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Retrieval of Sea Surface Currents and Directional
Wave Spectra by 24 GHz FMCW MIMO Radar
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Abstract—This article investigates the capabilities of 24 GHz
frequency-modulated continuous-wave (FMCW) multiple-input—
multiple-output (MIMO) radar technology to retrieve sea surface
currents and directional wave spectra. A procedure based on
the dispersion relation, which was previously applied to process
X-band marine radar data, is here exploited. The estimation
performance of the radar sensor is first assessed by numerical
tests in the case of synthetic sea wave fields with known charac-
teristics in terms of wave direction and surface currents. Finally,
the estimation procedure is assessed on real data collected at San
Vincenzo quay in the port area of Naples, Italy. The achieved
results are encouraging and highlight that 24 GHz FMCW
MIMO radar is a viable technology for sea wave monitoring.

Index Terms— Directional spectrum, frequency-modulated
continuous wave (FMCW), multiple-input-multiple-output
(MIMO) radar, sea wave monitoring, surface currents.

I. INTRODUCTION

EMOTE sensing technologies, such as radars [1], altime-

ters [2], and video-monitoring systems [3], [4], have
attracted considerable attention for sea state monitoring in
recent years. Indeed, they permit a noninvasive and remote
observation of the sea surface in severe weather and sea wave
conditions, thus providing a valid alternative to classical in situ
sensors (e.g., wave rider buoy and acoustic Doppler current
profiler) [5].

Among these technologies, radar systems have proven
effective for measuring wave spectra and retrieving sea state
information. Indeed, they are widely used also due to their
flexibility to be mounted on different observation platforms
ranging from spaceborne to land-based ones [6]. Radar sys-
tems mounted on satellites, which usually operate at L-, C-,
X-, Ka-, and Ku-bands, allow observing wide areas and are
employed to retrieve the direction, wavelength, wave height,
and sea surface currents at a regional scale [7], [8]. However,
the operation of radars on satellites is affected by several
factors, such as the long revisit time determined by orbit char-
acteristics and latitude, and the coarse spatial resolution [7].
More recently, the exploitation of airborne X-band radars has
also been addressed [9]. These systems are more flexible than
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satellite-based ones, but their high mission costs do not allow
continuous sea state monitoring over time.

Ground-based radar systems, such as high-frequency radar
(HFR), marine radar (MR), and short-range K-band (SRK-
band) radar, allow overcoming the limitations of the aforemen-
tioned systems. In particular, HFR operates in the 3-30 MHz
frequency band (i.e., wavelengths of 10-100 m) and can
provide a relatively wide range coverage (up to 200 km) with a
high temporal and spatial resolution. The range resolution of
HFR typically varies from a few hundred meters to 12 km,
while azimuth resolution is both platform and algorithm-
dependent, with typical values between 5° and 18° [10]. HFR
plays an essential role in monitoring surface currents and
wave spectra and has become a standard and cost-effective
component for global ocean wave observation [11].

MR operates at S-band (2-4 GHz) or X-band (8-12 GHz),
with wavelengths approximately equal to 12 and 3 cm in
air, respectively. MR allows observations in a range of a few
kilometers from the platform and provides an improved spatial
resolution (e.g., meters) than HFR. As shown in [12], X-band
radar is preferred to S-band one since its smaller wavelength
guarantees a higher resolution. Nevertheless, S-band radar
is a valid alternative to X-band radar in the presence of
heavy rainfall [13], where wave attenuation and scattering
phenomena can impair the quality of data. MRs can be
classified into two groups: noncoherent and coherent radars.
The first one considers only the amplitude of the radar data,
while the second one considers also the phase information. The
noncoherent radar is commonly used to retrieve various sea
state parameters such as the wavelength, period, and direction
of the dominant waves from 2-D wave spectra [14], significant
wave height [15], [16], maps of the sea surface elevation [17],
surface currents, and bathymetry [18], [19]. In addition, these
radars are useful to retrieve the sea state information from a
moving ship [20], [21]. However, a drawback of noncoherent
MRs is the need for a modulation transfer function (MTF)
to calibrate the radar spectrum and get a reliable estimation
of the sea state parameters (significant wave height, period,
and wavelength) [17], [22], [23]. Differently from noncoherent
MRs, coherent systems consider also the phase of signal or the
target radial velocity (Doppler shift), from which it is possible
to retrieve the significant wave height and 2-D directional
spectra, and quantify some physical characteristics of the
sea wave [24], [25]. Moreover, coherent MRs do not require
the calibration of the radar spectrum needed by noncoherent
systems [24].
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More recently, the use of SRK-band radars has been pro-
posed for sea state monitoring [26], [27], [28]. These systems
operate in the 18-27 GHz frequency band, i.e., wavelengths
in the range of 0.016-0.01 m. Specifically, a strategy was
proposed in [27] to retrieve ocean wave parameters using
an SRK-band narrow beam continuous-wave radar. The esti-
mation methodology was validated through numerical simu-
lations and experiments carried out in a tank with regular
waves generated under ideal conditions. Later in [28], the
same radar was tested to measure the spectra of wind waves
at sea. Note that the aforementioned systems are used to
monitor the sea state by pointing the radar in the direction
of the incoming wave and local wind. Therefore, they pro-
vide only spatial information about the sea state along one
dimension.

SRK-band radars are complementary to the aforementioned
land-based systems for sea state monitoring. They are usually
characterized by a small range coverage (e.g., up to a few
hundred meters), which is useful for analyzing sea waves
very close to the coast and in semiclosed areas (e.g., bay
and harbor). Moreover, SRK-band radars have a high temporal
and spatial resolution, which makes them sensitive to wind-
generated capillary waves. Further advantages of SRK-band
radars are their small size, low weight, and reduced elec-
tromagnetic emissions. These peculiar features enable their
installation on platforms with a limited payload such as
autonomous surface vehicles (ASVs) to perform wave height
measurements [26] or target detection [29] and tracking [30]
for enhancing navigational safety.

In this article, we investigate the application of a 24 GHz
frequency-modulated continuous-wave (FMCW) multiple-
input-multiple-output (MIMO) radar for sea wave monitoring.
The radar was originally developed for automotive applications
[31] and its target detection and tracking capabilities in the
marine environment have been recently demonstrated [30].
The radar signal processing pipeline here proposed consists of
two main steps: radar imaging and sea currents and directional
wave spectrum estimation. In the first step, spatial-domain
beamforming [32] is implemented to obtain a focused image
of the scene from the baseband raw radar signals. In the
second stage, the temporal sequence of focused radar images is
processed to retrieve information about the sea waves in terms
of surface current fields and directional spectrum. To achieve
this goal, we exploit the dispersion relation characterizing the
sea wave spectrum as done for X-band MR data [19], [33],
[34]. The estimation capabilities of the FMCW MIMO radar
are evaluated first with synthetic radar images and after by
processing real data.

As regards the numerical simulations, a synthetic sea
wave simulator is developed by applying the Fourier domain
approach [35], [36] and considering the Pierson—-Moskowitz
model [37] for the sea wave spectrum. Then, a 3-D sim-
ulator of FMCW MIMO radar data is developed and
implemented by considering the backscattering from the
capillary waves and modulation phenomena (shadowing
and tilt modulation) affecting the radar echoes, which
depends on the generated sea model and radar antenna
geometry.
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Experimental data collected at San Vincenzo quay in the
port area of Naples, Italy, are processed to test the performance
of the radar system.

It must be pointed out that the originality of this work
regards the possibility to retrieve 2-D spatial information of
sea waves by SRK-band FMCW MIMO radar data. This claim
is supported by a numerical analysis involving the generation
of a temporal sequence of radar data in known sea conditions.
Moreover, a preliminary field test is carried out to verify
the considered SRK-band radar’s potential. Note that, unlike
conventional MRs, the peculiar features of SRK-band radar
(i.e., low weight and small size) allow planning a measurement
campaign in a very fast and inexpensive way.

This article is organized as follows. Section II briefly
describes the MIMO radar platform and the related signal
model. The models and methods to generate synthetic sea
wave and radar data are presented in Section III. The radar
data processing chain is described in Section IV. Numerical
and experimental results are shown in Sections V and VI,
respectively. Concluding remarks follow in Section VII.

II. FMCW MIMO RADAR SENSOR

This section describes the FMCW MIMO radar platform
for sea wave monitoring and the related signal model for the
case of a point target. Such a model provides the basis for

simulating the radar data in the presence of a sea wave field
(WF) (see Section III-B).

A. System Description

The radar platform RadarBook2 [31] manufactured by Inras
Gmbh for automotive purposes is here considered. The plat-
form is based on an FMCW MIMO architecture equipped
with two transmitting (Tx) and eight receiving (Rx) antennas
operating in the 24-24.25 GHz frequency range (K-band). The
antennas are linearly polarized patch arrays (eight radiating
elements) with a narrow beam in the vertical plane (46.4°)
and a broad beam in the horizontal plane (£75°). The radar is
compact and lightweight with an approximate size of 13.5 x
4 x 11 cm and about 0.5-kg weight. The radar provides a
short-range coverage, e.g., 75 m for a target radar cross section
(RCS) of 0 dBm? and single pulse processing. Fig. 1 shows
the RF front end of the RadarBook?2 platform.

As regards the spatial resolution, the system is characterized
by a range resolution Ar = 0.6 m, while the angular resolution
depends on the target direction 8 from the boresight (y-axis or
6 = 0). Specifically, the finest angular resolution (about 7.6°)
is achieved when the target is illuminated at the boresight.
Moreover, the resolution degrades progressively as the target
moves away from boresight reaching a value around 30° at
the edges of the nominal azimuth field of view (FoV) (£75°).

Table I summarizes the main electrical radar parameters.
The system is also equipped with a baseband board (not shown
in Fig. 1), which is responsible for the radar configuration, data
acquisition, and data transfer to a PC. More details about the
RadarBook?2 platform can be found in [30] and [31].
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Fig. 1. Photograph of RadarBook2 RF front end.

TABLE I
RADAR PARAMETERS

Parameter Value Unit
Center frequency 24.125 GHz
Bandwidth 250 MHz
Azimuth field of view +75 [°]
Elevation field of view +64 [°]
Antenna gain 13.5 dB
Range resolution 0.6 m
Min angular resolution 7.6 @ 0° [deg]
Max angular resolution 30 @+ 75° [deg]

Power absorption 14 w
Supply DC voltage 12-36 \

x1 Rx8

X

Fig. 2. (Top) Actual MIMO antenna configuration. (Bottom) Equivalent
virtual array with overlap between eighth and ninth element. A point target
is located at (r, 0).

B. Signal Model

The top panel of Fig. 2 shows the spatial arrangement of
the 2 x 8 MIMO radar antennas, which are aligned along the
x-axis of the reference system. The spacing between the Tx
antennas (Tx; and Tx,) is equal to 74./2 (4. is the free-space
wavelength at the center frequency), while the spacing between
the Rx antennas is d = 1./2. Based on the spacing between
Tx and Rx antennas, the 2 x 8 MIMO array is equiv-
alent to a monostatic virtual array of 16 antennas (chan-
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Fig. 3. Time—frequency representation of FMCW radar waveforms for a

single radar channel over successive M scans. Transmitted signal (solid line)
and received signal (dashed line).

nels), with an overlap between the eighth and ninth ele-
ments [30]. This concept is graphically represented in the
bottom panel of Fig. 2. The number of channels considered
for sea wave monitoring is defined by the set of indices
(n=0,...,15,n # 8}.

Fig. 3 shows a graphical representation of the transmitted
and received FMCW waveforms for a single radar channel
over successive acquisition cycles. In every cycle with duration
Ty, the transmitted signal is a chirp with duration 7. and
bandwidth B = fiax — fmins 1-€-

x(t) = Acos (27 frint + 7y ) (1)

where A, is the amplitude and y = B/ T, is the chirp rate.
The received signal over channel 7 is a time-delayed version
of the transmitted one, i.e.,

Yu(t) = Arcos (27 frnin(t — ) + 7y (t — 14)°) )

where
2r  ndsin(@
_ 2, ndsin(0)

Ty =

3)

is the travel time to the target, A, is the received signal
amplitude, and c is the electromagnetic wave speed in air.

The received signal in (2) is demodulated by using the
transmitted signal x(¢) as a local oscillator. Upon filtering
the double frequency terms, the baseband or intermediate
frequency (IF) signal can be approximated as

sp(t)~Acos(2x fipt+27 f115) 4)

that is a cosinusoid at IF frequency

Cc c

2yr
JEER—. (5)
c
For every frame m = 1, ..., M, the baseband signals s, (t),
n=20,...,15,n # 8, are the raw data, which are organized

in the form of a matrix where time ¢ varies along rows and
radar channel n varies along columns.

III. SEA WAVE AND RADAR DATA SIMULATION

This section describes the models and the procedures for the
generation of the synthetic WF and a 3-D radar signal simu-
lator accounting for modulation effects (tilt and shadowing),
which influences the amplitude of the returns from the points
on the sea surface in the radar FoV.
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Fig. 4.

(Top) 3-D geometry of the sea surface probed by a single Tx and Rx antenna pair of MIMO radar located at quota 4 above the MSL (z = 0). The

dotted lines delimit the radar azimuth FoV of radar. (Bottom) Graphical representation of the shadowing effect in the vertical plane at 0 = 0,,, where radar

FoV is delimited by dotted lines and the shadow region is the colored area.

A. Synthetic WF Simulation

The Fourier domain approach is employed to synthesize
2-D sea waves generated by wind [35]. This approach, already
adopted in [16], considers the model of deep-sea water without
interaction with the coast. According to [34], the sea surface
elevation z(7, 7) is modeled as a sum of sinusoids with time-
dependent amplitude Z(k, 7), i.e.,

z(F,7) =Re Zz(;}’ f)efiléf

k

(6)

where k = (ky, ky) is the wave vector with amplitude k =
k| = (k)%—i—k%)l/z, 7 = (x, y) is the position vector in the plane
z = 0 corresponding to the mean sea level (MSL), and 7 is
the slow time. The set of complex Fourier domain amplitudes
and their initial (7 = 0) phase values for the wave elevation
field is defined as
— 1
20 (k ) 2

where {re and &y, are the independent outputs from a Gaussian
random number generator with zero mean and unitary standard
deviation, respectively [36]. Moreover, the function defines

(Creti¢im)y/ Epm (k) (7

the spectral properties of the WF and it is set in accordance
with the 2-D Pierson—-Moskowitz model, suitable for a fully
developed wind sea [37]

Epm(k) = = (8)

where u = 0.0081 is the Phillips constant, & 1.25, ¢ =
9.81 m/s? is the gravitational acceleration, and Wy is the wind
speed at a height of 10 m above the MSL. The sea wave
directional spectrum in (8) is calculated at the radar boresight
(i.e.,0 =0° or k= lgy). The directional wave spectrum related
to a propagation direction 8* from the boresight is found by
rotating the spectrum at boresight by the angle 6*.

Under the linear wave theory, the sea surface waves are
dispersive and their propagation mechanism is governed by
the dispersion relation [38]

w(%) = \/gktanh(kD) +k - U

where o is the angular frequency, D is the seabed depth,
and U = (U,, U,) is the surface current vector. Given the
dispersion relation in (9), the time-dependent amplitude of the

©)
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WEF elevation at time 7 is expressed as

z2(k, 1) = 2o (k) O 4 25 (—k)e @), (10)
Equation (10) preserves the complex conjugate property
and allows computing the sea surface elevation z(7, 7) as real
quantity in (6) via an inverse fast Fourier transform (IFFT)
[36]. Note that, here, the sea WF is generated in deep-sea
water conditions, i.e., when tanh (kD) — 1 (kD — 00).

It is stressed that (6) models only the long waves and
neglects the small ripples (capillary waves) with wavelength
comparable to the radar signal wavelength (e.g., about 1 cm).
Howeyver, the effect of these waves on data will be accounted
for by the radar simulator described in the following.

B. Radar Data Simulation

We present a simple approach to generate synthetic radar
data in the time domain starting from the sea WF obtained with
the procedure detailed in Section III-A. To this end, we recall
that the sea surface can be seen as a superposition of long
waves and capillary waves. The small ripples are responsi-
ble for the main backscattering contribution (resonant Bragg
scattering), which is modulated by longer waves detected by
the radar [22]. Here, we adopt a facet model to describe the
scattering from the sea surface (see [39]). Therefore, the sea
surface is approximated by facets, and the radar signal is
evaluated as a superposition of the contributions originating
from each facet in the radar FoV. It must be stressed that the
sea surface presents two-scale irregularities due to long and
short waves; consequently, a two-scale model [39], [40], [41]
is adopted where the set of facets represents the sea surface
over a large scale (long wave) and the roughness superimposed
in each facet (capillary wave) models the sea surface at a small
scale.

Let us refer to the 3-D geometry shown in the top panel of
Fig. 4. Here, a single Tx—Rx antenna pair corresponding to a
generic channel n of the virtual array in Fig. 2 is considered for
the sake of simplicity since the following analysis holds also
for the other antenna pairs. The Tx and Rx antennas are located
at (0,0,h) and (d, 0,h), respectively. The generic facet p has
its center at (xp, y,, Zp), 1, is the normal unit vector, and §,
is the local incidence direction. Moreover, r; is the distance
from the Tx antenna to the facet, and r, is the distance from
the facet to the Rx antenna. Note that the distances r; and r,
are much larger than d so that the angle y, approaches 0 and
ry X ry =r,, with r, being the slant range from the antennas
to the center of facet p. The local incidence angle f3,, i.e., the
angle between the incidence direction §, and the normal 7,
to the facet p, is defined by

cospf, = —8p-iip.

Y

In the top panel of Fig. 4, p, is the projection of the slant
range r, on the plane corresponding to the MSL (z = 0),
which is performed according to the angle a,. The projection
forms an angle 8, from the y-axis, corresponding to the radar
boresight (see also Fig. 2).

According to the formulation of the scattering from a two-
scale dielectric profile (see [39], [40], [41]) and based on (4),
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the radar signal reflected by the sea surface is written as the
superposition of the contributions from every illuminated facet,
i.e.,

L cos 27 fippt +27 f1T0p + (Dp) (12)

\/ o0, A
i~ Y Y= cos
peS rP

where S is the set of illuminated facets, (1/ rﬁ) is the two-way
geometrical attenuation for a spherical wave modeling the
radar signal propagation in free space, oo, is the normalized
radar cross section (NRCS) of the pth facet whose area is A,
®, is the phase shift due to the backscattering from the pth
facet, and

2yrp

JiEp = C (13)
Tap = HT” (14)

The NRCS oy, in (12) accounts for the backscattering from
the capillary waves and is evaluated in accordance with the
model reported in [42], and only the Bragg scattering contri-
bution to the NRCS is considered [27]. Note that the NRCS
modulates the returns from each illuminated facet through the
local incidence angle £, (tilt modulation) [44]. As regards
the phase term @, in (12), such a quantity is modeled as a
uniform random variable over the interval [—J,,/2, J,,/2], with
0, being the maximum phase shift over the facet [43].

The exact expression of r, is considered for the evaluation
of the time delays 7,, in (14) instead of its approximation
ri = rp. Indeed, the delays 7,, appear in the phase of the radar
signal contributions [see (12)] and an accurate determination
of the phase variation along the virtual array is necessary to
achieve a satisfactory focusing along the azimuth.

The bottom panel of Fig. 4 displays the radar signal propa-
gation in the vertical plane at a fixed azimuthal coordinate 8 =
0, showing the tilt modulation and shadowing phenomena.
As for the shadowing effect, by introducing the grazing angle
¢, defined by the propagation direction §, and the horizontal
direction j, a single facet p is not illuminated if the following
condition holds [44]:

El(p’ ¢) : ¢p>¢’p < Pp-

The above condition means that a facet p is shadowed by
a wave crest located at a closer range (i.e., p < p,,) from the
radar.

A baseband raw data frame s,(¢t),n = 0,...,15,n # 8,
is evaluated at any slow time 7 =7,,%, ...,y and the data
frame sequence is processed to gain information about the sea
waves, as discussed in Section IV.

15)

IV. DATA PROCESSING STRATEGY

A block diagram of the radar data processing pipeline
is shown in Fig. 5. As can be seen, at any slow time
f=1,0b,...,0y, the signals backscattered by sea surface
sp(t),n = 0,...,15,n # 8, defined by (12), are processed
according to a beamforming algorithm (see [30] for more
details) based on a double fast Fourier transform (FFT), the
first one along the time (range-FFT) and the second one along
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Fig. 5. Block diagram of the MIMO radar data processing chain for sea
surface currents and directional wave spectrum estimation.

the channels (angle-FFT). In this way, after conversion from
slant range r to ground range p on the MSL, a focused
intensity image I(p, 0, f) of the sea surface is achieved. This
image is then converted from a polar to the Cartesian grid
due to linear interpolation, thus obtaining the image 7 (x, y, 7).
Finally, the temporal sequence of intensity images I(x, y, )
is given in input to the estimation procedure as detailed in the
following.

The strategy employed to reconstruct the sea surface current
field from the temporal sequence of radar images I (x, y, 7) fol-
lows the approach developed for processing the data acquired
by incoherent X-band MRs. Such an approach has been tested
and validated in previous works using both numerical and
experimental data (see [19], [33], [34]).

The estimation technique involves a spatial partitioning of
the radar images into N, partially overlapping subareas and
each of them is characterized by a temporal sequence of M
images. Note that, in each subarea, the physical parameters
of the sea are assumed to be spatially homogeneous and
temporally stationary (see [17], [18], [19]).

For each subarea, the 3-D radar spectrum
{S§3) (k, ®)}j=1,..n, is computed via the FFT algorithm.
Hence, starting from the local radar spectra, the local
components of sea surface current (U,;, U,;) are estimated
by maximizing the normalized scalar product (NSP) [17]

.. S3(k, w
(ij, ij):argmax(U“Uy) <| j( )

,G(k, w, Uy, Uy))
Ps,

J

(16)

where G(k, , Uy, Uy) = 6(o — (gk)'/> —k, U, —k,Uy) is the
characteristic function [being J(-) the Dirac-delta distribution)
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based on (9), (-, -) denotes the scalar product of the functions
|S§3)| and G, and Py, is the spectrum power.

Subsequently, the sea surface currents are exploited to define
a bandpass filter based on the dispersion relation [see (9)],
which allows separating the sea wave contribution from the
background noise in the radar spectrum S[((i) (k, w) referred to
the whole observed scenario. At this point, the 2-D directional
spectrum St((i) (k) is estimated as follows:

s = [ S8 (R 0)do

It is worth pointing out that the signal processing strategy in
Fig. 5 provides the information about the sea surface currents
and 2-D directional wave spectrum.

However, a complete characterization of the sea waves (e.g.,
in terms of wavelength, period, and wave height) requires

a7
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(a), (c), and (e) Sea surface current maps for different WF directions superimposed on the radar image at 7 = 5 s. Reference values for current

magnitude and direction are shown in this figure. (b), (d), and (f) RPE corresponding to the current maps.

TABLE II
MAIN CHARACTERISTICS OF SYNTHETIC WFs

Tpeak [S] Apeak [m] apeak [o] wro [m/s]
WEF, 5 39 0 7.8
WF, 4.5 315 30 7.0
WF; 44 31 60 6.9

mitigating the distortions caused by the modulation phenom-
ena related to the radar acquisition geometry. This task has
been performed for X-band MRs data in previous studies [22];
however, the task is not straightforward for the considered
SRK-band FMCW MIMO radar and is beyond the scope of
the present study.

V. NUMERICAL RESULTS

This section provides a numerical assessment of the data
processing strategy presented in Section IV. The simulations
have been carried out by using ad hoc codes developed under
MATLAB 2019 environment.

TABLE III
RADAR CONFIGURATION SETTINGS

Parameter Description Value Unit
Sotart start frequency 24.00 [GHz]
Stop stop frequency 2425 [GHz]

T, chirp duration 200 [us]
PRI pulse repetition interval 0.5 [s]
N, number of baseband samples 1024 -

/s baseband sampling frequency 5 [MHZz]
T, observation time window 128 [s]
AzFov azimuth FoV 150 [°]
h radar height above the MSL 10 m
Pnin minimum range on the MSL 34 m
Prmax maximum range on the MSL 164 m

Three synthetic sea WFs characterized by a moderate
state and deep-sea water conditions are generated in accor-
dance with the Douglas scale [45]. Specifically, different
peak values are considered for the period Tpe., wavelength
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180°

Fig. 9. 2-D directional spectra related to (left) WF;, (middle) WF,, and (right) WF3. (Top) Retrieved directional spectra. (Bottom) True sea wave directional
spectra. Radius corresponds to wavenumber k. Color scale [0, 1].

Fig. 10. Satellite photograph of the investigated area provided by Google Earth Pro. Inset: Radar location superimposed on a radar image.

Apeaks direction Gpea, and wind speed Wjo (see Table II A temporal sequence of M = 256 data frames is produced
for details). The significant wave height and sea surface by the simulator described in Section III-B. The time interval
current components are set equal to H; = 1.2 m, U, = between two consecutive frames is equal to At = 0.5 s, leading

0.6 m-s™!, and U, = 0.3 m-s™!. The sea surface elevation to a total observation time equal to 7,, = 128 s. The electrical
profile in (6) is computed over a Cartesian grid with spacing and geometrical parameters of the radar considered for the
Ax =Ay=1m. present numerical analysis are similar to those of the radar
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Fig. 11. Photograph of the investigated area taken during the data acquisition.
The arrows denote the radar boresight and sea wave arrival direction.
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Fig. 12. Cut of 3-D radar data spectrum for radar data acquired during the

experimental test.

prototype used for the experimental phase, as summarized in
Table III. In particular, the radar antenna is located at a height
h = 10 m above the MSL and it is tilted in the vertical plane
as in Fig. 4 achieving a range coverage from ppj, = 34 m to
Pmax = 164 m above the MSL.

The radar images are generated on a polar grid via beam-
forming in accordance with the aforementioned range coverage
and azimuth FoV (£75°). After that, they are interpolated over
a uniform Cartesian grid by considering a spatial discretization
step identical to the sea WF one.

An example of synthetic data related to WF; at time 7 = 64 s
is shown in Fig. 6. The top panel is a snapshot of the sea wave
elevation profile and the bottom panel is the corresponding
radar image. Most notably, the radar data spectrum shown
in Fig. 7 has the typical form of a dispersion relation, thus
suggesting the possibility to exploit radar images for sea wave
monitoring. Note that the image in Fig. 7 has been obtained
by computing the 3-D radar spectrum from the sequence of
M = 256 images and taking the cut in the plane k, = O.

At this point, the sea surface currents are estimated by
processing the whole temporal sequence of radar images.
To this end, the spatial partitioning technique in Fig. 5 is
applied with a twofold aim. The first aim is the assessment
of the estimation procedure described in Section IV for an
SRK-band FMCW MIMO radar. The second aim is the
determination of the reliability area, i.e., the region in the radar
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FoV where the surface current estimation can be considered
reliable. Indeed, the energy of the radar spectrum decays far
from the direction of the incoming sea wave. Moreover, as
said above, the radar angular resolution degrades significantly
toward the edges of the FoV, which implicitly makes the data
less accurate.

The radar images are partitioned by considering N; subareas
with size 70 x 70 m and an overlap of 10 m along both x-
and y-directions. Note that, as the WFs have been generated
by considering a spatially uniform surface current on the entire
area investigated by the radar, the retrieved currents in each
subarea are expected to be similar in terms of intensity and
direction. For each subarea, the estimation accuracy of the
surface currents is quantified by the relative percentage error
(RPE)

f] }estimate) _ }true)

RPE = ‘ x100

} U}(true) (18)

Accordingly, based on (18), it is possible to produce an
error map for surface currents, which allows visualization of
the reconstruction accuracy within the radar FoV.

An additional figure of merit defined as reliability index
(RI) is here introduced to assess the global reliability of the
surface current estimate, i.e.,

Ncsce

sce

RI = x 100.

19)

In (19), Ncgce is the number of local estimates ensuring an RPE
lower than a threshold value 7}, and N, is the total number of
estimates in the radar FoV. Note that a maximum percentage
error T, = 5% is here assumed since this value is considered
tolerable according to literature data [33], [46], [47].

The reconstructed sea surface current maps for the three
considered WFs are shown in Fig. 8(a), (c), and (e), where
they are superimposed on the radar image at 7 = 5 s. Fig. 8(b),
(d), and (f) shows the spatial behavior of the RPE for the three
considered cases. As stated before, the RPE exhibits a spatially
varying behavior and generally increases when the observation
direction is far from the direction of the incoming sea WE.
Moreover, if the sea WF direction differs significantly from the
radar boresight [see Fig. 8(f)], the reconstructed map turns out
to be reliable over a smaller angular sector. This phenomenon
is quantified by the RI values, which are equal to 76%, 55%,
and 48% for WF;, WF,, and WFj, respectively. Finally, it is
also observed that the minimum error is generally achieved in
a small angular sector around the direction of arrival of the
incoming sea WF.

Based on the estimated sea surface currents, a bandpass
filter is built (see the flowchart in Fig. 5) to filter the 3-D
radar spectrum referred to the entire observed area. After,
the peak wave direction Opea is retrieved from the 2-D
directional spectrum [see (17)]. In this regard, Fig. 9 shows the
retrieved 2-D directional spectra for all considered WFs and
the corresponding true sea wave directional spectra. The Opcax
values retrieved from such spectra are equal to 0°, 29°, and
58° for WF;, WF,, and WF3, respectively. These values turn
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Fig. 13. Retrieved sea surface current map superimposed on the radar image at 7 = 5 s. Reference values are shown for the magnitude and direction of the

surface currents. The direction of the dominant wave with respect to the radar boresight is Opeax =~ 27°.

Fig. 14.
corresponds to wavenumber k.

out to be in close agreement with nominal sea WF directions
listed in Table II.

V1. EXPERIMENTAL TEST

This section aims at assessing the capabilities of the radar
system and its data processing pipeline to estimate the sea
surface current and directional wave spectra in a real marine
environment. A field trial was carried out on May 10, 2022
(01:30 P.M. local time) at San Vincenzo quay in the port area
of Naples, Italy. A satellite picture of the investigated area
provided by Google Earth Pro is shown in Fig. 10, where the
inset shows the radar location superimposed on a radar image.

The geographical coordinates of the radar (40°50" 1.12"N,
14°16’ 4.61”E) and the direction of the antenna boresight to the
north (170° SE) were evaluated by using the GNSS receiver
and the magnetic compass of a smartphone, respectively. The
radar was installed inside a waterproof case and mounted on
a tripod at an approximate height of 10 m above the MSL.
During the experimental test, the information about the wind

5

180°

(Left) Directional spectrum of entire area. (Right) Directional spectrum related to the subarea centered at x = 44 m and y = 62.5 m. The radius

speed was not recorded since no weather station was available
close to the port area. However, based on an anemometric
station located at Naples airport, about 5 km away from the
measurement site, the average wind speed during the radar
data acquisition was equal to 2.1 m/s. This value is lower than
3 m/s; however, since the experimental test was carried out on
a quay at 1.5 km from the coast (i.e., off-shore), it is expected
that wind speed was higher than the average value recorded in
the city due to the local breeze. Accordingly, the local wind
speed was sufficient to generate capillary waves on the sea
surface so to induce significant backscattering. A photograph
was taken during the data acquisition to appreciate in a
qualitative way the sea conditions (see Fig. 11).

Specifically, the data were recorded on a sunny day with
a light breeze (Beaufort scale [48]) from the SW direction
that induces a slight sea (Douglas scale [45]). Moreover, the
considered area is characterized by a seabed varying in the
range of 10-26 m [49]. By accounting that most of radar image
spectrum energy is concentrated at wavenumbers k& > 1 rad/m
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(see Fig. 12) and evaluating the hyperbolic tangent [see (9)]
at the minimum depth (i.e., D = 10 m), it follows that the
deep-sea water condition is valid to process the radar data. The
radar configuration parameters are the same listed in Table III
except for pyin and pnax, which are equal to 20 and 200 m,
respectively. Moreover, the radar image interpolation on the
Cartesian grid was carried out by considering a uniform pixel
spacing Ax = Ay = 0.2 m.

The sea surface current map shown in Fig. 13 is obtained by
partitioning the radar images into N, subareas with size 30 x
30 m and an overlap of 10 m along both x- and y-directions.
Even though no ground truth for surface currents is available,
due to the complex experimentation involved, the vector field
in Fig. 13 exhibits a realistic and almost continuous trend in
the right half of the image around the arrival direction of sea
waves.

The retrieved surface currents are later exploited to filter
the radar spectrum on the whole observed area. Based on
the marine weather conditions, the magnitude of sea surface
currents is expected to be on average close to 0.2 m/s.
Therefore, in order to properly build the bandpass filter,
the outliers with a magnitude greater than 0.3 m/s are
removed.

The left panel in Fig. 14 shows the 2-D directional spec-
trum of the whole area, from which the estimated direction
of the dominant wave with respect to the radar boresight
is Opeak A~ 27°. Based on the analysis performed on the
numerical data in Section V (see Fig. 8), it is expected that
the region where the estimated sea surface currents can be
considered reliable is around the direction of incoming sea
waves. This conjecture turns out to be consistent with the sea
surface current field formerly shown in Fig. 13, where a well-
defined trend is observed nearby the arrival direction of the
sea waves.

Finally, the directional spectrum is evaluated on a subarea
located in correspondence with the direction of the incoming
waves and close to the quay. Specifically, the subarea is
centered at x = 44 m, y = 62.5 m, and here, the retrieved
sea surface current components are equal to Uy = 0.12 m-s™"
and U, = 0.02 m-s~'. The achieved result is shown in the
right panel of Fig. 14, where the brighter spot is related
to the spectral density of the incident wave (Gpeax ~ 27°),
while the weaker spot in the third quadrant accounts for the
reflected wave (Gpeak &~ 207°). Both directions are measured
clockwise with respect to the radar boresight. By evaluating
the ratio between the peak energy of the incident and reflected
waves, it turns out that the breakwater adjacent to the quay
reduces the energy of the incoming dominant wave of about
70%. This value is consistent with previously published data
[17], [50].

VII. CONCLUSION

A feasibility study regarding the possible exploitation of an
automotive 24 GHz FMCW MIMO radar for land-based sea
wave monitoring has been presented in this article.

A two-step data processing pipeline has been applied to esti-
mate the sea surface currents maps and directional spectrum.
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The radar system capabilities have been first assessed on syn-
thetic data. To this end, sea WFs with different characteristics
have been generated by the Fourier domain approach. Then,
the radar returns from the sea surface have been computed by
resorting to a simplified scattering model accounting for the tilt
and shadowing modulation effects. As shown, the minimum
error on the retrieved surface currents is achieved in a small
angular region around the direction of the incoming sea waves.

An experimental test carried out in a port area has confirmed
that the reconstruction of the surface currents has a reliable
behavior in an angular sector around the arrival direction of the
sea waves. Moreover, the analysis of the directional spectrum
has allowed identifying the direction of the incoming sea wave
and that of the wave reflected by the quay.

Despite the achieved results being preliminary, they suggest
that SRK-band FMCW MIMO radar can be a valid remote
sensing tool for sea wave monitoring. However, such a system
suffers from a limited angular resolution far from the boresight
direction, which leads to some inaccuracies in surface currents’
estimation. This limitation could be overcome by considering
the mechanical rotation of the radar system or deploying
multiple radar units.

In future work, a long-term analysis regarding the combined
use of this radar and another wave sensor (e.g., buoy) may
be performed to evaluate an MTF in order to calibrate the
radar image spectrum. This would allow a reliable estimation
of sea state parameters (e.g., significant wave height, period,
and wavelength) as well as the reconstruction of the sea WFE.
Furthermore, the performance of the radar system will be
analyzed also in not-fully developed sea conditions. A further
analysis could involve the simulation of more complex wave
spectra considering different types of spreading as well as the
propagation of the sea wave in intermediate and shallow water
conditions.
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