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Abstract—This paper investigates the feasibility of using the 

Global Navigation Satellite Systems (GNSS) as transmitters of 

opportunity in a passive bistatic radar system for maritime target 

detection applications. To this purpose, the experimental test bed 

was developed, and the practical campaign was conducted for 

maritime data acquisition with the new Galileo satellites and a 

ferry as the target. By developing and applying the appropriate 

signal processing algorithm, the obtained experimental results 

have not only verified the system performance, but also showed 

the potentialities of a multi-static configuration utilising multiple 

satellites simultaneously. 

Index Terms— Maritime Moving Target Indication (M-MTI), 

passive radar, GNSS-based radar, Galileo. 

I. INTRODUCTION 

The exploitation of Global Navigation Satellite Systems 

(GNSS) as illuminators of opportunity for remote sensing has 

shown increasing attraction, because of its advantages 

consisting in a global coverage and abundant signal sources. 

Technologies of GNSS-reflectometry (GNSS-R) have been 

investigated a lot, mainly focusing on the Earth remote sensing 

applications such as soil moisture, ocean altimetry, sea state and 

wind speed observations [1]-[3]. The GNSS transmitter to be 

exploited can be selected from the GPS, GLONASS, as well as 

BeiDou and Galileo constellations that are under construction. 

With respect to the radar technologies, the exploitation of 

GNSS is well-established in passive Synthetic Aperture Radar 

(SAR) systems on both the theoretical and experimental level 

[4]-[6], with the ultimate goal of achieving persistent Earth 

observation and monitoring. Apart from that, the use of GNSS 

as a passive bistatic radar has been also investigated for the 

detection of air targets, such as airplanes, helicopters, etc. [7]. 

In this paper a new application for GNSS-based passive radar 

is considered, namely its application for the maritime target 

detection. The concept is illustrated in Fig.1, taking in concern 

the passive reception respectively on a sea buoy, or on a balloon 

at the height of a few hundred meters above the sea. 

Traditionally, the terrestrial signal sources were commonly 

and dominantly used in the area of the passive radar target 

detection, based on such as DAB/DVB-T [8], FM [9] and GSM 

[10]. That is because, first of all, terrestrial base station 

networks can support a persistent monitoring of a relatively 

large area, since the high enough signal power is capable to 

achieve long distance detection. Furthermore, among these 

sources there always exist appropriate options of the transmit 

frequencies as well as signal bandwidths (e.g. DVB-T [8]), so 

as to ensure a relatively high radar resolution for target 

characterisation. Nevertheless, these terrestrial sources have a 

common drawback that is their limited range of coverage, due 

to their fixed position on land even if considering a long 

detection range. Under these conditions, the open sea areas 

become the surveillance gap out of reach of the land 

transmitters of opportunity. 

With regard to the open sea and coastal area monitoring, 

they are in the scope of coverage of very few satellite sources 

(e.g. DVB-S [11] and Inmarsat [12]), where GNSS may be one 

of the more suitable options, benefiting from the global 

coverage, as well as from the spatial diversity. From the 

intention of GNSS network construction, any point on Earth is 

designed to be illuminated typically by 6-8 satellites from one 

GNSS constellation simultaneously, from different angles. 

Hence, the number of simultaneously transit satellites can reach 

 
Fig. 1.  The concept of GNSS-based radar for maritime target detection. 

 



a maximum number of 32 on condition that all the current 4 

GNSS networks are in full operation. Moreover, GNSS 

transmitters also have an appropriate allocation in frequency 

band occupations, and this makes it possible to have a 

combinative signal reception of different satellites and signal 

bands using one single receiver, which has been well-

established by navigation technologies. Therefore, what we 

discuss here is actually a multi-static radar system, and the 

combination of signals on one hand can improve the system 

power budget, and on the other hand also increases the amount 

of the target spatial information. The maximum range 

resolution one single GNSS band can provide is 15 m (can be 

yielded by using one of Galileo E5 single channels or the GPS 

L5 channel), sufficiently for detecting most of maritime targets 

with comparable or even larger dimensions.  

For such a GNSS-based radar system, restricted power 

budget is the main limitation to the application. A single GNSS 

satellite has a low Effective Isotropic Radiated Power (EIRP), 

which substantially limits target detection range [7], [11]. One 

method to enhance the entire system power budget can be to 

combine signals from multiple satellites to reinforce the total 

target power, and this combination can also suppress the clutter 

power artificially through the spatial and frequency diversity. 

The main objective of this paper is to investigate the feasibility 

for maritime MTI of using the GNSS-based passive radar 

technique, as well as to exploit, from the preliminary qualitative 

point, the potential in a multi-static acquisition. Therefore in the 

preliminary experimentation presented in this paper, targets 

with large Radar Cross Sections (RCS) were deliberately used 

which is visible within a range of a few kilometers. The case of 

low RCS-targets is instead considered in the companion paper, 

[13], where a processing technique is proposed suitable for the 

integration of the target returns over long time intervals to allow 

the recovery of acceptable signal to background conditions 

enabling target detection. 

In the remaining part of the paper, Section II presents 

experimental methods firstly, followed by description of the 

developed basic MTI in Section III. Then Section IV presents 

the experimental results as the verification of the system 

feasibility and evaluation of the system performance, and the 

final section is a preliminary summary and a prospect 

discussion. 

II. EXPERIMENTAL PROGRAMME  

The receiving system of GNSS-based radar [Fig.2 (a)] is 

composed of two RF channels. One of them is the reference 

channel, named as the Heterodyne Channel (HC), using a wide 

beam antenna to record the direct signals from a number of 

transit satellites above the target area. The Radar Channel (RC) 

is for collecting the weak echoes scattered by the target, so a 

high-gain antenna was used. 

The maritime experimental campaign was planned and 

conducted, with the passive receiver placed at the eastern 

coastal area of Plymouth harbour in UK. Galileo E5a-Q band 

was selected as the signal of opportunity, transmitted by a 

number of Galileo satellites from different directions. 

The moving target of opportunity was the commercial 

Brittany ferry running in schedule. Fig.2 (b) gives a photograph 

of the observed ferry taken during the experiment; this ferry has 

a dimension of approximately 184 m in length, and around 25 

m in beam. The ferry was equipped with the Automatic 

Identification System (AIS) data logger for recording its real 

track. This AIS track was used as the ground truth for evaluating 

the experimentally tracked results by GNSS-based radar. 

During this set of experiment, two satellites in view of the 

receiver were successfully synchronised. Their azimuths and 

elevations were marked in the bistatic acquisition geometry 

(Fig.3). The corresponding experimental parameters and some 

(a)  

(b)  

Fig. 2.  (a) The experimental setup of the receiving system and (b) the optical 

photograph of the ferry as the target.  

 
Fig. 3.  Bistatic acquisition geometry of the GNSS-based radar maritime 
experiment. 

  



main signal processing parameters are given in Table I. The 

power budget of a GNSS-based radar has been discussed in [14]. 

Based on these parameters, a SNR of around 15 dB can be 

estimated for this target detection by both satellites. 

III. BASIC MTI PROCESSING ALGORITHM 

E5a-Q, one of sub channels of the Galileo E5 signal, is 

chosen as our external signal source in this paper. Its bandwidth 

(10.23 MHz) can provide one of the highest range resolutions 

(15 m) for one single frequency channel with such a system. 

Obviously all analysis on this basis can be simply revised and 

applied to other alternatives (e.g. E5b-Q, GPS L5). The E5a-Q 

signal can be denoted by its spreading codes and carrier 

frequency as: 

 Y(t)=E5a-

Q(t)cos(ωct) (1)
  

 

where E5a-Q(t) is generated following a tiered code construction 

on the basis of pseudorandom orthogonal codes [15]. The E5a-

Q(t) primary code has a chip rate of fcr=10.23 MHz  and is used 

as our ranging code, since its code cycle also conforms to the 

Pulse Repetition Interval (PRI) of the radar signal processing. 

And ωc=2π∙1176.45 MHz is the carrier frequency of E5a-Q 

signal. 

Galileo operates on a Code Division Multiple Access 

(CDMA) protocol, which means that every satellite transmits 

its own ranging codes while sharing the same frequency band. 

Therefore, signals from different satellites can be recorded 

simultaneously and processed successively by corresponding 

ranging code. 

After quadrature demodulation and radar data formatting, 

ignoring the constant phase and amplitude terms, and assuming 

one single target, the HC received signal s0(t,u) and RC signal  

can be respectively written as: 

 s0(t,u)=E5a-

Q[t−τ0(u)]exp{j[2πfd0(u)t+φ0(u)]} (2)
  
  

 s(t,u)=E5a-

Q[t−τ(u)]exp{j[2πfd(u)t+φ(u)]}(3)
  

 

where t∊[0,PRI] denotes the fast-time, and here the PRI equals 

to the E5a-Q primary code cycle as 1 ms, and u∊ [-T⁄2,T⁄2] is 

the slow-time, with T being the entire dwell time on target. 

τ0(u), φ0(u) and fd0(u) are respectively the instantaneous time 

delay, phase, and Doppler of the direct signal as functions of u. 

The values of τ0(u), φ0(u) and fd0(u) depend on the relative 

position and movement between the satellite and  the receiver. 

While τ(u), φ(u) and fd(u)  are the corresponding parameters of 

the target reflected signal. Their values are related to the bistatic 

range, which is the summation of the instantaneous ranges from 

the satellite to the target and the target to the receiver. 

The signal processing block diagram is given in Fig.4, 

describing the algorithm to be involved for detecting moving 

objects within the field of view of the passive radar, namely the 

MTI, based on the correlation between target reflections and the 

reference signal. As the starting step of the signal processing, 

we need firstly to process the synchronization of the HC signal, 

which tracks the starting point of ranging code, the Doppler 

frequency along baseline, the time delay and phase for the E5a-

Q signal. Based on this, the RC signal can be compressed by a 

correlation with the complex conjugate of the noise-free replica 

of reference signal, which is the range matched filtering shown 

in Fig.4. The range compressed data are given: 

 rc(t,u)=Rcf[t−∆τ(u)]∙exp{j[2π∆fd(u)t+∆φ(u)]} (4)
  
  

with Rcf(∙) being the amplitude of the cross-correlation function 

of sRC(t,u) and the noise-free replica of s0(t,u). And ∆τ(u), ∆φ(u) 

and ∆fd(u) are the instantaneous difference between the direct 

and reflected signal in terms of time delay, phase, and Doppler 

respectively, and therefore can be calculated by: 

 ∆τ(u)=τ(u)−τ0(u) (5)
  
   

 ∆fd(u)=fd(u)−fd0(u) (6)
  
   

 ∆φ(u)=φ(u)−φ0(u) (7)
  
  

 
Fig. 4.  Basic moving target indicator (MTI) algorithm. 

TABLE I      EXPERIMENTAL AND SIGNAL PROCESSING PARAMETERS 

Parameter Unit Value 

Satellite 1 

Number -- GSAT0201 

Ranging codes -- PRN18 

Bistatic angle degree 97° ~ 85° 

Azimuth degree 163.8° ~ 163.9° 

Elevation degree 18.9° ~ 18.2° 

Satellite 2 

Number -- GSAT0203 

Ranging codes -- PRN26 

Bistatic angle degree 91° ~ 83° 

Azimuth degree 158.1° ~ 158.4° 

Elevation degree 49.6° ~ 48.7° 

Carrier frequency MHz 1176.45 

Sampling frequency MHz 50 

Dwell time second 145 

Pulse repetition interval millisecond 1 

Coherent processing interval  second 2.5 

 

 



After this operation, data are re-arranged into the equivalent 

of a fast-time (range), slow-time (Doppler) matrix. This range 

compression is followed by a Fast Fourier Transform (FFT) in 

Doppler dimension, which in this case acts as a matched filter 

with the appropriate signal processing gain, and results in a 

Range Doppler (RD) map in the RD domain (r,fu) as: 

 RD(r,fu)=Rcf{[r−∆r(∆fdc)]/c}∙Wa(fu−∆fdc)∙exp{jθa(r,fu)} (8)
  
  

where ∆fdc is the Doppler centre of ∆fd(u) during the FFT 

processing interval. ∆r(∆fdc) is the relative bistatic range of the 

target with the subtraction of the baseline. Wa(fu−∆fdc) is the 

spectral envelope centred at ∆fdc. And θa(r,fu) is the phase angle 

after FFT. For the Doppler FFT, a suitable Coherent Processing 

Interval (CPI) should be identified, but more detailed 

investigation about CPI is out of scope of this paper. 

In the practical RD map, all types of elements could be 

separately identified, including the moving target, a stationary 

background, as well as the sea clutters, distinguished by bistatic 

Doppler and range. The target echo is also compressed in two 

dimensions, making it feasible to identify a target and localise 

it in range and Doppler after converting the fast-time dimension 

into bistatic range. These two parameters indicate respectively 

the potential locations and the simultaneous moving velocity of 

the target. Hence, the above signal processing procedure can 

achieve the basic target detection and its movement indication. 

Obviously the coherent integration accomplished by the FFT 

should be sufficient to detect high-RCS target, while low-RCS 

target cannot be extracted from the background by the basic 

MTI. To face this problem a technique able to integrate the 

target contributions over long time intervals (up to several 

tenths of second) is needed: such topic is addressed in the 

companion paper [13] where a suitable technique is proposed 

and its effectiveness is demonstrated. 

IV. EXPERIMENTAL MTI RESULTS 

As mentioned before, the signal processing discussed in 

Section III can be successively applied to different satellites, 

and in this set of experiments, we obtained RD maps for two 

satellites out of a same signal processing procedure. The CPI is 

 
Fig. 7.  Satellite 2: Non-coherent summation of 4 adjacent RD maps, with 2.5 

s coherent integration time each and a summed acquisition time of 10 s. 

(a)     

 (b)     

Fig. 6.  Cross-sections of the experimental RD map in Fig,5: (a) range cross-

section, and (b) Doppler cross-section of the target. 

 
Fig. 5.  Satellite 1: Non-coherent summation of 4 adjacent RD maps, with 2.5 

s coherent integration time each and a summed acquisition time of 10 s. 



selected to be 2.5 s through trial and error for this particular 

target. Fig.5 gives the RD map for satellite 1 (GSAT0201) with 

a colorscale in dB, which is the result of a non-coherent 

summation of 4 sets of adjacent coherently processed RD maps. 

Hence, a total occupied interval of this data is 10s. 0dB is the 

highest echo intensity in the map, where it should correspond 

to the magnitude of the direct signal at the position of zero-

Doppler and zero-range. It is not filtered out, with concern of 

providing a comparison with the target echo as well as the sea 

clutter. In this RD map, the ferry can be seen clearly as a strong 

scattering point. Fig.6 presents the cross-sections at the ferry 

position in Fig.5 and for range and Doppler directions 

respectively. Likewise, the RD map and target cross-sections 

for satellite 2 (GSAT0203) are given in Fig.7 and Fig.8. 

According to the above presented results, for satellite 1 the 

target signal is stronger compared to the direct signal than for 

satellite 2, while clutter reflections from satellite 1 is weaker 

than that from satellite 2. This means that an optimal satellite 

positions can be found to maximize signal strength rather than 

the clutter strength. Moreover, the target reflection performs as 

a highly concentrated scattering point under the bistatic 

acquisition topology with satellite 1, while with regard to the 

reflection from satellite 2; the target is identified as gathering 

of a series of scattering points with similar intensity. The same 

information can also be learned from the range cross-sections 

in Fig.8 (a), and the target’s response in range coincides with 

the ferry dimension in length. The above-mentioned target 

characterization differences for two satellites are due to the 

spatial diversity, specifically different bistatic angles and 

different RCS of the target by looking from different directions. 

This could be intendedly used for target dimension estimation. 

The strongest scattering point on the target can be identified 

in two dimensions of bistatic range and Doppler. Throughout 

the dwell time, we can obtain the changing of the strongest 

scattering point on the target. Fig.9 and Fig.10 present the 

comparison between the detected position of the strongest point 

for both satellites and respectively in range and Doppler 

dimensions. The given AIS target position by time is used as 

ground truth, with a positioning accuracy similar to common 

navigation receivers. In the figures, the results for satellite 1 and 

2 can be distinguished by the color as blue and magenta 

respectively. The continuous curves are calculated from the AIS 

ground truth assumed as reference, while the detected values 

are plotted by different types of markers (‘○’ or ‘’) with an 

interval of 1s. In our case, every sample in range dimension 

means 6m in distance, so the detected bistatic range is in 

multiples of 6m. 

We can do the calculation of the Root Mean Square (RMS) 

of the difference between detected range and AIS reference to 

be 18.5 m for satellite 1, while with regard to satellite 2, the 

RMS is 23.6 m. Correspondingly, Fig.10 gives the comparison 

of the detected Doppler results with also the AIS reference for 

both satellites, with the RMS of the difference between the 

tracked Doppler and AIS reference as approximately 2.0 Hz for 

both satellite 1 and 2. 

(a)      

(b)     

Fig. 8.  Cross-sections of the experimental RD map in Fig,7: (a) range cross-

section, and (b) Doppler cross-section of the target. 

 
Fig. 9.  Comparison of bistatic ranges for two satellites. 



For satellite 1, the changing of the detected bistatic range 

agrees very well with the expected values by AIS. According to 

the parameters in Table I, we can calculate the bistatic range 

resolution is around 30 m, so the absolute difference between 

detection and reference is always smaller than one range 

resolution cell. This difference should mainly arise from the 

fact that the detected location of the strongest scattering point 

on the target could reasonably deviate from the location of the 

AIS data logger, since our target is ~200 m ferry. The tendency 

of this difference change by time indicates the ferry very likely 

being in the status of maneuvering. 

Because of the high RCS of the considered target, in this case 

super-clutter visibility conditions are reached for both satellites 

even if limited aperture times are exploited to enable target 

detection and localization over the RD plane. A further 

improvement in localization performance could be achieved by 

properly exploiting longer time intervals since this would allow 

a further improvement of the signal to background conditions. 

In Fig.9-10 a second set of RD histories is shown (red ‘×’, sat 

1, and black, sat 2, ‘+’ plots) obtained as the results of non 

coherent summation of 20 adjacent coherently processed RD 

maps. Obviously, considering the long time interval involved 

(2.5 s × 20) RD maps cannot directly combined but a specific 

target motion compensation (TMC) procedure has to be applied, 

see companion paper [13].  The enhanced concentration of 

energy provided by the application on the TMC step allows the 

tracking of the centroid (center of mass) of the detected target 

and this entails a further reduction of the dispersion of the target 

tracks as apparent from the plots in Fig.9-10. For this advanced 

processing (which is mandatory for the detection of low-RCS 

targets, [13]), the RMS of the range difference and Doppler 

difference with respect to the AIS data reduces to respectively 

13.2 m and 1.5 Hz for satellite 1 and 10.6 m and 1.5 Hz for 

satellite 2.  

Since, as shown above, the considered passive system can 

detect different bistatic ranges and Doppler for each satellite, it 

offers the opportunity that the track and even the movement of 

the target can be estimated under the multi-static acquisition 

geometry, which is to be explored more at the next stage. 

V. CONCLUSION 

Inspired by the global coverage and spatial diversity of 

GNSS constellations, in this paper we have discussed the 

exploitation of GNSS satellites as radar transmitters for moving 

target detection in the open sea area, where we have deficient 

signal sources in the traditional research. 

A GNSS-based radar test-bed has been implemented with 

respect to the practical maritime environment and target of 

opportunity from the perspective of a proof-of-concept study, 

and parallel developed also the preliminary M-MTI algorithms. 

One set of data acquisition was successfully collected with 

Galileo E5a-Q signal for observation of one commercial ferry 

transiting and the maritime background. According to the 

output of the proposed MTI algorithms, we have successfully 

processed signals from two Galileo satellites. Viewing the 

results throughout a 2-min dwell time, the ferry echo, sea clutter 

responses and stationary maritime background have been 

clearly reflected. Both of two satellites have indicated the real-

time motion of the ferry, in high coincidence with the recorded 

ground truth. 

This has actually composed a fundamental multi-static 

system, implicating more potential of the GNSS-based radar 

techniques. In the future, if 4 GNSS constellations can be 

combined in the multistatic configuration, up to 32 satellites 

will be visible simultaneously, the potential of enhanced motion 

detection will be researched. 
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