compression, as mentioned in Sec-
tion II, the raw RC data are stored in a matrix RC = S, (7,7),
where 7 is the index of the PRN period (7 = 1, 2,...,20000),
and r is the index of the range cells. Given the limitation of the
river width, only 600 range cells, thatis, » = 1,2,...,600, are
considered for processing in each millisecond to reduce the total
amount of data.
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Here, we conduct a short-time coherent integration, as men-
tioned in Section IV with CIT = 20 ms depending on the target’s
velocity. In the time length of 20 ms, we suppose that the target is
approximately stationary, and the Doppler frequency is approx-
imately constant. Fig. 7 shows the RC maps (CO1 data) of the
cargo ship before and after the short-time coherent integration
(step 1). In Fig. 7(a), we cannot find the information about the
cargo ship in the interested area. However, the nearby stationary
targets (far from 80 m) can show an intensive correlation peak
history. The reason is that the echo of the cargo ship has a lower
SNR than that of the stationary targets. As a result, the echo of
the cargo ship is submerged under the noise, and it cannot show
a correlation peak history in the RC map. In the other figures, we
show part of the bistatic range from 1000 to 1800 m (interested
area) as illustration because the stationary targets are out of the
scope of this article. Fig. 7(b) shows two areas: area containing
target and noise area. From the area that contains target, a bistatic
range history of target echo with wide range (two white lines),
because of the point spread function of pseudo-random noise
code in range compression. As the y-axis of Fig. 7(b) changes
from time into frame (the 20 ms data are integrated as one frame),
the number of frames in the y-axis becomes 1000 (20 000/20).
The two areas in Fig. 7(b) will be used as different searching
areas in the following sections. Fig. 8 shows the RC maps of C04
data before and after short-time coherent integration. Similar to
CO1, Fig. 8(b) shows a bistatic range history with a width after
Step 1.

C. SNR Improvement Results

To show the area searching processing and the validity of
FrFT-based long-time integration algorithm better, this section is
explained in two sections. First, the integration results of the echo
from the noise area (no target) are shown. Then, the integration
results of the echo from the area containing target are shown.

1) Noise Area: Taking the RC data of CO1 [see Fig. 7(b)]
as an example, we choose the bistatic range [1500 m, 1800 m]
as the noise area according to the order of far to near. After
extracting the peak points and FrFT processing, we obtain the
FrFT results shown in Fig. 9. The transform order p is determined
from O to 2, that is, the transform angle « € (0, 7). The SNR
in FrFT map is the ratio of FrFT result to partial stable area in
the map (noise base). Fig. 9(a) shows the result with the step
size Ap being 0.2. In this figure, several peaks can be observed.
However, no obvious peak is significantly higher than the other
peaks, indicating that the energy cannot be integrated by FrFT
processing. This situation occurred because of two reasons:
First, the searching area does not include the target echo. Second,
the step size Ap is not proper for the echo’s chirp rate. To solve
the second reason, the step size Ap is reset to be finer. The result
in energy integration with Ap = 0.02 is shown in Fig. 9(b). As
seen, the peaks are still dispersive because the energy of echo has
not been integrated. Based on the above results, we can conclude
that this area does not contain target and we need to choose a
new searching area.

2) Area Containing Target: The new searching area is recho-
sen as [1200 m, 1500 m] for new improvement. After extracting
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the echo and conducting FrFT, the SNR improvement results of
CO01 echo are shown in Fig. 10. The FrFT result is processed
from p = 0 to p = 2 with Ap = 0.2 shown in Fig. 10(a). From
the figure, we can observe several peaks and one possible target
peak with SNR = 14.98 dB with the corresponding coordinate
(p, w) = (1, 14.6). Theoretically, p = 1 means that the result
of FrFT is equal to that of FT, that is, the acceleration of the
target is zero. In practice, the interested target is moving with
an acceleration. The reason of the difference between the theory
and the practice is that the step size Ap is coarse. In this case,
obtaining the optimum p is difficult. Therefore, to solve the
difference, the step size Ap is chosen to be finer (Ap = 0.02) for
further improvement, as shown in Fig. 10(b). This figure shows a
more obvious peak than Fig. 10(a), with the SNR being increased
by 1.74 dB. The coordinate of this peak is (p, u) = (0.98, 14.85).
To be close to the real target peak, we choose Ap = 0.002 [see
Fig. 10(c)] to observe the SNR of echo peak. The SNR of the
peak in Fig. 10(c) is 18.08 dB, and the corresponding coordinate
is (p,u) = (0.984, 14.85). When the step size is further chosen
to be finer, that is, Ap = 0.0002 , the SNR is increased slightly.
To guarantee the effective SNR improvement and simplify the
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TABLE II
SNRS AND THE PEAK’S COORDINATES OF CO1 DATA
Step size Ap=0.2 Ap=0.02 Ap=0.002
SNR (dB) 14.98 16.72 18.08
p of target peak 1 0.98 0.984
u of target peak 14.6 14.85 14.85

computational complexity, we chose the step size Ap = 0.002
as the optimum step size. Fig. 10(d) shows the vertical view of
Fig. 10(c). Fig. 10(d) indicates that the target peak is formed by
several bright lines converging at one coordinate. In this case, the
target peak integrates the gain of the lines. From the definition
of FrFT, when one transform order p is input, FrFT outputs one
corresponding u domain. The energy of the echo is distributed
in u domain if this p is not suitable for the chirp rate of the
echo. When several input values are available, the bright lines
are formed among multiple © domains. To show the values of
coordinates and peaks clearly, the values are given in Table II.
To compare with the SNR improvement performance of MTD
and RFT methods, we also use the MTD and RFT to integrate
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(c) FrFT map of signals from CO1 with Ap =0.002. (d) p-u plane graph of the Ap = 0.002.

the echo’s energy and show the results in Fig. 11. Owing to
the approximately stable motion state of GEO satellites (the
elevation angle variation is less than 0.13° during 20 s), we can
ignore the Doppler frequency brought by satellite. The CO1 RC
data in Fig. 7(b) are selected to be enhanced with MTD and
RFT methods. Since the target’s echo includes RM within a
long time, we first utilize the partial data from O to 2000 ms to

guarantee the echo within one range cell of 293. Then, we utilize
the whole 20000 ms data. Fig. 11(a) shows the integration gain
using the traditional MTD method. The red line (the first 2000
ms) illustrates that the energy is integrated as an obvious peak
at the range cell (bistatic range 1417 m and SNR = 13.47 dB)
while the blue line (the whole 20000 ms) cannot show an obvious
peak around the range cell of 293. The reason is that the effect
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SNR improvement of CO1 by MTD and RFT methods, respectively. (a) Results of MTD (the red line is the result of the first 2 s RC data, and the blue

line is the result of the 20 s RC data). (b) Result of RFT (20 s RC data). (¢) Cross-section of FrFT with u =14.85.

of RM can be ignored within the short time of 2000 ms, and
the echo can obtain an effective SNR improvement. When the
time length is extended to 20 000 ms, the effect of RM cannot
be solved. In this case, the integration gain is poorer compared
with the former.

The results of RFT method are shown in Fig. 11(b). We utilize
the whole 20 000 ms data for RFT method. The target peak has
a SNR of 11.84 dB, and the corresponding Doppler frequency
(x-axis) is 17.34 Hz. Compared with the result of the red line in
Fig. 11(a), the SNR is deceased by 1.63 dB. The reasons of this
decrease are as follows.

1) The integration time of RFT (20 000 ms) is longer than that
of MTD (2000 ms). In this case, the velocity variation is slightly
during short time and thus the identical f; of the Doppler filter
function H, (1) = exp(—j2m f47) is more suitable for MTD
rather than RFT.

2) As the echo includes range curvature due to the DFM,
the data vector of RFT S,¢[T, (Ra,0 — vo7)/c] includes a lot of
noise instead of the interested echo.

To compare with the MTD and RFT, we show the cross
section (u = 14.85) of FrFT result [see Fig. 10(c)] in Fig. 11(c).
Comparing with the results in Fig. 11(a) and (b), the SNR of
target peak in Fig. 11(c) is improved by 4.61 and 6.24 dB based
on the proposed FrFT-based algorithm, respectively.

Here, we conduct the same improvement processing to C04
RC data [see Fig. 8(b)] and obtain the results shown in Fig. 12.
First, in Fig. 12(a) with Ap = 0.2, the SNR of the possible target
peak is 15.37 dB and the corresponding coordinate is (p, u) =
(1,9.5). Then, in Fig. 12(b) with Ap = 0.02, the SNR is 17.71 dB
of the peak increasing by 2.34 dB, and the peak’s coordinate is
(p, u) =(0.98,9.35). Finally, in Fig. 12(c) with Ap = 0.002, the
SNR of the peak is 17.32 dB and the corresponding coordinate is
the same as the coordinate in Fig. 12(b). Fig. 12(d) is the vertical
view of Fig. 12(c). Similar to Fig. 10(d), Fig. 12(d) shows the
target peak formed by several bright lines. Table III gives the
SNR improvement results of C04’s echo clearly (the SNRs and
coordinates of the peaks).

Fig. 13 shows the SNR improvement results of MTD and RFT
methods. Fig. 13(a) shows the result of MTD method with two
time lengths of 2000 and 20 000 ms (the elevation angle variation
is less than 0.44°). The red line illustrates that the energy is
integrated at the range cell of 291 (bistatic range 1408 m), and

TABLE III
SNRS AND THE PEAK’S COORDINATES OF C04 DATA

Step size Ap=0.2 Ap=0.02 Ap=0.002

SNR (dB) 15.37 17.71 17.32
p of target peak 1 0.98 0.984
u of target peak 9.5 9.35 9.35

the SNR of the target peak is 15.25 dB. The blue line cannot
show obvious peaks. The results of RFT method are shown in
Fig. 13(b). The SNR of the target peak is 13.41 dB, and the cor-
responding Doppler frequency (x-axis) is 10.44 Hz. Comparing
with the MTD and RFT, the cross section of FrFT result with «
= 9.35 [see Fig. 13(c)] shows that the proposed algorithm can
improve the SNR by 2.07 and 3.91 dB, respectively.

Based on the SNR improvement results via MTD, RFT and

FrFT-based algorithm, two points may be concluded as follows.

1) Since the SNR improvement performance of MTD is
subject to RM and DFM, the processing data of MTD are
limited by one range cell. Although the RFT makes use of
longer time length for integration, it is still influenced by
DFM.

2) The proposed FrFT-based SNR improvement algorithm
can correct the RM and DFM. Comparing with the MTD
and the RFT, the SNR of CO1 echo is approximately
increased by 4.61 and 6.24 dB, and the SNR of C04
echo is approximately increased by 2.07 dB and 3.91 dB,
respectively.

D. Estimation of Radial Acceleration and Radial Velocity
Based on FrFT Results

We can calculate the parameters based on step 4 (see Sec-
tion V-D) because the coordinate of the target peak (p, u)
is determined by the motion parameters of the target (radial
acceleration and radial velocity). The observation time is 20 000
ms, and the optimum p of target peak for CO1 and C04 are 0.984
and 0.98, respectively.

To verify the accuracy of the calculated parameters based
on FrFT results, we give the acceleration calculated by range-
Doppler (RD) processing [19]. Fig. 14 shows the chirp rates
of two satellites” data based on RD processing. From the fig-
ures, the Doppler frequency shows a linear variation over time.
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TABLE IV

Table IV gives the calculated parameters based on FrFT and RD
CALCULATED MOTION PARAMETERS BASED ON FRFT AND RD PROCESSING

processing, including radial acceleration a; and radial velocity

v. The calculated parameters of FrFT results are close to the
results of RD processing. Although the calculated accelerations GEO satellites col cos
based on FrFT results have deviations that may be resulted from e bas(:: /Osnz)F Tt 0.015 0.0188
the noise in the step of extracting data, we can use the proposed @, based on RD processing 0.0192 0016
algorithm to estimate the motion parameters of the target. » bas(z;/o sn )FrFT

Moreover, the target speed recorded by automatic identifi- m/s) 3.567 2245
cation system (https://ais.msa.gov.cn) is nine knots (4.63 m/s). v based 012 nl};)s )PmceSSi“g 3792 2472



https://ais.msa.gov.cn

LI et al.: SNR IMPROVEMENT FOR MANEUVERING SHIP USING WEAK ECHO UNDER THE CONDITION OF BEIDOU GEO SATELLITES

£,=-0.08t+15.8
R%=0.913

Doppler frequency (Hz)

L n L L L L L L
2 4 6 8 10 12 14 16 18 20
Time (s)

(@)
104re®

102
f,=-0.0667t+10.3

R?=0.8216

10

9.8 |

9.6

94

Doppler frequency (Hz)

92+

n L L n L n L L s
2 4 6 8 10 12 14 16 18 20
Time (s)

(b)

Fig. 14.  Chirp rate during the time from O s to 20 s. (a) Chirp rate of reflected
signals of CO1. (b) Chirp rate of reflected signals of C04.

The estimated motion parameters based on FrFT conforms to
the geometry projection relationship.

VI. SECOND EXPERIMENT RESULTS: FERRY WITH Low RCS

To explore the validity of the FrFT algorithm for target with
low RCS, we use the reflected signals of a ferry to conduct
the SNR improvement. Fig. 15 shows the photograph of the
ferry. The size of the ferry is approximately 38 m x 8 m x 8
m with an estimated RCS ~ 15 dB m?. In the data acquisition,
the ferry runs away from the antennas (from southwest to north-
east). Compared with the cargo ship, the ferry has two different
characteristics.

The RCS of the ferry is less than that of the cargo ship.

The velocity of the ferry is faster than that of the cargo ship.

These two characteristics result in the lower intensive echo,
thereby bringing difficulty to target detection based on GNSS
bistatic radar system.

In the experiment of the ferry, the 40 s data are collected. After
the data are processed with range compression, we conduct a
short-time coherent integration with CIT = 20 ms. Fig. 16 shows
the RC maps of reflected signals from C04 and CO1 satellites.
With regard to C04 RC data, Fig. 16(a) can show a bistatic
range history of the ferry, although the history has low SNRs
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Fig. 15.  Photograph of the moving ferry.
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Fig. 16. RC map after shot time coherent integration. (a) RC map of signals
from C04. (b) RC map of signals from CO1.

sometimes. Fig. 16(b) shows that the CO1 data are even worse
compared with CO4, and thus the history cannot be observed.

In this section, the FrFT results will be illustrated by two
subsections: the SNR improvement results of CO4 RC data and
C01 RC data.
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A. SNR Improvement Results of C0O4 Data

From Fig. 16(a), the intensity of the first 20 s data are higher
than that in the second 20 s. Consequently, we first divide the
C04’s RC data [see Fig. 16(a)] into two parts: the first 20 s data
and the whole 40 s data. Then, we conduct the improvement

algorithm for these two parts. The elevation angle variation dur-
ing 40 s is less than 0.44°. Therefore, in the SNR improvement
processing, the offset of elevation angle can be ignored.

1) SNR Improvement Results of the First 20 s Data: Fig. 17
shows the FrFT maps of C04 RC data in Fig. 16(a) with
Ap = 0.002. Fig. 17(a) shows that the target peaks marked
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with the black circle have an approximate SNR scope from
10 dB to 13 dB. Moreover, the corresponding vertical view [see
Fig. 17(b)] illustrates that the energy of echo marked with red
rectangle is integrated around p € [0.84, 1.012]. Rather than the
intensive peak in cargo ship experiment, the target peaks of the
ferry are slightly dispersive.

To analyze the reason for the dispersive peaks, we calculate
the RD maps of the target. By recording the bistatic range and
Doppler frequency information, we discuss the impact brought
by target motion state. Here, we select the time length of 1 s to
generate RC submaps that are converted into RD data. To clearly
describe the results of RD processing, here, we take the whole
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TABLE V
MOTION PARAMETERS BASED ON FRFT AND RD PROCESSING
Processing FrFT RD
a, (m/s* | [-0.111,0.011] [-0.137,0.016]
v (m/s) [-5.28,-5.76] -5.669

40 s raw RC data to conduct the RD processing. In this case,
the repeated description of RD data in the following subsection
can be avoided. Due to the weak energy of echo in the last
15 s data, we can only obtain 25 RD maps (1 s RC data are
transformed into one RD map) for recording the bistatic range, as
well as the Doppler frequency. The information of bistatic ranges
and the Doppler frequencies is shown in Fig. 18. Fig. 18(a)
shows that the bistatic range is gradually increasing, and it can
satisfy the high-order motion relationship well (R? = 0.9874).
The Doppler frequency shown in Fig. 18(b) has a considerable
variation. From 0 to 7 s, the chirp rate is negative and the Doppler
frequency is from —21 to —25 Hz. From 8 to 20 s, the chirp rate
is approximately zero with slight fluctuations, and the Doppler
frequency is about —24.5 Hz. From 21 to 40 s, the chirp rate
is positive, and the Doppler frequency is from —24 to —17 Hz.
Therefore, the variation of Doppler frequency in the first 20 s
causes the dispersive peaks in Fig. 17 because the chirp rate
directly influences the transform order p of FrFT. Based on the
coordinate of target peaks in Fig. 17, we can obtain the motion
parameters within a certain range given in Table V.

Here, we also conduct the MTD and RFT method to com-
pare with the FrFT-based algorithm. Fig. 19(a) shows the SNR
improvement results of MTD. The red line shows an obvious
target peak (SNR = 11.96 dB) at the range cell of 36, while
the blue line cannot show obvious peaks. Fig. 19(b) shows
the SNR improvement result of RFT. The SNR of the target
peak is 6.35 dB, and the corresponding Doppler frequency
(x-axis) is —20.63 Hz. Fig. 19(c) gives the cross-sections of FrFT
results with u = —22.9, —23.9, and —24.25. When u decreases,
transform orders p that correspond to the peaks have a tendency
towards 1 because of the variation of Doppler frequency from 0
s to 20 s (the chirp rate is approximately from negative to zero)
in Fig. 18(b). Moreover, the SNR of the peaks is about 13.17 dB,
and it increased by 1.21 and 6.82 dB compared with MTD and
RFT, respectively.

2) SNR Improvement Results of the 40 s Data: In the fol-
lowing section, the first 20 s data are analyzed. Here, we take
the whole 40 s data for FrFT processing to further investigate
the proposed algorithm. Fig. 20 shows the improvement results
using the 40 s C04 RC data. Fig. 20(a) shows that the target
peaks marked with black circle are more dispersive than the
peaks in Fig. 17(a). The SNRs of these peaks are approximately
12 to 14 dB. Fig. 20(b) shows that the transform orders p are
almost greater than 1 (p € [1.1, 1.2]). Explaining the dispersive
peaks and the variation of p is not difficult when the variation of
Doppler frequency in Fig. 18(b) is considered. Comparing the
first 20 s, the Doppler frequency has a considerable variation
during the whole 40 s, and the chirp rate is positive most of time
(50% of 40 s). Since the 40 s data are worse than the first 20 s
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data in terms of SNR and motion state, the SNR improvement
results of MTD and RFT are not calculated.

B. SNR Improvement Results of COI Data

Although the RC map of COl processed with short-time
coherent integration [see Fig. 16(b)] cannot show the bistatic
range history of the target, the target information (bistatic range
and Doppler frequency) can be observed from 15 RD maps.
The remainder of the RD maps (25 maps) cannot show the
information because of the low SNR of echo. Fig. 21(a) shows
the relationship between bistatic range and time based on RD
processing. This figure shows that the bistatic range satisfies the
high order motion relationship with R? = 0.9958. Fig. 21(b)
shows the variation Doppler frequency over time. The trend
of the Doppler frequency is similar to the trend in Fig. 18(b).
Considering that we cannot use the range information of the ferry
in Fig. 16(b) to choose the target area, we use the bistatic range
calculated by RD processing as the target area for extracting the
echo. Fig. 22 shows the FrFT results of 40 s CO1 RC data with
Ap = 0.002. Fig. 22(a) shows that the target peaks marked with
black circle are dispersive, and the corresponding SNRs are low
(approximately from 10 to 12 dB). The reason for this result is
the variation of the Doppler frequency in Fig. 21(b). Moreover,
the low SNR of CO1 RC data itself has an impact on the final
FrFT results.

Based on the FrFT algorithm for enhancing SNR of C01 and
C04 GNSS signals, two conclusions about the raw data and
the interest target can be obtained in this section. First, FrFT
algorithm improves the SNR of echo from maneuvering target
effectively. For example, the improvement contrast between the
first 20 s data of CO4 and the whole 40 s data of C04. Second,
the drastic variation of the target acceleration affects the SNR
improvement of the FrFT-based algorithm.

VII. CONCLUSION

In this article, we have investigated the potential of using GEO
satellites as space-based illuminators of opportunity for inland
river monitoring application. Particularly, the focus has been on
the algorithm that can properly integrate the echoes from the
maneuvering target over a long observation time to counteract
the low power budget of the transmitted signal that reaches the
ground surface.

Aiming at this purpose, we first analyze the reflected sig-
nal model of maneuvering target. The quadratic term of echo
may lead to the DFM and RM during the long observation
time because of the accelerated motion, thereby reducing the
integration gain. Then, we utilized jointly short-time coherent
integration and long-time integration to solve the effect of RM
and DFM for improving the power of echo. Furthermore, we
conduct two field experiments to validate the effectiveness of
the proposed algorithm. In the cargo ship experiment, compared
with MTD and RFT algorithms, the proposed algorithm can
increase the SNR by approximately 3 and 5 dB, respectively. In
the ferry experiment, compared with MTD and RFT algorithms,
the proposed algorithm can increase the SNR by approximately
1.21 and 6.82 dB, respectively. Also, according to the target
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peak’s coordinate of the FrFT map, we can obtain a by-product
of motion parameters. From the two experimental results, the
focused energy in the first experiment is high due to the high
RCS and stable acceleration of cargo ship. The focused energy of
the second experiment is relatively low because of the low RCS
and time-vary acceleration of ferry. As a result, the proposed
algorithm is more suitable for the target with a stable acceleration
rather than a time-varying acceleration.

Remarkably, the proposed SNR improvement algorithm can
show an effective integration gain aiming at the target with stable
motion (mainly stable acceleration). Aiming at real engineering
applications, the future work will explore the potential of an
improvement algorithm for multiple maneuvering targets while
being in the same interested area. Moreover, the improvement
limitation brought by the variation of acceleration need to be
solved.
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