
 SCIENCE AND TECHNOLOGY ORGANIZATION 

CENTRE FOR MARITIME RESEARCH AND EXPERIMENTATION 

Reprint Series CMRE-PR-2014-014

Maritime surveillance using multiple 
high-frequency surface-wave radars 

Salvatore Maresca, Paolo Braca, Jochen Horstmann, 
Raffaele Grasso 

May 2014 

Originally published in:  

IEEE Transactions on Geoscience and Remote Sensing, Vol. 52 (8), 2014, pp. 5056-
5071. 



 
 

About CMRE 
 
 
 

The  Centre  for  Maritime  Research  and  Experimentation  (CMRE) is  a  world-class  NATO  scientific 
research and experimentation facility located in La Spezia, Italy.  

The  CMRE  was  established  by  the  North  Atlantic  Council  on  1  July  2012  as  part  of  the  NATO 
Science & Technology Organization.  The CMRE and its predecessors have served NATO for over 50 
years  as  the  SACLANT  Anti-Submarine  Warfare  Centre,  SACLANT  Undersea  Research  Centre, 
NATO  Undersea  Research  Centre  (NURC)  and  now  as  part  of  the  Science  &  Technology 
Organization.  

CMRE  conducts  state-of-the-art  scientific  research  and  experimentation  ranging  from  concept 
development to prototype demonstration in an operational environment and has produced leaders in 
ocean science, modelling and simulation, acoustics and other disciplines, as well as producing critical 
results and understanding that have been built into the operational concepts of NATO and the nations. 

CMRE  conducts  hands-on  scientific  and  engineering  research  for  the  direct  benefit  of  its  NATO 
Customers.  It  operates  two  research  vessels  that  enable  science  and technology  solutions  to  be 
explored and exploited at sea. The largest of these vessels, the NRV Alliance, is a global class vessel 
that is acoustically extremely quiet.  

CMRE is a leading example of enabling nations to work more effectively and efficiently together by 
prioritizing  national  needs,  focusing  on  research  and  technology  challenges,  both  in  and  out  of  the 
maritime  environment,  through  the  collective  Power  of  its  world-class  scientists,  engineers,  and 
specialized laboratories in collaboration with the many partners in and out of the scientific domain.  

 

Copyright © IEEE, 2014. NATO member nations have unlimited rights to use, modify, reproduce, 
release, perform, display or disclose these materials, and to authorize others to do so for government 
purposes. Any reproductions marked with this legend must also reproduce these markings. All other 
rights and uses except those permitted by copyright law are reserved by the copyright owner.  

NOTE: The CMRE Reprint series reprints papers and articles published by CMRE authors in the 
open literature as an effort to widely disseminate CMRE products.  Users are encouraged to cite the 
original article where possible. 

 
 



Maritime Surveillance Using Multiple
High-Frequency Surface-Wave Radars

Salvatore Maresca, Paolo Braca, Jochen Horstmann, and Raffaele Grasso

Abstract—In the last decades, great interest has been directed
toward low-power high-frequency (HF) surface-wave radars as
long-range early warning tools in maritime-situational-awareness
applications. These sensors, developed for ocean remote sensing,
provide an additional source of information for ship detection and
tracking, by virtue of their over-the-horizon coverage capability
and continuous-time mode of operation. Unfortunately, they ex-
hibit many shortcomings that need to be taken into account, such
as poor range and azimuth resolution, high nonlinearity, and
significant presence of clutter. In this paper, radar detection, multi-
target tracking, and data fusion (DF) techniques are applied to ex-
perimental data collected during an HF-radar experiment, which
took place between May and December 2009 on the Ligurian coast
of the Mediterranean Sea. The system performance is defined
in terms of time on target (ToT), false alarm rate (FAR), track
fragmentation, and accuracy. A full statistical characterization
is provided using one month of data. The effectiveness of the
tracking and DF procedures is shown in comparison to the radar
detection algorithm. In particular, the detector’s FAR is reduced
by one order of magnitude. Improvements, using the DF of the
two radars, are also reported in terms of ToT as well as accuracy.

Index Terms—Data fusion (DF), high-frequency (HF) surface
wave (HFSW) radar, maritime surveillance, sea clutter, target
detection, target tracking.

I. INTRODUCTION

MARITIME surveillance represents a primary concern
for both national and international communities. The

broad range of requirements is intended for supporting the
protection and the exercise of national sovereignty, not only
in terms of law enforcement but also in terms of search and
rescue, environmental protection, and resource management. In
maritime-situational-awareness activities, sensor integration is
vital for granting clear pictures of the surveyed areas. On the
other hand, this domain continuously brings on new challenges
related to the nature of the sensors, their characteristics, and the
type of information that they provide.
The traditional monitoring systems suffer from physical

limitations. For instance, standard microwave radars operate
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only within line-of-sight propagation, with a maximum range
of some dozens of kilometers, while satellite sensors (e.g.,
synthetic aperture radars) cannot grant a continuous tempo-
ral coverage of the region of interest with an adequate level
of real-time surveillance. High-frequency (HF) surface wave
(HFSW) radar systems can fulfill many of these limitations
and provide additional information on the vessel traffic, by
virtue of their capability of detecting targets over-the-horizon,
their continuous-time coverage, and their direct target velocity
estimation through the Doppler data [1]. An important charac-
teristic of these systems is that very low power is required to
operate a single radar site, about 35 W on average.
HFSW radars work in the 3–30 MHz band, with wavelengths
between 100 and 10 m, respectively. In this interval, vertically
polarized radio waves have also the ability to propagate as
surface waves [2], [3]. Low-power HFSW radar systems have
been developed mainly for ocean remote sensing applications,
e.g., surface currents and sea-state mapping, wind extraction,
wave spectra analysis, and, recently, tsunami early warning
detection [4]. There are many commercial systems, e.g., the
Coastal Ocean Dynamics Applications Radar (CODAR), devel-
oped at the National Oceanic and Atmospheric Administration
(NOAA) [5], and the Wellen radar (WERA), developed at the
University of Hamburg [6]. These systems can be found mainly
operating from the coast, while only a few experiments have
been conducted with shipborne installations.
The idea is to take advantage of the growing number of
oceanographic HFSW radars along the coasts also for maritime-
surveillance applications. Hence, ship detection and sea-state
sensing become two complementary problems. In fact, the pres-
ence of clutter is unwelcome as far as we are interested in ship
detection, while the presence of ships can limit the extraction of
oceanographic parameters [7]. For this reason, in the past years,
much interest has been focused to develop new spectral models
for modeling the return from the sea, with the ultimate goals
of enhancing both the target detection via clutter-suppression
techniques [8] and the ocean sensing [9], [10]. Since the system
is set up for oceanic parameter estimation, its configuration
is not optimal for target detection. This represents a further
problem since the signal environment already includes external
noise, different types of clutter, and interference, which can
significantly degrade the detection performance. Poor range and
azimuth resolution compared to microwave radars, high non-
linearity in the state/measurement space, significant false alarm
rate (FAR) due to both sea clutter and man-made/natural inter-
ference, and the crowding of the HF spectrum [6] are all prob-
lems to cope with. It is worth noting that the underlying physics
which regulate the signal transmission and backscattering in
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the HF band are quite different from that of the common mi-
crowave region. An overview of the main theoretical elements
for modeling the backscatter signal can be found in [1], while in
[11] and [12], a simulator has been proposed for generating the
signal received by an HF system and for performing detection
and tracking of targets. The analysis and modeling of sea clutter
and noise sources both in the amplitude and frequency domains
have been presented and discussed in [13] and [14].
Modern multitarget tracking (MTT) and data fusion (DF)

techniques are mandatory in order to deal with the aforemen-
tioned shortcomings and to obtain operationally acceptable
performance. In the last few years, great progress has been
made, both at theoretical and practical levels, and many ap-
proaches and paradigms have emerged in the MTT and DF
literature [15], [16]. Among these, we mention the multiple
hypothesis tracking (MHT) [15], [17], the joint probabilistic
data association (JPDA) rule [15], [18], the sequential Monte
Carlo methods [19], [20], and the probability hypothesis density
(PHD) filter [16], [21]–[24].
While the MTT strategies are normally applied to many

scientific fields, e.g., antisubmarine warfare [25], video surveil-
lance [26], and coastal monitoring [18], less is known about
their performance bounds and their fundamental limits. In [22]
and [23], the authors have proven that the multisensor PHD
function behaves, by increasing the number of sensors, as a
mixture of as many Gaussian components as the true number
of targets. These Gaussian functions become progressively
narrower and peakier around the true target states in a way
that is ruled by the Fisher information [22]. In other words, the
multisensor PHD is asymptotically optimal. However, the main
drawback of this methodology is that a computationally effi-
cient algorithm still needs to be developed. The work presented
in [24] goes in this direction.
A quantitative comparison among the MTT strategies is

provided in [27], where the techniques have been categorized
into more than 35 different algorithmic typologies. The com-
parison is provided in such a way that lists each algorithm
and categorizes the processing scheme, data association mech-
anism, complexity scaling (with the number of targets and
with the state dimension), overall complexity, and a subjective
performance figure.
This paper provides a first attempt to fully characterize the

detection, tracking, and DF performance of a suitable MTT-DF
strategy applied to the data recorded by two WERA systems.
The experimentation has been conducted by the NATO Science
and Technology Organization Centre for Maritime Research
and Experimentation during the Battlespace Preparation 2009
(BP09) HF-radar campaign in the Ligurian Sea (Mediterranean
Sea).
Radar detection is performed using a 3-D (range-azimuth-

Doppler) ordered statistics (OS) constant false alarm rate
(CFAR) algorithm [28]. As it will be presented in the follow-
ing, the detection procedure exhibits a high number of clutter
returns, due to both sea clutter and interference. This problem
is addressed by exploiting the JPDA rule. It is worth noting that
the JPDA has lower performance than the MHT and the PHD
but, interestingly, requires also a lower complexity, comparable
with the Kalman filter that is the simplest possible solution.

In fact, a common feature of the MHT algorithm is the expo-
nentially increasing number of hypotheses, which necessitates
pruning procedures, while the PHD requires techniques such as
particle filtering (PF) that are computationally demanding [27].
Another problem arises from the strong nonlinearity present
in the use of the Doppler measurements. Two possible solutions
are commonly used in MTT problems: tracking in mixed coor-
dinates and tracking in Cartesian coordinates. The former ap-
proach is based on the extended Kalman filter (EKF), which can
suffer from high nonlinearity and lead to a rapid divergence of
the filter itself. In the second approach, measurements in sensor
coordinates are converted to Cartesian coordinates. The con-
verted measurement error covariance can be quite large for far-
range targets, which is the case of HFSW radars. The unscented
Kalman filter (UKF) addresses the flaws of the EKF by using
a deterministic sampling approach [29], which is computation-
ally much less onerous than a PF. The state distribution is a
Gaussian random vector, whose posterior mean and covariance
are accurately estimated using a minimal set of carefully chosen
sigma points [29]. In order to cope with strong clutter and
nonlinearity, the JPDA-UKF algorithm has been successfully
applied to HFSW radars, as already presented in [30].
A proper DF technique applied to multiple radar sensors can
provide a sensible gain in terms of performance. In this paper,
two simultaneously operating HFSW radars with overlapping
fields of view are considered. A hierarchical DF strategy is
successfully adopted in which the tracks generated by the
MTT at each site are combined by a track-to-track association
and fusion (T2T-A/F) logic (see details in [15]). Preliminary
results on the DF applied to HFSW radars have been presented
in [31].
A set ofad hoc
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performance metrics is defined to compare
the signal processing chain from the detection to the fusion:
1) the pair ToT and FAR; 2) track fragmentation (TF); and
3) root-mean-square error (RMSE) of the target position and
velocity. The ToT is the percent of time that a target is
successfully observed by the system, while the FAR is the
normalized number of false tracks (or detections) generated
in the surveillance region per unit of space and time. The TF
is quantitatively characterized by the ToT and the number of
subtracks associated with the same target. Ideally, we would
like to have 100% as ToT with just a single track, while a
bad system would generate a low ToT with several tracks. The
RMSE is a measure of the accuracy of the radar system. Tracks
and detections are validated or labeled as false using ship
reports from the Automatic Identification System (AIS), used
as ground-truth information. Unfortunately, there are several
vessels that are not cooperative, in the sense that they do not
provide any AIS reports (e.g., fishing boats and warships).
Consequently, the FAR that is computed represents a kind of
worst case.
This paper is organized as follows. In Section II, the NATO
BP09 experiment on HF radars is presented. The MTT-DF
system is described in Section III. In Section IV, both the
AIS and HF data formats, the association procedure, and the
performance metrics are presented. Experimental results are
shown and discussed in Section V, while conclusions and
guidelines for future work are provided in Section VI.
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Fig. 1. Picture of the NATO BP09 experiment on HF-radars. (Green) Palmaria
and (red) San Rossore sites and covered areas.

II. HF-RADAREXPERIMENT

A. Experiment Setup

Two WERA systems were deployed on the Italian coast
of the Ligurian Sea, one on Palmaria island near La Spezia
(44◦230N,9◦5036E) and the other at San Rossore park
near Pisa (43◦4053N,10◦1652E), as depicted in Fig. 1.
WERA is a quasi-monostatic system, whose transmitter (Tx)

and receiver (Rx) are made up withλ0/4monopole arrays,
whereλ0is the carrier wavelength. The distance between Tx
and Rx is approximately 300 m. In the ground-based installa-
tion setup, the transmitter has a rectangular arrangement, while
during the experiment, the receiver was made by a 16-element
linear array. The angles w.r.t. north of the two array installations
are 296.2◦and 12.0◦, respectively. The azimuth information is
extracted via a beamforming procedure of the received data,
using the Hamming window, with a field of view of 120◦around
the broadside direction. WERA systems use linear frequency-
modulated continuous-wave chirps. The two systems use the
same operating frequency (i.e.,f0=12.5MHz), with orthog-
onal modulating waveforms. The range resolution wasΔR=
1.5km, with chirp bandwidthB= 100 kHz. Both systems
were operated at approximately 35 W on average.
Target detection is performed in the Doppler domain by a 3-D

OS-CFAR algorithm, developed at the University of Hamburg
[28]. Coherent processing intervals (CPIs), not statistically
independent, are made of 512 (or 256) samples with an overlap
of 75%, i.e., a detection occurs every 33.28 s (or 16.64 s).
AIS ship reports are provided by the base station located at
Castellana (44◦43N,9◦4858E, at a 200 m altitude).

B. Range-Doppler Power Spectrum

As stated in Section I, the underlying physics of signal
transmission and backscattering in the HF-band are different

Fig. 2. Typical range-Doppler power spectra in the HF-band, retrieved from
field data. Subfigure (a): Sea clutter, meteoric clutter, and possible ship returns.
Subfigure (b): Sea clutter, RFI, land scattering, and possible ship returns.

from that in the S- and X-bands commonly exploited by marine
radars. The contribution of sea clutter is produced by specific
spectral components of the surface-height wave field, as de-
picted by two typical range-Doppler power spectra in Fig. 2.
The main features (i.e., the two lines extending along range)
are due to the first-order Bragg scattering and are generated
by those gravity waves of half the radar wavelength, traveling
toward and away from the radar site. The separation between
the two Bragg velocitiesΔfis given by [32]

Δf=2
gf0
πc

(1)

wheregis the acceleration due to gravity,cis the speed of
light, andf0=c/λ0is the center-band frequency. During the
experiment,Δf
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was about 0.72 Hz. However, these frequencies
can deviate from the theoretical values in nonmoving waters
according to underlying surface currents.
The second-order Bragg scattering generates sideband con-
tributions in the range-Doppler spectrum and is responsible of
the directional wave spectrum. With increasing distance, sea
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clutter tends to become a white random process. According to
where the system is installed, land-scattered echoes around the
zero frequency can also be observed [see Fig. 2(b)]. In this case,
sea clutter harmonics may undergo a sort of frequency modula-
tion due to rapid changes in the sea wave movement around
rock cliffs [14]. The theoretical modeling of the backscatter
signal is addressed in [1].
In addition, a variety of interference sources, both natural and

man-made, can degrade the reception of ship echoes. Natural
interference consist of unwanted propagation modes through
the ionosphere or meteor trail echoes [see Fig. 2(a)]. They
manifest by means of large horizontal returns that can cover
large portions of the Doppler space at far range.
Radio frequency interference (RFI) is also present and man-

ifests as vertical lines (i.e., constant along range and at given
frequencies) in the range-Doppler spectrum [see Fig. 2(b)].
Furthermore, as shown in Fig. 2, spurious peaks can be ob-
served, mainly distributed between the two first-order Bragg
frequencies. Some of these returns can be generated by targets,
while some others instead repeat with a range periodicity. They
are probably due to unwanted coupling effects with the 50 Hz
feeding network. At last, a not perfectly zero back radiation of
the transmitter can be observed at near ranges.

III. MTTANDDF PROCEDURE

In this section, the MTT-DF system is introduced, based on
the state of the art in target tracking and DF literature [15]. First,
we describe the target motion and measurement models of the
HFSW radar, then the MTT algorithm operating at the single
radar site, and, finally, the DF procedure which combines the
information from each radar.
In MTT systems, thetrack managementprocess can be

broadly divided intotrack initiation,track update, andtrack
elimination. Track update is performed by thedata association,
which determines how detections (clutter- and target-originated
measurements) are associated to the existing tracks, and by the
track filteringsteps, which include the target motion model used
to predict and to update the target state of the tracks.
The DF is based on the T2T paradigm, which combines

the tracks at each radar site in order to obtain a set offused
tracks containing the whole information collected by the remote
radars.

A. Target Motion and Measurement Models

The target state vectorxkat timekis defined in Cartesian
coordinates

xk=([xk,̇xk,yk,̇yk])
T (2)

wherexk,ykandẋk,̇ykare the position and velocity compo-
nents along thex, ydirections, respectively, and(·)T is the
transpose operator. In the majority of cases, the motion of
large vessels can be described with the nearly constant velocity
model [15]. The state-update equation is [15], [33]

xk=Fkxk−1+Γkvk. (3)

The motion relation matricesFk=diag([Fk,Fk])andΓk=
diag([Γk,Γk])are

Fk=
1 Tk
0 1

, Γk=
T2k/2
Tk

(4)

wherediag(·)is the block diagonal matrix operator, whileTkis
the time interleaved between sampling timesk−1andk.This
time corresponds to the 25% of the CPI [28] (see Section II).
Vectorvktakes into account the target acceleration and the
unmodeled dynamics and is assumed to be Gaussian with zero-
mean and covariance matrixQk=diag(σ

2
v,σ

2
v). Measurement

vectorzkis defined as

zk
Δ
= zrk,z

b
k,z

ṙ
k

T
(5)

wherezrk,z
b
k, andz

ṙ
kare the measured range, bearing, and range

rate, respectively. Let us fix the origin of axes at the radar site,
approximating the quasi-monostatic setup with a monostatic
setup (note that the distance between Tx and Rx is just 300 m).
The target-originated measurement equation is thus

zk=h(xk)+nk (6)

where

h(xk)
Δ
= x2k+y

2
k,arctan

yk
xk

,
xkẋk+ykẏk

x2k+y
2
k

T

(7)

is the measurement function. The instrument noise vectornk=

[nrk,n
b
k,n

ṙ
k]
T
is assumed to be Gaussian with zero-mean and

covariance matrix

Rk=

⎡

⎣
σ2r 0 ρσrσ̇r
0 σ2b 0

ρσrσ̇r 0 σ2ṙ

⎤

⎦. (8)

In the literature,nrk,n
b
k, andn

ṙ
kare all assumed to be statisti-

cally independent, except fornrkandn
ṙ
k, which are correlated

with a correlation coefficientρ. In [34], it is computed when the
range-Doppler offset is compensated.

B. MTT Procedure

The MTT procedure adopted in this paper is based on the
JPDA paradigm, which is a Bayesian approach that associates
all the validated measurements to the tracks by probabilistic
weights. The track management is instead based on the popular
M/N logic [15]. The filtering stage is performed using the
UKF [29].
Assume that, at timek, a set of tracks are active/preliminary
Tk={T1(k),T2(k),...,TJ(k)}, whereTj(k)is a natural
number defining the identifier of thejth track. A validation
gate regionGj(k), for allj=1,2,...,|Tk|
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distributed around the predicted measurementzjk|k−1of target
j, the gate is given by [15]

Gj(k)= z:z−z
j
k|k−1

T

Sjk
−1

z−zjk|k−1 <γ

(9)

whereSjkis the innovation covariance, while the thresholdγ
determines the gating probabilityPG, which is the probability
that a measurement originated by targetjis correctly validated.
1) Track Management:The track management is divided

into the following steps.

1)Track initiation
a) A measurement is associated to the trackTj(k)if it
falls in its gate region. Every unassociated measure-
ment is calledinitiatorand yields atentative track.

b) At the time following the detection of an initiator, a
gate is set up. If a detection falls in the gate, this track
becomes apreliminary track; otherwise, it is dropped.

c) For each preliminary track, the JPDA-UKF can be
initialized and used to set up a gate for the next
sampling time.

d) Starting from the third scan, a logic ofM detections
out ofNscans is used for the subsequent gates.

e) If, at the end (scanN+2), the logic requirement
is satisfied, the track becomes aconfirmedoractive
track; otherwise, it is discarded.

2)Track termination
A confirmed track is terminated if one of the following

conditions is verified.
a) No detections have been validated in the pastN∗most
recent sampling times.

b) The target’s track uncertainty, evaluated from its co-
variance matrix, has grown beyond a given threshold.

c) The target has reached an unfeasible maximum veloc-
ityvmax.

3)Track update
a) For each active and preliminary track, the target state
is updated applying the JPDA-UKF rule as described
in Algorithm 1.

Algorithm 1JPDA-UKF

• Update step.
— At time indexk, the validate measurements for the track

jareZjk={z
j
k(i)}

mj(k)

i=1 , wheremj(k)is the cardinal-

ity ofZjk. Compute the association probabilities, as
indicated in [15], [18]

βij
Δ
=
P{no meas. are originated byjth targ.}, i=0,
P{ith meas. is originated byjth targ.}, i=0.

(10)

— Compute the state vectorxjk|kand its covariance matrix

Pjk|k

xjk|k=β0jx
j
k|k−1+

mj(k)

i=1

βijx
j
k|k(i),

Pjk|k=β0jP
j
k|k−1+

mj(k)

i=1

βij

·Pjk|k+ xjk|k(i)−x
j
k|k xjk|k(i)−x

j
k|k

T

(11)

wherexjk|k−1is the state prediction andx
j
k|k(i)is

the UKF update using theith validated measurement
zjk(i).

• Prediction step.
— Compute the predicted state vector xjk+1|kand its co-

variance matrixPjk+1|kusing the UKF (see Algorithm 2).

2) Target State Prediction and Update:The target state is
updated accordingly to the measurement-to-track association
rule of the JPDA-UKF, while the target state prediction follows
directly from the motion model.

1)Data association
a) A validation matrix is set up for all the confirmed and
preliminary targets. Rows and columns of this matrix
are indicized with all the validated measurements
falling in the gate, plus the case of no measurements
at all.

b) From the validation matrix, all the feasible joint asso-
ciation events are constructed, according to the follow-
ing two hypotheses: 1) A measurement is originated
from one target; otherwise, it is a false alarm; and
2) each target generates, at most, one measurement,
with detection probabilityPD.

c) The probabilities of the joint events are evaluated
assuming the following: 1) Target-originated measure-
ments are Gaussian distributed around the predicted
location of the corresponding target measurement,
and 2) false alarms are distributed in the surveillance
region according to a Poisson point process of param-
eterλ, which represents the clutter density, assumed
uniformly distributed in the gating region.

d) The association probabilities of targetjwith mea-
surementi, namely,βij, are obtained from the joint
association probabilities (see details in [15] and [18]).

2)Update and prediction
a) The target statexjk|k and its covarianceP

j
k|k are

then updated by averaging the UKF updates with the
association probabilitiesβij.

b) The predicted statexjk+1|kand its covarianceP
j
k+1|k

are obtained using Algorithm 2.

C. DF Procedure

The DF strategy applied to the HFSW radars is based on
the T2T paradigm. This latter is constituted of two steps: the
T2Tassociation(T2T-A) and the T2Tfusion
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sensor, for example, Palmaria, to those of the second one, i.e.,
San Rossore. Let us assume that just a single track is active at
each radar site:xP,ik|kat the Palmaria site andx

R,j
k|k at the San

Rossore site. The true target states are respectivelyxikandx
j
k

for Palmaria and San Rossore. Let us define

Δijk
Δ
=xP,ik|k−x

R,j
k|k, Δ

ij
k
Δ
=xik−x

j
k. (12)

Thesame targetanddifferent targethypotheses, namely,Hij
andH̄ij, are formulated as

Hij:Δ
ij
k =0, H̄ij:Δ

ij
k =0. (13)

The error in the difference of the state estimates is defined as

Δijk =Δ
ij
k−Δ

ij
k (14)

with covariance, under the independence assumption,1given by

Tijk =P
i
k+P

j
k. (15)

The decision is based on the testing rule

Dij
Δ
= Δijk

T

Tijk
−1

Δijk

Hij
≥
Hij
<

Dα (16)

where the thresholdDαis computed such thatP{Dij>Dα|
Hij}=α. Exploiting the Gaussian assumption, the threshold
corresponds to the1−αpoint of the chi-square distribution.
Considering that HFSW radars operate in a high vessel traffic

region, it is common for both radar systems to have multiple
track objects. Therefore, the previous testing rule must be
extended as follows. Assume that Palmaria and San Rossore
radars have a set of active/preliminary tracksTPk, withNP=
|TPk|, andT

R
k, withNR=|T

R
k|, respectively. We define the

binary assignment variableδij, which is unitary if the trackiof
Palmaria is associated with the trackjof San Rossore and null
if otherwise. The list of tracks at each site is augmented with a
dummy element, indicated with the null index,2to incorporate
the case in which the track of one radar should be not associated
with any of the tracks of the other radar. If we assume that the
track association events among different track pairs are inde-
pendent, then the 2-D assignment formulation finds the most
likely (joint) track-to-track association hypothesis by solving
the following constrained optimization [15]:

s.t.

minδij
NP
i=0

NR
j=0δijcij

NR
j=0δij=1,i=1,...,NR,
NP
i=0δij=1,j=1,...,NP,

δij∈{0,1},0=1,...,NR,j=0,...,NP,

(17)

where

cij=−lnLij. (18)

1Note that the track estimatesxP,i
k|k
andxR,i

k|k
are not independent [15].

However, in this paper, we use this simplification since the procedure to carry
out the dependence would require a higher computational load.
2For instance,δi0represents the case that the trackiis not associated.

Fori, j≥1,Lijis the likelihood ratio of the two tracks being
from the same target versus being from two different targets
and is proportional toDij.Fori=0(orj=0),Lijis the
likelihood ratio of an incomplete assignment (see further details
in [15]). The optimization problem of (17) can be solved
using standard procedures, e.g., the auction algorithm, Jonker-
Volgenant-Castanon (JVC) assignment algorithm, and linear
programming by relaxing the integer constraint. Definingδ∗ijas
the T2T-A pairs, the fusion target state is computed for all the
associated tracks,δ∗ij=1,i, j≥1. It has higher accuracy than
the individual state estimates. For all the unassociated tracks,
the fusion system is equivalent to the single sensor, i.e., an
ORfusion strategy is applied. The output of the DF system is
then a list of tracksTFk whose cardinality is not larger than
NP+NR. The track initiation and termination are dependent
on the track management at the local sensor. The tracks at the
fusion system survive if at least one of its parents is not deleted.
The JPDA-UKF and the T2T-A/F procedures are summarized
by Algorithms 1, 2, and 3, respectively.

Algorithm 2UKF

• Prediction step.
— Define the sigma-point matrix χjk−1|k−1at timek−1

for the trackjatk−1

χjk−1|k−1= χjk−1|k−1(0),...,χ
j
k−1|k−1(2nx)

= xjk−1|k−1,X
j
k−1|k−1+P

j

k−1|k−1,

Xjk−1|k−1−P
j

k−1|k−1 (19)

where P
j

k−1|k−1= (nx+ς)P
j
k−1|k−1 is the

Cholesky factorization of the scaled state covariance
matrix, ςis a scaling parameter, andXjk−1|k−1 is
thenx×nxmatrix whose columns are all equal to
xjk−1|k−1.

— Propagate sigma-point matrixχjk|k−1, according to (3),
and write it as in (19).

— Predict state vector xjk|k−1and its covarianceP
j
k|k−1

using the unscented weightswn

xjk|k−1=

2nx

n=0

wnχ
j
k|k−1(n),

Pjk|k−1=Qk+

2nx

n=0

wn χ
j
k|k−1(n)−x

j
k|k−1

·χjk|k−1(n)−x
j
k|k−1

T

. (20)

— Predict sigma-point matrix χjk|k−1, and write it as in

(19). Predict observation matrixγjk|k−1
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using (6), and
write it as in (19).
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Fig. 3. Example of the MTT-DF system procedure at a given time scan. (a) Main central plot, (square) radar location, validation gates of (solid line) confirmed
and (dash line) preliminary tracks, projected in the Cartesian plane, and (dots) OS-CFAR detections of the radar in (green) Palmaria and (red) San Rossore.
Plot (b)-(c)-(d)-(e) with state estimates and related covariances of confirmed tracks: (Green) JPDA-UKF at Palmaria, (red) JPDA-UKF at San Rossore,(black)
T2T-A/F, and (blue) AIS reports.

— Predict observation vectorzjk|k−1and its covarianceS
j
k

zjk|k−1=

2nx

n=0

wnγ
j
k|k−1(n),

Sjk=Rk+

2nx

n=0

wn γ
j
k|k−1(n)−z

j
k|k−1

·γjk|k−1(n)−z
j
k|k−1

T

. (21)

• Update step.
— Compute the filter gain Wj

k=
2nx
n=0wn(χ

j
k|k−1(n)−

xjk|k−1)·(γ
j
k|k−1(n)−z

j
k|k−1)

T
(Sjk)

−1
.

— Compute the state vector xjk|k(i)and its covariance

matrixPjk|kbased on theith associated measurement

zjk(i)to thejth track

xjk|k(i)=x
j
k|k−1+W

j
k z

j
k(i)−z

j
k|k−1 ,

Pjk|k=P
j
k|k−1−W

j
kS
j
k W

j
k

T

. (22)

D. Snapshot of the MTT-DF Working on Palmaria and San
Rossore Sites

In Fig. 3, the main features of the MTT-DF system are
represented for a given timestamp. In the main central plot, we
depict the radar picture (dots) and the validation gating region,
projected in the Cartesian plane, of the preliminary and active
tracks (dashed and solid lines, respectively). It has to be noted

that, in the spherical domain, the validation gate has an elliptical
shape, while when projected into the Cartesian plane, it has a
kind ofbananashape (see also [29]).
In the lateral plots, there are some examples of associated
and fused tracks, where the target position estimates and their
related covariances are depicted with the AIS reports. In panel
(b)-(d)-(e), we have four targets, detected from both radars. It
is worth noting that the fusion strategy improves the accuracy
of the target position estimate and reduces its uncertainty.
Furthermore, panel (c) shows the event in which only one
radar detects the target. In this case, the fusion output coincides
with the single-radar output. This latter example explains the
improvement, in terms of ToT, of the fusion scheme. However,
many radar detections are not going to be confirmed as active
tracks by the tracking logic, leading to an improvement of the
FAR. The quantitative analysis of the cases, presented in Fig. 3,
is reported in Section V.

IV. PERFORMANCEASSESSMENT

In this section, we describe the procedure for assessing
the performance of the target detection, tracking, and fusion
algorithms. Ships and vessels exceeding a given gross tonnage3

are equipped with AIS transponders for position reporting, as
established by the International Convention for the "Safety of
Life at Sea" (SOLAS), 1974 Convention [35]. Ships repeatedly
broadcast their name, position, and other details for automatic
display on nearby ships. While this allows ships to be aware and

3
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The AIS is required for all the ships exceeding 300 gross tonnage and
engaged on international voyages, for all cargo ships of 500 gross tonnage and
not engaged on international voyages, and for all passenger ships. On average,
a gross weight of 300 tons corresponds to a length of about 25 m.
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keep track of other ships in their immediate vicinity, coastal
states will also be able to receive, plot, and log the data by
means of base stations along the coast. AIS reports contain
both dynamic information (e.g., latitude, longitude, course over
ground (COG), speed over ground (SOG), and time) and static
information (e.g., vessel type and dimension information). In
this paper, given that the AIS information has a GPS accu-
racy, the static and kinematic AIS data are used as ground-
truth data.
Even if it is well known that some vessels are not cooper-

ative, here, any estimated track, with no corresponding AIS,
is considered as false. We also suppose that the information
transmitted by ships is not corrupted by any errors (intentional
or unintentional). Note that AIS reports are not synchronized
with radar scans; however, they are more frequent. This means
that, when they are filtered and interpolated on the HFSW radar
timestamps, we introduce no degradation in terms of accuracy,
and they can still be considered ground-truth data.

A. AIS Data

The AIS report represents the set of the target state vectors at
timek

XAISk
Δ
={xnk}n∈Nk (23)

whereNkis the list of ships reporting their static and kinematic
information in the recording interval. In this phase, longitude,
latitude, COG, and SOG information is converted to obtain the
current Cartesian data vector. Each AIS data vector is filtered
and interpolated at the radar timestampstk. As said, linear
interpolation is accurate because of the high data rate of the
AIS with respect to the radar. However, it is possible that no
AIS information from the vessel is received for a long period
of time. In this case, the interpolated route could not represent
the ground truth anymore. In order to eliminate these cases, we
define the following flag index:

Inm =
1,ΔTnm ≤ΔTmax
0,otherwise,

(24)

wherem represents the time instantτnm at which thenth
ship transmits its position andΔTnm =τ

n
m −τ

n
m−1is the time

interval between two AIS transmissions of thenth vessel. The
parameterΔTmax represents the maximum acceptable time
from the last report. In the time interval whenInm =0,theAIS
data from thenth vessel are not considered as ground truth and
consequently not used for the performance evaluation.

B. HFSW Radar Data

The detections (e.g., OS-CFAR) and the tracks (e.g., JPDA-
UKF and T2T-A/F), constituting the HFSW radar data set, are
the target state estimates at timek

XHFSWk
Δ
= xjk

j∈Tk
(25)

whereTkis the set of detections for the OS-CFAR or the set of
confirmed tracks for the JPDA-UKF and T2T-A/F at the time
stepk.
An association procedure between the AIS and the radar
data is required to compute the system performance. This
association is evaluated on each daily data set for the OS-CFAR
detector at Palmaria and San Rossore, for the JPDA-UKF
tracker at Palmaria and San Rossore, and for the T2T-A/F
system. At timek, each AIS contact̄xnk∈X

AIS
k , withn∈Nk,

is associated to a single track contact̂xjk∈X
HFSW
k , with

j∈Tk. The association is carried out by searching the nearest
among all the HFSW radar reports falling inside a 3-D (range,
azimuth, and range rate)performance validation region(PVR)
centered on the AIS contact

(Tk j→n∈Nk):d x̂
j
k,̄x

n
k =min

i∈Tk
dx̂ik,̄x

n
k .(26)

Thejth radar contact is validated if this distance is below a
given threshold. If thenth AIS report has a validated track
contact, we have acorrect detection; otherwise, we have a
missed detection. At each time, the AIS report can be associated
with, at most, one radar report. All the other radar contacts,
which are not validated, are consideredfalse alarms.

Algorithm 3T2T-A/F

• Association step.
— At time step k, solve the optimization problem (17),
obtaining the association matrix{Δ∗}ij=δ

∗
ij.

• Fusion step.
— For all the associated pairs(i, j), withδ∗ij=1, compute
the fused target state estimate and its covariance

xF,ijk|k =P
R,j
k|k P

P,i
k|k+P

R,j
k|k

−1

xP,ik|k

+PP,ik|k P
P,i
k|k+P

R,j
k|k

−1

xR,jk|k. (27)

PF,ijk|k =P
P,i
k|k P

P,i
k|k+P

R,j
k|k

−1

PR,jk|k. (28)

— For all the unassociated tracks, i.e.,δ∗ij=1withi=0
orj=0, the fused track is equal to the track at the
single sensor.

C. Performance Metrics

1) ToT and FAR:The ToT is defined as the ratio between the
time during which the tracker follows the target and the whole
interpolated ship route. The FAR is defined as the number of
false track/detection contacts, normalized by the recording time
interval and the area of the surveyed region. An ideal system
would have a ToT= 100%

CMRE Reprint Series

with no false alarms. Clearly a
tradeoff is present between ToT and FAR, like in the receiver
operating characteristic of a statistical hypothesis test problem.

CMRE-PR-2014-014

8



TABLE I
MTT PARAMETERS

TABLE II
PERFORMANCEASSESSMENTPROCEDUREPARAMETERS

In fact, decreasing the detection threshold of the OS-CFAR
algorithm, we increase both the ToT and the FAR.
2) RMSE:The accuracy of the radar system is evaluated in

terms of RMSE and represents the localization capacity of a
detected target.
3) TF Analysis:The track fragmentation is defined by the

pair ToT and number of radar tracksNTF associated with a
single target. An ideal system would have ToT= 100%with
NTF=1, i.e., the radar system is able to follow the target
along its whole route without losing the track. Typically, we
have instead that ToT<100%andNTF>1. The TF depends
on different aspects, including the target size, geometry target-
radar location, sea clutter, and interferences.

V. EXPERIMENTALRESULTS

The OS-CFAR, JPDA-UKF, and T2T-A/F procedures are
tested on a 25-day data set collected between May 8 and June 4,
2009. The analysis is performed only in the region where the
two radar fields of view overlap, namely, thefusion region.In
this way, it is possible to observe the same ship routes and to
provide a fair comparison between the single radars and the fu-
sion system. In this region, the average number of AIS-carrying
vessels per day varied between 59 (May 18) and 91 (May 26).
The parameters used in the MTT algorithms are summarized in
Table I, while the parameters used for performance assessment
are given in Table II.

A. Analysis of True Tracks

A sample scenario is depicted in Fig. 4. In this day (i.e.,
May 8), 87 AIS-carrying ships were recorded. The ship tra-
jectories and the true active tracks are displayed as follows.
The output tracks of the T2T-A/F and the AIS ship routes are
depicted in the surveyed area with the blue and black lines,
respectively. The two JPDA-UKFs, Palmaria (green) and San
Rossore (red), are reported as well. There is a quite good

Fig. 4. True active tracks in the fusion region on May 8, 2009: (Black) AIS,
(green) Palmaria, (red) San Rossore, and (blue) T2T-A/F.

agreement with the AIS ship routes. Unfortunately, the tracking
capabilities of the three systems significantly degrade after a
100 km distance and at the edges of the 120◦area covered by
each sensor. This problem can be partially explained by the
presence of land scatter (e.g., the northern part of Corsica), not
perfectly filtered out by the beamforming algorithm.

B. ToT Analysis

CMRE Reprint Series

The ToT, averaged over 25 days, is presented in Fig. 5 at
the varying of range, azimuth, and range rate and in Fig. 6 at
the varying of ship length. The ToT versus range is shown in
Fig. 5(a) and (d), w.r.t. Palmaria and San Rossore, respectively,
and is estimated over 10 km distance intervals, considering all
the azimuth angles and range-rate values. The peak values at
Palmaria occur in the 10–50 km interval, where the ToT is about
65%–77% for the JPDA-UKF (green) and 49%–58% for the
OS-CFAR algorithm (red), while it is about 80%–90% for
the T2T-A/F strategy (blue). The maximum improvement of
the JPDA-UKF w.r.t. the OS-CFAR is 20%, while it is 15%
for the T2T-A/F w.r.t. the JPDA-UKF. Beyond the 80 km limit,
the T2T-A/F relies almost completely on the JPDA-UKF output
of Palmaria. Performance rapidly decreases, and the differences
among the curves become negligible.
For San Rossore, the peak value is instead about 55%–57%,
for both the tracker and the detector. However, on average, the
OS-CFAR achieves better performance than the JPDA-UKF.
Since the two sensors share the same setup parameters and
observe the same vessels, a possible reason can be found in
the relative geometry between the ship routes and the sensor
positions, supposedly more favorable at Palmaria than at San
Rossore. For completeness, no AIS reports were available in
the first 10 km from San Rossore. Finally, the DF strategy leads
to a final ToT value of 79%, with a maximum improvement of
about 30% w.r.t. the JPDA-UKF.
It is interesting to observe that the gain of the T2T-A/F
system w.r.t. San Rossore is larger than w.r.t. Palmaria (i.e.,
about 10%–15% and 15%–30% in the 0–80 km interval w.r.t.
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Fig. 5. Estimated ToT percent versus range [km], azimuth[◦], and range rate [m/s], w.r.t. (upper plots) Palmaria and (lower plots) San Rossore sites: (Blue)
T2T-A/F, (green) JPDA-UKF, and (red) OS-CFAR. (a) ToT versus range w.r.t. Palmaria. (b) ToT versus azimuth w.r.t. Palmaria. (c) ToT versus range ratew.r.t.
Palmaria. (d) ToT versus range w.r.t. San Rossore. (e) ToT versus azimuth w.r.t. San Rossore. (f) ToT versus range rate w.r.t. San Rossore.

Palmaria and San Rossore, respectively). This is a proof that
the Palmaria setup performs better than that of San Rossore and,
hence, the T2T-A/F relies mostly on the former sensor. Aspect
diversity provides more information, but the improvement of
the detection capabilities comes at the cost of an increase of the
FAR, as it will be discussed in Section V-C.
The ToT versus azimuth is estimated over 5◦-wide angular

intervals and averaged over all the surveyed range and range-
rate intervals. At Palmaria, two local peaks can be observed,
i.e., the first one is between−35◦and−25◦w.r.t. the array
broadside direction, while the second one is between 30◦and
40◦[see Fig. 5(b)]. For angles close to the limits of the surveyed
area, i.e., around±60◦, the ToT strongly diminishes. The T2T-
A/F achieves, on average, a larger ToT than the JPDA-UKF.
This is especially true for those angles smaller than−15◦,for
which the gain is about 10%–20%.
At San Rossore, the peak values concentrate between 10◦and

35◦, i.e., the region in front of the Gulf of La Spezia. Anyway,
the area covered by San Rossore is limited between−60◦and
40◦. In this interval, the values vary between 50% and 68% for
both the JPDA-UKF and the OS-CFAR algorithms. A strong
degradation of the performance can be observed at the borders
of the surveyed region, i.e., for those angles close to−60◦.
The OS-CFAR output grants results comparable with that of
the JPDA-UKF, except for the regions close to 40◦and−15◦

[see Fig. 5(e)]. The reasons of such a behavior are currently
under investigation. Finally, the gain obtained using the T2T-
A/F strategy is almost constant and varies between 15% and
25% [see Fig. 5(e)].

The ToT versus range rate, evaluated over 0.5 m/s speed
intervals and averaged over the whole defined range and az-
imuth intervals, is depicted in Fig. 5(c) and (f), for Palmaria
and San Rossore, respectively. Observing the two JPDA-UKFs,
Palmaria (a) exhibits a larger ToT than San Rossore (b), with
a maximum value of about 62% compared to about 45%.
At both sites, the largest values are given for radial speeds
comprised between the two first-order Bragg velocities (e.g., for
a carrier frequency of 12.50 MHz, these are about±4.32 m/s).
In fact, as the ship gets closer the zero-Doppler (i.e., it moves
tangentially), it maximizes its radar cross section. Outside this
interval, the ToT diminishes by about 10% on average, but
sensibly more at San Rossore than at Palmaria. Moreover, the
OS-CFAR ship detection performances degrade with increasing
radial speed (in modulus) for Palmaria and slightly less for San
Rossore. According to the CFAR rule, the detection threshold
is chosen to keep the FAR constant. This means that, in the
proximity of the Bragg scattering regions, the detection thresh-
old is increased, thus decreasing the probability of detection.
This issue does not concern only the detection algorithm but
affects also the tracking procedure, due also to the strict track
maintenance/termination logic (see Table I). On the contrary,
the aspect diversity exploited by the track-fusion strategy allows
to fix this issue, and the notches around±
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4.32 m/s are less
significant. As expected, the T2T-A/F improvement is more
pronounced w.r.t. San Rossore (i.e., about 30%) than w.r.t.
Palmaria (i.e., about 20%).
In Fig. 6 the average ToT is estimated for ship length mul-
tiples of 50 m. Results are averaged over the defined range,
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Fig. 6. Estimated ToT percent versus ship length [m], w.r.t. (a) Palmaria and
(b) San Rossore sites: (Blue) T2T-A/F, (green) JPDA-UKF, and (red) OS-
CFAR. (a) ToT versus ship length w.r.t. Palmaria. (b) ToT versus ship length
w.r.t. San Rossore.

azimuth, and range-rate intervals and over the whole recording
interval. As expected, an increase in the ship length brings an
increase in the ToT. This is especially clear for huge ships
(i.e., longer than 250 m), for which the ToT= 55%.TheDF
strategy improves the ToT of about 5%–10% for Palmaria and
15%–25% for San Rossore on average. This result proves that
the T2T-A/F output relies mainly on the JPDA-UKF at Palmaria
than on the one at San Rossore. At Palmaria, the improvement
of the JPDA-UKF w.r.t. the OS-CFAR seems to be related
to very large ships (i.e., longer than 200 m) moving at high
radial speed in modulus (i.e.,|̇r|>6m/s)uptoan80km
distance, as shown in Figs. 6(a) and 5(a) and (c), respectively.
At San Rossore, the OS-CFAR performs better than the JPDA-
UKF [see Fig. 6(b)]. This fact can be explained by the relative
geometry of the ship routes, which seem to lead to more
fragmented tracks. However, on average, we do not expect
that the JPDA-UKF algorithm performs significantly better

Fig. 7. False active tracks in the fusion region on May 8, 2009: (Green)
Palmaria, (red) San Rossore, and (blue) T2T-A/F.

than the OS-CFAR, due to the strict rules for track initiation,
maintenance, and termination (cf. Table I).

C. Analysis of False Tracks

Active false tracks recorded on May 8 are shown in Fig. 7.
The color coding is the same as that used for the true tracks.
A significant number of active false tracks can be observed,
having a good time coherency but no associated AIS report.
In fact, it is interesting to observe that some of these tracks
closely follow the main ship routes observed in Fig. 4 and, at
far distance, they exhibit a peculiar fragmented behavior, as it
will be discussed in Section V-E.
In addition, a significant amount of false tracks crowds the
sea in front of the coasts of Tuscany, Italy. It is possible that, in
the surveyed area, a number of ships are not carrying any AIS
transponder (e.g., fishing boats or military vessels) or are not
cooperative. Moreover, it is interesting to observe the accumu-
lations of radially moving tracks, distributed at long distances
at the borders of the surveyed region. They are probably false
tracks generated by land scattering returns.

D. FAR Analysis
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The FAR analysis is carried out at the varying of range,
azimuth, and range rate and averaged over all the days, on
the same intervals considered for the ToT. On each specific
interval, FAR values are normalized such that their weighted
sum provides the total FAR per unit of time and area for
that day.
The FAR versus range is shown in Fig. 8(a) and (d), for
Palmaria and San Rossore, respectively. As expected, the ap-
plication of the tracking algorithm significantly reduces the
number of false track contacts and cancels most of clutter-
originated returns (cf. green (JPDA-UKF) and red (OS-CFAR)
lines), particularly at far distance. False detections manifest a
more uniform behavior along range than the tracker outputs,
which tend instead to accumulate in the first 80 km from the
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Fig. 8. Estimated FAR versus range [km], azimuth[◦], and range rate [m/s], w.r.t. (upper plots) Palmaria and (lower plots) San Rossore sites: (Blue) T2T-A/F,
(green) JPDA-UKF, and (red) OS-CFAR. (a) FAR versus range w.r.t. Palmaria. (b) FAR versus azimuth w.r.t. Palmaria. (c) FAR versus range rate w.r.t. Palmaria.
(d) FAR versus range w.r.t. San Rossore. (e) FAR versus azimuth w.r.t. San Rossore. (f) FAR versus range rate w.r.t. San Rossore.

radars. This can be explained by referring to Fig. 7. Here, a
significant number of suspicious false tracks can be observed
in the proximity of the coast. The same behavior has been
described also for ToT, as shown in Fig. 5(a) and (d). The
proposed T2T-A/F strategy (blue) brings more false alarms but
conversely grants also better ToT, as discussed in Section V-B.
In fact, an active track is declared at the T2T-A/F system when
at least one track is available at two sensors (i.e.,ORfusion
strategy).
The distribution of the false contacts versus azimuth is de-

picted in Fig. 8(b) and (e). At Palmaria, no significant differ-
ences arise from the analysis of the JPDA-UKF and T2T-A/F
outputs, except for an increase at angles smaller than−15◦.
This is in agreement to what is shown also in Fig. 5(b). At
San Rossore instead, the increase in the FAR is almost constant
along azimuth. As expected, an increase in the ToT estimate
corresponds to an increase in the FAR, as shown in Fig. 5(e).
The estimated FARs versus range rate are shown in Fig. 8(c)

and (f), for Palmaria and San Rossore, respectively. A relevant
amount of false contacts are produced by sea clutter, not per-
fectly filtered out by the OS-CFAR detection algorithm (red
line). In fact, these contacts distribute along the most relevant
harmonics of the wave spectrum (cf. Section II-B). As expected,
the tracking algorithms prune most of these returns, and false
track contacts accumulate mainly between the two Bragg-wave
velocities, where most of the vessels lay.
As known, the FAR is related to the ToT, and statistically,

an increase in the probability of detection bears an increase in
the probability of false alarm. This evidence is shown in the
joint analysis of Figs. 5 and 8 and manifests in the scatterplot

Fig. 9. ToT versus FAR scatterplot analysis: (Red circles) OS-CFAR at
Palmaria, (red squares) OS-CFAR at San Rossore, (green circles) JPDA-UKF
at Palmaria, (green squares) JPDA-UKF at San Rossore, and (blue triangles)
T2T-A/F. Values for each day are represented by empty symbols, and averaged
values are represented by full symbols.
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analysis of Fig. 9. The red circles and squares represent the
pairs (FAR and ToT) obtained by the OS-CFAR algorithms, at
Palmaria and San Rossore, respectively. The green circles and
squares represent instead the two JPDA-UKF outputs, while the
blue triangles are the output pairs of the T2T-A/F system. As to
be expected, in terms of ToT, the JPDA-UKF provides results
comparable to those of the detection algorithm. However, most
of the false alarms are pruned, and the FAR is about one order of
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TABLE III
TOTVERSUSFAR, AVERAGEVALUES

TABLE IV
TF STATISTICS ANDAVERAGETOT

magnitude smaller. Interestingly, the red clouds are less spread
along the FAR values than the green clouds. This proves that
false detections are pretty homogeneous in space and time.
On the contrary, green clouds are more spread. This fact can
be partially related to the daily distribution of, for example,
uncooperative ship traffic. Finally, the T2T-A/F cloud (blue)
spreads along larger ToTs, with intermediate FARs. Anyway,
its distribution is closer to the JPDA-UKF of Palmaria than that
of San Rossore. For completeness, average values are reported
in Table III. The T2T-A/F strategy allows to improve single-
sensor performance of about 6% and 21% on average w.r.t.
Palmaria and San Rossore, respectively, at a bearable increase
of the FAR (i.e.,2.2×10−11s−1·m−2versus1.3×10−11and
1.2×10−11s−1·m−2, respectively).

E. TF and ToT Analysis

For all the days of recording and for all the ships, the number
of radar subtracks composing each ship route is extracted. The
related mean and standard deviation are then evaluated over
all the ship trajectories. Results are jointly compared with the
average daily ToT estimates, as summarized in Table IV.
Reported values show that the JPDA-UKF at Palmaria, prob-

ably due to a more favorable ship-sensor geometry, performs
better than the JPDA-UKF at San Rossore (see columns 3 and
5). However, this result is paid with just a small increase in
TF (see columns 2 and 4). In other words, Palmaria provides

Fig. 10. RMSE of the (a) position and (b) velocity state vector components:
(Green) Palmaria JPDA-UKF, (red) San Rossore JPDA-UKF, and (blue) T2T-
A/F. (a) RMSE for position. (b) RMSE for velocity.

significantly better ToT than San Rossore, being almost equal
theNTF. This is a further proof that the HF-radar instal-
lation at Palmaria exhibits a more favorable geometry than
the one at San Rossore. Anyway, it is worth noting that a
percentage of fragmented tracks come also from the hourly stop
and go procedure (lasting about 4 min) that allows the two
WERA systems to search for a new HF channel to transmit
and receive (see [36]). Finally, the T2T-A/F algorithm im-
proves both trackers in terms of average ToT (see column 7).
This improvement is about 5%–10% w.r.t. Palmaria and
15%–25% w.r.t. San Rossore, respectively, as discussed also in
Section V-B. Accordingly, also theNTFstatistics increase, but
this fact is due to theunionof the two sensors’ outputs.

F. Tracking Error Analysis

The RMSE is computed w.r.t. track length for both the
position (i.e.,x, y) and velocity (i.e.,̇x,ẏ
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) pair components of
the target state vector [see (2)]. Results are shown in Fig. 10,
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in subfigures (a) and (b), respectively. Only the event in which
the track-to-track fusion effectively happens is considered. The
blue curves are obtained averaging the subtracks of the T2T-
A/F system. We consider only tracks whose lengths are shorter
than 100 samples. The green and red curves are obtained from
theparent tracksat Palmaria and San Rossore, respectively. The
case in which the T2T-A/F strategy relies on just one radar track
has demonstrated that the T2T-A/F error closely follows the
single-sensor performance. For brevity, these results have been
omitted.
Let us consider the RMSE of the position estimate [see

Fig. 10(a)]. The error spans between 0.6 and 1.0 km, for both
Palmaria (green) and San Rossore (red). As expected, the errors
of the two stand-alone systems are pretty close, while the T2T-
A/F system (blue) provides an RMSE significantly below that
of the two JPDA-UKFs, about 200–300 m on average. Further
information about the placement of the AIS transponder (i.e.,
from-bow and from-port distances) has not been considered.
We assumed that the corrections were null on average.
The RMSE of the velocity estimate is presented in Fig. 10(b).

Between the DF output and the two trackers, significant dif-
ferences arise, not only in terms of mean error level (about
0.5 m/s smaller) but also in terms of transitory error, almost
eliminated by the T2T fusion algorithm. In fact, when one of
the two sensors loses its track, the other one most likely is able
to follow it.
In particular, this fact can be well observed in Fig. 11 for

a typical commercial ship route. For clarity, the trajectory of
the German cargo ship Finlandia (158 m long and 25 m wide),
displaying Maritime Mobile Service Identity (MMSI) number
218033000 and crossing the fusion region on May 12, 2009, is
depicted in Fig. 12.
Both the errors on the position and velocity estimates are

shown in Fig. 11(a) and (b), respectively. When track fusion
is effectively carried out (e.g., between 01:20 and 02:00 and
between 03:00 and 03:20 UTC), the transitory phases are
almost eliminated, as shown in Fig. 11(b). This is in agreement
to what is shown in Fig. 10. On average, the T2T-A/F estimate is
significantly better, in terms of both ToT and estimate accuracy
[see Fig. 11(a) and (b)]. Time intervals in which the T2T-A/F
output relies on one sensor only can be observed as well. As to
be expected, in these cases, the errors coincide with the single-
sensor outputs.

VI. CONCLUSION ANDOUTLOOK

In this paper, a maritime-surveillance system based on two
simultaneously operating HFSW radars has been presented, and
its performance has been evaluated by means of experimental
data. AIS position reports from cooperative vessels have been
considered as ground-truth data. A whole processing chain has
been considered, going from the OS-CFAR detection algorithm
to the JPDA-UKF tracking filter to the T2T-A/F, applied to
exploit the aspect diversity of the two radar installations.
To assess system performance, a methodology for validating

the outputs (i.e., both detections and tracks) and a set ofad hoc
performance metrics have been proposed and motivated. These
metrics (i.e., ToT, FAR, accuracy, and TF) have been evaluated

Fig. 11. Ship route, position, and velocity errors for ship with MMSI
218033000 on May 12, 2009: (Green) Palmaria JPDA-UKF, (red) San Rossore
JPDA-UKF, and (blue) T2T-A/F.

for both static (e.g., ship length) and kinematic (e.g., range,
azimuth, and range rate) information and averaged over about
one month of recorded data.
Single-sensor performance has been estimated first, and the
JPDA-UKF tracking algorithm has been compared with the
OS-CFAR detector. In terms of average ToT, as expected,
both the detector and the tracker have achieved similar re-
sults. Conversely, the tracking algorithm has reduced the FAR
from8×10−11 to1.3×10−11 s−1·m−2 and from10×
10−11to1.2×10−11s−1·m−2
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at Palmaria and San Rossore,
respectively.
The T2T-A/F strategy has demonstrated its effectiveness
w.r.t. the single-sensor JPDA-UKF, in terms of increased ToT
(about 6% w.r.t. Palmaria and 21% w.r.t. San Rossore on aver-
age) and reduced RMSE (about 200 m and 0.5 m/s for position
and velocity estimates). Moreover, aspect diversity has made it
possible to overcome the problem of the blind Doppler zones
around the first-order Bragg velocities and other geometry-
related issues. Concluding, during the experimentation,
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Fig. 12. Typical commercial ship route. Cargo ship Finlandia (MMSI
218033000) crossing the fusion region on May 12, 2009 is depicted: (Black)
AIS trajectory, (blue) T2T-A/F, (green) Palmaria, and (red) San Rossore.
(a) Position error. (b) Velocity error.

it was possible to track, up to a 150 km distance, ships
100÷250 m long with ToT= 40%and ships longer than
250 m with ToT= 55%on average.
On the other hand, these improvements have led to an

increase of both TF (i.e., the average of daily subtracks per
ship) and FAR. About the former metric, values of 3.94 and
3.65 have been respectively estimated at Palmaria and San
Rossore, and a value of about 4.61 has been estimated at the
T2T-A/F system. An increase of the FAR has been observed as
well, from1.3×10−11and1.2×10−11s−1·m−2at Palmaria
and San Rossore to2.2×10−11s−1·m−2after T2T fusion.
Fortunately, the estimated FAR represented an upper bound of
the real FAR since many vessels in the surveyed area had no
AIS transponder. This analysis has proven that the ship-sensor
relative geometry at Palmaria was more favorable than the one
at San Rossore.
The aforementioned results have demonstrated that low-

power HFSW radar systems, not intended for maritime-
surveillance purposes, can take advantage from more advanced
signal processing techniques and from aspect diversity for
providing additional information on the maritime picture with
no additional costs on the system setup.
Anyway, several issues still remain open, and among these

are the estimation of the number of vessels not carrying any
AIS transponder and the possibility to exploit multiple model-
based techniques for tracking maneuvering targets (e.g., fishing
and luxury boats). Furthermore, a procedure for correcting
the position estimates, based on the from-bow and from-port
distances of the AIS transponder, is currently ongoing.
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