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Abstract—High-frequency surface wave radar (HFSWR) can
detect and continuously track ship targets in real time and beyond
the horizon. Compared with transmit/receive (T/R) monostatic
HFSWR, the T-R bistatic HFSWR has the advantages of flexibility,
receiver concealment, and large coverage because of the separation
between the radar transmitter and receiver locations. So far, there is
little research on marine ship monitoring for bistatic HFSWR. This
article examines ship monitoring performance with T-R bistatic
compact HFSWR of small aperture based on measured experimen-
tal data. The first-order sea-clutter characteristics and detection
blind zone for T-R bistatic HFSWR were investigated theoretically,
and the formulas for the moving ships were derived and its position
accuracy were analyzed from simulation results. The experimental
results of ship target detection of bistatic compact HFSWR carried
out in 2015 were presented, and the spectrum characteristics of
the bistatic HFSWR were analyzed with measured experimental
data. A method integrating detection and tracking was applied to
the target detection data collected by the bistatic compact radar,
and two targets examples tracked were given. Finally, the valid-
ity of the method and the tracing results were verified by using
synchronous automatic identification system data, and the ship
positioning accuracy of the bistatic compact HFSWR was statisti-
cally analyzed. The analysis shows that bistatic radars have larger
errors than monostatic T/R radars, with a positioning error as
large as 10 km.

Index Terms—Automatic identification system (AIS), high-
frequency surface wave radar (HFSWR), integrating detection and
tracking, ship monitoring.

I. INTRODUCTION

H IGH-FREQUENCY surface wave radar (HFSWR), also
known as HF surface over-the-horizon radar, operates in

the 3–30 MHz band, with wavelengths between 100 and 10 m,
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respectively. HFSWR can provide additional information on
ship traffic, as it can detect ship targets over-the-horizon,
has continuous-time coverage, and can estimate ship velocity
through Doppler data [1], [2]. Compared with large-array HF-
SWR, compact HFSWR with small aperture occupies a smaller
radar site, has lower power consumption, and is easier to deploy
and maintain. Therefore, applications of compact HFSWR can
be further expanded [3].

HFSWR can be categorized into monostatic radar systems and
bistatic radar systems depending on the location configuration
of the transmitting and receiving stations [4], [5]. In general,
HFSWR works in monostatic transmit/receive (T/R) mode,
where the transmitter antenna and receiver are colocated; T is
the radar transmitter and R is the radar receiver. Monostatic T/R
radar systems have many advantages, such as higher detection
accuracy, simple technology implementation, and low cost. In
T-R bistatic mode, the radar transmitter and receiver are installed
at different locations far from each other. For bistatic T-R radar
systems, the receiver is secure when the transmitter is attacked
as the receiver is passive and in a state of concealment. Because
the radar transmitter and receiver are positioned in separate
locations, the receiving antenna or the transmitter can be placed
on an island, an offshore platform or even a buoy or other mobile
platforms, which can improve the detection range and flexibility
of the radar system [6]–[8].

Moreover, as the receiving station and transmitting station
are located at different sites, the receiving station can acquire
additional target information at another observation view. Thus,
moving targets originally buried in the sea clutter for T/R HF-
SWR can be separated from the sea clutter in the T-R bistatic
HFSWR data. For this reason, bistatic T-R radar can be combined
with monostatic T/R radar to form the T/R-R radar system;
unlike the single monostatic or bistatic radar systems, the T/R-R
system can obtain multidirectional observation information and
improve ship target detection performances and precision [6],
[9], [10], especially for the compact HFSWR system.

In addition, a bistatic HFSWR system has the potential to
significantly improve the nighttime coverage area compared to a
monostatic T/R radar system, while maintaining approximately
the same daytime coverage. A bistatic system can also produce
a higher radiated power aperture product from the same peak-
power transmitter because it can use more efficient waveforms
such as frequency-modulated continuous waves (FMCWs) [7].
However, bistatic HFSWR systems that employ FMCW wave-
forms may be more susceptible to other forms of ionospheric
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Fig. 1. Propagation path of a surface wave from a bistatic HFSWR.

clutter contamination (such as multiple round returns) and ex-
ternal interference [11].

Most articles on bistatic HFSWR focused on theoretical and
simulation analysis. For example, Xie et al. [12] investigated the
spreading mechanism of the first-order sea clutter for onshore
bistatic HFSWR. Other articles based on measured HFSWR
data mainly focused on analysis of the sea-clutter characteristic
[13] and sea state monitoring, for example, Yang et al. [14]
used a bistatic HFSWR to measure ocean currents. However,
there is little research on marine ship target monitoring based
on measured experimental data for bistatic compact HFSWR.

This article examines ship target monitoring with T-R bistatic
compact HFSWR based on measured experimental data. The
theoretical formulas of the first-order sea clutter and the target
motion parameters are given in Section II. The target detec-
tion experiment using T-R bistatic HFSWR is introduced in
Section III. Section IV presents the data processing algorithm
for target monitoring which includes integrating detection and
tracking for bistatic HFSWR. The tracking results are verified
and the positioning accuracy is investigated in Section V. Finally,
Section VI concludes this article.

II. SHIP TARGET PARAMETER ESTIMATION AND POSITION

ERROR SIMULATION FOR BISTATIC HFSWR

A. First-Order Sea-Clutter Characteristics and Detection
Blind Zone

Fig. 1 shows the scattered path of a bistatic HFSWR.
In Fig. 1, RR is the range from the target to the receiving

station R, RT is the range to the transmitting station T, L is the
distance between the transmitting station and receiving station,
θR is the receiver look angle of the wave relative to the normal
direction of the receiver, θT is the transmitter look angle of the
wave relative to the north, and ϕ is the angle between the speed
vector of the target and the bistatic angle bisector. ϕR represents
the angle between the receiver array normal direction and the
north, ϕL is the angle of the baseline relative to x-axis, and β is
the bistatic angle. For the bistatic radar, the range that the radar
measures directly are the sum of the ranges of the target relative
to the transmitting station and that to the receiving station, i.e.,
R = RR +RT , the total scattered path. This range sum can
locate the target on an ellipse whose two foci are at the location
of the transmitter and receiver. The intersection of the estimated

Fig. 2. Simulated result showing the velocity blind zone caused by the first-
order sea clutter for bistatic HFSWR. (a) For a beam angle of −48°. (b) For a
beam angle of 16°.

value of target’s angle of arrival with the ellipse determines the
location of the target. For HFSWR, the first-order sea clutter is
the major interference source and creates detection blind zone
in the radar echo spectrum. The Doppler shift of the first-order
sea clutter for the bistatic HFSWR can be calculated in (1) [15]:

fb = ±
√

g · cos (β/2)
πλ

+ fc (1)

where λ is the radar wavelength, g is the gravity acceleration
(g = 9.81 m/s2), and fc is the Doppler frequency shift caused by
the ocean current. According to (1), the first-order Bragg shift
of a bistatic HFSWR is not fixed but a function of the bistatic
angle β. It is also less than that of the monostatic T/R HFSWR,
which can be expressed as fb = ±√ g

πλ
+ fc. Only when the

bistatic angle β is close to zero at infinite distance, the Bragg
frequency of the bistatic radar is equal to that of the monostatic
T/R radar. The bistatic angle β is calculated using the formula:

β = arccos

(
RR

2 +R2
T − L2

2RRRT

)
. (2)

Because of the wide beam of the HFSWR, the bistatic angle
can vary within [βmin βmax], which can lead to a broadening
of the first-order sea-clutter spectrum. The broad sea-clutter
spectrum can further increase the range of the target detection
blind zone. Fig. 2 gives two simulated range–Doppler (R–D)
spectra with a beam direction of −48° and 16° off the boresight.
In the simulation analysis, the same parameters as those of an
actual HF radar system are used. The radar operating frequency
is 4.7 MHz, the array comprises eight elements, 14.5 m apart,
and the baseline distance between the transmitting station and
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Fig. 3. Location of the two target tracks and radar stations.

the receiving station is 52.466 km. The target blind zone caused
by the first-order sea-clutter spectrum appears for both radars.

In addition to the changes of the bistatic angle, the exiting
and changing velocity of the ocean current vc can also cause a
shift and broadening of the first-order sea clutter of the bistatic
HFSWR. The Doppler shift caused by ocean currents is

fc =
2vc
λ

cos (β/2) . (3)

In the absence of tsunamis and other extreme marine events,
the velocity of ocean currents is usually vc < 1 m/s [16]. There-
fore, the frequency shifts and the broadening of the first-order
spectrum of the sea surface caused by ocean currents can be
calculated by the maximum current velocity. Then

fcMax =
2vcMax

λ
cos (β/2) =

2

λ
cos (β/2) . (4)

Based on (1) and (4), it can be seen that the target detection
blind zone caused by the first-order sea clutter for the T-R bistatic
HFSWR is wider than that of the monostatic T/R radar, and is
affected by factors such as the bistatic angle and ocean currents
velocity.

B. Target Parameter Estimation for Bistatic HFSWR

Based on the multichannel data acquired by the receiving
station, the sum of the ranges R and the angles θR of the target
relative to the receiving array can be obtained. According to the
cosine theorem, the following relationship can be obtained:

R2
T = R2

R + L2 − 2RRL cosϕT . (5)

Here, ϕT = ϕL − ϕR − θR − π
2 , it can be set θ′R = ϕL −

ϕR − θR, then RT and RR can then be obtained by the follow-
ing formula:

RR =
R2 − L2

2 (R− L sin θ′R)
. (6)

Thus, the target can be located by using obtained values of
RR and θR. The velocity obtained from the R–D spectrum of the
bistatic HFSWR is the elliptical velocity relative to the reference
ellipse on the bistatic angle, which is different from the radial
velocity obtained from monostatic T/R HFSWR [17]. As seen

Fig. 4. Distribution curve of the target’s range error. (a) Target 1. (b) Target 2.

Fig. 5. Target position error distribution curve (500 times average).
(a) Target 1. (b) Target 2.

from Fig. 1: {
d
dt RT = V cos(ϕ− β/2)
d
dt RR = V cos(ϕ+ β/2)

(7)

where ϕ is the angle between the speed vector of the target V
and the bistatic angle. From this the formula of the elliptical
velocity, VE can be calculated as

VE =
d

dt
R =

d

dt
RT +

d

dt
RR = 2V cosφ cos

β

2
. (8)
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Fig. 6. R–D–T data of bistatic HFSWR.

As cosβ =
R2

T+R2
R−L2

2RTRR
, then

cos
β

2
=

√
1

2
+

RR − Lsinθ′R
2
√
R2

R + L2 − 2RRLsinθ′R
. (9)

The Doppler shift of the target can be obtained based on the
known values of RR and θR:

fD = 2
fc
c
V cosϕ

√
1

2
+

RR − Lsinθ′R
2
√

R2
R + L2 − 2RRLsinθ′R

. (10)

Setting V ′ = V cosϕ, the velocity of the target can be calcu-
lated by

V ′ =
fDc

2fc

√
1
2 +

RR−Lsinθ′
R

2
√

R2
R+L2−2RRLsinθ′

R

. (11)

Because HFSWR can detect targets beyond the horizon, the
target must be determined in spherical coordinates instead of
plane coordinates when the target is far from the radar sta-
tion. The formulas for converting the measurement parameters
in spherical coordinates into that in plane coordinates can be
expressed as [18]{

r = 2R0 sin(
r′

2R0
)

tanϕ = tanϕ′ · cos( θ2 ).
(12)

Here, R0 is the earth radius, r and ϕ are the radial range
and azimuth in the plane coordinate system, respectively, r′ and
ϕ′ are the radial range and azimuth in the spherical coordinate
system, respectively, and θ is the radian from r on the sphere.
Therefore, the target distance, azimuth, and velocity of the
bistatic HFSWR in the spherical coordinate system are⎧⎨

⎩
r′ = 2R0arc sin(

r
2R0

)

ϕ′ = arctan
(

tanϕ

cos( θ
2 )

) (13)

V ′ =
fDc

2fc

√
1
2 +

r′−Lsinθ′
R

2
√

r′2+L2−2r′Lsinθ′
R

. (14)

C. Simulation Analysis of Positioning Accuracy for Bistatic
HFSWR

When the target range R and the receiving station azimuth θR
have measurement errors ofΔR andΔA, respectively, the actual

Fig. 7. R–T and D–T image and corresponding AIS data of target T1. (a) R–T
image of T1 at the 192 Doppler bin. (b) D–T image of T1 at the 21 range bin.

Fig. 8. Flowchart of the integrated detection and tracking process for bistatic
HFSWR.

target range a and range error a′ are expressed, respectively:

a =
R2 − L2

2
(
R− L sin θ

′
R

) (15)

a′ =
(R+ΔR)

2 − L2

2 [R+ΔR − Lcos (ϕT +ΔA)]
. (16)

Then, the range error Rerr and spatial position error Perr are,
respectively:

Rerr = a′ − a (17)

Perr = c =
√
a′2 − a2 − 2aa′cosΔA . (18)

When they are converted to spherical coordinates, they can
be expressed as follows, respectively:

Rerr = a′ − a (19)
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Perr=R0 ·arccos
(
cos

a

R0
·cos a

′

R0
+sin

a

R0
·sina

′

r0
·cosΔA

)
(20)

a = R0 · arctan
(

cos L
R0

− cos R
R0

sin R
R0

− sin L
R0

sin θ′R

)
(21)

a′ = R0 · arctan
⎛
⎝ cos L

R0
− cos

(
R+ΔR

R0

)
sin R

R0
− sin L

R0
cos (ϕT +ΔA)

⎞
⎠ . (22)

It can be seen from the above formula that the spatial position
error of the bistatic HFSWR is related to the range, range error,
azimuth, and azimuth error of the target since its range is related
to the target’s azimuth (including azimuth error). The spatial
positioning error of monostatic HFSWR is related to the target’s
range, range error, and azimuth error, but not to the target’s
azimuth.

To quantitatively evaluate the spatial position accuracy of
bistatic HFSWR, two ship target trajectory results [from au-
tomatic identification system (AIS) data] are selected to analyze
the statistical distribution results of the range the positioning
error when they are given specific measurement errors, including
range error and azimuth error. Fig. 3 shows the trajectories of the
two targets and the locations of the transmitting and receiving
stations. In which, the duration of the two target tracks is 1 h, one
point per minute. The receiving station is located at (121.286E,
37.562N), while the transmitting station is located at (121.286E,
37.562N) (122.066E, 37.562N).

Figs. 4 and 5 show the distribution curves of the range error
and position error of the two targets. In which, position error
refers to the distance between the simulated tracking results of
the bistatic compact HFSWR and AIS. To analyze the difference
between the compact HFSWR and the large-array HFSWR, the
azimuth errors ΔA are, respectively, set to 3° and 1°, and the
range error ΔR is set to 1 km based on the actual radar mea-
surement accuracy. In order to reduce the influence of system
deviation, their average values were set to 0.

Fig. 4 shows that the range error of monostatic HFSWR is
not related to azimuth since the curves of 3° coincide with those
of 1° for two targets. While the range error of bistatic HFSWR
is affected by the azimuth error. As a result, bistatic HFSWSR
has a substantially higher range error than monostatic HFSWR,
and the bigger the azimuth error, the greater the range error. It is
also influenced by the bistatic angle. So the range error of T2 is
higher than that of T1 since the bistatic angle of T2 is obviously
greater than that of T1.

It can be seen from Fig. 5 that the azimuth error has a
significant impact on the target’s position error of HFSWR,
which is considerable for both monostatic and bistatic modes
when the azimuth error is large. When the bistatic angle is small
(T1), the position errors of monostatic and bistatic HFSWR are
relatively close, and they are mainly determined by the azimuth
error. As the influence of bistatic increases, the influence of range
error of bistatic HFSWR increases, and the difference of position
error between monostatic and bistatic begins to increase (T2).

Fig. 9. First-order sea clutter extraction and suppression results. (a) Extraction.
(b) Suppression. (c) CFAR predetection results.

III. SHIP TARGET MONITORING METHOD FOR

BISTATIC HFSWR

In the traditional processing scheme of target monitoring with
the large-array HFSWR, detection and tracking are two separate
processes. Compared with the large-array HFSWR, the compact
HFSWR has wider beam width and lower angle measurement
accuracy. For a given moving target, wider beam width means
lower signal-to-noise ratio (SNR) at a given beam angle, which
will cause a lower detection rate and increase missing rate
during the detection stage. Furthermore, a reduced detection
rate and angle measurement accuracy can result in target track
fragmentation or loss during the tracking stage. As a result,
the typical tracking after detection technique is ineffective for
compact HFSWR.
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Fig. 10. Layout of the bistatic HFSWR. (a) Location of the transmitter
and receiver. (b) Radar system layout scheme. (c) Transmitting antenna. (d)
Receiving antenna array.

Compared with microwave radar, HFSWR has coarser az-
imuth resolution. It can obtain high Doppler resolution or high
radial velocity resolution by using long coherent integration.
And both the compact HFSWR with small-array and large-array
HFSWR can practically achieve the same radial velocity reso-
lution and the same range resolution though they have different
azimuth resolution.

In an HFSWR R–D image, a moving ship target is shown as
an area target rather than a point target because of the spectrum
spread of its echo caused by the variations of its range and
velocity during long integration time. For bistatic HFSWR,
range refer to range sumRT +RR. And area targets can provide

more features than point targets or CFAR detection result, which
are helpful for distinguishing multiple moving targets.

As can be seen from the previous analysis, the echo spectrum
spread of a moving target in a bistatic radar R–D image is
more obvious than that of monostatic radar. Therefore, different
moving targets can be distinguished from each other in R–D
image. For a moving target, its spatial position is constantly
changing. And the elliptical velocity and echo amplitude of a
nonmaneuvering moving target are also constantly changing
basically in two consecutive frames R–D images. So the target
detection of the bistatic HFSWR can also be extended in the time
domain to achieve integrated detection and tracking, similar to
that of a monostatic radar.

Fig. 6 shows a Range–Doppler–time (R–D–T) data of bistatic
HFSWR. Fig. 7 shows the range–time (R–T) images and
Doppler–time (D–T) image, on which the corresponding AIS
tracks were superimposed.

The R–T image illustrates the range change relative to the
radar site. The stripes in the image represent the target traces in
the R–T domain. The D–T image depicts the variations in the
elliptical velocity of the target over time at a fixed range cell.
It should be noted that the target trace appears for a short time
and then can move to the previous or next range cell in the D–T
image, even if the target velocity remains unchanged.

As can be seen from Fig. 7 that the target tracks are clearly seen
in both the R–T and D–T images, and they are consistent with the
AIS tracks. As each R–T or D–T image is the two-dimensional
(2-D) result of the 3-D R–D–T data at a fixed Doppler cell or
range cell, respectively, the range cells and Doppler cells where
the target is located will actually change with time. As a result,
the target track in the radar images and the AIS track do not
correspond exactly.

Then, the R–D–T data can be used to track moving targets
by integrating detection and tracking. The flow chart of the
integrated detection and tracking process for bistatic HFSWR
is given in Fig. 8.

Stage 1: R–D–T data construction. Here, R is the range sum
for bistatic HFSWR, D is Doppler velocity, which is the elliptical
velocity used in the bistatic radar rather than the radial velocity
used in the monostatic T/R radar data, and T is frame number.
In which, the frame number is related to coherent integration
time of each frame TCIT, the interval between each frame ΔT.
Here, TCIT can be set between 100 and 300 s to guarantee a
sufficient velocity resolution and ΔT can be set as 60 s. When
there are many maneuvering ships, values of both TCIT and ΔT
should be appropriately reduced. To reduce the time interval of
detection results, two consecutive batches of R–D–T data should
be overlapped.

Stage 2: Data preprocessing. This stage includes the first-
order sea-clutter suppression and CFAR predetection with a
low threshold. Compared with a monostatic T/R HFSWR, the
characteristics of the frequency shift and the broadening of the
first-order sea clutter for a bistatic compact HFSWR makes
it more difficult to isolate the first-order sea-clutter spectrum.
Equation (3) shows that ∇fB changes regularly with variation
of bistatic angle β. For the beam R–D spectrum of a certain
azimuth, the bistatic angle can be calculated according to the
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Fig. 11. Typical R–D spectrum of bistatic HFSWR with different beam angles.
(a) −48° beam data. (b) 16° beam data.

azimuth and range sum. Therefore, the distance between the left
and right first-order spectra of bistatic radar can be calculated.
Then a 2-D SNR method can be used to recognize and suppress
the first-order sea clutter based on the continuous distribution
characteristics of the first-order sea spectrum on each 2-D R–D
data. This method was used to extract the first-order sea clutter
for high-frequency hybrid sky–surface wave radar [20].

The purpose of CFAR predetection with a low threshold is to
extract the possible target with weak signals in advance, which
can improve the efficiency of data processing. Although some
false targets caused by noise or clutter may exist in a certain
frame spectrum, they will be eliminated in the next stage of the
integration of detection and tracking because the false targets
have different characteristics of temporal and spatial distribution
with real targets.

Fig. 9 shows suppression results of the first-order sea clutter
and the CFAR predetection results with a low threshold for a
given single-frame 2-D R–D spectrum in the 3-D R–D–T data.

As can see from Fig. 6 that the first-order sea clutter of the
bistatic HFSWR can be effectively suppressed, and its influence
on the target detection has been eliminated. It should be noted
that suppression was not achieved for ionospheric clutter over
long distances.

Stage 3: Integration of detection and tracking. For stage 3 in
Fig. 5, integration of the detection and tracking of the bistatic
radar, the dynamic programming method can be used here, and
most of the steps are the same as those for a monostatic T/R
radar, see details in [3] and [21].

TABLE I
PARAMETERS FOR BISTATIC COMPACT HFSWR

At the DOA estimation stage, the azimuth of each point in
the target track can be estimated using a conventional direction-
finding method such as the beam-forming method or the super-
resolution direction estimation method. In this article, beam-
forming DOA method was used based on its corresponding
multiple-channel R–D data. Then, the target’s track can be
determined using the estimated range and azimuth parameters.

IV. SHIP MONITORING EXPERIMENT AND METHOD

EVALUATION

A. Ship Target Monitoring Experiment With Bistatic HFSWR

The experiment was conducted in November 2015 in Shan-
dong, China, and a compact HFSWR with a small array named
compact over-horizon radar for marine surveillance was used
[19]. The transmitting station was located in Weihai, and the
receiving station was located in Yantai City. The transmitter and
the receiver were synchronized using GPS time reference over
a separation of about 52 km. Fig. 10 shows the locations of
the transmitter and receiver, and the photos of its transmitting
antenna and receiving antenna array. The key parameters for the
radar system are listed in Table I.

The compact HFSWR used a solid-state transmitter with
a maximum peak power of 1 kW. The output power of the
transmitter could be continuously adjusted. Linear frequency
modulated interrupting continuous wave signal was used for
the HFSWR. The transmitter antenna transmitted in an om-
nidirectional pattern, and the antenna’s height was 10 m.
A higher log-periodic antenna was used to send lower frequency
electromagnetic waves. The HF radar receiver is fully digitalized
with eight channels. The receiving antenna array of the radar
system consists of eight active whip antenna units, each unit
equipped with six ground wires. The height of each receiving
antenna is 2 m, and it can be deployed easily when setting up
the radar site. The receiving antenna array was placed along the
coast, with the antennas placed at 15-m intervals.

Fig. 11 shows two R-D spectra measured by the bistatic radar
with different beam directions off the boresight. The vertical axis
represents half of the range sum R (in km), and the horizontal
axis indicates the ellipsoidal velocity relative to the bistatic angle
in Hz or in m/s. The measured radar spectra are in good agree-
ment with the simulation results with the same configuration,
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Fig. 12. AIS point distribution at a fixed moment.

TABLE II
AIS INFORMATION OF SHIP T1 AND T2

Fig. 13. Partial bistatic HFSWR target tracking results (red circles) and
corresponding AIS data (blue circles) recorded during 1 h: (a) in R–D coordinates
and (b) in latitude and longitude coordinates.

Fig. 14. Photos of ships. (a) Ship T1. (b) Ship T2.1

shown in Fig. 2. The strongest echo signal appears at the range
of about 52 km, which corresponds to the direct signal from the
radar transmitter station to the receiving station. The broadening
amplitude of the first-order sea clutter of the measured spectra
is significantly greater than that of the simulated spectra.

During the experiment, AIS data from the monitored ships
was collected and synchronized with the HFSWR data. AIS
can provide information such as ship name, ship type, position,
heading, and speed, which is often used as ground truth data to
validate the detection methods. Fig. 12 shows the processed AIS
points and track results in the monitored area.

B. Target Monitoring Result Analysis

Fig. 13(a) and (b) shows partial tracking results from the
bistatic HFSWR (red circles) and corresponding AIS data (blue
circles) recorded during 1 h in the R–D coordinates and latitude
and longitude coordinates, respectively.

A good match between the target tracking results and the AIS
tracks is seen in the R–D coordinate system, while in the lat.–
long. coordinate system some deviation exists between the two
datasets. It means that the bistatic HFSWR monitoring method
can effectively track moving targets. To quantitatively analyze
the detection performance of bistatic HFSWR, two examples,
Ship T1 and Ship T2, were selected. Table II shows the AIS
information for the two ships. And their photos are shown in
Fig. 14.

Fig. 15 shows the tracking result of targets T1 and T2 in
the lat.–long. coordinates and in the range–velocity coordinates,
respectively. The blue curves represent the AIS results and the
red curves represent the tracking results of the bistatic HF radar.

1[Online]. Available: http://www.shipxy.com/

http://www.shipxy.com/
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Fig. 15. Tracking result of the T1 and T2. (a) Tracking results in the latitude
and longitude coordinates. (b) Tracking results in the range-velocity coordinates.
(c) Enlarged view of the T1 results. (d) Enlarged view of the T2 results.

Fig. 16. Range error distribution between the HFR and AIS measurements
over time for targets T1 and T2 in the two cases.

Fig. 17. Position error distribution between the HFR and AIS measurements
over time for targets T1 and T2 in the two cases.

In the lat.–lon. coordinate plot in Fig. 15, unlike the good match
in the R–D coordinate system, the tracking results of the two
targets deviate from the AIS data. Because of the large azimuth
errors, the distance between the target tracks and the AIS, i.e.,
position error, is relatively large.

Fig. 16 is the range error distribution curve of two targets and
shows the range deviations between the HFSWR and AIS data
(blue) over time for the two targets in the bistatic T-R mode (red).
The range deviations of the two targets are between 1 and 3 km
in the bistatic mode and less than 1 km for range sum, which is
equivalent to the case of monostatic T/R mode. These deviations
represent the measurement error of the range sum for the bistatic
HFSWR. The larger range error for the bistatic radar is mainly
due to the presence of a large azimuth error. Correspondingly,
the position error of the two targets is relatively large (Fig. 17);
most deviations are between 4 and 8 km, reaching up to 12 km.
The main reason for such a large position error is that the radar
system has a large azimuth error of about 5°. And there is a large
system deviation, that is, the mean value of the azimuth error is
not 0, which is different from the simulation results.

V. CONCLUSION

In this article, the first-order sea-clutter characteristics and
introduced detection blind zone for bistatic HFSWR were in-
vestigated. Detection and tracking were integrated in the target
monitoring method for bistatic compact HFSWR. The target
tracking results using bistatic compact HFSWR were compared
with synchronized AIS data to verify the accuracy of the tracking
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results and the effectiveness of the monitoring method. More-
over, a preliminary statistical analysis was conducted to evaluate
the position accuracy of the target detection of the bistatic
compact HFSWR from simulation analysis and comparison of
the results with the experimental data. The analysis shows that
bistatic radars have larger errors than monostatic T/R radars,
with a position error as large as 10 km. Therefore, the influence
of the spatial position accuracy of different radar configurations
on the detection results should be considered in the association
and fusion process of multistation network observation systems.

Future article will focus on detailed analysis of position ac-
curacy for bistatic compact HF radars and comparative analysis
with monostatic T/R radars.
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