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Abstract—This paper addresses the use of Global Navigation
Satellite Systems (GNSS) as a remote sensing tool for oceano-
graphic applications. In this paper we use the Global Positioning
System (GPS) signals reflected off the sea surface along with a
coastal receiver to perform detection and tracking of a near
sea surface mobile target. Because these signals have a very
low Signal to Noise Ratio (SNR) in a non stationary medium, a
matched filter is required. A filter based on the Extended Kalman
process is presented here.

I. INTRODUCTION

Monitoring the sea surface by using electromagnetic source
of opportunity owes its success to the progress of Global
Navigation Satellite Systems (GNSS). Typically, GPS signals
are the most exploited. Thanks to the GPS signal properties, it
is possible to find some parameters such as the ocean surface
roughness, wind direction and speed, currents and surface
altimetry [1], [2], [3] and [4], by studying the waveform
shape of the reflected GPS signal correlated with a replica
of its code. Therefore the GPS constitutes a relevant and
inexpensive bistatic passive remote sensing tool. Space and
airborne platforms, and radars often served as the receiver
in this kind of observations. In the present, we use near sea
surface observation systems for an accurate analysis of the
diffusion and the scattering of GPS signals.

II. COASTAL MONITORING

A. Project MOPS

For an airborne receiver, the scattered GPS signal is ex-
tended to an area around a nominal specular point on the
mean sea surface (glistening zone), which does not allow
for observation of the elementary sea wave movement [3].
Therefore, to allow fine detection of the sea movement during
very small time intervals, we consider a coastal receiver
located dozens of meters above the sea surface that can record
the scattered GPS signal (MOPS) [5].

Project MOPS studies the feasibility of passive systems in
the vicinity of the sea surface for applications in oceanog-
raphy. Due to the complexity of this objective, this project
manages different scientific academic domains (electromag-
netism, signal processing, oceanography, etc.), to develop an
experimental testbed at a Brest coastal spot.

Fig. 1. Project MOPS

This project (Fig. 1) is composed of four main themes :

• Physical modeling: Numerical modeling of the electro-
magnetic field in the vicinity of scattered waves[6].

• Signal and raw data processing: Extraction of information
from the Doppler Delay Map DDM[7].

• Inverse problem: inversion of the physical problem and
identification of oceanographic information.

• Experimental platform: validation of the work with real
measurements[8].

B. Initilazing and modeling

For the very near sea surface configuration, we showed in
[7] how the integration of the GPS signals scattered by some
targets on sea surface can provide elementary information in
order to detect them by extracting the reflected signal from
the noise and sea clutter, where we presented the sea surface
particles as mobile targets.

In this paper, the detection issue is extended to track the
evolution of the target trajectory in an analogy with the
problem of radar moving target tracking, in order to perform
a close monitoring of the specular point itself.

• The target is a wave peak moving along the mean sea
surface. The target has a uniform linear movement. The
target speed depends on its position with respect to the
receiver x0, its wavelength and water depth hw.

• The target is a buoy floating on the surface which
oscillates in place, or a small boat located at a distance
x0 from the receiver. The movement is then vertical and
sinusoidal (Fig. 2).



Fig. 2. GPS and Reflected signals on sea surface

The main objective is to estimate (δk, τk) at every instant
tk to be able to locate the target on the DDM.

Before proceeding to the EKF issue, let us recall some
information about the GPS signal structure and the ambiguity
function in order to explain the different hypothesis defined
later to simulate and implement our filtering system.

C. GPS Signal Structure

The GPS satellites emit their code on two carriers, with
frequencies L1 and L2, defined by the fundamental frequency
F0 = 10.23MHz: {

L1 = 154 ∗ F0

L2 = 120 ∗ F0
(1)

L1 wave is modulated by two codes: a civil code C/A and
a military one, P (Y ), whereas L2 wave is modulated only
by the code P (Y ). The signal spectrum is spread using a
BPSK modulation. The C/A code is composed of the Pseudo-
Random Noise sequence (PRN) which is a sequence of +1 and
−1 known and unique for each satellite. It has a length of 1023
chips, corresponding to a period of 1 ms [9]. By measuring the
cross correlation product of the reflected GPS signal and the
receiver generated replica PRN code, for a particular satellite,
we show the peak corresponding to the direct signal emitted
by the satellite and the secondary peaks corresponding to the
reflection phenomena.

D. Ambiguity function

The ambiguity function of a signal x(t) is defined by:

Ax(τ, f) =

+∞∫
−∞

x(t)x̄(t− τ)e−j2πftdt (2)

where x̄ represents the conjugate of x.
for a PRN sequence, the ambiguity function is approxi-

mately [10]:

Ax(τ, f) ≈ e−jπTseqfsinc(Tseqf)R(τ) (3)

where Tseq is the PRN sequence duration and R(τ) is the
autocorrelation function ACF of this sequence.

1) Cut at zero Doppler : the ACF has a perfect triangular
shape (Fig. 3)

R(τ)/{δ=0} =

{
1−

∣∣∣ τ
Tc

∣∣∣ , ∣∣∣ τ
Tc

∣∣∣ ≤ 1

0, elsewhere
(4)

where Tc = 1ms
1023 is the duration of a chip. The

trianglular ACF width is 2Tc.

Fig. 3. The ambiguity function projection on τ
direction

2) Cut at zero delay:

R(δ)/{τ=0} = αsinc(πfTc) (5)

In the Fig. 4, the main lobe is included in
[− 1

T ,
1
T

]
,

where T is the integration time.

Fig. 4. The ambiguity function projection on δ
direction

The standard deviation of the Doppler and the time delay,
respectively σδ and στ , are found by computing the half of
the width, respectively at the mid height of the triangular shape
and the main lobe of the sinc function.

III. MATCHED FILTER: EXTENDED KALMAN FILTER

A. EKF: state model

The Kalman filter carries out recursive target state estima-
tion given the target dynamic equation, sensor measurements,
and the target originated measurements [11].

Let us define the state vector sk at time tk;

sk = [ δk τk ]T . (6)



and the state equations

sk+1 = f(sk) + vk (7)

zk = g(sk, wk) (8)

Eq. 7 represents the dynamic evolution of the system where
f is a linear function and vk ∼ N (0, σ2

v). While the sensor
measurements zk are related to the target state via the function
g in the observation equation (8).
wk ∼ N (0, σ2

w) theoretically.
The efficiency of the linear Kalman filtering used in [12]

to track this target was limited, since the model used was
relatively simplified and doesn’t reveal exact information about
the target. To have an optimal observation, we must choose
measurements of the energy distribution of the signal which
could be more representative of the model and more realistic.

B. EKF: Measurements Model and Simulator

Actually the zk represents a series of DDM measured at
time tk = k ∗ 0.45s. Therefore, as we can see in the Fig.
4, the ambiguity function representation at zero delay cut has
important secondary lobes. To simplify and obtain a robust
model, we choose to simulate this function with a gaussian
form gk.

As we do not have real measures for the moment, we
will generate simulated observations using the target’s motion
equations Then, for every (δk, τk) estimated at time tk, we
generate a noise-corrupted Power Spectral Density PSD gk.

We suppose that our target has a sinusoidal motion as in
the following {

x = x0

z = h · sin(2πfmt)
(9)

Theoretically the originated measurements of the Doppler
and the time delay can be obtained by the equations

δk = −f0
c
cos(θ) (10)

τk =

√
(x− x0)2 + (z − ha)2

c
(11)

where x0 = 10m, h = 1m, fm = 2Hz and ha = 22m.

gk =

[
wk +

1

2πσδστ
· e
(
− (δi−δk)

2

2σ2
δ

− (τj−τk)
2

2σ2
τ

)]2

(12)

δi = iΔδ + δ0 and τj = jΔτ + τ0 define the transitions of
the DD cell in the DDM. Δδ and Δτ are the transition steps,
and δ0 and τ0 the originated measurements.

1) Statistical Properties:{
στ ≈ 2Tc

4≈ 0.5μs
(13)

If we suppose that the Doppler does not change during T =
20ms, then: {

lobewidth = 2
T

σδ ≈ 22.8Hz
(14)

Fig. 5. Noise corrupted observation function

2) Observation noise distribution wk: The noise in this
distribution here has 2 dimensions.

At the receiver input, w0(t) represents a possibly correlated
zero-mean Gaussian noise with estimated autocorrelation func-
tion Ω0(t) [10].

• Fixed f = fδ:
Ax(τ, f) in (2) will represent the output of a matched
filter when the input signal has been Doppler-shifted by
f . The output signal is then:

yf (t) = e−2jπfτAx(t− τ, f − fδ) + wf (t) (15)

wf (t) is a centered Gaussian noise, with : Ωf (t) =
Ω0(t) ∗ACF (x(t)).

• Fixed τ = tτ :
The output noise is E(wf ) = σ2

δsinc(πfT ) mean.
To simulate wf and use it in the observation equation, these
parameters should be considered.

IV. RESULTS & CONCLUSION

In this paper, we have performed several simulations param-
eterized by wave height, distance from the target relative to
the origin, distribution and level of observation noise. Then we
have compared the theoretical target paths and those obtained
at the output of the filter to analyze the performance and
robustness of the extended Kalman filter for marine target
tracking.
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Fig. 6. The PSD projection on τ direction for k = 8 observations

In the Fig. 6, we can find the PSD projection on the τ
direction for every observation of the k = 8 observations



separated by 0.45s set. We have estimated the time delay
difference is so small (Δτ,max − Δτ,min = 6.06ns). In the
same way and for these same observations, we have estimated
the Doppler difference (Δδ,max−Δδ,min = 120Hz) (Fig. 7).
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Fig. 7. The PSD projection on δ direction for k = 8 observations

We can see that the time delay difference is so small that
it makes it hard to detect this tiny even with the sampling
frequency fs = 8GHz used here. Anyway, we still have to
work on this assumption else we may use only the Doppler
shift for our tracking filter.

At the filter output, the target position in the DDM looks
like in the Fig. 8.
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Fig. 8. Estimated target position through k = 8 observations

The encouraging results of this study allow us to predict
multiple scientific extensions on several axes. We consider
measures of the function of ambiguity, from a GPS signal
simulator.

Depending on results and performance of our filtering
system in the case of a single target, other hypotheses, such as
the presence of another target or significant noise level, will
also be discussed. Anlso, assuming a rather disturbed marine
environment, we may need to develop a particle filter (or other)
in the context of Track - Before - Detect .

Validation of our method with real measures is planned in
the future, with a final objective of developing an experimental
testbed for measurement and processing of scattered GPS
signals.
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