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Abstract: The coast-ship bistatic high-frequency surface wave radar (HFSWR) not only has the
anti-interference advantages of the coast-based bistatic HFSWR, but also has the advantages of
maneuverability and an extended detection area of the shipborne HFSWR. In this paper, theoretical
formulas were derived for the coast-ship bistatic radar, including the first-order sea clutter scattering
cross-section and the Doppler frequency shift of moving targets. Then, simulation results of the
first-order sea clutter spectrum under different operating conditions were given, and the range
of broadening of the first-order sea clutter spectrum and its influence on target detection were
investigated. The simulation results show the broadening ranges of the right sea clutter spectrum
and left sea clutter spectrum were symmetric when the shipborne platform was anchored, whereas
they were asymmetric when the shipborne platform was underway. This asymmetry is primarily
a function of platform velocity and radar frequency. Based on experimental data of the coast-ship
bistatic HFSWR conducted in 2019, the broadening range of the sea clutter and the target frequency
shift were analyzed and compared with simulation results based on the same parameter configuration.
The agreement of the measured results with the simulation results verifies the theoretical formulas.

Keywords: bistatic HFSWR; shipborne HFSWR; first-order sea clutter; experiment verification

1. Introduction

The high-frequency surface wave radar (HFSWR), also known as the HF surface over-the-horizon
radar, operates in the 3-30 MHz frequency band at wavelengths between 100 m and 10 m, respectively.
The HFSWR can provide additional information on maritime traffic because it can detect targets over
the horizon, has continuous temporal coverage, and can estimate vessel velocity based on Doppler
data [1,2]. Currently, most HFSWR systems operate in a monostatic mode that requires the collocation
of the transmitter and the receiver. This raises practical issues in terms of the coastal space required
for installation of both the transmitting and the receiving antenna arrays, as well as the problem
of mutual interference between antennas. These issues can be overcome by resorting to a bistatic
radar system in which the transmitter and the receiver are located some distance apart [3-5]. In a
bistatic HFSWR system, the receiver has robust anti-active directional jamming and anti-destruction
characteristics because of the physical separation of the transmitter and the receiver, giving it unique
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advantages and potential regarding anti-electronic interference. A shipborne HFSWR system has the
advantage of flexibility and it can increase the radar detection range beyond that of an onshore HFSWR.
A system in which one of the transmitting or receiving stations is installed on the coast and the other is
placed on a ship forms a coast—ship bistatic HFSWR system. Such systems can be classified either as a
coast-transmit ship-receive (CTSR) bistatic HFSWR or as a ship-transmit coast-receive (STCR) bistatic
HFSWR depending on whether the receiving station is placed on the ship or the coast, respectively.

A CTSR bistatic HFSWR has the advantages of anti-stealth, anti-interference, and no onboard
electromagnetic radiation because the ship carrying the receiver can move to areas far from the coast.
Compared with STCR systems, CTSR systems can exploit fully the flexibility of a shipborne platform
and further expand the radar detection range by adjusting the attitude of the shipborne platform
and changing the radar system configuration, e.g., adjusting the radar spindle angle. However, the
azimuth resolution of such systems is reduced because shipboard platforms are limited by the size
of the platform and thus the radar receiving station aperture is typically limited to <100 m. In an
STCR bistatic HFSWR system, the shipborne equipment comprises only the transmitter, and there is
no need to consider the deployment of a receiver, signal processor, or other equipment. In addition,
the antenna aperture of the radar system is not limited by the size of the ship, which means that a large
aperture-receiving antenna array could be installed onshore to improve azimuthal resolution. However,
the fixed nature of the coast-based receiving station means that the receiving array spindle angle
cannot be changed, which limits the detection range of the radar system to a certain extent. In addition,
a transmitter/receiver—receiver radar system could be formed by adding a second coast-based/shipborne
transmitter—receiver monostatic radar on the same basis as the coast-ship bistatic radar. Then, the
detection performance and positioning accuracy of the marine target could be improved through
fusion of the results of the two systems.

In their research into onshore and shipborne bistatic HFSWR systems, Gill and Walsh derived
analysis relevant to onshore bistatic HFSWRs [6,7] based on the equation for the first-order radar echo
spectrum derived by Barrick and by Lipa and Barrick for an onshore multistatic HFSWR [8,9]. Based
on the space-time distribution of the first-order radar echo spectrum of an onshore bistatic HFSWR
system, Xie et al. proposed and verified a spreading model through simulation and experiment [10].
In research of shipborne HFSWRs, both Walsh et al. and Khoury and Guinvarch derived the first-order
ocean surface cross section of a monostatic HFSWR system on a moving platform [11-13]. In addition,
Xie et al. studied the first-order ocean surface cross-section for a shippborne HFSWR both theoretically
and through experiment [14,15]. In research of coast-ship bistatic HFSWRs, Li et al., Chen et al., and
Liu et al. all presented the first-order sea clutter based on system configuration and analyzed the
mechanism of broadening [16-19]. It is worth noting that the HFSWR system used in their research
employed multichannel transmitting arrays mounted on the coast and only one receiving antenna
mounted on a ship, whereas the HFSWR system of consideration in the present study employed one
transmitting antenna and multichannel receiving arrays. Zhu et al. analyzed the influence of bistatic
angle and shipborne platform motion on the characteristics of the broadened sea clutter spectrum [20].
Most previous research on coast-ship bistatic HFSWR systems focused on simulation analysis, with
few reports on experimental verification.

The main characteristic of the coast-ship bistatic HFSWR is that it combines the advantages (and
disadvantages) of monostatic coast-based and shipborne HFSWR systems. The radar spectrum of the
coast-ship bistatic radar, including the first-order sea clutter and moving target echoes, will change
with variation of the motion of the shipborne platform and the existence of the bistatic angle. A
frequency shift of the first-order sea clutter spectrum will lead to expansion of the first-order sea clutter,
and the blind area, due to the broadening of the first-order sea clutter spectrum, could cause difficulty
in detecting targets within it, significantly reducing the overall detection performance. Therefore,
it is necessary to investigate the mechanism of broadening of the first-order sea clutter spectrum
and its influence on target detection. A comprehensive understanding of the bistatic spreading
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mechanism of the first-order sea clutter spectrum is essential for study of bistatic clutter suppression in
target monitoring.

The remainder of this paper is organized as follows. In Section 2, the theoretical formulas of the
first-order sea clutter scattering cross-section and the Doppler frequency shift of moving ship targets
for the two types of coast—ship bistatic radar system are derived. In Section 3, simulation results of the
first-order sea clutter spectrum under different operating conditions are presented and the influence
on target detection is analyzed. In Section 4, the coast-ship bistatic HFSWR experiment is introduced
and the derived results interpreted. Finally, brief conclusions are outlined in Section 5.

2. Spreading Mechanism of the First-Order Sea Clutter Spectrum and Moving Targets

The geometry of the propagation path of a coast—ship bistatic HFSWR system is shown in Figure 1.

Scatterting Clutter

Figure 1. The two-dimensional coordinate system confined to a bistatic plane formed by transmitter
site T and receiver site R. L is the distance of the baseline range between T and R that is coincident
with the x-axis. All angles are described anticlockwise relative to the x-axis. To consider the two types
of coast—ship bistatic high-frequency surface wave radar (HFSWR) systems simultaneously, both the
transmitting station and the receiving station were set as shipborne platforms. The transmitter and
receiver have projected velocity vectors of magnitude vt and vg and aspect angles ¢ and @r with
respect to the x-axis, respectively. For a given moving target, its velocity vector projected onto the
bistatic plane has magnitude v and aspect angle ¢ referenced to the bistatic bisector. The distance from
the target to T and R is Rt and Rg, respectively, and 07 and O describe the angles of Rt and Rg with
respect to the x-axis, respectively. The bistatic angle is §, and Ap is the range resolution.

It is known that the Doppler frequency f; between a scattered signal and the direct signal of a
bistatic radar system is proportional to the temporal rate of change of the total path length of the
scattered signal [21]. Thus, the Doppler frequency of a moving target at the moving transmitting
station and moving receiving station of a bistatic HFSWR system can be calculated as follows:

1 dAR

fa= 1dAF (1)

where AR is the total range of the target relative to both the transmitting station and the receiving
station. For a bistatic HFSWR, AR = ARt + ARg, where

ART = veos(¢p + ‘g)At + vrcos(pr — O1) At 2)

and
ARR = vcos(¢p — g)At + vrcos(pr — Or)At. 3)
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Then,

fa= %v[cos(qo + [22) + cos(¢p — ’[22) + Yourcos(pr — O + vreos(pr — O)]

2

B R or 4
= Zcos(¢)cos(5) + [TCOS(QDR - GR) + ~teos(or — O7)]

It can be seen from Equation (4) that the Doppler frequency of a moving target is the sum of the target
motion, transmitter motion, and receiver motion [3], i.e., f; = fi1 + fi2, where f;; = 2Tvcos(qo)cos(g) is
the Doppler shift caused by the motion of the target itself, and f;» = “Rcos(¢r — Or) + ZFcos(pr — O7)
is the Doppler frequency caused by the motion of the shipborne mobile platform, which includes that
of the transmitting station and the receiving station.

When only the receiving station is placed on a moving shipborne platform, the Doppler frequency

of a moving target in a CTSR bistatic HFSWR can be calculated as follows:

fierse= Ceos(p)eas(5) + Leas(pn - 0x) ©)

Similarly, the Doppler frequency of a moving target in an STCR bistatic HFSWR can be calculated
as follows: 5

20 %
fister= T-cos(p)cos(5) + ~-cos(r - O7) (6)

For the first-order sea clutter spectrum of an HFSWR, Gill [6] derived the first-order sea surface
scattering cross section of a coast-based bistatic HFSWR:

-\ K5/2c0s(£) Ap[ K
o1(wg) = 24k S(mK)—zApSa2 il — 2k, @)
mzil V8 2 {cos(5)
where I? is the first-order sea wave vector with magnitude K (E = 2ko, where kg = 27” is a wave number),

2
g is the acceleration due to gravity, wy is the Doppler radian frequency, ws? = (271 %) =gK, 6(-) is
the Dirac delta function, m = +1 means the Doppler shift of the wave, A is the radar wavelength, and
S(-) is the ocean spectrum given as a function of the wave vector. As the Sa?[Mx] function satisfy: [6]

Nl{im Sa?[Mx] = n5(x), then

B
l;‘m sﬁ[ Ap (K - 2k0cos(§)\]}: m%sp(z)w - 2k0cos(§)] (8)

2c0s(5)

Thus Equation (7) can be simplified further into the following form:

N K5/2002( B
o1(wy) :25n2k§ Z S(mK)KL\/;(Z)(S(wd+m\/2gk0cos(§)]. )

m==1

Then, the first-order Bragg frequencies can be derived as follows according to the property of the

Dirac delta function 6(-):
fp = *4 /ngocos(‘g). (10)
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When the motion of the shipborne mobile platform is taken into account, the added Doppler shift
caused by platform motion on the first-order Bragg frequency should be the same as that on a moving
target. Then, the first-order Bragg frequencies are given as

fB= *4 /ngocos(g) + [%Rcos((pR - GR) + Zi\—Tcos((pT -0r)]. (11)

Thus, the first-order sea surface scattering cross section of CTSR and STCR bistatic HFSWR

systems can be expressed as
B\ wr
Wy +m ngocos(i) + Tcos((pR - Or|] (12)
B, or
wg+m 2gk0cos(§) + Tcos((pT -0r| (13)

K5/2c052(§)

Vg

fBCTSR: + 1 ’2gkocos(§) + UTRCOS(QOR - QR) (14)
. B
fBSTCR* + ng()COS(z + 1

Z)—Tcos(qu -0r) (15)
It should be noted that the motion of the shipborne platform mentioned here refers primarily to
forward navigation movement. When the sway of the ship platform caused by sea waves and wind is
considered [7,12], the periodic motion of the shipborne platform can affect the first-order sea clutter
spectrum and the target echoes. In addition, surface currents can lead to Doppler shift of the sea clutter
spectrum. However, it is inappropriate to use only a single velocity of surface current for different sea
areas with different directions of arrival. Therefore, the effects of surface currents were not considered
in the model proposed.

oicrsr(wg) = Ad

and

o1s7CR(wg) = A0

where A = 2° nzké ) I S(mZ) . Accordingly, their first-order Bragg frequencies are given

as follows:

3. Simulation Analysis of the First-Order Sea Clutter Spectrum for a Coast—Ship Bistatic HFSWR

As can be seen from the above, the Doppler shift of both the first-order sea clutter spectrum
and the moving target echo were affected by the radar frequency, bistatic angle, and velocity of the
shipborne platform. To quantitatively analyze the characteristics of the broadening of the sea clutter
spectrum and the related blind area, simulation analysis of the first-order sea clutter spectrum for a
coast-ship bistatic HFSWR was studied under conditions of different frequencies, different platform
velocities, and different elliptical rates. In the following simulation, it was assumed that heading of the
shipborne platform was consistent with the navigation direction.

It must be highlighted that the focus of this paper was on the application of bistatic radar target
monitoring. For this reason, the Doppler shift of the first-order sea clutter spectrum and the related
influence on the blind area are expressed with base units of velocity magnitude (i.e., m) instead of Hz.
In addition, as CTSR and STCR are equivalent bistatic configurations when similar antennas and array
configurations are used, the simulation results and influence analysis of only the CTSR bistatic radar
system are presented here. Simulation results for the STCR bistatic radar system could be obtained by
replacing the velocity of the receiving station platform with that of the transmitting station platform.
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3.1. Simulation 1: Simulated Space-Time Distribution for Different Headings of the Shipborne Platform

Based on Equation (14), the distribution of the broadening of the first-order sea clutter for a
coast—ship bistatic HFSWR when the shipborne platform was anchored is shown in Figure 2. Here, we
set the elliptical eccentricity as e = 0.7, frequency as 4.7 MHz, navigation speed vg = 0 km/h, and wind
direction as 90°.

Heading (°)

0 L L L L
-30 -20 -10 10 20 30

0
Elliptical velocity (km/h)

Figure 2. Distribution of the broadening of the first-order sea clutter of a coast-ship bistatic HFSWR
when the shipborne platform was anchored.

It can be seen from Figure 2 that the broadening ranges of the right sea clutter spectrum and left
sea clutter spectrum were symmetrical for a coast—ship bistatic HFSWR when the shipborne platform
was anchored, i.e., the width of the right sea clutter spectrum was equal to that of the left sea clutter
spectrum when the heading was given. Here, the right first-order spectrum was selected as an example.

The right bound retained the value of frr = / %, while the value of the left bound fr; was

2gkocos Bra ,0° < or < Or1
frr = ( ; ) , (16)
2gk0cos(7), Or1 < @r < 90°

where B is the largest bistatic angle for a given elliptical eccentricity e, i.e., Buax = arcsin(e), and Oy

.. . . . . sin
is its corresponding direction of arrival. Here, f = Zarctan(ﬁ).
e R

The space-time distribution of the Doppler frequency shift of the first-order sea clutter and the
simulation results of the first-order sea clutter spectrum for a CTSR bistatic HFSWR at three different
headings when the shipborne platform was anchored are shown in Figure 3. It can be seen that the
simulated space-time distribution of the frequency shift of the sea clutter varied with the direction of
arrival. The space-time distribution of the Doppler shift of the first-order sea clutter of a coast-ship
bistatic HFSWR system is presented as two nonlinear curves with the cosmic value of the incoming
direction, and the two curves are symmetrical along the y-axis.

Heading =90°

Heading =0°

Heading =45

rientation cosine

S

Orientation cosine
o

06

1 180
50 40 -30 20 -10 O 10 20 30 40 50 50 40 -30 20 -10 O 10 20 30 40 0 50 40 -30 20 -0 O 10 20 30 40 50

Eliptical velocity (kmvh) Eliptical velocity (km/h) Eliptical velacity (kmih)

(a) (b) (o)

Figure 3. Space-time distribution of the Doppler frequency shift of the first-order sea clutter for a
coast-transmit ship-receive (CTSR) bistatic HFSWR at different headings when the shipborne platform
was anchored: (a) 0°, (b) 45°, and (c) 90°.

Based on the two-dimensional space-time distribution plots presented in Figure 3, simulation
results of the first-order sea clutter spectrum of a coast—ship bistatic HFSWR with different headings
on a single channel can be obtained, as shown in Figure 4.
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Figure 4. Simulation results of the first-order sea clutter spectrum for a CTSR bistatic HFSWR at
different headings: (a) 0°, (b) 45°, and (c) 90°.

It can be seen from Figure 4 that the broadening ranges of the right first-order sea clutter spectrum
and left first-order sea clutter spectrum were symmetrical. As pr = 45°, Or1 = 46°, and @r < Ory, the
widths of both the right sea clutter spectrum and the left sea clutter spectrum at the headings of 0°
and 45° were equal. The minimum value of the width of the sea clutter spectrum was obtained when
@r = 90°. In addition, owing to the change of heading, the angle of the wind direction relative to
the principal axis of the receiving array was equivalent to that change, which induced the amplitude
variation of the sea clutter spectrum.

The space-time distribution of the Doppler frequency shift of the first-order sea clutter and the
simulation results of the first-order sea clutter spectrum for a CTSR bistatic HFSWR at three different
headings when the shipborne platform was navigating with velocity of 11.5 km/h are shown in Figures 5
and 6, respectively. In those cases, the broadening ranges of the right first-order sea clutter spectrum
and left first-order sea clutter spectrum were asymmetrical and their widths were not equal.

Heading =0°

Heading =45° Heading =90°

Orientation cosine
Orientation cosine

1 80
50 -40 30 -20 -0 0 10 20 30 40 50 50 40 -3 -20 -10 0 10 20 30 40 50 50 -40 30 20 -0 0 10 20 30 40 50
Eliptical velocity (kmvh) Ellptical velocity (km/h) Elliptical velocity (kmvh)

(@) (b) ()

Figure 5. Space-time distribution of the Doppler frequency shift of the first-order sea clutter for a CTSR
bistatic HFSWR at different headings when the shipborne platform was navigating: (a) 0°, (b) 45°, and
(c) 90°.

Heading =0°

Heading =45° Heading =90°

Amplitude (dB)
Amplitude (dB)
Amplitude (dB)

45 455 A

50 50 50

50 40 30 20 40 0 10 20 3 40 50 50 40 30 20 40 0 10 20 30 40 50 50 40 30 20 -0 0 10 20 30 40 50
Elliptical velocity (km/h) Elliptical velocity (km/h) Elliptical velocity (kmih)

(a) (b) (c)

Figure 6. Simulation results of the first-order sea clutter spectrum for a CTSR bistatic HFSWR navigating
at different headings: (a) 0°, (b) 45°, and (c) 90°.
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3.2. Simulation 2: Simulated Space-Time Distribution for Different Shipborne Platform Velocities

The space-time distribution of the Doppler frequency shift of the first-order sea clutter and
the simulation results of the first-order sea clutter spectrum for a CTSR bistatic HFSWR at different
velocities are shown in Figures 7 and 8, respectively. Here, we set the elliptical eccentricity as e =
0.22, frequency as 4.7 MHz, heading ¢r = 115°, and wind direction as 90°. Simulation results of a
monostatic shipborne HFSWR with the same operating conditions are presented for comparative
analysis in Figure 8.

Velocity =11.4814Km/h Velocity =22.2221Km/h

Orientation cosine
Orientation cosine

-50 -40 -30 -20 -10 0 10 20 30 40 50 -50 -40 -30 -20 -10 0 10 20 30 40 50
Elliptical velocity (km/h) Elliptical velocity (km/h)
(a) (b)

Figure 7. Space-time distribution of the Doppler frequency shift of the first-order sea clutter for a CTSR
bistatic HFSWR at different velocities: (a) vg = 11.48 km/h (6.2 knots) and (b) vg = 22.2 km/h (12 knots).

Velocity =11.4814Km/h Velocity =22.2221Km/h

Coast-ship bistatic HFSWR ‘ Coast-ship bistatic HFSWR

ol Monostatic shipborne HFSWR | | ol ‘— HFSWR ‘ |

/

ke Mow e s

50 L L L L L 50 n L L L L
-50 40 -30 -20 -10 0 10 20 30 40 50 50 40 -30 -20 -10 0 10 20 30 40 50

—

Amplitude (dB)
Amplitude (dB)

&
S
&
S

-40

Elliptical velocity (km/h) Elliptical velocity (km/h)
(a) (b)

Figure 8. Simulation results of the first-order sea clutter spectrum for a CTSR bistatic HFSWR at
different velocities: (a) vg = 11.48 km/h (6.2 knots) and (b) vg = 22.2 km/h (12 knots).

It can be seen from Figure 8a that the range of broadening of the first-order sea clutter spectrum
of a coast—ship bistatic HFSWR increased when the platform velocity increased, meaning that the
range of the blind area caused by first-order sea clutter was widened, which had a greater effect on
moving targets falling within these velocity ranges. This is very disadvantageous to target detection.
Conversely, with the increase of platform velocity, the echo amplitude of the first-order sea clutter
decreased gradually, which led to a higher signal-to-clutter ratio. This is more conducive to the
detection and highlighting of moving targets falling into and becoming submerged in the blind area
caused by first-order sea clutter.

As can be seen from Figure 8b, the range of broadening of the first-order sea clutter spectrum for a
monostatic shipborne HFSWR was obviously larger than that of the coast—ship bistatic HFSWR under
the same platform velocity, and even the left and right sea clutter spectra were almost superimposed
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when the velocity was greater than 24 km/h. For a CTSR bistatic HFSWR, only the receiving station was
on the moving platform, while both the transmitting and the receiving stations were on the moving
platform in a monostatic shippborne HFSWR system. Therefore, the Doppler shift of the first-order sea
clutter spectrum and the related blind area of a coast—ship CTSR bistatic HFSWR were smaller than
those of a monostatic shipborne HFSWR.

3.3. Simulation 3: Simulated Space—~Time Distribution for Different Radar Frequencies

The space-time distribution of the Doppler frequency shift of the first-order sea clutter and
the simulation results of the first-order sea clutter spectrum for a CTSR bistatic HFSWR at different
frequencies are shown in Figures 9 and 10, respectively. Here, we set the elliptical eccentricity as e =
0.134, shipborne platform velocity vr = 8 km/h (approximately 4.3 knots), heading ¢r = 114°, and
wind direction as 90°.

Frequency =4.7MHz Frequency =10MHz

-0.6

-0.4

-0.2

Orientation cosine
o

0.2

Orientation cosine
\

0.4

0.6

-50 -40 -30 -20 -10 0 10 20 30 40 50 -50 -40 -30 -20 -10 0 10 20 30 40 50
Elliptical velocity (km/h) Elliptical velocity (km/h)
(a) (b)

Figure 9. Space-time distribution of the Doppler frequency shift of the first-order sea clutter for a CTSR
bistatic HFSWR at different frequencies: (a) f = 4.7 MHz and (b) f = 10 MHz.

Frequency =4.7MHz Frequency =10MHz

T T
Coast-ship bistatic HFSWR
— ic shipborne HFSWR

™

/

T T
Coast-ship bistatic HFSWR
Monostatic shipborne HFSWR

ﬂ

d oF

o

)
S

Amplitude (dB)
Amplitude (dB)

&
S

- cne

-50 -40 -30 -20 -10 0 10 20 30 40 50 -50 -40 -30 -20 -10 0 10 20 30 40 50

Elliptical velocity (km/h) Elliptical velocity (km/h)
(a) (b)

Figure 10. Simulation results of the first-order sea clutter spectrum for a CTSR bistatic HFSWR at
different frequencies: (a) f = 4.7 MHz and (b) f = 10 MHz.

It can be seen from Figure 10 that the widths of the sea clutter blind area of a monostatic shipborne
HFSWR at different frequencies but with a constant platform velocity were similar, while their central
positions differed. Conversely, both the range of broadening of the first-order sea clutter spectrum and
the width of the sea clutter blind area of a coast—ship bistatic HFSWR changed with radar frequency.
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3.4. Simulation 4: Simulated Sea Clutter Spectrum for Different Wind Directions

The simulation results of the first-order sea clutter spectrum at wind directions of 0°, 45°, 90°, 135°,
180°, and 225° are shown in Figure 11a—f. Here, we set the elliptical eccentricity as e = 0.7, frequency as
4.7 MHz, shipborne platform velocity vg = 8 km/h, and heading pr = 0°.

Wind direction =0° Wind direction =45° Wind direction =90°

Coast-ship bistatic HFSWR Coast-ship bistatic HFSWR

Monostatic shipborme HFSWR| |

Coast-ship bistatic HFSWR
Monostatic shipborne HFSWR

Monostatic shipborne HFSWR

Amplitude (dB)
Amplitude (dB)
Amplitude (dB)

-50 -50
-50 -40 30 -20 -10 0 10 20 30 40 50 -50 -40 -30 20 -10 o 10 20 30 40 50 -50 -40  -30 -20 -10 0 10 20 30 40 50
Elliptical velocity (km/h) Elliptical velocity (km/h) Elliptical velocity (km/h)

(a) (b) (©

Wind direction =135° Wind direction =180° Wind direction =225°

Coast-ship bistatic HFSWR
Monostatic shipbor

Amplitude (dB)
Amplitude (dB)

. % .
Amplitude (dB)

-50 -50
-50 -40 -30 -20  -10 o 10 20 30 40 50 -50 -40 30 -20 -10 0 10 20 30 40 50
Elliptical velocity (km/h) Elliptical velocity (km/h) Elliptical velocity (km/h)

(d) (e) ®)

Figure 11. Simulation results of the first-order sea clutter spectrum for a CTSR bistatic HFSWR at
different wind directions: (a) 0°, (b) 45°, (c) 90°, (d) 135°, (e) 180°, and (f) 225°.

It can be seen from Figure 11 that the range of broadening of the first-order sea clutter spectrum of
a coast-ship bistatic HFSWR remained unchanged under different wind conditions. Moreover, the
width of the first-order sea clutter of the coast—ship bistatic HFSWR was always less than that of the
monostatic shipborne HFSWR under the same platform velocity and radar configuration. However,
the comparative relationship between the amplitude of the left first-order spectrum and right first-order
spectrum was changed, and the related blind area had a different influence on target detection.

Under the condition of 180° wind direction, the average amplitude of the right first-order spectrum
relative to the underlying noise was 38 dB, while the average amplitude of the left first-order spectrum
was 21 dB, i.e., a difference of 17 dB. Thus, for a moving target with amplitude of 30 dB, if its elliptical
velocity were within the right first-order spectrum, it would be submerged completely by sea clutter.
However, it could be detected easily if its elliptical velocity were within the left first-order spectrum.
For the wind condition of 135°, the situation was the reverse of the 45° condition.

3.5. Simulation 5: Simulated Space-Time Distribution for Different Elliptical Eccentricity

The space-time distribution of the Doppler frequency shift of the first-order sea clutter and the
simulation results of the first-order sea clutter spectrum for a CTSR bistatic HFSWR at different elliptical
eccentricity are shown in Figures 12-15, respectively. Here, we set the frequency as 4.7 MHz, heading
@r = 48.9°, wind direction as 90°, and velocity vy = 18.5 km/h (approximately 10 knots) when ship
was navigating.
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Figure 12. Space-time distribution of the Doppler frequency shift of the first-order sea clutter for a
CTSR bistatic HFSWR when the ship was anchored: (a) e = 0.33 and (b) e = 0.7.
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Figure 13. Simulation results of the first-order sea clutter spectrum for a CTSR bistatic HFSWR when
the ship was anchored: (a) e =0.33 and (b) e = 0.7.
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Figure 14. Space-time distribution of the Doppler frequency shift of the first-order sea clutter for a
CTSR bistatic HFSWR when the ship was navigating: (a) e = 0.33 and (b) e = 0.7.
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Figure 15. Simulation results of the first-order sea clutter spectrum for a CTSR bistatic HFSWR when
the ship was navigating: (a) e = 0.33 and (b) e = 0.7.

As can be seen from Figures 1215, the first-order sea clutter spectrum of e = 0.7 was wider than
that of e = 0.33 when the heading g = 48.9° in the anchored case, whereas the width of the sea clutter
was largely unchanged under different elliptical eccentricity when the ship was navigating with the
velocity of 18.5 km/h.

Based on analysis of simulations of the first-order sea clutter spectrum of a coast—ship bistatic
HFSWR in navigational state, the range of the detection blind area caused by broadening of the
first-order sea clutter spectrum and its influence on target detection can be understood and overcome.
The findings could be used to develop appropriate strategies for actual target detection, such as
adopting the most suitable navigational speed and heading. For a CTSR bistatic HFSWR system, the
principal axis angle of the receiving array and the Doppler frequency shift of the detected target can be
changed by adjusting the heading of the platform without changing the platform position. In this way,
a moving target signal submerged within each area of sea clutter could be separated from the range of
the blind area or adjusted to the side of the sea clutter blind area with less influence. It should be noted
that such strategies do not apply to STCR bistatic HFSWR systems.

4. Vessel Target Monitoring Experiment with Coast—Ship Bistatic HFSWR

4.1. Introduction of the Coast—Ship Bistatic HFSWR

A coast—ship HFSWR experiment was conducted in July 2019 using two Compact Over-horizon
Radar for Marine Surveillance HFSWR systems (CORMS). One radar was located on the coast near
the city of Weihai (Shandong Province, China; Figure 16), and the other was deployed on the M/V
Shun Chang 28. The experimental area comprised the open-water area off the coast near Weihai. The
experiment was divided into two periods. The first period, from 09:18:00 to 10:07:00 local time, is
indicated by the green line in Figure 16. During this period, measured experimental data using the
CTSR bistatic HFSWR system were obtained. The second period, from 10:50:00 to 14:40:00 local time,
is indicated by the red dashed line in Figure 16. During this period, measured experimental data using
the STCR bistatic HFSWR system were acquired. The velocity and heading of the shipborne platform
during the experiment are shown in Figure 17. Here, the heading is given clockwise relative to north.
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Figure 16. Location of coast-based radar station and navigation route of shipborne platform.
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Figure 17. Velocity and heading of shipborne platform.

The CORMS HFSWR system used in the experiment had a solid-state transmitter with maximum
peak power of 500 W. The output power of the transmitter could be adjusted continuously. A linear
frequency-modulated interrupting continuous wave signal was used, and a double-whip transmitter
antenna at the height of 11 m transmitted an omnidirectional pattern. The HF radar receiver was
fully digitalized with eight channels, although only five channels were used in the experiment. Each
element of the receiving array was a small magnetic cylindrical antenna (length: 0.5 m, diameter:
0.4 m), suitable for shipborne platforms. The radar frequency was 4.7 MHz and the bandwidth was
60 KHz.

In the coast—ship bistatic HFSWR experiment, synchronous transmitter-receiver monostatic
HFSWR data were also obtained using a system collocated with the transmitter station. The transmitters
and receivers of both radar systems, as well as the two radars, were synchronized using GPS. Both the
shore-based receiving array and the shipborne receiving array were composed of five elements but
with different element spacing. Owing to the limitation that the length of the shipborne platform was
only 88 m, the available array aperture of the shipborne receiving array was only 62 m and its antenna
spacing was 15.5 m. Conversely, the antenna spacing of the shore-based receiving array was 29 m,
and the array aperture was 116 m, i.e., >100 m. Besides, motion attitude information of the shipborne
platform was recorded synchronously using the shipborne inertial navigation system. The measured
radar echo spectrum data of the coast—ship bistatic HFSWR system obtained in the experiment are
discussed in the following section.
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4.2. Interpretation of Experiment Results

Time period 1: CTSR bistatic HFSWR experimental data analysis

A typical two-dimensional range-Doppler (RD) spectrum of the CTSR bistatic HFSWR and that
of the coast-based monostatic HFSWR at a specific time is shown in Figure 18a,b, respectively. At
the sample time, the baseline distance between the transmitting station and the receiving station
was 12.8 km. The shipborne platform was sailing in a straight line with velocity of 11.48 km/h (6.2
knots), the ship heading was 115° (relative to the baseline), and the main axis angle of the shipborne
radar receiving station was 205° (relative to the baseline). The broadening range of the simulated sea
clutter spectrum with the same parameter configuration as in the experiment is superimposed on the
measured radar spectrum, and it is marked with a red box.
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Figure 18. Doppler spectrum of the CTSR bistatic HFSWR and of the coast-based monostatic HFSWR
at the velocity of 11.7 km/h (6.2 knots); (a) RD spectrum of the CTSR bistatic HFSWR; (b) RD spectrum
of the coast-based monostatic HFSWR; (c) Doppler data of the CTSR bistatic HFSWR at the range of
50 km; (d) Doppler data of the coast-based monostatic HFSWR at the range of 55 km.

As can be seen from Figure 18, in comparison with the non-broadened first-order sea clutter
spectrum of the coast-based monostatic HFSWR, both the left and right first-order sea clutter RD
spectra of the CTSR bistatic HFSWR were broadened at the platform velocity vg = 11.48 km/h (6.2
knots), and the broadening of the right first-order sea clutter spectrum was more obvious than that
of the left. The width of the right first-order sea clutter was approximately 11.1 km/h (20.8 to 31.9
km/h), and that of the left first-order sea clutter was 10.3 km/h (-18.5 to —28.8 km/h). According to
the simulation results (Figure 8a) discussed in Section 3, the theoretical width of the right first-order
sea clutter should be 11.3 km/h (20.2 to 31.5 km/h), and that of the left first-order sea clutter should
be 10.5 km/h (-18.9 to —29.4 km/h). It can be seen that the measured width values of both the left
and the right first-order sea clutter are consistent with their theoretical values. The small deviation of
approximately 0.6 km/h (0.17 m/s) of the location of the sea clutter spectrum might have been caused
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by the existence of ocean currents. In addition, it can be discerned from Figure 18a that the bending
characteristics of the first-order Doppler spectrum caused by the bistatic angle were not obvious. This
is mainly attributable to two reasons. The first is that the baseline was small relative to the detection
distance. The second is that the shipborne receiving station could only receive on the right side of the
ship, limiting the detection range of the radar to a certain extent. Both of these factors could lead to
smaller eccentricity and a smaller bistatic angle, resulting in the determined bending characteristics of
the first-order sea clutter spectrum.

Compared with the broadened first-order sea clutter spectrum, the echo of a moving target
(Maritime Mobile Service Identity No: 413551440) was detected simultaneously by the bistatic HFSWR
and the coast-based monostatic HFSWR systems. The positions of the target in the two-dimensional
RD spectra and in the one-dimensional Doppler spectra are marked with red circles and straight lines,
respectively. Its velocity and heading were 19.96 km/h and 289.4° relative to the north, respectively,
ie,v=17.96 km/h, ¢ = -167.8529°, ‘; = 6.15°, pr = 115.5° relative to the baseline, and O = 116.1°.
Based on Equation (5), the theoretical radial velocity was —11.7516 km/h. Its echo appeared in the
20% range unit, i.e., the 74 Doppler unit of the RD spectrum of the CTSR bistatic HFSWR with a
signal-to-noise ratio (SNR) value of approximately 30 dB, which means that the half of its range sum
was 50.73 km, and the projected elliptical velocity was —11.8127 km/h. It can be seen that the measured
velocity of the target is consistent with the theoretical value (—11.7516 km/h). The target’s range
relative to the monostatic HFSWR was 54.2269 km and the radial velocity was —17.0557 km/h, with an
SNR value of approximately 25 dB. The Doppler-time (D-T) distributions over a 10-min period, onto
which the elliptical velocity results were projected using Automatic-Identification-System (AIS) real
information were superimposed, are shown in Figure 19. It can be seen that the track of the moving
target can be detected clearly, and that the Doppler shift of the target echo within the 10-min period is
consistent with the AIS track results.

D-T distribution of the coast-based monostatic HFSWR

Time (min)
Time (min)

Elliptical velocity (km/h) Elliptical velocity (km/h)
(a) (b)

Figure 19. Doppler-time (D-T) distribution and Automatic-Identification-System (AIS) results for the
CTST bistatic HFSWR and coast-based monostatic HFSWR; (a) D-T distribution of the CTSR bistatic
HFSWR; (b) D-T distribution of the coast-based monostatic HFSWR.

Time period 2: STCR bistatic HFSWR experimental data analysis

Measured data of the STCR bistatic HFSRW system with different platform speeds were obtained
in the second period. The STCR bistatic HFSWR spectrum and the synchronous shipborne monostatic
HFSWR data at the velocity of 0 km/h, 7.96 km/h (4.3 knots), and 18.5 km/h (10.0 knots) are shown in
Figures 20-22, respectively. The heading at the three moments was 54°, 141°, and 115°, respectively
(relative to the baseline). For the receiving station, the angle of the main axis was fixed at 310°.
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Figure 20. Doppler spectra of the STCR bistatic HFSWR and ship-based monostatic HFSWR systems at
the velocity of 0 knots. (a) RD spectrum of the STCR bistatic HFSWR; (b) RD spectrum of the ship-based
monostatic HFSWR; (c¢) Doppler spectrum of the STCR bistatic HFSWR at the range of 32.5 km; (d)
Doppler spectrum of the ship-based monostatic HFSWR at the range of 22.5 km.
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Figure 21. Doppler spectra of the STCR bistatic HFSWR and ship-based monostatic HFSWR systems at
the velocity of approximately 4.3 knots. (a) RD spectrum of the STCR bistatic HFSWR; (b) RD spectrum
of the ship-based monostatic HFSWR; (c) Doppler spectrum of the STCR bistatic HFSWR at the range
of 45 km; (d) Doppler spectrum of the ship-based monostatic HFSWR at the range of 35 km.
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Figure 22. Doppler spectra of the STCR bistatic HFSWR and ship-based monostatic HFSWR systems
at the velocity of approximately 10.0 knots. (a) RD spectrum of the STCR bistatic HFSWR; (b) RD
spectrum of the ship-based monostatic HFSWR; (c¢) Doppler spectrum of the STCR bistatic HFSWR at
the range of 52.5 km; (d) Doppler spectrum of the ship-based monostatic HFSWR at the range of 45 km.

As can be seen from Figures 2022, the bending characteristics of the first-order Doppler spectrum
caused by the bistatic angle can be observed, although they are not obvious. When the platform was
anchored, the velocity of the platform was zero (Figure 20). In this case, the radar can be regarded
as having a fixed transmitting station and a fixed receiving station. Therefore, the first-order sea
clutter of the STCR bistatic HFSWR was not broadened, which was the same outcome as that of the
shipborne monostatic HFSWR. The target echo in the RD spectrum of each of the two radar systems
was very clear.

When the platform velocity was approximately 4.3 knots, the broadening of the first-order sea
clutter in the RD spectrum (Figure 21) of the bistatic HFSWR was not obvious and most targets were
easily detected. The width of the left first-order sea clutter was 6.2 km/h (-20.6 to —26.8 km/h), and
that of the right first-order sea clutter was 6.1 km/h (24.1 to 30.2 km/h). According to the simulation
results (Figure 10a in Section 3), under the same conditions, the theoretical width of the left first-order
sea clutter should be 6.1 km/h (-20.6 to —26.7 km/h), and that of the right first-order sea clutter should
be 6.5 km/h (23.7 to 30.2 km/h). Thus, the broadening range of the measured sea clutter spectrum
is consistent with the theoretical value. In Figure 22¢, the SNR value of the target of concern was
approximately 17 dB for the STCR bistatic HFSWR. In contrast, the first-order sea clutter in the RD
spectrum of the monostatic HFSWR was obviously broadened. Although the range of the first-order
spectrum was wide, the obvious outer boundary can be seen coupled with the influence of land clutter,
i.e., the moving target marked in the figure can still be detected, but the signal-to-clutter ratio was
reduced to approximately 10 dB.

When the platform velocity reached 10 knots (Figure 22), the scene was very different from
the previous two examples. For the STCR bistatic HFSWR, as the coast-based receiving station was



Remote Sens. 2020, 12, 470 18 of 20

obscured by surrounding land, the received signal came only from a limited range of the incoming
direction. Therefore, the range of broadening of the left first-order sea clutter spectrum and the
Doppler shift of the land clutter were obviously smaller than the theoretical values. For the shipborne
monostatic HFSWR, as the shipborne platform was on the way back, the main axis angle of the radar
receiving station was 205°, and the detection range of the shipborne receiving station was mainly
facing land. Consequently, there was no obvious boundary to be found because of the wide range of
the first-order sea clutter. However, the presence of land clutter was obvious, varying continuously
with range and velocity in the radar echo.

Similar to the above, Figure 23 shows the D-T distributions and AIS results of the STCR bistatic
HFSWR and ship-based monostatic HFSWR at the platform velocity of 4.3 knots (vt = 7.96 km/h). At
this time, ¢ = 37.56°, g =2.9°, @1 = 141°,and 07 = 92°. The moving target (v = 18.71 km/h ) was
detected at the range of 44.75 km with an elliptical velocity of approximately 17.46 km/h by the STCR
bistatic HFSWR based on Equation (6), whereas it was detected at the range of 35 km with a radial
velocity of approximately 18.87 km/h by the ship-based monostatic HFSWR. The Doppler shift of the
target echo in the measured radar data is largely consistent with the AIS track results.

D-T distribution of the STCR bistatic HFSWR
1 ]

Time (min)

1l

-50 -25 0 25 50
Elliptical velocity (km/h) Elliptical velocity (km/h)

@) (b)

Figure 23. D-T distribution and AIS results for the STCR bistatic HFSWR and ship-based monostatic
HFSWR. (a) D-T distribution of the STCR bistatic HFSWR; (b) D-T distribution of the ship-based
monostatic HFSWR.

5. Conclusions

By combining the advantages of coast-based bistatic HFSWR and shipborne monostatic HFSWR, a
coast—ship bistatic HFSWR system has potential in anti-electronic interference and expanded detection
range by fully exploiting the advantage of the flexibility of a shipborne platform. To investigate the
characteristics of the first-order sea clutter spectrum, and the related blind area and its influence
on target detection, the theoretical formulas for a coast-ship bistatic HFSWR system were derived.
Moreover, simulations of the first-order sea clutter spectrum under different radar parameters and
different shipborne platform velocities were analyzed. From the simulation results and its influence on
target detection, it can be concluded that the Doppler shift of both the first-order sea clutter and the
moving target were affected mainly by the velocity of the moving platform and the bistatic angle in a
coast-ship bistatic HFSWR. Broadening of the first-order sea clutter spectrum will cause a blind area
for target detection. When the shipborne platform was anchored, the broadening ranges of the right
sea clutter spectrum and left sea clutter spectrum were symmetrical, and the widths of the right sea
clutter and left sea clutter were equal. When the shipborne platform was navigating, the broadening
ranges of the first-order sea clutter spectrum on the left and right were asymmetrical, and their widths
were not equal, owing to the combined influence of the bistatic angle and the platform motion. In
addition, the broadening range of the first-order sea clutter spectrum of a coast-ship bistatic HFSWR
increased with the increase of platform velocity in most cases. At the same platform velocity, both the
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broadening range of the first-order sea clutter spectrum and the width of the sea clutter blind area
of a coast—ship bistatic HFSWR changed with radar frequency, and the width of the first-order sea
clutter of a coast-ship bistatic HFSWR was less than that of a shipborne monostatic HFSWR. Under the
condition of higher platform velocity, although the detection blind area caused by sea clutter was wider,
the echo amplitude of sea clutter was lower, and the lower SNR was beneficial for target detection.
Although the comparative relationship between the amplitude of the left first-order spectrum and the
right first-order spectrum changed under different wind conditions, the range of broadening of the
first-order sea clutter spectrum remained unchanged. The analysis of measured experimental data
revealed that the broadening range of the first-order sea clutter and of the frequency shift of a moving
target are consistent with theoretical and simulation results. The findings of this study further the
understanding of the theoretical formulas and measured spectrum data of the two types of coast-ship
bistatic HFSWR.

It should be noted that under the condition of a moving platform, irrespective of whether a
monostatic shipborne HFSWR or a coast-ship bistatic HFSWR is used, the first-order sea clutter will be
broadened markedly in the channel spectrum. In general, beam data rather than channel data are used
in target detection to obtain a better SNR. Therefore, the influence of sea clutter broadening within the
beam data of coast—ship bistatic HFSWR should be considered in the process of motion compensation
or sea clutter suppression for target detection, and related research will be undertaken in the future.
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