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Abstract—In the context of maritime surveillance, low-power
high-frequency surface-wave (HFSW) radars are attracting sig-
nificant attention as cost-effective tools for long-range ship detec-
tion and tracking applications. In this paper, multi-target tracking
and data fusion techniques are applied to live-recorded data from
a network of three oceanographic HFSW radars installed on the
coast of the German Bight, in the North Sea. This campaign
follows a previous one conducted in 2009, in which two HFSW
radars were deployed on the coast of the Ligurian Sea, in the
Mediterranean. Ship reports from the automatic identification
system, recorded from a number of coastal stations, are exploited
as ground truth information. A methodology is then applied
to classify the fused tracks and to estimate single-sensor and
data fusion performances. Both in situ and model data are used
to investigate the capabilities of the systems according to the
variations of the meteorological and oceanographic conditions.
Finally, preliminary results are presented and discussed, together
with outlines for future works.

Keywords—High-frequency surface-wave radar, real data, au-
tomatic identification system, target detection and tracking, data
fusion, meteorological and oceanographic information.

I. INTRODUCTION

Maritime surveillance is of particular interest for many
organizations, both national and international. In this domain
the range of operations is broad and not just limited to
national security, but covers also other aspects, going from
environmental protection, to resource management and search
and rescue activities. A variety of sensors can be used to take
records of the surveyed areas. However, to make such huge
amount of information operationally usable in real-time, data
need to be condensed somehow. Thus, data fusion (DF) has
become a primary concern. In fact, each new installation of a
sensor network is accompanied by new and challenging issues.
The information provided by the different sensors can be both
high-level (e.g. target trajectory, ID, behaviour) and low-level
(e.g. radar contacts) and can interact within the process at
different levels. As a fact, several approaches and paradigms
have been proposed to tackle each specific problem [1]–[4].

In such a context, it is easy to understand that long-
range cost-effective sensors operating continuously in time
are of particular interest. Among these, low-power HFSW
radar systems, installed along the shores for ocean remote
sensing applications (e.g. sea surface currents, waves and wind
parameters estimation), are attracting significant attention. In
fact, they have shown to be a useful source of data for ship

detection and tracking as well, thanks to their capability of
detecting targets over-the-horizon, their continuous-time cov-
erage and direct Doppler velocity estimation. One such system
is the Wellen Radar (WERA), developed at the University of
Hamburg [5], for which a basic multi-target tracking (MTT)
strategy was proposed in [6]. In particular, target detection was
performed by a 3-D (range-azimuth-doppler) ordered statistics
constant false alarm rate (OS-CFAR) algorithm, while the
nearest neighbor (NN) data association rule in combination
with the α−β− γ tracking filter were used to solve the track
management problem [2], [3]. Although the results obtained
were promising, the concurrent operation of multiple radars
was not taken into account.

In order to investigate the capabilities of low-power HFSW
radars for ship detection and tracking, CMRE conducted a first
data acquisition campaign in the Ligurian Sea during the Bat-
tlespace Preparation 2009 (BP09) experiment, in collaboration
with the Universities of Hamburg and Pisa. Two HFSW radars
were installed to cover a large region going from the port of
La Spezia to Corsica. Initially, a preliminary statistical analysis
was performed to investigate the possibility to describe the sea
clutter as a compund-Gaussian process [7]. Different detection
strategies, based on the normalized adaptive matched filter
(NAMF), were then considered in [8]. An MTT strategy was
presented in [9], based on the joint probabilistic data asso-
ciation (JPDA) methodology and the unscented Kalman filter
(UKF). In order to take advantage of the system installation
geometry, a DF paradigm was described in [10], while a
full statistical characterization of the detection, tracking and
DF performances of the proposed system was presented in
[11]. Better results, in terms of time-on-target and estimation
accuracy, were achieved compared to the single sensor outputs.

In this work three WERA radars are considered, under
the same MTT-DF system architecture presented in [11]. The
radars are installed and operated within the Coastal Observing
System for Northern and Arctic Seas (COSYNA) framework.
This operational, integrated system is run by HZG and com-
bines observations and numerical models for the German Bight
sea. Among the operating sensors, the HFSW radar systems
measure currents and wave parameters.

It should be also pointed out that this region of the North
Sea is one of the busiest areas in the world in terms of
maritime traffic. Thus, this fact represents a unique opportunity
for us to investigate several aspects of particular interest, like
maneuvering targets, non-cooperative vessels and high traffic
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Fig. 1. Setup of the HFSW radars in the German Bight and their areas of
coverage: Sylt (green), Büsum (red), and Wangerooge (magenta); COSYNA
sensor stations (cyan dots).

density. In addition, the availability of the sea and weather
information provided by COSYNA gives us the possibility to
understand the impact of different meteorological and oceano-
graphic (METOC) parameters on the HFSW radar coverage
and, thus, on its ability to detect and track targets. Preliminary
results in this sense were presented in [12], [13]. However, this
analysis is still ongoing and more results will be provided in
the future.

The paper is organized as follows. In Section II, the
German Bight experimentation with HFSW radars is pre-
sented. The MTT-DF system is described in Section III, while
preliminary experimental results are shown and discussed in
Section IV. Concluding remarks and an outline for future
works are given in Section V.

II. THE HFSW RADAR EXPERIMENT

A. The Experiment Setup

In the South-Eastern part of the North Sea, the HZG
is currently operating the experimental COSYNA network.
The measurements, which are successively fed to numerical
modelling algorithms, are provided by a variety of both in
situ and remote sensing sensors. These are aimed to reveal or
predict possible changes in the ecosystem, in the water quality
and their effects on the regional and global climate.

The WERA radars are installed on the islands of Sylt and
Wangerooge, and close to Büsum. The locations of the HFSW
radars and their areas of coverage, 150 km × 120◦ wide, are
shown in Fig. 1. In the picture, offshore research platforms
(i.e. FINO1 and FINO3) and waverider buoys are reported
as well (cyan dots), while the blue line perimeter defines the
region in common to the three sensors.
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φ0 [◦] 97.0 5.0 349.0

f0 [MHz] 12.2− 13.5 10.8 10.8

λ0 [m] 24.6− 22.2 27.8 27.8

Tc [s] 0.26 0.26 0.26

B [kHz] 100.0 100.0 100.0

∆R [km] 1.50 1.50 1.50

sweep sign up down up

Rx antennas 16 12 12

TABLE I. SETUP PARAMETERS OF THE HFSW RADARS.

B. The HFSW radars

WERA is a bistatic (quasi monostatic) radar system. The
transmitter (Tx) and receiver (Rx) are made by λ0/4 monopole
arrays, where λ0 is the carrier wavelength. The Tx has a rect-
angular arrangement, while the Rx has a linear arrangement.
The angle w.r.t. North of the Rx array installation is denoted
with φ0 and measured clockwise. The azimuth information is
extracted via beamforming, applying the Hamming windowing
function. The final field of view of the radar is 120◦ around
the broadside direction φ0 − 90◦. WERA operates at 35 W
on average and uses linear frequency modulated continuous
wave (LFMCW) chirps, whose repetition interval is Tc. Sylt
and Büsum share the same frequency carrier f0 and transmit
with orthogonal modulating waveforms. Range resolution is
denoted with ∆R, while the chirp bandwidth with B. The
setup parameters are summarized in Table I.

C. The AIS ship reports

In order to cover a large portion of the German Bight, AIS
data are provided by receivers located at each WERA radar
site, at the stations of Büsum and Wangerooge. In addition,
data are also gathered from external providers, such as MSSIS,
Marine Traffic and AISHub. Further data will be soon available
from the HF radar station at Sylt, from FINO1 platform and
from Helgoland.

D. The METOC information

Information about the METOC conditions are directly
provided by the COSYNA network. Both in situ, remote
sensing and model data are used to assess the radar perfor-
mances. As described in [12], the backscattered signal can be
strongly affected by the sea state and one of the characterizing
parameters is the significant wave height. Usually denoted
as H1/3, it is defined as the mean wave height, trough to
crest, of the highest third of the waves. At near-range and
for high sea states, the backscattered power is larger than for
smaller sea states, but at middle and far-ranges other issues
occur, like unstable propagation or shadowing effects, probably
due to wave-breaking or absorption by foam [12]. Although
the analysis presented in [12] was carried out with f0 in
the interval 27.5 − 30 MHz, it demonstrated how the HFSW
radar coverage and the backscattered signal can be affected by
waves.



Date Max H1/3 [cm] Wind Sp. [m/s] Trend No. of ships

16/10 104 2− 12 ⇑ N/A

17/10 315 10− 21 ⇑ 465

18/10 182 2− 12 ⇓ 482

23/10 286 8− 16 ⇑ 419

24/10 341 3− 15 ⇓ 462

25/10 207 3− 12 ⇑ 557

26/10 306 10− 15 ⇑ 449

27/10 365 10− 20 ⇑ N/A

28/10 534 15− 30 ⇑ 340

29/10 320 8− 20 ⇓ 466

30/10 253 10− 15 ⇑ 446

TABLE II. AIS AND METOC INFORMATION.

Other parameters influencing the signal propagation, other
than f0, are the sea salinity and the temperature, which jointly
affect the conductivity and, thus, the imaginary part of the
dielectrical constant. There is a direct proportionality law
between salinity and sea conductivity, which increases as well
with increasing temperature [12]. Sea currents can have a
negative effect as well, by shifting the first-order Bragg peaks
and, thus, the blind regions of the CFAR detector. Moreover,
currents could also be responsible for significant variations
of the average water conductivity and temperature values,
especially at the estuaries of the rivers (e.g. Elbe and Weser).
In this region currents are induced by the strong daily tides,
with about 2−3 m difference in height in a 6−7 hours interval.
In shallow waters, these tides could make the seabed emerge
and limit the coupling of the electromagnetic waves with the
sea, especially close to the sand banks all around the coast of
the Wadden Sea.

The METOC information considered in this work were
recorded in the second half of October 2013 and are sum-
marized in Table II. There is a first increasing trend on the
Beaufort scale on Oct. 16 − 18, with a first peak of sea state
on Oct. 18. Then, in the second period (i.e. Oct. 23− 30), the
trend increases again, reaching its maximum on Oct. 28− 29.

III. THE MTT-DF SYSTEM

Radar observations undergo a quality check and radio
frequency interference removal, as described in [14]. Target
detection is performed by the 3-D OS-CFAR algorithm pre-
sented in [6]. Coherent processing intervals, not statistically
independent, are made of 512 samples with an overlap of
75%, i.e. with a detection occurring every 33.28 s. A range
correction, accounting for the Doppler effect, is applied to the
detection files considering all the setup parameters [15], see
Table I.

The MTT strategy is based on the JPDA paradigm, which
is a Bayesian approach associating all the validated measure-
ments to the tracks by probabilistic weights [2], [16]. The
track initiation/confirmation logic is based on the 2/2&M/N
cascade logic [2], while the filtering stage is performed by the
UKF [17]. The confirmed tracks generated by the MTT at each
site are then combined by means of a track-to-track association
and fusion (T2T-A/F) logic [2]. Further information about the
algorithms and the parameters can be found in [9]–[11].

A. Target motion and measurement models

The target state vector xk at time k is defined in Cartesian
coordinates

xk = [xk, ẋk, yk, ẏk]
T
, (1)

where xk, yk and ẋk, ẏk are the position and velocity compo-
nents along x, y directions, respectively. The motion of large
vessels can be well described with the nearly constant velocity
(NCV) model [2]. The state-update equation is thus [2], [18]

xk = F kxk−1 + Γkvk. (2)

The motion relation matrices F k = diag([Fk, Fk]) and
Γk = diag([Γk,Γk]) are given by

Fk =

[

1 Tk

0 1

]

,Γk =

[

T 2

k /2

Tk

]

, (3)

where (·)T and diag(·) are the transpose and diagonal matrix

operators respectively, while Tk , T is the time interleaved
between sampling times k − 1 and k. Vector vk accounts for
unmodelled target accelerations and is assumed to be Gaussian
with zero-mean and covariance matrix Qk = diag

(

σ2

v , σ
2

v

)

.
The measurement vector zk is defined as

zk ,
[

zrk, z
b
k, z

ṙ
k

]T
, (4)

where zrk, z
b
k, z

ṙ
k are the measured range, bearing and range

rate. The target-originated measurement equation is thus

zk = h (xk) + nk, (5)

where

h(xk) ,

[

√

x2

k + y2k, arctan

(

yk
xk

)

,
xkẋk + ykẏk
√

x2

k + y2k

]T

(6)

is the measurement function. The instrument noise vector
nk ,

[

nr
k, n

b
k, n

ṙ
k

]T
is assumed to be Gaussian with zero-mean

and covariance

Rk =







σ2

r 0 ρσrσṙ

0 σ2

b 0

ρσrσṙ 0 σ2

ṙ






. (7)

In literature nr
k,nb

k,nṙ
k are all assumed to be statistically

independent, except for nr
k and nṙ

k, which have correlation
coefficient ρ. This correlation index was computed in [15].

B. The MTT procedure

Let us denote with Tk = {T1(k), . . . , TJ (k)} a set of
preliminary and active tracks at time k, where Tj(k) is a

natural number defining the ID of the jth track. A validation
gate region Gj(k), for all j = 1, . . . , J , is constructed, where
J = |Tk|. Given that the target-originated measurements are

Gaussian distributed around the predicted measurement z
j
k|k−1

of target j, the gate is defined as [2]

Gj(k) =

{

z :
(

z − z
j
k|k−1

)T

(Sj
k)

−1

(

z − z
j
k|k−1

)

< γ

}

,

(8)



where S
j
k is the innovation covariance, while the threshold γ

determines the gating probability PG, i.e. the probability that
a measurement originated by target j is correctly validated.

At this point, we can state that the whole track management
procedure can be roughly divided into three main steps: track
initiation/confirmation, track update and track termination.

1) Track initiation/confirmation: A measurement is associ-
ated to the jth track if it satisfies eq. (8). Every unassociated
measurement is called initiator and yields a tentative track.
The covariance matrix related to a new tentative track state is
initialized as P 0 = diag

(

σ2

x, σ
2

ẋ, σ
2

y, σ
2

ẏ

)

, see Table III. These
tracks become preliminary if, for each of them, a detection falls
in the gate at the next timestamp (2/2 logic), otherwise they
are dropped.

For each preliminary track, the JPDA-UKF can be initial-
ized and used to set up the gate for the next sampling time.
Starting from the third scan, a logic of M detections out of
N scans is used. If at scan N + 2 the 2/2 & M/N cascade
logic requirement is satisfied, then the track becomes active,
otherwise it is dropped.

2) Track update: In the track state prediction phase,

given the estimated target state x
j
k−1|k−1

and its covariance

P
j
k−1|k−1

at time k−1, the predicted state and its covariance,

namely x
j
k|k−1

and P
j
k|k−1

, are obtained from the application

of the JPDA-UKF rule. In the data association phase, a
validation matrix is set up for all the confirmed and preliminary
targets. Rows and columns of each matrix are indicized with all
the validated measurements falling in the gate, also considering
the case of no-measurements. From the validation matrix, all
the feasible joint association events are constructed, assuming
that each measurement is generated from a target or from
clutter and that each target generates at most one measure-
ment with detection probability PD. The probabilities of the
joint events are evaluated assuming that the target-originated
measurements are Gaussian distributed around the predicted
location of the corresponding target measurement and that the
false alarms are distributed in the surveillance region according
to a Poisson point process with parameter Λ. The association
probabilities of target j with measurement i, namely βij , are
obtained from the joint association probabilities. Further details
can be found in [2], [16], while all the parameters of the MTT
system are given in Table III. For brevity the algorithms are
not reported here, but are exhaustively discussed in [11].

3) Track termination: An active track is terminated if no
detections have been validated in the past N∗ most recent
sampling times, if the track uncertainty has grown too much
or if the target has reached an unfeasible maximum velocity
vmax.

C. The data fusion procedure

In this work, the DF strategy is based on the T2T paradigm,
made by the T2T association and T2T fusion steps [2].

1) T2T-A procedure: As stated in [3], the multi-
dimensional assignment (MDA) approach can be applied to
both multiple-sensor/single-scan and single-sensor/multi-scan
data association problems. The Lagrangian relaxation algo-
rithm can be used to solve the MDA problem when more than
three sensors, or three scans, are considered [19]–[22].

Parameter Value Specification

Tk 16.64 s/33.28 s Sampling period

σv 1 · 10
−2 m s−2 Std of process noise

σr 150m Std of range meas.

σb 1.5◦ Std of bearing meas.

σṙ 0.1m s−1 Std of range-rate meas.

PD 0.35 Detection probability

Λ 10
−9 m−2 Clutter density

γ 3.32 Gate threshold

σx, σy 500m Init. filter (pos.)

σẋ, σẏ 10m s−1 Init. filter (vel.)

vmax 25m s−1 Maximum velocity

M/N 7/8 Track confirmation logic

N∗
3 Track termination logic

TABLE III. MTT PARAMETERS.

At time scan k, sensor Sn produces a set of Mn(k) ≥ 0
observations (i.e. the track contacts), where n = 1, 2, 3. For
brevity, in the following k will be omitted. With the binary
variable δijl we define the track formation hyphothesis that
observations i, j and l from sensors S1, S2 and S3 originate
from the same target. It is 1 if the T2T-A hypothesis is
correct, 0 otherwise. If an index is set to zero, this means
that a dummy association, or missed detection, event occurred.
Finally, the overall data association problem will be made by
a collection of such track-to-track hyphotheses, accounting for
all the sensors’ observations. In a similar manner, we define
cijl as the track formation cost. See [11] for further details.

The optimization problem presented in [3] becomes, in the
case of three sensors, the minimization of an objective function
v(δ) defined by

v(δ) = minδijl

M1
∑

i=0

M2
∑

j=0

M3
∑

l=0

cijlδijl, (9)

subject to the constraints

M1∑

i=0

M2∑

j=0

δijl = 1, ∀l = 1, . . . ,M3, (10a)

M1∑

i=0

M3∑

l=0

δijl = 1, ∀j = 1, . . . ,M2, (10b)

M2∑

j=0

M3∑

l=0

δijl = 1, ∀i = 1, . . . ,M1. (10c)

Let us define with ul the lth Lagrange multiplier, where
l = 0, . . . ,M3 and u0 = 0. In the Lagrangian relaxation
approach, we can remove one set of constraints, e.g. eq. (10a),
using the Lagrangian multipliers in the original objective
function (eq. (9)). This permits to reduce the 3-D to a 2-D
assignment problem, while the proper choice of the Lagrangian
multipliers will tend to force the satisfaction of the constraints.
The procedure is iterative and is summarized by Algorithm 1,
while further details can be found instead in [3].

2) T2T-F procedure: The procedure is briefly described in
Algorithm 2. More information about the track-to-track fusion
in the case of three sensors can be found in [2].



Algorithm 1 MDA

• Lagrangian relaxation method.

◦ Relax one of the constraints, for instance eq. (10a), and evaluate the new 2-D association costs

dij = minl
(

cijl − ul

)

(11)

◦ Solve the dual (or relaxed) solution

q(u) = minωij

M1
∑

i=0

M2
∑

j=0

dijωij +

M3
∑

l=0

ul, subject to

M1
∑

i=0

ωij = 1, ∀j = 1, . . . ,M2; and

M2
∑

j=0

ωij = 1, ∀i = 1, . . . ,M1, (12)

where ωij is the reduced dimension index which refers to the assignment of observations i and j from the first two sensors and where d00 ≤ 0.
◦ The feasible (or primal) solution augments the assignments from the first two sensors with observations from the third sensor. A 2-D assignment is

used to minimize the cost maintaining the constraint on the third sensor, see details in [3].

Note that q(u) of the dual solution represents an optimistic cost, while v(δ̄) associated with the primal solution will in general be greater than the
cost v(δ) of the unknown optimal solution so that

q(u) ≤ v(δ) ≤ v(δ̄). (13)

◦ Perform successive iterations using different Lagrangian multipliers and find the new maximum q∗(u) and minimum v∗(δ̄) solutions.
◦ Stop the search when:

- the gap between the solutions is less than a predetermined threshold called mingap

gap =
[

v∗(δ̄)− q∗(u)
]

/|q∗(u)| ≤ mingap, (14)

- or the dual solution is also feasible (i.e. the dual and primal solutions are also the same),
- or the maximum number of iterations has been reached, even if eq. (14) is not satisfied.

• Update of the Lagrangian multipliers.

◦ At the first iteration, set ul = 0.
◦ At the successive iterations, define gl to be 1 minus the number of times that observation l is used in the dual solution and evaluate ul = ul + cagl

for l = 1, . . . ,M3, where

ca =
[

v∗(δ̄)− q∗(u)
]

/|g|2, for |g|2 =

M3
∑

l=0

g2l . (15)

Algorithm 2 T2T-A/F

• Association step

◦ At time step k, solve using Algorithm (1) the optimization problem of eq. (9) with constraints (10a)-(10c) and obtain the association matrix {∆∗}ijl =
δ∗ijl.

• Fusion step

◦ For all the associated triplets (i, j, l), with δ∗ijl = 1, compute the fused target state estimate x
ijl
k|k

and its covariance P
ijl
k|k

.

Define P as the 3nx × 3nx covariance matrix with blocks as follows

P =









P
ii
k|k P

ij
k|k

P
il
k|k

P
ji
k|k

P
jj
k|k

P
jl
k|k

P
li
k|k P

lj
k|k

P
ll
k|k









(16)

where P
ii
k|k , P

jj
k|k

and P
ll
k|k are the covariances of x

i
k|k

, x
j
k|k

and x
l
k|k

respectively, while the others matrices are the cross-covariances, for

easiness of computation, assumed null.
The matrix I is made by 3 blocks of nx × nx identity matrices I , while X is made by the single-sensor estimated state vectors

I = [I, I, I]T and X =
[

(xi
k|k)

T , (xj
k|k

)T , (xl
k|k)

T
]T

(17)

◦ The fused state and covariance are respectively given by

x
ijl
k|k

= (IT
P

−1
I)−1

I
T
P

−1
X and P

ijl
k|k

= (IT
P

−1
I)−1 (18)

◦ If one among i, j or l is null, the fused track is equal to the T2T-A/F solution with two sensors, see details in [11].
◦ For all the unassociated tracks, the DF output coincides with the single-sensor output.



IV. EXPERIMENTAL RESULTS

In this Section, the JPDA-UKF trackers at the three WERA
radar stations are analyzed, together with the T2T-A/F system.
Results are plotted as follows: the AIS contacts are depicted
in black, the JPDA-UKF outputs at Büsum, Wangerooge and
Sylt are shown in red, magenta and green, respectively, while
the T2T-A/F output is in blue. In the plots, different values of
significant wave height are represented by contour lines. The
values are limited to the 0 − 5 m scale, with a color range
going from cyan to fuchsia respectively.

A. Preliminary analysis of the radar tracks

Fig. 2 qualitatively depicts the coverage of the T2T-A/F
system exploiting contemporaneously the three HFSW radar
systems, on Aug. 1, 2013. The coverage of the AIS data is
granted up to 54◦20′ North latitude, while it is almost absent
beyond this limit, see Fig. 2(a). Most of the main traffic
routes are well tracked by the MTT-DF system. There is a
good agreement between the estimated tracks in Fig. 2(b) and
the available AIS trajectories in Fig. 2(a). This result can be
well observed in Fig. 3(a), where the T2T-A/F system tracks
associated to the AIS trajectories are shown for one hour
of data. For brevity, the description of the track validation
procedure can be found in [11].

As shown in Fig. 2(b), a lot of maneuvering ships can be
observed moving in front of Wangerooge, entering and leaving
the main traffic lanes. Other maneuvering targets could be
pilots or fishing boats. This situation could require a different
tracking algorithm, able to deal also with ship maneuvers,
e.g. the interacting multiple model (IMM), see also [2], [18].
As already observed, another problem is represented by the
high density of the vessel traffic out of river Elbe and from the
mainland and along the main traffic routes. Ship discrimination
could be a possible problem for the low-resolution radar
system, as well as the JPDA data association rule, which
combines probabilistically all the neighboring contacts. A
different approach to the MTT problem could be to apply
group-tracking or clustering algorithms. See [23] for further
references.

All the radar tracks (i.e. both JPDA-UKF and T2T-A/F
outputs) which are not associated to any ship route are labelled
as false. The false tracks from the T2T-A/F system are shown
in Fig. 3(b), for the same time interval of Fig. 3(a). However, as
pointed out also in [11], we do not have a complete knowledge
of all the ship traffic crossing the German Bight. In fact, only
certain ships are required to carry AIS transponders and to
communicate their navigation status. In addition to this, the
range covered by the AIS receivers is limited, about 20 nm on
average to a maximum of 50 nm for high-placed receivers.

As we can observe in Fig. 3(b), there is a large amount
of, say, false tracks, which are pretty close with the main ship
routes, especially in front of the HFSW radar at Sylt and close
to Helgoland. In the former case, tracks could be originated
by ships along traffic routes, unfortunately not covered by our
available data. The latter tracks could be instead originated by
private vessels or fishing boats, not all required to carry AIS
transponders. This analysis, which is ongoing and at the current
stage is purely qualitative, is aimed to evaluate the single-
sensor and multi-sensor capabilities using the performance

(a) AIS trajectories on Aug. 1.

(b) T2T-A/F tracks on Aug. 1.

Fig. 2. AIS ship trajectories (black) and T2T-A/F output (blue), recorded on
Aug. 1, versus the average significant wave height (contour lines) provided
by the COSYNA system.

metrics defined in [11]. Our ultimate goal is to optimize all
the system parameters and, at last, to provide a measure of
non-cooperative ship traffic.

B. Analysis vs METOC conditions

A preliminary joint analysis of the MTT-DF system perfor-
mances and METOC conditions is performed for some days
recorded during October 2013, in particular Oct. 25 and 28.
See also Table II. The results are shown in Fig. 4 and 5,
respectively. The maximum significant wave heights in the
region, obtained from the daily averages, were respectively
2.07 and 5.34 m, for wind speeds of about 3 − 12 and
15 − 30 m/s. The model data, averaged over the whole day,
are depicted by the contour lines. As expected, with increasing
sea state, the number of AIS-carrying vessels out at sea tends
to decrease, e.g. in this specific case from 557 to 340.



(a) True T2T-A/F tracks.

(b) False T2T-A/F tracks.

Fig. 3. True (a) and false (b) T2T-A/F tracks (blue) and AIS ship trajectories
(black), recorded on Aug. 1, in the interval 00 : 00− 01 : 00 UTC.

It is interesting to observe that in both days there is a
good agreement between the estimated tracks and the AIS
trajectories. However, in the case of Fig. 4, the JPDA-UKF
algorithm is able to follow with good accuracy most of the
ships. For instance, it is able to track the vessels along the
two main parallel lanes directed westward for a long distance,
as well as the ships out of river Weser, nevertheless the
shadowing effect of land, see Fig. 4(b). In front of Büsum,
a lot of possible ship-generated tracks are present as well.
These could be fishing boats, small ferries or private boats. In
the case shown in Fig. 5 instead, only the main traffic routes
out of river Elbe can be observed, see Fig. 5(b), while most
of the AIS ship trajectories are not detected and tracked. A
possible reason could be found in the sea state, about three
time higher than on Oct. 25. It is important to say that H1/3

is not the only parameter to be taken into account, because
also other parameters play an important role in such a context.
However, in general, we suppose that the problem is mainly
related to the instability of the propagation medium at high
sea states, as stated also in [12]. The height of the waves
can affect the sea backscattered signal and, in addition to the
direction and other parameters, have a negative influence on
the propagation ranges [12], [13]. We can conclude that there
is a possible dependency of the sensor detection and tracking
capabilities from the sea state conditions, but further studies
are needed to provide a more accurate analysis of the problem.
For this reason, currently our research activity is directed to
jointly analize the relevant performance statistics, such as the
estimated time-on-target (ToT), the track fragmentation (TF)
and the false-alarm-rate (FAR), as presented in [11], in the
light of such context information.

(a) AIS trajectories on Oct. 25.

(b) JPDA-UKF tracks at Büsum on Oct. 25.

Fig. 4. AIS ship trajectories (black) and JPDA-UKF output at Büsum (red),
recorded on Oct. 25, versus the average significant wave height (contour lines)
provided by the COSYNA system.

(a) AIS trajectories on Oct. 28.

(b) JPDA-UKF tracks at Büsum on Oct. 28.

Fig. 5. AIS ship trajectories (black) and JPDA-UKF output at Büsum (red),
recorded on Oct. 28, versus the average significant wave height (contour lines)
provided by the COSYNA system.



V. CONCLUSIONS AND FUTURE PERSPECTIVES

In this work, a maritime surveillance system based on a
network of three simultaneously operating low-power HFSW
radars in the German Bight has been presented. Target de-
tection and tracking performances have been qualitatively
evaluated by means of experimental data. A whole processing
chain, consisting of a 3-D OS-CFAR detection algorithm, the
JPDA-UKF tracking strategy and a T2T-A/F logic, has been
considered. The Lagrangian relaxation method has been used
to solve the 3-D MDA problem of the T2T association phase.

Preliminary results have been presented and discussed con-
sidering a number of different issues related to a real maritime
scenario. Furthermore, different sea states have been taken into
account and their impact on the signal propagation qualitatively
investigated. A dependecy has been shown between the system
detection and tracking capabilities and the significant wave
height. Currently, this analysis is still ongoing and effectively
directed to understand the impact of different environments on
the system performances, with the ultimate goal of optimizing
accordingly all the system parameters.
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