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Abstract—Traditional target tracking algorithms are generally
fed a set of thresholded detections under the hypothesis that
no more than one detection is generated by each single target.
Improvements in modern radar systems have made possible to
obtain high resolution data of the targets, making them occupy
more than a single resolution cell, and have made necessary
to use appropriate Extended Target Tracking (ETT) techniques,
since the aforementioned hypothesis is no longer valid. However,
these techniques do not often take into account the physical
phenomena that are involved in the radar-sea-target system. This
paper explores some of the effects involved in the transmission,
propagation, backscattering and processing of the radar signal
in a maritime environment, that have a crucial importance in
ETT. A statistical model that considers the featured effects is
developed and tested in a particle filter based Track before Detect
(TbD) algorithm. Accounting for physical aspects, good outcomes
in both kinematic (i.e. position and velocity) and size (i.e. width
and length) estimation can be pointed out using real radar data
acquired by a high resolution X-band Marine radar located in
the Gulf of La Spezia, Italy.

I. INTRODUCTION

Among the systems used for surveillance and vessel mon-
itoring in short and medium ranges, radar is probably the
most widespread. In recent years, the use of pulse compression
techniques, such as Linear Frequency Modulated Continuous
Wave (LFMCW) [1], has allowed for the proliferation of low-
cost, low-power, lightweight high resolution X-band radars,
as compared to the previous pulsed radars. These systems are
capable of providing measurements of the backscattered energy
with a very high resolution in both range and azimuth, which
makes targets in the surveillance area larger than one resolution
cell.

Traditional tracking methods consider that a target may
generate at most one point measurement each scan. Since this
assumption is no longer valid, new tracking methodologies
that consider the extent of the target, known as Extended
Target Tracking (ETT), have been developed. Most of these
methodologies are based on Sequential Monte Carlo (SMC)
methods: In [2], the extended target is considered as a set of
fixed points in a target reference frame, where the probabilistic
detection of these points leads to a data association problem,
which is solved by means of a target’s state vector augmen-
tation with the association hypotheses. In [3], the authors
propose two different methods: An interacting multiple model
data augmentation technique and a modified version of the
mixture Kalman filter. In both cases, the kinematics of the

target and its modal state are estimated separately, providing
a reasonable tradeoff between performance and computational
effort. In [4], a Bayesian filter that jointly detects and estimates
the parameters of an extended object is proposed. The common
assumption of elliptic target extent is considered in [5], [6]
where the random matrix framework is exploited. A thorough
review of Monte Carlo methods for ETT is presented in [7].
Most of these techniques allow for the retrieval of information
not only about the kinematics of the target, but also about its
extent.

While most target tracking, including Extended Target
Tracking, techniques are fed thresholded detections [8], in
order to detect and track low observable targets (e.g. rubber
boats, rigid hulled inflatable boats), soft detection procedures
are preferable, such as Track before Detect (TbD). On the
one hand, these TbD techniques have a larger computational
burden, but on the other hand, no information is lost during
the thresholding process. An Extended Target TbD (ET-TbD)
was introduced in [9], based on a simplified target exis-
tence/absence model proposed in [10]. Typical assumptions of
ETT are elliptical targets [5], [6] and exponentially distributed
clutter [10], but experiments with real data have shown that
such assumptions lead to an incorrect estimation of the targets’
size if no other effects are taken into account.

This paper explores the physical phenomena that are in-
volved in the acquisition of maritime targets by means of
microwave radar. Most of these effects have been traditionally
overlooked by the target tracking community but they can have
a relevant impact on the performance of an ETT algorithm.

The remainder of this communication is organized as
follows: Section II presents the radar system used to collect
the real radar data. Section III presents an overview of the pro-
posed realistic model. The integration between this model and
the particle filter-based TbD algorithm is shown in Section IV.
The experimental results, comparing the proposed approach
with a particle filter-based TbD technique that neglects the
physical phenomena introduced in Section III, are presented
in Section V. Conclusions are drawn in Section VI.

II. DESCRIPTION OF THERADAR SYSTEM

CMRE Reprint Series

The Marine Radar Node (MRN) is a configurable coherent
high resolution X-band marine radar, part of the CMRE owned
Radar Sensor Network, a bistatic coherent radar network. It
transmits a Linear Frequency Modulated Continuous Wave
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(a) Map of the area in the MRN’s field of view

(b) One frame of the radar acquisition

Fig. 1. Maps of the area illuminated by the MRN and its corresponding
acquisition. Most permanent structures can be seen in both figures. AIS reports
are overprinted as white-red circles.

(LFMCW, pulse compression) [1] waveform using a narrow
beam rotating antenna that works in horizontal polarization.
A similar antenna acquires the received signal before it is
mixed with the transmitted signal in the deramping process.
The mixed signal is low-pass filtered and then sampled in an
ADC process. A windowing function is applied to the digital
data and a coherent High Resolution Range Profile (HRRP) is
obtained as the result of the Fast Fourier Transform (FFT).

The radar’s field of view is shown in Fig. 1a, while a radar
acquisition is depicted in Fig. 1b. We can point out that most
of the structures in the map in Fig. 1a, such as land and the
breakwaters, are also visible in the radar plot in Fig. 1b.

The low complexity of the electronics and the transmission
of low power, make the MRN a very compact and fast
deployable system with low footprint and low probability of

Fig. 2. Multipath and shadowing effects

intercept.

III. OVERVIEW OF THE REALISTIC MODEL

This section is focused on the phenomena that take place
during the transmission, propagation, reflection, reception and
processing of the radar signal in a maritime environment with
extended targets. Some of these phenomena have a significant
effect in the received signal and need to be taken into account
in order to obtain accurate estimations of the targets’ attributes.

A. Shadowing

The first effect to be considered is the shadowing of targets.
When the wavelength of an electromagnetic wave is much
smaller than the dimension of the objects involved in the
propagation, the scattering phenomena are mainly governed by
the laws of geometrical optics (GO) [11]. As a consequence,
the scatterers of a large target that are in the radar’s line
of sight (LOS) create a shadow region, partially obscuring
the scatterers in the occluded area. This effect, known as
shadowing, is depicted in Fig. 2.

The effect of this phenomenon in the radar data is that some
parts of the target appear to have a much higher reflectivity
than others. In particular, scatterers at a smaller range within
the same target would generate radar returns with a higher
intensity than those at a larger range, since the latter are
occluded by the former.

B. Multipath

CMRE Reprint Series

Fig. 2 also shows the second effect to be considered: when
GO holds, for low-grazing angles and horizontal polarization,
the calm sea behaves as a quasi-perfect reflecting surface
[12]. Hence, one single scatterer may produce several apparent
scatterers in the radar data: one at the real range, due to
the direct-direct contribution (i.e. the signal travels from the
radiating system, which contains both the transmitting and
receiving antennas, to the scatterer and back). A second
apparent one may be found at a larger range, due to the
direct-indirect (i.e. the signal goes from the radiating system
to the scatterer and is reflected on the sea surface before
going back) and indirect-direct (the signal is reflected on the
sea surface before impinging the scatterer, from where comes
back directly to the radiating system) contributions. A last
apparent scatterer may appear at a larger range due to the
indirect-indirect propagation. This last contribution is worth to
be considered only if the reflectivity of the sea surface is very
high.
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Fig. 3. Histogram of a radar acquisition with a target. The exponential
distribution matches the power distribution of the clutter, but the target is not
exponentially distributed. Note that thexaxis of the representation is dB.

Since sea targets are generally complex and have multiple
scatterers, the signal may be reflected an indefinite number of
times before being received at the radar. However, in every
reflection the signal is scattered in all the directions, hence the
received power is negligible after a few bounces.

It must be considered that several scatterers at different
heights are illuminated at the same time, generating replicas at
different distances from the original scatterers. Consequently,
the effect of the multipath phenomenon will be an enlargement
of the target in the range dimension, only towards the positive
range axis. This enlargement is greater for higher targets as
the path difference is longer.

C. Distribution of the backscattered power

The third effect is related to the backscattered power of
the target. A statistical analysis of the data shows that power
of the target backscattering is not exponentially distributed,
as shown in Fig. 3. Hence, a different model needs to be
developed for the target, that considers the great variability of
the backscattered signal inside the target introduced by various
phenomena. Two of the most relevant phenomena causing
this effect are the unevenness of the target’s height and the
possibility that a surface of the target became temporarily
normal to the propagation, therefore generating a very large
reflection.

D. Convolution with the antenna’s radiation pattern

The fourth effect is related to the antennas’ radiation
pattern, that exhibit a certain lobe width. If both the trans-
mitting and receiving antennas have a normalized gain of -
10dB at±0.5◦, a single punctual scatterer will appear with
an attenuation of 20dB at±0.5◦, with respect to its intensity
and actual position. This effect, similar to the Point Spread
Function (PSF) widely known in the optics community, is
actually a convolution of the scatterers in the surveillance area
with the directivity of the radiating system. The consequence
of this effect, is a spread of the backscattered energy along
the azimuth dimension, which leads to an overestimation of

Fig. 4. Radar acquisition of a point scatterer and an approximation of the
lobe shape

the target’s size. Fig. 4 shows the radar measurement of a
punctual scatterer and an estimation of the directivity of the
radiating system.

The convolution with the antenna’s radiation pattern has
a second effect on the data that must be taken into account
separately, since it affects the clutter but not the shape size of
the targets. Consider that the antennas’ radiation patterns have
sidelobes with sidelobe levels of -15dB at±50◦with respect
to its main lobe. As the antenna rotates and illuminates a single
scatterer in the FOV, the radar plot will show the scatterer’s
real radar return plus two replicas at the same range, but at
±50◦from its actual position, with an intensity 40dB below.
Depending on the Radar Cross Section (RCS) and the range
of the targets in the FOV, their replicas, i.e. ghost sidelobe
targets, may be below the clutter and noise level and remain
unnoticed. However, the MRN is installed in an area close to
the land, which generates large radar returns that are visible
even through the sidelobe. This generates a sort ofpermanent
clutterin certain fixed areas of the FOV that a detection and
tracking algorithm would detect as a real target. The solution
for this would be to increase the threshold of the detector, if it
is a individual stage of the processing chain. In a Track before
Detect scenario, the solution is to discard the hypothesis that
the clutter is exponentially distributed, which only holds in
the area with no ghost sidelobe targets, and propose a new
distribution that would take into account the possibility of
having high radar returns even under theno targetcase. This
effect is shown in Fig. 1, where some areas of the acquisition,
e.g. Fig 1b at coordinates (2000, -1000), show a high radar
return where the map, in Fig. 1a, only shows the sea surface.

E. Effect of the windowing function
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This effect is related to the processing of the LFMCW
waveform. For each value of the azimuth angle, after the
deramping process and the low pass filtering, a Fast Fourier
Transform (FFT) must be performed in order to obtain a
High Resolution Range Profile (HRRP). To reduce the level
of the sidelobes after the FFT the use of a window function
(e.g. Hamming) is mandatory. For each scatterer, this sidelobe
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Fig. 5. Spectrum of a rectangular window and a Hamming window

Fig. 6. Visual matching between a real acquisition of a target and its synthetic
representation accounting for the discussed physical effects.

reduction comes at the cost of a widening in the size of the
main lobe, as shown in Fig. 5. Therefore, a spreading effect is
also present along the range dimension which, as the previous
effect, leads to an overestimation of the target’s size.

F. An example

Based on the real radar acquisition of a large vessel, and
making use of prior knowledge about it, a synthetic radar plot
has been generated that represents the same target with the
consideration of the effects introduced along section III. Fig.
6 shows the real radar acquisition and the synthetic data of a
223 meter long, 28 meter wide cruise ship. Regarding the ship,
generation of the synthetic data has been performed taking into
account the different objects and shapes on the deck of the ship,
as well as its real height and shape. Regarding the simulated
radar environment, these phenomena have been considered:
multipath, shadowing, windowing effect and convolution with
the antennas’ radiation pattern. The synthetic data has been
generated in adeterministicway, not including of any ran-
domness or uncertainty due to thermal noise or other effects,
but rather considering only the expected value of the target’s
radar return in each cell. As a result, a synthetic radar target
that shows a great resemblance with the real radar target is
yielded.

However, the real data still show some effects, e.g. a

high spatial correlation, that are not taken into account in the
proposed model.

IV. PARTICLE FILTER BASEDEXTENDEDTARGET-TRACK
BEFOREDETECT ALGORITHM

This section presents the particle filtering procedure used
for the Extended Target Tracking-Track before Detect (ETT-
TbD). The procedure considers some of the phenomena de-
scribed in section III.

The objective is to sequentially estimate the probability of
having a target along with its kinematics and extent (length
and width). The available information is a set of raw radar
frames, where each frame is a matrix of range-bearing cells
that contain the measured backscattered power. Each column
of this matrix is the HRRP measured at a single bearing angle.

A. Target model

Following the approach of [5], [6], where random matrices
are used to model the shape of the target, an elliptic geometry
is assumed here. A 6 element vectorx=[x, y,ẋ,ẏ, l1,l2]

T

stores the state of the targe, where(x, y)are the components
of its position,(̇x,ẏ)are the components of its speed and
l1andl2are its length and width, respectively. The model
assumes that the long axis of the ellipse, i.e. the ship’s length,
is parallel to its speed.

The motion of the target is considered to follow the Nearly
Constant Velocity model [13]. Target dynamics are given by

xn+1=f(xn)+g(xn,wn), (1)

f(xn)=

⎡

⎢
⎢
⎢
⎢
⎢
⎣

1 0 T 0 0 0
0 1 0 T 0 0
0 0 1 0 0 0
0 0 0 1 0 0
0 0 0 0 1 0
0 0 0 0 0 1

⎤

⎥
⎥
⎥
⎥
⎥
⎦

xn, (2)

g(xn,wn)=

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

T2

2 0 0 0

0 T2

2 0 0
T 0 0 0
0 T 0 0
0 0 σl1 0
0 0 0 σl2

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

·

⎡

⎢
⎣

σax 0 0 0
0 σay 0 0
0 0 1 0
0 0 0 1

⎤

⎥
⎦wn,

(3)
whereTis the sampling period,σl1 andσl2 are the typical
deviations of the length and width of the target respectively,
σax,y is the acceleration standard deviation alongxandy,
respectively. The termwn indicates a four element random
vector, whose elements are Gaussian distributed with zero
mean and identity covariance matrix.

The presence or absence of the target is considered to
follow a binary Markovian process

Pr(mn+1=0|mn=0) = 1−qb (4)

Pr(mn+1=0|mn=1) = qd (5)

Pr(mn+1=1|mn=0) = qb (6)

Pr(mn+1=1|mn=1) = 1−qd, (7)

wheremnis the modal state at framen. Theno targetmodal
state is represented bymn=0and thetarget present

CMRE Reprint Series
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state is represented bymn=1. The probabilitiesqbandqdare
the probabilities oftarget birthandtarget death, respectively.

The state of the system at instantnis represented by both
the modal statemnand the vectorxn, which is exactly the
information kept by a particle. Systems of this kind are said
to follow a Markovian jump model [14], [15].

B. Measurement model

The measurement model provides, for any system state
(given by the modal state and vector kept in a particle), a
probability distribution of the measured power in every range-
bearing cell. The phenomena described in section III have an
effect on this function. In order to build the measurement
model, we will first consider the geometrical aspects of the
radar return, and later on take the EM effects into account.

1) Target presence:The first step towards building a dis-
tribution function for the radar return in each cell, is to know
in which of the acquisition cells the target is present or not.
Hence, an indicator function (I) will be built, that takes the
value 1 in the cells occupied by the target, and the value 0
in the cells where only clutter is expected. This function is
based on the geometrical model of the target, which, as stated
before, is assumed to be elliptical.

Let(i, j)represent a single range-bearing cell of the radar
acquisition, and let[x(i, j),y(i, j)]T be the vector containing
its corresponding coordinates. Then, based on the elliptic
geometry, we can define the indicator function (I) as follows:

I(i, j)=

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

1 if

⎧
⎪⎨

⎪⎩

N·R
x(i, j)−x
y(i, j)−y

<1

and
m=1

0 otherwise

(8)

whereN andRare the normalization and rotation matrices,
respectively

N=
2/l1 0
0 2/l2

(9)

R=
cosφ sinφ
−sinφ cosφ

(10)

andφis the orientation of the target, considered parallel to its
velocity:

φ=arctan
ẏ

ẋ
. (11)

If the indicator functionIis computed for every range-
bearing cell in the radar acquisition, the result is anexpected
target map, i.e. a matrixIwith the same size as the radar
acquisition, that presents the value 1 in the cells where the
target is expected and value 0 where not, based on the system
state.

2) Electromagnetic effects:Once the cells occupied by the
target have been identified, the EM effects described in section
III may be taken into account. The multipath effect, however,
has a very low impact on small and medium targets for most
sea conditions. Moreover, in order to model it, additional
information is needed. Hence, it is disregarded here.

The phenomena introduced in section III may be divided
into two groups: In the first group, those which change the
behaviour of the indicator functionIare considered: these are
the windowing function and the convolution with the antennas’
radiation pattern. They modify the apparent size of the target
in the radar acquisition and therefore introduce a modification
in the indicator function. In a second group, the phenomena
that have an effect on the distribution of the radar return
are considered: these are the shadowing, the variability of
the backscattered power and, again, the convolution with the
antennas’ radiation pattern. Recall that the convolution with
the antennas’ radiation pattern has a twofold effect: on the
one hand, it enlarges the apparent size of the targets due to
the main lobe width; on the other hand, it modifies the expected
radar return of the clutter due to the acquisition of real targets
or land through a sidelobe.

Of course, the two groups of effects cannot be decoupled:
effects in the first group do not provide a hard decision
between cells that present a high radar return due to the
target or a low radar return due to the clutter, but rather a
smooth transition with an intermediate behaviour. This smooth
transition between the target and the clutter is taken into
account by a generalization of the indicator function, based
on the phenomena in the first aforementioned group.

The convolution with the antennas’ radiation pattern affects
the acquisition by spreading the power along the azimuth
dimension of the acquisition, while the windowing has an
analogous effect along the range dimension. Therefore, a
2D (range-azimimuth) point spread function (PSF) may be
generated using both effects, one in each dimension. Consider
a column vectorcthat contains the main lobe of the FFT of
a hamming window, in absolute value. Consider also a row
vectorrthat contains the radiation diagram of the radiating
system, as a function of the azimuth angle. The productc·ris
a matrixScontaining the acquisition’s point spread function
(PSF). For the sake of simplicity, the PSF is truncated to a
dynamic range of 25dB. It must also be taken into account that
the azimuth resolution of the system may be changed. Thus, the
approximation in Fig. 4 is used in order to generate samples
of the radiation diagram with a specific azimuth resolution.
MatrixS, i.e. the system’s PSF, is shown in Fig. 7.

Now we define matrixÎas

Ĩ=I∗S (12)

Î(i, j)=
1 if Ĩ(i, j)>1

Ĩ(i, j) otherwise.
(13)

MatrixÎis thegeneralized expected target map. It contains
the value 1 in the cells where the target is present, the value
0 in the cells where only clutter may be found and, in all
the other cells it contains intermediate values dictated by the
influence of the target, as a consequence of the windowing
and the convolution with the antennas’ pattern. This matrixÎ
will be used to interpolate between the backscattered energy
distributions in thetargetandcluttercases: iffT is the
distribution of the radar return in a cell(i, j)such that
I(i, j) =1, andfC is the distribution of the radar return
in a cell(i, j)such thatI(i, j)=0, then the distributionf
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Fig. 7. The system’s Point Spread Function, i.e. MatrixS

Fig. 8. Probability density uniform in the dB scale

the radar return in an arbitrary cell(i, j)is given as a convex
combination of the two aforementioned distributions:

f=I(i, j)fT+(1−I(i, j))fC. (14)

Let us now define the distribution of the radar return for the
cells that containpure clutteri.e. cells in which the target has
no effect, andpure target, i.e. cells that belong to the target.

The large variability of the target’s radar return must
be captured with a probability density with a large support.
As may be seen in Fig. 3, the distribution of the target’s
backscattering looks uniform in the dB scale between two
certain limits. A probability density with that feature, is shown
in Fig. 8, where the limitsq1andq2have been set to10

6and
1011(60dB and 110dB), respectively.

This density is defined as follows:

f
(q1,q2)
X (x)=

1
xlog(q2/q1)

ifq1<x<q2
0 otherwise

(15)

From its definition in (15), it is clear that the density has
a hyperbolic shape in its support.

It is straightforward to verify that the density in Eq. (15)
is well defined

∞

−∞

f
(q1,q2)
X (x)dx=

q2

q1

1

xlog(q2/q1)
dx=1 (16)

and that it complies with the feature of being uniform in
the dB scale through the application of the random variable
transformation theorem: LetYbe the random variable repre-
senting the target’s backscattered power, in the dB scale. Since,
Y=g(X)=10log10(X), wheregis a strictly increasing
continuous function, we can write

fY(y)=
fX(g

−1(y))|dg
−1(y)
dy | ifg(q1)<y<g(q2)

0 otherwise

(17)

= fX(10
y
10)|10

y
10log10
10 | ifg(q1)<y<g(q2)

0 otherwise
(18)

=

⎧
⎨

⎩

1
1010

y
10log10

10
y
10log(

q2
q1
)
ifg(q1)<y<g(q2)

0 otherwise
(19)

=
log10

10log(
q2
q1
)
ifg(q1)<y<g(q2)

0 otherwise
, (20)

showing that the proposed density is uniform in the dB scale,
betweeng(q1)andg(q2).

This density defines the expected backscattered energy in
the cells that contain the target, and substitutes the previ-
ous exponential approach in [9]. This density accounts for
the large variability of the backscattered energy due to the
shadowing phenomenon and other unmodelled effects, such as
e.g. specular reflections. The shadowing is considered here as
independent of the view angle of the target, and assumed to
affect every cell in the target in a similar way, regardless of
the fact that cells at closer range may be obscuring cells at
longer range, making the former show higher intensity than
the latter.

The presence of aghosttarget in the clutter suggests the
use of a different clutter distribution with suitable parameters.
The featured distribution presents a large support that takes
into account also the different behaviour of the clutter areas
contaminated by the sidelobe data from a real target or land.
In such a way, the exponential model does not account for a
high radar return in the clutter areas, as the new distribution
does. It is worth to mention here that this new distribution is
less precise for the characterization of the cells that are not
contaminated with the sidelobe data.

Ifq1andq2were the lower and upper limits, respectively,
of the proposed distribution when characterizing a target,s1
ands2will be the lower and upper limits , respectively, when
the distribution is used to characterize the clutter.

Summing up, we have built a method that, starting with the
system state (mandx

CMRE Reprint Series

), provides a map with the distribution of
the radar return in every cell, considering the electromagnetic
effects introduced in section III.
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C. Likelihood function

The likelihood functionp(z|x,m)is based on the mea-
surement model and assumes that cell measurements are
conditionally independent. Therefore it can be computed as
the product of the likelihoods of the individual cells:

p(z|x,m)=
(i,j)

pz(i,j)|x,m=

=
(i,j)

Î(i, j)f
(q1,q2)
X (z(i,j))+(1−Î(i, j))f

(s1,qs2)
X (z(i,j))

(21)

D. Estimation procedure

We are using a Sequential Importance Resampling (SIR)
particle filter. Using the statistical model defined by the like-
lihood (21), an approximation of the posterior distribution of
the system state(xn,mn)is yielded. IfNpis the number of
particles, then we have

p(xn,mn|z1,...,zn)≈

Np

p=1

w(p)n δ(x(p)n ,m(p)n )
(xn,mn),

(22)
where

w(p)n ,(x
(p)
n ,m

(p)
n )

Np

p=1
(23)

is the set of particles at timenand the factorsw(p)are the
normalized weights assigned to the particles:

w(p)∝pz|x(p)n ,m
(p)
n (24)

Given that (22) provides an approximation of the posterior
distribution of the system state, the output of the filter, i.e.
the state estimation, is computed via the MMSE estimator.
Therefore, the probability of having a target is given by

ptargetn =p(mn=1|z1,...,zn)=

Np

p=1

w(p)n m
(p)
n , (25)

and its estimated state is given by

x̂n=
1

ptargetn

Np

p=1

w(p)n m
(p)
n x

(p)
n . (26)

V. MODEL VALIDATION ON REAL DATA

A. Radar acquisition and algorithm parameters

The realistic model described here has been applied to a
real radar acquisition within the ETT-TbD framework. The
exponential model used in [9] has also been executed within
the same framework in order to study the effects of the
phenomena described in section III. The two models were run
on real radar data obtained with the system described in section
II. The configuration of the radar system during the acquisition
of the radar data is shown in Table I.

The parameters of the target motion model are the same
for the two algorithms in order to ensure a fair comparison

Parameter Value
Central Frequency 9.6 GHz
Bandwidth 150 MHz
Pulse Repetition Frequency 0.978 kHz
Baseband Sampling Frequency 10 MHz
Antenna Rotation Speed 5 RPM
Period between frames (T) 12s
Transmitted Power 24 dBm
Range Resolution 1m
Angular Precision 0.0307◦

Polarization Horizontal
TABLE I. CONFIGURATION PARAMETERS OF THE RADAR SYSTEM.

Parameter Value

pd 10−6

pb 10−6

σax 10−2m/s2

σay 10−2m/s2

σl1 2m
σl2 2m

TABLE II. PARAMETERS OF THE TARGET MODEL

between them, as shown in Table II. Also, the number of
particles in the filter (Np) has been set to 1000 in both cases.

Regarding the specific parameters of the measurement
models, they were set for each method, as described in Tables
III and IV.

Both particle filters were pre-initialized in order to reduce
its transient stage. Initial target state for the initialization was
retrieved and interpolated from the AIS information transmit-
ted by the target itself and captured by CMRE owned AIS
receiverCastellana. The initial probability of target was set to
0.5.

The target in the radar acquisition, shown in Fig. 9, is a
three masted iron-hulled barquentine with a length of 59m
(LOA 69m) and a beam of 10m, used as a training vessel for
the Italian Navy.

B. Results

The TbD algorithm was run with the two models and
the parameters described in Section V-A, yielding the results
provided in Fig. 10. The AIS information fromCastellana
sensor is included in the graphs as ground truth in order to
compare the outcome of the two models.

As was already shown in [9], the exponential model is
capable of discerning between thetargetandno targetcases. In
this sense, the proposed realistic model presents no differences
with the exponential model, provided that both of them have
yielded a posterior probability of target existence equal to 1,
for all the frames in the studied radar acquisition. The different

Parameter Value

μ0 107(70dB)
μ1 1012(120dB)

TABLE III. PARAMETERS OF THE EXPONENTIAL MEASUREMENT
MODEL

Parameter Value

q1 101.5(15dB)
q2 109(90dB)
s1 105(50dB)
s2 1012(120dB)

TABLE IV. P
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Fig. 9. The real target in the radar acquisition and its size [16].

behaviour of the models is made clear in the target parameter
estimation, particularly on the target size estimation.

Indeed, it can be seen that both the exponential model and
the realistic model are able to properly track the target with a
very small error in position (Figs. 10a and 10b) and a relatively
small error in velocity (Figs. 10c and 10d), with the realistic
model yielding a slightly smaller velocity error. However, the
main difference between the performance of the two models
is visible in the target size estimation (Figs. 10f and 10e),
where the electromagnetic effects introduced in section III have
their greatest impact. The size estimation based on the realistic
model is much more accurate than the exponential model’s.

However, it is possible to go a little deeper in this analysis:
On the one hand, the reduced noise in the velocity given by
the realistic model seems to be the main contribution of using
the hyperbolic target and clutter distribution, instead of the
exponential one. The reason for this is that the likelihood
function that results when using the hyperbolic distribution
is less peaky than the one that results when using the ex-
ponential target and clutter model. The latter, tends to a
particle degeneration problem that makes the filter present an
oscillating behaviour with detrimental consequences for the
velocity estimation. On the other hand, the higher accuracy
in the size estimation provided by the realistic model, as
compared to the exponential, is mainly a consequence of taking
the system’s point spread function into consideration. The
spreading effect of the windowing process and, especially,
the convolution with the antenna’s radiation pattern have a
conclusive effect on the target size estimation.

VI. CONCLUSION

A realistic target model for high resolution radar has been
proposed, based on several electromagnetic effects involved
in the signal transmission, propagation, backscattering and
reception. Commonly overlooked effects, such as the large
variability of the target’s radar return due to the shadowing
phenomenon, or its apparent enlargement due to the window-
ing process and the convolution with the antennas’ radiation
pattern, are now taken into consideration in this target model.

The proposed realistic model, has been integrated in a
Track before Detect algorithm and it has shown to outperform

the feature estimation capabilities of the former exponential
model.
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(a) Target’s position, (xcomponent) (b) Target’s position, (ycomponent)

(c) Target’s velocity, (xcomponent) (d) Target’s velocity, (ycomponent)

(e) Target’s length
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Fig. 10. Results of the compared approaches along with the AIS retrieved information
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