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Abstract—Vessel speed and heading are two important kinematic
parameters describing its state of motion. However, due to low
spatial resolution of a compact high-frequency surface wave radar
(HFSWR), vessel speed and heading cannot always be accurately
estimated. Since HFSWR can measure vessel Doppler velocity with
relatively high accuracy, it is possible to estimate a vessel’s vector
velocity based on two Doppler velocities measured along two differ-
ent directions. In this article, a newly developed T/R-R composite
compact HFSWR system is introduced, and a corresponding vessel
velocity estimation method which employs a target’s radial velocity
and elliptical velocity, respectively, measured by the monostatic
(T/R) and bistatic (T-R) settings is proposed. First, monostatic and
bistatic tracks are independently generated using a multitarget
tracking algorithm. Then, the obtained monostatic and bistatic
tracks are matched using a track-to-track association method to
determine the track pair belonging to each target. Subsequently,
the associated track pairs are combined to produce fused tracks
for improving positioning accuracy. Finally, vessel vector velocity
is estimated based on the radial and elliptical velocities as well
as the fused target position. Comparisons of vector velocity esti-
mation results from radar field data with corresponding automatic
identification system data demonstrate that the average root-mean-
square-errors of the estimated speed and heading are 0.48 km/h and
3.9◦, respectively, which meets the practical requirements of a mar-
itime surveillance system. Moreover, the velocity estimation error is
analyzed via theoretical derivation and experimental verification.
The proposed method shows good potential in further improving
the tracking accuracy.

Index Terms—Compact high-frequency surface wave radar
(HFSWR), T/R-R composite system, track association, track
fusion, vector velocity estimation.
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I. INTRODUCTION

A S an important over-the-horizon ocean remote sensing
sensor for both wide-area sea state (current, wave, wind,

etc.) inversion [1] and long-range sea-surface targets detection
and tracking [2], [3], compact high-frequency surface wave radar
(HFSWR) has raised significant interest in recent years for their
deployment flexibility and less space requirement [4]. Several
representative compact HFSWR systems have been developed,
e.g., the SeaSonde system [5], [6], OSMAR-S system [7], [8],
WERA-S system [9], CORMS system [10]–[12], etc. However,
limited by the coarse bearing resolution due to reduced aperture
size, compact HFSWR system operated in monostatic mode is
difficult to provide accurate target position information. Plenty
of research works have demonstrated the effectiveness of a
bistatic HFSWR in both sea state estimation [13], [14] and target
detection [15], but similar problems exist if a compact system is
used.

In order to enhance the target detection performance of com-
pact radar systems, networking observation becomes a feasible
strategy and research focus [16], [17], but it brings an increase
in system complexity and cost. To achieve a tradeoff between
system performance and its complexity and cost, a T/R-R com-
posite radar system consisting of a T/R monostatic radar and
a T-R bistatic radar, as shown in Fig. 1, offers a new choice
[18], [19] and can be regarded as the basic configuration of
a networking system. For a T/R-R composite radar system,
the T/R monostatic radar and T-R bistatic radar cooperatively
illuminate targets within a common area simultaneously. As
shown in Fig. 1, a target is observed by both the T/R monostatic
radar and T-R bistatic radar. So far, very few T/R-R HFSWR
systems have been developed and limited results have been
reported [20]. In [15], analysis was only focused on target
tracking performance of the T-R bistatic radar of a T/R-R system.
Also, existing T/R-R studies mainly focus on theoretical and
simulation analysis. In this article, a newly developed T/R-R
composite compact HFSWR system is introduced, and a target
vector velocity estimation method, which consists of a track
association and fusion module and a vector velocity estimation
module, is designed for such a system.

In an integrated maritime surveillance system, target speed
and heading are of great importance. However, existing research
works on target detection and tracking with HFSWR mainly

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

https://orcid.org/0000-0001-8381-6483
https://orcid.org/0000-0001-9622-5041
https://orcid.org/0000-0002-3264-8560
mailto:sunwf@upc.edu.cn
mailto:jiyonggang@upc.edu.cn
mailto:daiys@upc.edu.cn
mailto:s19050022@s.upc.edu.cn
mailto:weimin@mun.ca


4428 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 14, 2021

Fig. 1. Geometric configuration of a T/R-R composite radar system.

focus on enhancing the tracking performance in terms of im-
proving bearing resolution [21], reducing track fragmentation
[22], improving positioning accuracy [12], etc. Few studies
have paid attention to estimating the target speed and heading
[12], [23]. The traditional way to calculate these two parameters
relies on target positions. Unfortunately, compact HFSWR can
only provide coarse target positions due to its poor spatial
resolution, thus, affecting target speed and heading estimation.
As the monostatic radar and bistatic radar in a T/R-R com-
posite system observe a target from different perspectives, the
obtained redundant target location information may be com-
bined via data association and fusion to improve the positioning
accuracy. However, due to various kinds of interference, such
as sea clutter [24], ionospheric clutter [25], radio frequency
interference [26], etc., under a multitarget detection scenario,
the data acquired by a compact HFSWR consist of multiple
measurements (a.k.a. plots) of different targets and many false
alarms due to interference. Therefore, it is challenging to identify
the two measurements that are observed by two radars but belong
to the same target just based on the data acquired at a single
moment. Compared with a plot, a track connecting several plots
sequentially better illustrate the motion characteristics of a target
with higher certainty. Motivated by this consideration, first,
target tracks can be separately generated by multitarget tracking
algorithms [27] for both T/R monostatic radar and T-R bistatic
radar. Then the monostatic and bistatic tracks can be compared
and fused by track-to-track association and fusion methods to
produce fused tracks with improved positioning accuracy.

So far, quite a few track-to-track association and fusion
methods have been proposed. These track-to-track association
methods can be classified into three categories. One includes
statistical-based methods, such as the weighting method [28],
joint probability data association (JPDA) method [29], multiple
hypothesis tracking (MHT) method [30], etc. The second is
fuzzy mathematics-based, such as the fuzzy mathematics-based
clustering method [31]–[34], fuzzy double-threshold association
algorithm [35], etc. The third type is artificial intelligence based,
such as the neural network-based method [36], extreme learning
machine-based method [37], etc. The track-to-track fusion al-
gorithms include the covariance intersection (CI) method [38],
the Bar-Shalom-Campo algorithm [39], adaptive track fusion
approach with fuzzy computation [40], maximum a posterior

probability-based state estimation fusion [41], etc. Track-to-
track association and fusion methods are always applied sequen-
tially, e.g., Singh and Sood [42] obtained the fused tracks with
higher accuracy by joint probabilistic data association and neural
network fusion algorithm for multiple maneuvering targets. It
should be noted that only several representative track-to-track
association and fusion examples are listed here.

Among the above track-to-track fusion methods, the Bar-
Shalom-Campo algorithm is simple and easy to implement, less
sensitive to measurement errors, and has better fusion perfor-
mance for radars with a great difference in detection accuracy.
Considering the characteristics of target detection with a T/R-R
composite compact HFSWR system, the fuzzy double-threshold
association method, and the Bar-Shalom-Campo algorithm are,
respectively, selected for track-to-track association and fusion
in this article.

Unlike noncoherent marine radar [43], HFSWR can also
provide target Doppler velocity in addition to position. As
vessels usually move at relatively low speeds, longer coherent
integration time (CIT) is usually required for maritime target
detection so that accurate Doppler velocity can be achieved. As
shown in Fig. 1, the radial velocity VR, and the elliptical velocity
VE can be measured by the T/R monostatic radar and T-R bistatic
radar, respectively. For a specific target with a known position,
once the two Doppler velocities VR and VE are obtained at a
sampling instant, they can be combined to estimate the vector
velocity.

Under a T/R-R configuration, since the target positions asso-
ciated with VR and VE for a specific time may not refer to a
same location, the two Doppler velocities can only be used to
calculate the vector velocity after track fusion. The remainder
of this article is organized as follows. The target plot and track
representations with a T/R-R composite compact HFSWR are
provided in Section II. The proposed method is described in
detail in Section III. In Section IV, experimental results are
presented and analyzed. Theoretical and experimental analysis
of the estimation error is provided in Section V and conclusion
are drawn in Section VI.

II. TARGET PLOT AND TRACK REPRESENTATIONS FOR T/R-R
COMPOSITE COMPACT HFSWR

HFSWR depicts a target with three kinematic parameters,
range, bearing, and Doppler velocity. The range and bearing
determine a target’s position, while Doppler velocity is the radial
component of the target’s true speed. The T/R-R composite radar
system is designed for sea-surface target detection in a 2D plane
with due North and due East as the positive directions of the
vertical and horizontal axes, respectively. As shown in Fig. 1,
the T/R and R radar stations denoted with red solid triangles are
located at (lonT/R, latT/R) and (lonR, latR), respectively. ϕL

denotes the intersection angle between the baseline and East
direction. The target is located at S(lonS , latS). Two linear
phased receiving antenna arrays consisting of a few equally
spaced antenna elements, which are labeled as receiving array
1 at the T/R station and receiving array 2 at the R station, are
denoted using black lines with green and red dots indicating
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Fig. 2. Tracking results of a target with a T/R monostatic radar and a T-R
bistatic radar.

the antenna elements. Once the receiving antenna arrays are
deployed, their boresights are determined as ϕT and ϕR ref-
erenced with respect to the due North, respectively. Under the
T/R-R configuration, one target has two sets of representations.
The T/R monostatic radar represents a target with a state vector
[rT θT VR]

T , where rT denotes the distance between a target
and T/R radar site, θT represents the target bearing with respect
to the due North, VR is the target radial velocity. While the T-R
bistatic radar represents it with a state vector [rR θR VE ]

T , where
rR denotes the distance between a target and the receiver of a T-R
radar, θR represents the target bearing, VE is the target elliptical
velocity along the direction of the bistatic bisection. For both
T/R monostatic and T-R bistatic radars, target plot data can be
collected at every sampling instant, and plot data sequences can
be obtained after several consecutive sampling instants, with
each plot represented by a corresponding state vector. Then a
multitarget tracking algorithm can be applied to these plot data
sequences to obtain two target track sets, represented as T1 =
{track1i |i = 1, 2, . . . ,m} and T2 = {track2i |i = 1, 2, . . . , n},
respectively, where m, n are the numbers of monostatic and
bistatic tracks.

Fig. 2 illustrates the tracking results of a specific target
obtained by a T/R monostatic radar and a T-R bistatic radar
using converted measurement Kalman filter (CMKF) [44], the
corresponding automatic identification system (AIS) track is
also shown for comparison, and the mauve solid dots indicate the
starting points of tracks. As shown in Fig. 2, the tracks obtained
by two radars behave differently in positions due to different
measurement errors.

III. PROPOSED METHOD

The proposed vessel vector velocity estimation method con-
sists of a track association and fusion module, and a vector
velocity estimation module. First, the track association and
fusion module are applied to the track setsT1 andT2 to determine
the track pairs belonging to the same target and merge them
to produce estimated tracks with higher positioning accuracy.
Then the vector velocity estimation module is used to estimate
the vector velocity based on each fused position, radial velocity
measured by the T/R radar, and elliptical velocity measured by

the T-R radar. These two modules will be described in detail in
the following sections.

A. Track Association and Fusion

The goal of track association and fusion is to exploit the
complementary information of target measurements simultane-
ously obtained by T/R monostatic radar and T-R bistatic radar
to improve target positioning accuracy. First, the fuzzy double-
threshold track-to-track association method is applied to the two
track sets T1 and T2 to determine the associated track pairs.
Then, for a specific track pair, the track-to-track fusion method
based on Bar-Shalom-Campo is used to produce a fused track.
As the converted measurement Kalman filter is implemented
under Cartesian coordinate, to clearly describe the track-to-track
association and fusion procedure, the state of a target detected by
T/R monostatic radar at sampling time k in Cartesian coordinate
system is denoted as s1(k) = [x1

k ẋ1
k y1k ẏ1k]

T , where x1
k, y1k are

the target’s locations in x–y coordinate, ẋ1
k and ẏ1k denote the

target’s velocities in x and y directions. During the tracking
process, the state estimation error covariance matrix can be
obtained and denoted as P 1(k). Similarly, the corresponding
representations for T-R bistatic radar are denoted as s2(k) =

[x2
k ẋ2

k y2k ẏ2k]
T , P 2(k), respectively. The subscript k is omitted

in the flowing descriptions for simplicity. Based on the above
representations, the estimated target state at sampling time k
after track-to-track fusion can be expressed as

s = P 2(P 1 + P 2)
−1s1 + P 1(P 1 + P 2)

−1s2 (1)

and the corresponding state estimation error covariance matrix
is

P = P 1(P 1 + P 2)
−1P 2. (2)

However, it is worth noting that the T/R monostatic and T-R
bistatic radars share the same transmitting antenna, have similar
receiving antenna arrays, and operate simultaneously under the
same detection environment. Thus, they have similar priori
estimation error or process noise so that the error correlation
between their local estimates should be considered during the
track-to-track fusion procedure. The state estimation difference
of an associated track pair is expressed as

D12 = s1 − s2 (3)

and its covariance matrix is

E[D12D12
T ] = P 1 + P 2 − P 12 − P 21 (4)

where P 12 and P 21 are estimation error cross covariance ma-
trices which can be calculated as

P 12(k) = (I −KH)(ΦP 12(k − 1)ΦT +Q)(I −KH)T

P 21(k) = (I −KH)(ΦP 21(k − 1)ΦT +Q)(I −KH)T

(5)

where I , K, Φ, H , and Q are the identity matrix, Kalman gain,
state transition matrix, measurement matrix, and process noise
covariance matrix, respectively, which can be obtained during
Kalman filtering procedure.
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Fig. 3. Schematic diagram of vector velocity estimation.

Based on the above analysis, the final fused state and the
corresponding state estimation error covariance matrix can be
written as

s̄ = s1 + (P 1 − P 12)(P 1 + P 2 − P 12 − P 21)
−1(s2 − s1)

P = P 1 − (P 1 − P 12)(P 1 + P 2 − P 12 − P 21)
−1

× (P 1 − P 21). (6)

B. Vessel Vector Velocity Estimation Method

The schematic diagram of vessel vector velocity estimation
with T/R-R composite compact HFSWR is shown in Fig. 3.
Suppose a target moves at a velocity V with V as its amplitude
and θ as its heading referenced with the due East, its position
at current moment is S. With two radar sites separated by a
known distance L, the bistatic angle β is formed. As mentioned
in Section II, the T/R monostatic radar represents the target
with a state vector [rT θT VR]

T , while the T-R bistatic radar
represents it with a state vector [rR θR VE ]

T . Actually, the T-R
bistatic radar directly measures the total distance ρ = rT + rR
that is the transmitter-target-receiver distance, the range rR
between the target and receiving site can be calculated via
the triangle relation. ϕ and θE denote the intersection angles
between the directions of radial velocity VR, elliptical velocity
VE , respectively, and baseline L.

As a Doppler radar, the Doppler velocity VR measured by T/R
monostatic radar is along the radar looking direction, while the
isorange contour of a T-R bistatic radar forms an ellipse whose
two foci are, respectively, at the locations of the transmitter and
receiver, the Doppler velocity VE is along the bisector of the
bistatic angle, which is perpendicular to the tangent direction of
the ellipse.

With the locations of two radar sites being known, the bistatic
angle β can be calculated in two ways for each plot in a
fused track. First, it can be calculated according to the triangle
relationship as

β = arccos

(
rR

2 + rT
2 − L2

2rT rR

)

rR =
ρ2 − L2

2[ρ− L sin(θR + ϕL)]
. (7)

Second, it can also be calculated using the targets’ bearings
θT and θR as

β =

{
θR − θT , θR ≥ θT

2π + θR − θT , θR < θT .
(8)

Denoting e+ and e− as the unit vectors of two orthogonal
axes with e− along the due North as shown in Fig. 3, then the
vector velocity V can be expressed as

V = V cos θe+ + V sin θe−. (9)

According to the projection relationship, the radial velocity
VR and elliptical velocity VE can be derived as

VR = V cos(θ − ϕ)

VE = V cos(θ − θE) cos

(
β

2

)
(10)

where

ϕ =

{
π
2 − θT , θT ∈ (0, π

2 ]
5π
2 − θT , others

θE = ϕ− β

2
. (11)

From (9)–(11), the velocity amplitude V can be derived as

V =

√√√√4
[
VE

2 + VR
2cos2(β2 )− 2VEVRcos2(

β
2 )
]

sin2β
. (12)

It can be drawn from (12) that the velocity amplitude is
determined in terms of radial velocity VR, elliptical velocity
VE , and bistatic angle β.

The direction of the velocity (i.e., θ in Fig. 3) is derived as

θ = arctan

(
VE cosϕ− VR cos(β2 ) cos θE

VR cos(β2 ) sin θE − VE sinϕ

)
. (13)

Then the vessel heading which is referenced with respect to
the due North can be obtained as

heading =

⎧⎪⎨
⎪⎩

π

2
− θ, θ ∈ [0,

π

2
]

5π

2
− θ, others.

(14)

It should be noted that ϕL only affects the calculation of rR
in (7). If (8) is used to calculate the bistatic angle β, ϕL does
not need to be considered.

As both the radial velocity VR and elliptical velocity VE are
the projected components of a target’s vector velocity, it should
be pointed out that the parallelogram rule for vector composition
is not applicable here except for the case when the direction of
radial velocity is perpendicular to that of the elliptical velocity.
The proposed vessel vector velocity estimation method is sum-
marized in Algorithm 1, and the flowchart is shown in Fig. 4.
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Fig. 4. Flowchart of vector velocity estimation.

Algorithm 1: Vessel Vector Velocity Estimation Method.
Input: Track sets T1 and T2 obtained from T/R
monostatic and T-R bistatic radars data.

Output: The speed and heading results sequences.
1: The track-to-track association method based on fuzzy

double-threshold is applied to the track sets T1 and T2

to produce associated track pairs.
2: The associated track pairs are merged to produce N

fused tracks by track-to-track fusion method based on
Bar-Shalom-Campo algorithm.

3: For each fused track out of N tracks
For each plot of a fused track with M plots

i. The bistatic angle β is calculated by (7) or (8).
ii. Equation (12) is used to calculate the

magnitude of velocity with measured radial velocity VR,
elliptical velocity VE , and calculated bistatic angle β.

iii. Equations (13) and (14) are used to calculate
the target heading that is equivalent to the direction of
target velocity.

IV. EXPERIMENTS AND DISCUSSIONS

A. System and Data Description

In order to demonstrate the effectiveness of the proposed
method, vector velocity estimation tests were conducted using
the field data recorded by a newly developed T/R-R composite
compact HFSWR system operated at the North China Sea on
April 30, 2019. The radar system consists of one transmitter, one
transmitting antenna, one receiver, two similar receiving antenna
arrays, and one display and control system. Its geometric config-
uration is shown in Fig. 1 withϕL being 10.35◦. The photos of its
transmitting antenna and one receiving antenna array are shown
in Fig. 5. The key parameters for the radar system is listed in
Table I. The synchronization of two separately deployed radars
was realized using a GPS time reference. Synchronous AIS data
were used as ground truth for comparisons and evaluations.

B. Track Results

The target tracking method combining converted measure-
ment Kalman filter and data association based on minimal cost
[11], [12] was applied to the plot data sequences simultaneously
collected by the T/R monostatic radar and T-R bistatic radar, re-
spectively, to produce two corresponding track sets. Then track-
to-track association method based on fuzzy double-threshold
and track-to-track fusion method based on Bar-Shalom-Campo
algorithm were sequentially applied to get the associated track
pairs and fused tracks. Two vessel examples, named target 1 and

Fig. 5. Transmitting antenna and one receiving antenna array of the developed
T/R-R composite compact HFSWR system.

TABLE I
PARAMETERS FOR THE T/R-R COMPOSITE COMPACT HFSWR

target 2 with reported information by AIS listed in Table II, were
selected for analysis. The monostatic radar tracks, bistatic radar
tracks, fused tracks, and corresponding AIS tracks are shown in
Fig. 6, where the mauve solid dots indicate the starting points
of tracks.

C. Vector Velocity Estimation Results

1) Results of an Intuitive Method: The intuitive method for
speed estimation is to divide the distance by the time interval
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TABLE II
GENERAL INFORMATION FOR TWO EXAMPLE TARGETS

Fig. 6. Track comparisons among monostatic radar tracks, bistatic radar
tracks, fused tracks, and matched AIS tracks. (a) Track comparisons for target
1. (b) Track comparisons for target 2.

between two adjacent plots, while that for heading estimation is
to determine the direction of two consecutive target positions.
First, the intuitive target speed and heading estimation method
are applied to the position data sequences obtained from the
monostatic and fused radar tracks for target 1, respectively, and
the obtained results together with the corresponding AIS data
are shown in Fig. 7. It can be observed from the AIS data
that target 1 moves at nearly constant speeds and headings.
However, the estimated speed and heading data sequences from
both the monostatic radar track and fused radar track present
significant fluctuations and large deviations from their true val-
ues. The root-mean-square-errors (rmse) of the estimated speed
data sequences from monostatic radar track and fused radar
track are 36.27 and 21.34 km/h, respectively, while those for
the estimated heading data sequences are 23.52◦ and 15.33◦,
respectively. Although the estimation accuracy of speed and
heading has been improved for the fused radar track, the results

Fig. 7. Estimated results of speed and heading for target 1 using an intuitive
method. (a) Speed estimation results. (b) Heading estimation results.

are still far from satisfactory. Therefore, the intuitive method
fails to provide accurate speed and heading estimations from the
compact HFSWR data. Next, the proposed velocity estimation
method will be tested.

2) Results of the Proposed Method: Since the proposed vec-
tor velocity estimation method depends on target bistatic an-
gle or bearing and Doppler velocity, these parameters for the
aforementioned two example targets will be analyzed first. The
matched AIS data, which provide ground-truth information in-
cluding target positions in longitudes and latitudes, true speeds,
headings, etc., were used to evaluate the accuracy of these
measured parameters. First, these kinematic parameters of AIS
were converted according to corresponding radar coordinates.
Given the locations of Weihai and Yantai radar sites, target
range and bearing data sequences can be generated using target
positions in longitudes and latitudes. The radial velocity and the
elliptical velocity data sequences can be obtained by projecting
target velocities onto the radial directions of the T/R monostatic
radar and the directions of bistatic bisection of the T-R bistatic
radar according to (10).

The target bearings θT and θR measured by the T/R monos-
tatic radar and T-R bistatic radar along with their corresponding
AIS data for two example targets are shown in Fig. 8. It can
be observed that the variation trends of bearings have a good
agreement with those of their true values with rmses of 1.40◦,
1.28◦, 0.81◦, and 4.27◦, respectively. The results show that the
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Fig. 8. Bearing data sequences of target 1 and target 2. (a) Bearing data
sequence of target 1 obtained by T/R radar. (b) Bearing data sequence of target
1 obtained by T-R radar. (c) Bearing data sequence of target 2 obtained by T/R
radar. (d) Bearing data sequence of target 2 obtained by T-R radar.

Fig. 9. Comparisons of bistatic angle data sequences. (a) Bistatic angle data
sequence comparison for target 1. (b) Bistatic angle data sequence comparison
for target 2.

developed compact system can provide target bearings with
acceptable accuracy.

Then the bistatic angle data sequences calculated according to
(8) from the bearing data in the monostatic radar tracks, bistatic
radar tracks, fused tracks, as well as the corresponding AIS
tracks for two example targets are shown in Fig. 9. It is illustrated
that the bistatic angles of both targets gradually increase since
both of them move toward the baseline. The ranges of bistatic
angle are from 40◦ to 54◦, and from 48◦ to 61◦ for target 1
and target 2, respectively. There are obvious deviations between
bistatic angle data sequences calculated from the fused radar
tracks and ground-truth AIS tracks with RMSEs of 2.22◦ and
1.24◦ for target 1 and target 2, respectively. The errors in the
bistatic angle calculation are due to the low spatial resolution
and may deteriorate the vector velocity estimation performance.
It should also be noticed that the bistatic angle data sequences
calculated from the monostatic and bistatic radar tracks of target
1 and target 2 deviate from their true values in different ways
due to different positioning errors. For target 1, the bistatic angle
data sequence calculated from the bistatic radar track is closer
to its true value than that obtained from the monostatic radar
track, but the opposite is true for target 2. Fortunately, good
results can always be guaranteed for the bistatic angle data
sequences calculated from the fused radar tracks. The abrupt
changes appearing around the 32nd data point in Fig. 9(a) and
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the 20th data point in Fig. 9(b) in the fused radar track are due
to the position differences caused by missed target detections.

Next, the radial velocity data sequences measured by the T/R
monostatic radar, elliptical velocity data sequences measured
by the T-R bistatic radar, and the counterparts calculated by
AIS data for two example targets are shown in Fig. 10. As is
shown in Fig. 10, the variation trends of the Doppler velocity
data sequences obtained from radar and AIS agree well with each
other with RMSEs of 0.48, 0.40, 0.48, 0.85 km/h, respectively.
The results verify that the developed radar system achieves a
higher Doppler resolution.

The proposed vector velocity estimation method was applied
to the data of the fused radar tracks and the obtained results are
shown in Fig. 11, the corresponding AIS data are also shown
for comparison. It is observed that the variation trends of the
estimated speed and heading data sequences agree well with
those of their ground truth. It is noticed in Fig. 11(c) that the 34th
speed data point of target 2 shows a large bias, this is due to the
large deviation of its measured elliptical velocity by T-R bistatic
radar from its true value [see Fig. 10(d)]. Then the speed and
heading errors between the estimated values and AIS data were
calculated for two example targets, and the error distributions
are illustrated in Fig. 12. Statistical analysis shows that majority
of speed errors is less than 0.7 km/h, while majority of heading
errors is less than 7◦. The RMSEs of speed are 0.55 and 0.41 km/h
for target 1 and target 2, respectively, while the corresponding
RMSEs of heading are 2.39◦ and 5.46◦, respectively. The average
RMSEs of speed and heading are 0.48 km/h and 3.9◦. These
results are much better than those of the intuitive method.

The measurement errors of bistatic angle and Doppler velocity
will influence the vector velocity estimation accuracy. If the
speed and heading data sequences of target 1 and target 2 were
estimated using the bistatic angles β calculated from their fused
radar tracks, but radial velocities VR and elliptical velocities
VE calculated from their matched AIS tracks. The obtained
results are shown in Fig. 13. It is observed that the speed and
heading estimation accuracy has been considerably improved
with RMSEs of 0.06 km/h, 0.85◦ and 0.12 km/h, 1.6◦ for target
1 and target 2, respectively. However, if the bistatic angles β are
calculated using the data from their matched AIS tracks, and
radial velocities VR and elliptical velocities VE are calculated
from their fused radar tracks, the obtained estimations are similar
to those shown in Fig. 11 with RMSEs of 0.43 km/h, 2.04◦ for
target 1 and 0.45 km/h, 5.14◦ for target 2, which indicates that the
measurement error of Doppler velocity has stronger influence on
the vector velocity estimation.

Once a target’s speed and heading data sequences are ob-
tained, its vector velocity data sequence is achieved. The vector
velocities for part of plots from target 1 are shown in Fig. 14,
with the red plots representing the target positions provided by
its AIS track and black arrows indicating the velocity magnitude
and direction calculated using the Doppler velocities measured
by the radar system and bistatic angles estimated from the fused
radar tracks. Fig. 14 illustrates that the estimated heading is
consistent with the tangent direction of the target trajectory.
Taking the first plot of the fused radar track as the starting point,
a new track can be regenerated with newly predicted plots using

Fig. 10. Doppler velocity comparisons between radar and AIS. (a) Radial
velocity comparison for target 1. (b) Elliptical velocity comparison for target 1.
(c) Radial velocity comparison for target 2. (d) Elliptical velocity comparison
for target 2.
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Fig. 11. Estimated results of speed and heading using field radar data. (a)
Speed of target 1. (b) Heading of target 1. (c) Speed of target 2. (d) Heading of
target 2.

Fig. 12. Error distributions of speed and heading. (a) Error distribution of
speed. (b) Error distribution of heading.

the estimated vector velocity. The retracking results of target 1
and target 2 are shown in Fig. 15, which illustrates that the newly
generated tracks are smoother than the original fused tracks
and have better consistency with those of the corresponding
AIS tracks. The deviations between the retracked results and
corresponding AIS tracks are mainly due to the positioning error
of the first plot of the fused radar tracks.

V. ESTIMATION ERROR ANALYSIS

Limited by the spatial and Doppler resolutions of compact
HFSWR, the radial velocity VR, elliptical velocity VE , bearings
θT and θR cannot be accurately measured, thus affecting the
target vector velocity estimated by the proposed method. To
analyze the influence of measurement errors of Doppler veloc-
ity and bistatic angle on vector velocity estimation accuracy,
the expressions of estimation error for speed and heading are
theoretically derived and verified by simulations.

A. Estimation Error Derivation

Substituting the bistatic angle β with the expressions in (8)
and (12) can be rewritten as

V =

√
4
[
VE

2 + VR
2cos2( θR−θT

2 )− 2VEVRcos2(
θR−θT

2 )
]

sin2(θR − θT )
.

(15)
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Fig. 13. Speed and heading estimation results with accurate Doppler velocities
and measured bistatic angles. (a) Speed comparison for target 1. (b) Heading
comparison for target 1. (c) Speed comparison for target 2. (d) Heading com-
parison for target 2.

Fig. 14. Illustration of the estimated vector velocities for target 1.

Fig. 15. Track comparison between fused tracks and regenerated tracks. (a)
Fused and regenerated tracks of target 1. (b) Fused and regenerated tracks of
target 2.

Full differential operators are applied to both sides of (15) to
get dV as

dV =
∂V

∂VE
dVE +

∂V

∂VR
dVR +

∂V

∂θT
dθT +

∂V

∂θR
dθR (16)

where dVR and dVE represent the measurement errors of the
radial and elliptical velocities, respectively, which rely on the
Doppler resolution of the radar system. dθR and dθT denote the
measurement errors of target bearings, which are determined by
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the aperture size of the receiving antenna array. ∂V
∂VE

, ∂V
∂VR

, ∂V
∂θT

,
∂V
∂θR

denote the error transfer coefficients of the four kinematic
parameters and are expressed as

∂V

∂VE
=

4[VE − VRcos
2( θR−θT

2 )]

V sin2(θR − θT )

∂V

∂VR
=

4(VR − VE)cos
2( θR−θT

2 )

V sin2(θR − θT )

∂V

∂θT
=

V 2
R + V 2 cos(θR − θT )− 2VEVR

V sin(θR − θT )

∂V

∂θR
= −V 2

R + V 2 cos(θR − θT )− 2VEVR

V sin(θR − θT )
. (17)

It can be found that ∂V
∂θT

= − ∂V
∂θR

. Similarly, (13) can be
rewritten as

θ = arctan

(
VE sin θT − VR cos( θR−θT

2 ) sin( θR+θT
2 )

VR cos( θR−θT
2 ) cos( θR+θT

2 )− VE cos θT

)
.

(18)
Applying full differential operators on both sides of (18) gives

dθ as

dθ =
∂θ

∂VE
dVE +

∂θ

∂VR
dVR +

∂θ

∂θT
dθT +

∂θ

∂θR
dθR (19)

where the corresponding error transfer coefficients are expressed
as

∂θ

∂VE
= − VR sin(θR − θT )

2[V 2
E + V 2

Rcos
2( θR−θT

2 )− 2VEVRcos2(
θR−θT

2 )]

∂θ

∂VR
=

VE sin(θR − θT )

2[V 2
E + V 2

Rcos
2( θR−θT

2 )− 2VEVRcos2(
θR−θT

2 )]

∂θ

∂θT
=

VEVR + 2VEVRcos
2( θR−θT

2 )− 2V 2
E − V 2

Rcos
2( θR−θT

2 )

2[V 2
E+ V 2

Rcos
2( θR−θT

2 )− 2VEVRcos2(
θR−θT

2 )]

∂θ

∂θR
=

VEVR cos(θR − θT )− V 2
Rcos

2( θR−θT
2 )

2[V 2
E + V 2

Rcos
2( θR−θT

2 )− 2VEVRcos2(
θR−θT

2 )]
.

(20)
Equations (16) and (19) indicate that the estimation error

of speed and heading depends on the measurement errors of
radial velocity VR, elliptical velocity VE , bearings θT and θR,
as well as the error transfer coefficients depicted in (17) and
(20). To provide a more general estimation error evaluation of
the proposed vector velocity estimation method, the following
two experiments were designed to analyze the estimation errors.

B. Effect of Bistatic Angle on Estimation Errors

Compact HFSWR provides relatively accurate Doppler veloc-
ity but low-resolution bearing, and bistatic angles are determined
by target positions or bearings, the variation trends of speed and
heading estimation errors with varying bistatic angles will be
analyzed first with fixed Doppler velocities.

It is noticed that the radial velocity VR and elliptical velocity
VE are two projected components of target true speed, thus
they correlate with each other. A typical Doppler velocity pair
with VR = 14.84 km/h, VE = 15.68 km/h was set and kept un-
changed in the experiment. According to the statistical analysis

Fig. 16. Absolute estimation error of speed and heading. (a) Absolute estima-
tion error of speed. (b) Absolute estimation error of heading.

of the measurement error of the developed HFSWR system, the
measurement errors of Doppler velocity and bearing were set as
follows:

dVE = 0.6 km/h, dVR = 0.5 km/h, dθT = dθR = 2◦.

Since similar linear phased antenna arrays were employed as
receiving antennas [15] for both T/R monostatic radar and T-R
bistatic radar, and the digital beam forming method [3] was used
to estimate target bearings θT and θR, thus, dθT and dθR were
set to the same value. Based on the above parameter settings,
the estimation error of speed was calculated according to (16)
with bistatic angles varying from 0◦ to 180◦, the obtained overall
absolute speed errors are illustrated as a red curve in Fig. 16(a).
The reason why the estimation error is large when bistatic
angle is too small or large is that the proposed vector velocity
estimation method relies on the radial velocity VR and elliptical
velocity VE . When the bistatic angle approaches 0◦, the target
may be located either at a far distance away from radars or at the
extension line on one side of the baseline. When the bistatic angle
approaches 180◦, the target is located on the baseline. Under the
above scenarios, the directions of two Doppler velocities will
coincide, (12) no longer applies, so that large errors will appear.
In practical target tracking applications, the task of HFSWR is to
monitor distant targets within the radar detection area, the above
situations seldom happen and are of little concern. Considering
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Fig. 17. Tracks of simulated target 1 and simulated target 2.

that the maximum detection range of the developed radar is
100 km, only a limited range of bistatic angles makes sense in
practice. If the bistatic angles are restricted to be β ∈ [5◦, 155◦],
the corresponding absolute speed errors are depicted as a green
curve in Fig. 16(a), which shows that the speed estimation errors
are less than 3 km/h.

Then the estimation error of heading was calculated according
to (19) with bistatic angles varying from 5◦ to 180◦, the obtained
absolute heading errors are illustrated in Fig. 16(b), which
illustrates that the heading errors are around 2◦.

C. Overall Effect of Bistatic Angle and Doppler Velocity on
Estimation Errors

In real target tracking scenarios, vessels move following cer-
tain sea routines. The radial velocity VR, elliptical velocity VE ,
bistatic angle β all change as the vessel moves. In this section,
the tracks of two simulated targets, named as target 1 and target
2, were used to evaluate the speed and heading estimation errors,
as shown in Fig. 17. The red solid dots indicate the starting plots
of the tracks. The positions of the T/R monostatic radar in Weihai
and the receiving station R in Yantai are denoted with red solid
triangles. The black line between them represents the baseline.
Simulated target 1 and simulated target 2 move at a speed
of 20 km/h with headings of 130◦, 290◦, and initial locations
of (121.05◦E, 37.92◦N), (122.37◦E, 37.6◦N), respectively. The
track of simulated target 1 consists of 220 plots, while the track
of simulated target 2 contains 360 plots.

According to the above parameter settings, the radial veloci-
ties, elliptical velocities, and bistatic angles were calculated for
two simulated targets, then (16) and (19) were applied to obtain
the speed and heading estimation errors, which are shown in
Fig. 18. The black arrows in Fig. 18(c) and (d) indicate the order
in which the error values occur.

Fig. 18 demonstrates that although both targets move at the
same speed, the absolute speed and heading errors are different
due to different headings. The simulated target 1 moves from
the far end to the baseline, its bistatic angle increases from 17◦

to nearly 180◦. Fig. 18(a) and (b) demonstrates that when the
bistatic angle is less than 160◦, both the absolute speed errors
and heading errors remain nearly constant with values of less

Fig. 18. Absolute estimation error of speed and heading for simulated target 1
and simulated target 2. (a) Absolute estimation error of speed for simulated target
1. (b) Absolute estimation error of heading for simulated target 1. (c) Absolute
estimation error of speed for simulated target 2. (d) Absolute estimation error
of heading for simulated target 2.
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than 3 km/h, and 2.1◦, respectively. However, when the bistatic
angle exceeds 160◦, both the speed and heading errors increase
rapidly due to “baseline instability.” The simulated target 2
moves from the Weihai radar side to the far end, its bistatic
angle first increases from 3◦ to 84◦, then decreases from 84◦

to 29◦. Fig. 18(c) and (d) illustrates that the absolute speed
errors are within 2.5 km/h, while the absolute heading errors
are around 2◦. With the increase of the bistatic angle, both speed
and heading errors have descending trends. Moreover, it should
also be noticed that the speed or heading estimation errors may
be different even using the same bistatic angles. This is because
the same bistatic angle may correspond to different positions,
thus different Doppler velocities.

From the above experiments, it can be concluded that within
a reasonable target detection area, the proposed method can
provide accurate vector velocity estimation results. E.g., if the
bistatic angle is within the range of [40◦ 60◦], which is similar
to those of two example targets, the absolute errors of speed and
heading are about 0.5 km/h and 2◦.

VI. CONCLUSION

In this article, the complementary target position information
as well as the radial and elliptical Doppler velocities provided by
a newly developed T/R-R composite compact HFSWR system
are investigated and used to estimate the vessel vector velocity.
First, two track sets obtained by T/R monostatic radar and T-R
bistatic radar are associated and combined to produce fused
tracks with improved positioning accuracy. Then the radial
and elliptical Doppler velocities are combined by geometric
manipulation to determine the vessel speed and heading, thus
a vector velocity is achieved. Moreover, the estimation error
of vessel speed and heading are analyzed both theoretically
and experimentally. Experimental results from field data verify
that the proposed method can estimate vessel vector velocity
with relatively high accuracy, which enables the target tracking
system to be capable of providing target speed and heading
information. The estimated results can be further used to improve
positioning accuracy.

Also, it should be noted that the track association and fusion
procedure used in this article assume that both T/R and T-R
radars acquire target measurements simultaneously. In practical
applications, there exist some circumstances that one radar
detects a target while the other one does not. Therefore, more
efforts should be directed at investigating special track-to-track
association and fusion methods to make them applicable to more
general situations.

In future work, the estimated speed and heading may be
further explored to improve the accuracy of state prediction and
data association of target tracking algorithms.
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