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ABSTRACT 

 

Ships and ice monitoring is of key importance in numerous 

applications, such as maritime traffic control, prevention of 

illegal activities, climate change studies, and maritime 

security. In this work, the feasibility of near real-time ocean 

target detection from a constellation of spaceborne Global 

Navigation Satellite System-Reflectometry (GNSS-R) 

images is demonstrated by addressing the two following 

points: 1) simulation of the revisit time allowed by 

constellations of GNSS-R instruments; 2) derivation and 

implementation of an ocean target detector aimed at 

identifying inhomogeneous features inside the delay-

Doppler map. The revisit time is computed by simulating a 

realistic mission as a function of the constellation size and 

the number of receiving channels of the GNSS-R instrument. 

The proposed ocean target detection algorithm consists of 

four steps – pre-processing, pre-screening, selection, and 

geolocation – and is validated using actual U. K. 

TechDemoSat-1 data.    

 

Index Terms— Global Navigation Satellite System-

Reflectometry (GNSS-R), ocean target detection, maritime 

surveillance, sea state, constant false alarm rate (CFAR).  

 

1. INTRODUCTION 

 

The monitoring of inhomogeneous features on the sea 

surface, such as ice sheets and ships, impacts hydrological, 

biological, chemical and geological processes at and near 

the Earth’ surface.  

Ice sheet mapping plays a key role in numerous 

applications, such as climate changes analysis and maritime 

security. Despite their high accuracy, in-situ measurements 

only provide local information and a coverage limited to the 

Northern Hemisphere midlatitudes [1]. In order to address 

accurate ice sheet mapping at a global scale, spaceborne 

measurements from satellite constellations come into play.  

Detection and monitoring of ships is important in 

maritime traffic control, illegal activities prevention, 

environment and pollution control, and naval warfare [2]. 

Despite the comprehensive information – name, speed, 

course, etc. – purchasable, the automatic identification 

system (AIS) protocol allows for sea traffic control within a 

limited area off the coastal line [2].     

Remote sensing provides an unquestionable support 

in sea and ice monitoring, thanks to the global coverage. In 

particular, during the last three decades, synthetic aperture 

radar (SAR) and optical data have been extensively 

exploited in the sea target detection field [2-5], with an 

increased interest after the launch of recent missions, such as 

RADARSAT-2, COSMO-SkyMed, and the EU Copernicus 

system. Despite their high spatial resolution, SAR and 

optical satellites offer a temporal resolution, i.e., revisit time, 

on the order of days that affects the exploitation of such 

systems for near real-time sea monitoring. Indeed, it is 

noteworthy that a temporal resolution of the order of hours is 

required for ship detection [6]; the World Meteorological 

Organization indicates a revisit time of the order of hours for 

sea-ice cover concerning the Global Numerical Weather 

Prediction, climate monitoring and ocean applications [7].  

Global Navigation Satellite System-Reflectometry 

(GNSS-R) is a recently remote sensing approach mainly 

exploited for sea state estimation [8], [9]. Due to its low 

cost, low power consumption, low size, and low weight, 

GNSS-R instruments can be launched in constellation 

formation at a relative low cost, fulfilling the temporal 

requirements for near real-time ship and ice monitoring as 

shown in the following section.   

 

2. REVISIT TIME 

 

In this section, the revisit time provided by constellations of 

satellites carrying GNSS-R payloads is analyzed. It depends 

upon numerous parameters concerning both the platform, the 

constellation and the surface roughness. Among them, the 

influence of the constellation size, satellite attitude and orbit 

inclination, number of receiving channels and GNSS 

transmitters tracked can be addressed in a deterministic 

framework by computing the orbital track of both 

transmitters and receivers. Other parameters, such as the 

Earth’ surface roughness, influence the glistening zone size 

and the specular point position in a really complicated way; 

an accurate knowledge of the surface roughness up to the 

radar wavelength is required to determine the glistening 

zone size [10]. If such information is not available, a 



stochastic approach can be followed to describe the surface 

height. Using this methodology, the revisit time turns into a 

spatial random process determined by the deterministic 

orbital parameters and the random specular point position 

and glistening zone size.  

 In this work, the revisit time is determined as a 

function of the constellation size and the number of 

receiving channels, leaving the influence of further 

parameters to future research activities. A realistic mission 

scenario has been defined to estimate the global revisit time. 

All the main current GNSS constellations, namely GPS, 

GLONASS, Galileo and BeiDou, are tracked. The Earth’ 

surface is divided in 1°x1° cells, corresponding to a 

120x120 km2 cell at the Equator and a 120x40 km2 cell at 

70 N.  For each point of the Earth’ surface, (i.e., the 1°x1° 

cell) the revisit time is computed by averaging the time gaps 

between two consecutive passages of the specular point. For 

the specular point computation, the position of both GNSS 

transmitters and GNSS-R receivers have been taken into 

account and computed by means of mission simulation via 

the AGI Systems Tool Kit (STK®) software. Orbital and 

platform parameters – attitude, inclination, number of 

satellites, number of receiving channels, and GNSS systems 

tracked – are set according to Table I.  

Fig. 1 shows the estimated global average revisit 

time as a function of the number of receiving channels for 

one (black line), eight (magenta line), sixteen (blue line), 

twenty-four (green line), and thirty-two (red line) GNSS-R 

satellites. As expected, the revisit time decreases with 

increasing number of satellites and receiving channels. Thus, 

in this simulated scenario, the minimum average revisit time 

(2 hours and 13 minutes) is reached with a constellation of 

32 satellites tracking up to 16 GNSS transmitters, with an 

improvement of about 90% w.r.t. a single satellite tracking 

up to 16 transmitters and about 82% w.r.t. a 32-satellite 

constellation tracking only one transmitter. The possibility to 

track a larger number of glistening zones and specular 

reflection points justifies the decrease of the revisit time with 

increasing constellation size and number of receiving 

channels. However, the improvement of the revisit time with 

increasing tracking channels is bounded by the beamwidth of 

the zenith antenna that limits the number of GNSS 

transmitter accessible at a time. Consequently, only a limited 

set of tracking channels are operative at a time, and the 

addition of further channels does not contribute to further 

reduce the revisit time of the GNSS-R constellation. In the 

simulated scenario, a constant revisit time is achieved with 

more than 12 receiving channels.         

  

3. PROPOSED SEA TARGET DETECTION 

ALGORITHM 

 

In this section, a sea target detection algorithm for 

spaceborne GNSS-R Delay-Doppler map (DDM) is 

described. The proposed detector consists of four steps: pre-

processing, pre-screening, selection, and geolocation. 

  

3.1 Pre-processing 

 

The pre-processing step aims at emphasizing the presence of 

a target within the Delay-Doppler (DD) domain and 

supporting the target extraction from GNSS-R observables. 

Concerning a DDM acquired over sea surface, it is 

noteworthy that each pixel consists of two contributions, 

namely thermal noise and sea clutter. If a target – sea ice 

sheet, ship – is present, a further contribution will appear in 

the corresponding DD cell. To enhance the presence of a 

target, the sea clutter term is estimated in the DD domain 

and suppressed in the pre-processing step, by evaluating the 

difference between the actual DDM and the simulated 

target-free one.  

 

3.2 Pre-screening 

 

In the pre-screening stage, the presence of targets is revealed 

as bright features in the difference map. Target candidates 

are then extracted by hard-thresholding of the difference 

map. The threshold is adaptively evaluated in order to 

account for clutter inhomogeneity and thermal noise so as to 

ensure a constant false alarm rate (CFAR).  

 

3.3 Selection 

 

In the selection stage, single-pixel targets are assumed to be 

false alarms caused by noise and, therefore, removed from 

the previous candidates map by means of a morphological 

operation. Small-to-medium islands, speckle noise can still 

cause false alarms.  

 

3.4 Geolocation 

 

In the geolocation stage, the geographic coordinates of the 

targets selected in the delay-Doppler domain are obtained. 

To this aim, the observation geometry should be 

reconstructed in the geographic reference frame, i.e., the 

positions and velocities of transmitter, receiver, and the 

specular reflection points are needed. Those data are 

available from the auxiliary of spaceborne GNSS-R mission, 

e.g., TDS-1 case from MERRByS website 

(http://www.merrbys.co.uk/). Once the observation geometry 

is reconstructed, the geographic coordinates of the target can 

be computed from its position in the delay-Doppler domain. 

Despite its simplicity, the geolocation step deserves a 

specific comment. In fact, a single position in delay-Doppler 

domain corresponds to two different geographic locations, 

due to the equi-Doppler and equi-range lines pattern in a 

bistatic configuration. It means that an ambiguity about the 

actual target location arises. To solve the ambiguity, a 

multilook approach can be used. A false location can be 

http://www.merrbys.co.uk/


filtered out from the DDMs acquired from multiple looks of 

the target. This multilook processing also increases the 

geolocation accuracy and the probability of detection.  

 

4. EXPERIMENTAL RESULTS USING U. K. TDS-1 

DATA 

 

In this section, the proposed ocean target detection 

algorithm is tested with actual U. K. TDS-1 DDM. A 

probability of false alarms equal to 0.01 is considered in this 

case. The TDS-1 DDM used to test the algorithm is shown 

in Fig. 2a and was acquired on April 1st, 2015, at 00:19:49 

UTC; the nominal specular point is at 47.47 N, 47.84 W. 

The pre-processing step (Fig. 2c) suppresses the sea clutter 

estimated in the simulated DDM in Fig. 2b. In the pre-

screening stage, two sea targets are detected: a single-pixel 

target and an extended target. The isolated target is rejected 

as noise in the successive selection stage (Fig. 2e), while the 

extended target at about 1.34 C/A chips and 500 Hz in the 

DD domain is a sea ice sheet validated using the NSIDC sea 

ice extent data relevant to the same day [11].  

 

TABLE I 

ORBITAL AND PLATFORM PARAMETERS OF THE SIMULATED 

SCENARIO 

Altitude [km] 500 

Inclination [degree] 98° 

Orbit type Circular 

Number of satellites 32 

Number of parallel 

channels 

16 

GNSS systems tracked GPS, Galileo,  

Glonass, BeiDou 
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Fig. 1: Mean revisit time in hours vs. number of receiving channels considering one (black line), eight (magenta line), sixteen 

(blue line), twenty-four (green line), and thirty-two (red line) satellites. GPS, Galileo, Glonass, and BeiDou stations are 

tracked. 

 
                                                      (a)                                                                                      (b) 

 
                                                    (c)                                                                                        (d) 

 
(e) 

Fig. 2: (a) TDS-1 DDM acquired on April 1st, 2015 at 00:19:49 UTC. Nominal specular point at 47.47 N, 47.84 W. The 

visible bright feature is a sea ice sheet. (b) Simulated sea clutter contribution. (c) Difference map. (d) Pre-screening; (e) 

Selection. The detected target is a sea ice sheet validated using NSIDC data.  


