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Bistatic Ocean Wave Remote Sensing System by GPS

Jian CUI', Nonmember and Nobuyoshi KOUGUCHI'®, Member

SUMMARY  This paper presents a bistatic remote sensing system to
efficiently estimate the characteristics of sea swell near a harbor by receiv-
ing and processing global navigation satellite system signals transmitted in
line-of-sight channels and fading multipath channels. The new system is
designed to measure and monitor sea swell to improve the safety of moor-
ing and navigation services in or around harbors, and long-term measure-
ment also will provide valuable hydrologic data for harbor construction or
reconstruction. The system uses two sets of antennas. One is a conventional
antenna to receive line-of-sight signal and mitigate the disturbances from
multiple propagation paths, and the other is a left hand circular polariza-
tion arrayed antenna to receive reflected signals from sea-surface. In par-
ticular, a wide bandwidth RF/IF front-end is designed to process reflected
signals with high sampling frequency. A software receiver is developed
to provide information from satellites and line-of-sight signals, and a wave
characteristic estimator is also developed to process reflected signals. More
specifically, correlators and Teager-Kaiser energy operator are combined to
detect and depict reflected signals. Wave propagation of sea swell can be
accurately mapped using intensity and relative time delays of reflected sig-
nals. The operational performance of the remote sensing system was also
evaluated by numerical simulations. The results confirm that wavelength
and wave period can be measured precisely by the proposed bistatic ocean
wave remote sensing system.

key words: GPS signal, arrayed antenna, ocean wavelength, wave period,
wave direction

1. Introduction

Harbors are places where vessels can moor securely. Un-
fortunately, most harbors are continually subjected to long
period waves generated on the open sea and, that enter the
harbor with great energy. Large vessels are more apt to be
disturbed by long period waves that cause large motions
[1],[2]. Long period waves also impose irregular course
deviations on vessels navigating the harbor entrance chan-
nel. Moreover the effectiveness of breakwaters and jetties to
long period waves is limited [3]. Long period waves have
seriously hampered the secure and efficient use of harbors.
Incident wave energy into a harbor is associated with wave
characteristics such as wave height, wavelength and inci-
dence direction. As a result, ocean wave measurements of
long period waves are required to investigate wave charac-
teristics for harbors in use or under construction.

In general, ocean wave measurements are made with
different types of instruments such as high frequency (HF)
radar, wave rider buoys and acoustic Doppler current pro-
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filers (ADCPs). Different ocean wave measurement in-
struments have their own advantages and disadvantages
for different applications. Shore-based HF radar receives
backscattered signals to retrieve sea-surface wave charac-
teristics for coastal monitoring [4]-[6]. HF radar systems
are usually built as large-scale systems operating on wide
coastal areas over hundreds of square kilometers. Wave
rider buoys have been extensively applied in ocean obser-
vation to collect wave characteristics. National Data Buoy
Center (NDBC) of U.S.A. [7],[8] and Nationwide Ocean
Wave Information Network for Ports and Harbors (NOW-
PHAS) of Japan [9] observe ocean waves with large net-
works of buoys. ADCPs are deployed beneath the sea-
surface to measure wave and current [10],[11]. Buoy sys-
tems and ADCPs, however, suffer damage from floating de-
bris and large waves, and maintenance is always trouble-
some. Recently developed Global Navigation Satellite Sig-
nals Reflectometry (GNSS-R) techniques provide an effi-
cient method to retrieve sea-surface height [12] and char-
acteristics of the surface wind [13] from reflected GPS sig-
nals. However, receivers usually are carried by airplane or
satellite to collect signals from wide areas, and it is also not
easy to measure detailed characteristics of ocean waves from
such height, such as wave length, wave period and wave di-
rection. Therefore, an easy and efficient ocean wave mea-
surement system should be developed to estimate detailed
wave characteristics of long period waves inside and outside
harbors.

This paper presents an ocean wave remote sensing
system that measures wave characteristics by GPS signals.
Long period waves with periods ranging from 10 to several
tens of seconds are targeted by this system. Called sea swell,
they are frequently generated by a storm kilometers or even
hundreds of kilometers away from a harbor; they retain arel-
atively uniform wave shape as they propagate. The remote
sensing system is fixed near a harbor to receive GPS sig-
nals transmitting in a line-of-sight (LOS) channe] and multi-
path (MP) channel from the sea-surface. Because the remote
sensing measurement is based on wave shape and propaga-
tion, characteristics of sea swell can be extracted almost im-
mediately even if the multipath channel is severely fading.
Furthermore, the remote sensing system can provide a con-
tinuous long-term measurement for the sea area near harbors
under bad weather conditions. The system construction and
installation are also relatively easy to carry out.

The proposed remote sensing system uses two sets of
antennas. A conventional antenna and a left hand circular
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polarization (LHCP) arrayed antenna receive GPS signals of
LOS channel and multipath channel respectively. Two front-
ends work with very high sampling frequency and the front-
end, processing reflected signals, features relatively wide
bandwidth (BW) to pass more reflected signal energy. The
software receiver and wave characteristic estimator analyze
two digitalized intermediate frequency (IF) signals respec-
tively.

Wave height measurement has been successfully mea-
sured using variations of GPS antenna height [14], [15].
This paper concentrates on how to measure wavelength,
wave period and direction. Section 2 introduces the outline
of the whole system with emphasis on the design and oper-
ation of the arrayed antenna, the wide bandwidth front-end
and the wave characteristic estimator along with the stan-
dard software receiver. A detailed processing method us-
ing correlators and Teager-Kaiser energy operator (TKEO)
[16],[17] is presented in Sect.3. Finally, Sect.4 presents
the results of numerical simulation to explain system valid-
ity and performance.

2. Remote Sensing System
2.1 Outline of System

The remote sensing system is sketched in Fig. 1. A GPS
satellite flying over the sea-surface is transmitting GPS sig-
nals und the sca-surface reflects some signals forward. As
a result, the GPS signals in the LOS channel and the mul-
tipath channel are received by an upward conventional an-
tenna and an LHCP arrayed antenna facing the sea-surface
respectively. Two sets of front-ends, labeled LOS and MP,
convert received GPS signals from RF signals to IF digital
signals. The software receiver tracks the motions of satel-
lites and provides necessary information to the wave charac-
teristic estimator. The wave characteristic estimator is there-
fore able to generate accurate results.

In practice, wavelength and wave direction need to be
measured using at least two remote sensing systems config-
ured as in Fig. 2, in which each arrayed antenna denotes one
remote sensing system. Aiming at an identical sea-surface,
two remote sensing systems generally tend to produce dif-
ferent results of wavelength [PA| and |PB| because the direc-
tions of these two systems don’t necessarily measure true
wave direction. Obviously, if a parallelogram PACB is es-
tablished on the surface of the sea with two adjacent sides
[PA| and |PB| determined by measuring their resultant wave-
lengths and the intersection point is P fixed by the direc-
tions of the two systems, and its diagonal |PC| pointing to
seashore just points to the true wave direction and a half-
length of this diagonal, [PO|, is considered as the true wave-
length. These two systems are identical, so in the following
sections, the remote sensing processing method will be elab-
orated uging one of them.

%y GPS Satellite

Conventional Antenna

/\ =
Software
LOS Front-End Receiver
5 Arrayed Antenna
000 5 _
SN
q . P Wave
ca-surface 1sti
N -L-\.»ﬁ- ey A MP Front-End Characteristic |
Q:ﬁ:ﬁ;.n A :;.\;1‘.,‘};:3-; Estimator
N o et !

Fig.2  Configuration of two systems.

2.2 Arrayed Antenna

The remote sensing system operates in a multipath environ-
ment in which reflected signals of the sea-surface are mixed
with ones from the surroundings. Therefore a linear array
of GPS antennas should be utilized, which can receive sig-
nals from the desired direction. Here, the arrayed antenna
is designed with 16 elements of patch LHCP antennas in a
horizontal array in series and the interval of each element is
half the wavelength of the GPS signals. The electric field in-
tensity is calculated with the following equation [ 18] where
# is angle of direction.

- cos [% COS(Q)] " sin(8)[8x cos()] (1)
sin(6) sin [% COS(G)]

The directional pattern of the arrayed antenna in Fig. 3
shows the relative intensity of GPS signals received from the
front. A narrow fan beam perpendicular to the antenna sur-
face is obtained, which provides the basis for receiving re-
flected signals from the sea-surface and suppressing signals
from the side. Therefore, the arrayed antenna can only re-
ceive reflected signals of one visible satellite in main beam,
and reflected signals of other satellites are largely attenu-
ated The directional pattern is utilized in the following mi-
merical simulation and manifested in the refiected signal in-
tensities. During measurement, the position of the visible
satellite is provided by a software receiver as shown in Fig. 1
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Fig.3 Normalized directional pattern of arrayed antenna.
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Fig.4  Signal flow of front-end.

and the direction of the arrayed antenna is also manifested
by an additional compass, with which the arrayed antenna is
adjusted to keep the visible satellite in the main beam.

2.3  Front-End

In remote sensing system, the MP front-end is designed to
process signals of wider bandwidth that permits more re-
flected signal energy to go through. A block diagram of the
MP front-end is shown in Fig. 4.

The first component is a bandpass filter (BPF). The
GPS signal format is a direct sequence spread spectrum and
the GPS signal lies well below the noise floor [19], so the
front-end has to attenuate out-of-band noise with a bandpass
filter. Furthermore, a sharper correlation peak is achieved
by broadening the receiver bandwidth [20]. As a resuit,
a 40MHz bandpass filter [21] is used to pass signal with
a center frequency (f,) of 1575.42MHz. The GPS signal
power after the first BPF filter is so weak that it is not enough
to be processed by components following, unless an ampli-
fier with over 50dB gain is used to raise the weak signal
to an appropriate magnitude. A voltage controlled oscilla-
tor (VCO) generates 1550 MHz oscillator signals for Mixer
in which the GPS signal is down-converted to an intermedi-
ate frequency (fir) 25.42 MHz. The second BPF retains IF
component and removes ultra-high frequency components
from the output of the Mixer. An analog-to-digital converter
(ADC) with 100 MHz sampling frequency (f3) is adopted to
sample 40 MHz bandwidth signals.

MP Arrival time '
orrelator cotrection TKEO

Fig.5 Functional modules of wave characteristic.

2.4 Wave Characteristic Estimator

The software receiver in Fig. 1 processes LOS signals to pro-
vide real-time satellite information such as arrival time of
LOS signal, azimuth, elevation and Doppler frequency shifts
of visible satellites to the wave characteristic estimator.

Figure 5 shows the main functional modules of the
wave characteristic estimator. The correlator resolves cor-
relations for every received millisecond signal efficiently.
Arrival times of the LOS signal are also estimated and trans-
ferred from the software receiver to the wave characteristic
estimator as a time reference to align the arrival times of
reflected signals.

Usually, a group of obvious peaks will appear in the
correlator output, and a certain of them denotes arrival times
of the reflected signals and naturally the others are noise.
Generally the multipath arrival time cannot be identified
from a single correlator result because of the low level of
carrier-to-noise-density ratio (C/Np). After the arrival time
correction, averaging of correlator results can be used to re-
duce the noise.

3. Wave Characteristic Estimator
3.1 Received Signal

Multipath arrival time is delayed due to its longer propa-
gation path than the LOS signal. Therefore, relative time
delay is available to identify multiple propagation paths. In
order to explain the measurement method briefly, the case
of a single frequency ocean wave will be discussed in this
section. A wave surface containing many frequency com-
ponents will be generated and used for sea swell measure-
ment in a numerical simulation. The following Fig. 6 shows
an arrayed antenna receiving three relatively strong signals
reflected from P1, P2 and P3 on the crest of ocean waves,
labeled MP1, MP2 and MP3.

In general, the composite signal received by thc an-
tenna array is expressed by the simplified expression as fol-
lows,

3
(1) = Y AOCH T =T O)DH1 ~7i(1)
i=1

cos2r(fo + vi(O)t + @i (1)) + e(2) 2)

where,
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Sea-level

Fig.6  Receiving aspect near sea-surface.

x: Composite received signal;

k: Satellite number;

A;: Amplitude of the ith component;

D: Navigation data;

C: C/A code;

fo: L1 carrier frequency;

7;: Relative time delay of the ith component to LOS;

v;: Frequency change of the ith component;

¢, Carrier phase offset of the ith component;

e: Noise.

The received signal x(7) is then filtered, amplified and
down converted in the wide bandwidth front-end. Let y(¢)
denote the output of the Mixer, let B; denote resultant am-
plitude of each multipath component, then y(f) is expressed
as

3
¥4 = > B(OCHE - i) D (e = (1)
i=1

cos(Za(fir + vi(O)t + @i(1)) + e(t) 3)
This signal is then sampled by ADC, described as

3
¥ (n) = " BAm)C*(n = mi(n))DX(n = mi(n))
i=1

cosa(fir + vi(n)n + @i(n)) + e(n) “4)

with # in units of 1/fs seconds; » indicates the signal is dis-
crete in time. m; is the number of samples for relative time
delay to LOS signal, m; = T/fs.

3.2 Correlator and Teager-Kaiser Energy Operator

Here, suppose C/A code components have been demodu-
lated from Eq. (4) for satellites k. Let C*(0), C*(m;) denote
a C/A code of LOS signal without time delay and a C/A
code of ith multipath component with relative time delay m;
respectively, and let C*(m) denote a locally generated C/A
code with time delay m. According to the autocorrelation
property of C/A code, the autocorrelation between C k(0) and
C*(m) is formulated as

rim) = ) CHOXC m),

and {r%ﬁos(m) ~ Ofg m#0 )
rios (M = 555 M =0

LOS MP1 MP2 MP3

>

-~ ~
--~
Magnitude ~~

-
-
S

Fig.7  Correlator output for reflected signals.

and the autocorrelations between C¥(m;) and C*(m) are

rim) = 3" CHm)CHm),
rh = 0 * m;
and { rIkkEm;: P ©6)

m = m;

i UM) = 1000

where r denotes correlation of C/A code.

Usually f; is so much greater than 1000 that high cor-
relation values can be obtained for satellite kK when locally
generated C/A code is aligned perfectly with incoming C/A
codes. In Fig. 6, the different signal intensities of the LOS
signal and the three reflected signals result in peaks of dif-
ferent magnitude. Therefore, four equilateral triangle peaks
with difterent magnitudes are illustrated with broken lines
in Fig. 7. Here, let ag, a1, a2, a3 denote coeflicients to adjust
the correlation values of LOS signal and the three reflected
signals and ag > a; > az > a3. Consequently the correla-
tion between C/A codes of LOS signal and locally generated
C/A code is

ribs = aorg (m) )

and the correlation between C/A codes of composite re-
flected signal and locally generated C/A code is

rEm) = a P4(m) + ayr¥(m) + azri(m) ®)

Because the time length of one correlation peak is
about double the time length of one chip of C/A code, three
correlation peaks are usually superimposed to be a poly-
line for a composite received signal, shown as solid lines in
Fig.7. Three peak points are circled and m, m; and mj are
considered as relative time delays of MP1, MP2 and MP3 to
LOS.

In practice, too much noise is included in the received
signal so the peaks are hard to pick out from correlator out-
put. Therefore the discrete time Teager-Kaiser energy op-
erator is used as an effective tool to highlight correlation
peaks. Teager-Kaiser energy operator can be a high-pass
filter [22]. The TKEO for the above-mentioned correlator

output is calculated by
TKEO(m) = P**(m)* = P (m — )i (m + 1) 9)

The TKEO for the LOS correlator output in Fig. 7 is
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Fig.8 ,TKEO output for reflected signals.

2r% (0)6 -6 m=0
TKEO(m) = { 6% m at peak side  (10)
0 m out of peak

where ¢ is the magnitude of difference between two consec-
utive sampling instants on the LOS correlation peak side,
i.e. taken anywhere below the magnitude of the peak point.
To compare TKEQ values between peak point and peak side
with

TKEO©) _ 2ri5(0)
2 6
a large value is usually yielded so that an obvious impulse
appears at zero. Similarly, TKEO for reflected signal cor-
relation can be resolved and then the results are shown in
Fig. 8.

In comparison between Fig.7 and Fig.8, three out-
standing peaks of the TKEO output are obtained and then
each number of samples for relative time delay to LOS sig-
nal m;, m; and m; can be estimated clearly.

1 (11)

3.3 Estimation of Wavelength and Wave Period

For an estimation of the wavelength and wave period, each
number of samples m,, m, and m3 are transferred to the dis-
tance from the arrayed antenna to the reflection point. The
horizontal distances from the arrayed antenna to the reflec-
tion points are calculated using the geometrical relationship
of the receiving condition near sea-surface in Fig.6. Let
/E be the satellite elevation angle, h be the antenna height
and c be light speed, and the horizontal distance d from the
position of the arrayed antenna to the reflection point is cal-
culated as follows,

1
1+ cosZE (12)

me _ gin /E — P\
d; = htan (2 arctan( fih \/_)]

where, p = (-'ﬁ)2 - 2;7;16 sin ZE.

In Eq. (12), let the wavelength be 200 meters and the
wave period he 20 seconds, and let the elevation angle of
the satellite be 25 degrees and the antenna height be 50 me-
ters, the horizontal distance d from the arrayed antenna to
the reflection point is indicated as the vertical axis in Fig. 9.
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Fig.9 Time series alignment of TKEO output.

In this figure, the horizontal axis is the measurement time,
and seven lines show the seven peaks of the TKEO out-
puts. Consequently, the horizontal span between the two
lines shows the wave period, and the vertical span between
two lines indicates the wavelength in the direction of the ar-
rayed antenna.

4. Numerical Simulations
4.1 Simulation Conditions

Table | shows the conditions of our numerical simulation,
such as the status of satellites, the characteristics of ocean
wave and the installation of antenna. The ocean wave char-
acteristics are selected from a relatively long period sea
swell [23].

Considering noise environment, the carrier to noise ra-
tio, C/Nj, should be determined, since it varies due to chan-
nel conditions. Here, the C/Nj is calculated as follows,

P

where Ps and P, are signal power received by the arrayed
antenna and noise power. Usually —160 dBW carrier power
at the Earth’s surface [24] and —204 dBW noise power are
used to generate GPS signals and white Gaussian noise [25].

4 Reflected Signals from Sea-Surface

4.2.1 Wave Model

A wave spectrum model of approximately natural sea swell
is calculated from sea-surface near the reflection point suit-

able for microwave propagation and an equation of swell
spectrum is calculated as follows [26],[27],

H? 1 (k= Kpear\*
F(k) = ———exp|—= (——’ﬂ) } (14)
16 \/Z;(Tl 2 ui
where H, is a significant wave height, k.. is the wave num-
ber of the spectral peak and o is the spectrum width.



1630

Table 1  Simulation conditions.
Characteristic Value
Simulation time resolution 0.25 ns
Sea-surface facet 1 m’
x elevation 25 deg.
GPS Batelhte azimuth 180 deg.
water depth 10m
Ocean Wave peiiad 205
(S swoll) length 200 m
significant height 2m
direction 0 deg.
antenna height 50 m
Arrdyed Anteniia direction face to satellite

s ——

offshore distance [m]

| ® Arraved antenna
200,200 400 800 800 1000 1200 1400 1800 1800 2000
longshore distance [m]

Fig.10  One example of calculated sea-surface.

Figure 10 shows one example of the calculated sea-
surface. This sea-surface model is defined by an arc from
a 1,000 meters radius circle centered at the position of the
arraycd antenna, with the arca below straight line (parallel to
the arrayed antenna) passing through the specular reflection
area, removed. In this sea-surface area, some swells exist.
The bright areas are the crests of the sea swells and the dark
areas are the troughs of the sea swells. The arrow indicates
the wave direction and the black point mark is the position
of the arrayed antenna. It is necessary to mask the signals
from the specular reflection point to the arrayed antenna, be-
cause the signals have the same relative time delays as the
signals reflected from the modeled sea-surface.

4.2.2 Scattering Pattern

The incoming signals to the modeled sea-surface are re-
flected as a scattering pattern of the wave surface. Accord-
ing to the practical remote sensing environment on rough
sea-surface, a scattering pattern model of the bi-directional
reflectance distribution function is defined by the following
equation [28].

1—-g2

R o« (cos @y cos 8,)<!
x ( ¢ 1) (1 +2gcos® + g2)3/2

(15)

where, cos ® = cos 6, cos @, + sin 8y sin @ cos(¢ — ¢y), and
fy: incidence angle, [0, 7/2];
6,: scattering angle, [0, m/2];
k: factor of intensity along normal direction, [1, eo];
g: anisotiopy racton, (-1, 1);
O: scattering phase angle;
¢y: azimuth angle of satellite, [0, 7r];
¢, azimuth angle of reflection, [0, r].

Rough Sea-surface

P (Reflection point )

Fig. 11  Scattering pattern from point P.

offshore distance [m]

* Arrayed antenna 0.1

D 200 400 800 800 1000 1200 1400 1800 1800 2000
longshore distance [m]

Fig.12  Normalized reflected signal intensities.

Figure 11 shows a scattering pattern from the reflected
point P. In this figure, the incidence signal is “I”, the normal
direction of the scattering surface is “N”, the direction to the
antenna point is “S™ and the scattering pattern from Eq. (15)
is shown by dashed lines. In Eq.(15), the coefficients “k”
and “g” are respectively equal to 2 and 0.7, and ¢; — ¢
and 6y become 7 and 771/18. The scattering coefficient “R”
is decided by the magnitude of the scattering pattern from
point “P” on the sea-surface.

4.2.3 Normalized Reflected Signal Intensities

After each antenna input signal with a relative time delay
and scattering coefficient has been combined along with the
directional pattern of the arrayed antenna, the received sig-
nal at the arrayed antenna is calculated in next equation [29].
Let (i, j) be the coordinates of the reflected point on the sea-
surface.

x, ()= R (OE, (YMP(t -1, (16)

1
mdi‘j ®
where attenuation factors d; ;(¢) is the distance from the re-
flection point coordinate (i, j) to the antenna, R, ;(1) is the
scattering coeflicient at the reflection point, and E; ;(7) is the
electric field intensity of the incident wave at coordinate (i,
J). Tijis a time delay, and MP(t — 7; ;) is the reflected sig-
nal from the sea surface with time delay 7, ;. Equation (16)
without time delay 7;; can be seen with the normalized re-
ceived signal intensities on the modeled sea-surface illus-
trated in Fig, 12

From Fig. 12, there are many reflected signals of strong
intensities in the white area, and there are many reflected
signals of weak intensities in the black area. The received
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Fig.13  Normalized correlator and TKEO output.

signal at the arrayed antenna is calculated by considering the
time delay of the reflected signal, 7; ;. As the variations of
the strong and weak signals are consistent with the signifi-
cant wavelengths of the simulated sea swell and the strong
and weak signals have different time delays, the wavelengths
of the modeled sea swell in the direction of the received an-
tenna can be measured.

4.3 Estimation for Wave Characteristics
4.3.1 Correlator and Teager-Kaiser Energy Operator

Figure 13 shows one example of the correlator and TKEO
output signals. In this figure, the solid line shows the cor-
relator output and a series of bars show the TKEO outputs.
The highest bar of the TKEO output is the most significant
reflected signal from the near specular reflection area, which
indicates 107 meters on the horizontal axis and shows the
relative time delay from the LOS signal. The higher TKEO
output peaks located on the right side of the highest bar are
reflected signals from the measurable sea-surface.

4.3.2 Estimation of Wave Length and Period

The TKEO output signals are arranged in a measurement
time series in reference to Fig. 9. In Fig. 14, TKEO output
signals are lined up, and the magnitude of TKEO outputs
are shown by the gray scale, and the white area shows the
strong reflected signals from the measureable sea-surface.
In Fig. 14, we found several white areas that show a ten-
dency of downward-sloping above the specular reflection
area that is above 100 meters on the vertical axis.

From the viewpoint of estimation for wave characteris-
tics, the TKEO outputs are binarized. In Fig. 13, there are
no reflected signals before the highest bar of the TKEO out-
put, and the triple standard deviation value of the TKEO
output in the noise area is selected as a threshold level for
a binarization. Figure 15 shows the binarized results of the
TKEO outputs in Fig. 14. From the binarization results in
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Fig.14  Time series alignment of TKEO output.

horizontal distance to antenna (meter)

10 15 20 % 30 kL] 40
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Fig.15  Binalized time series alignment of TKEO output.

Fig. 15, the wavelength and wave period can be estimated to
be about 200 meters and 20 seconds respectively.

5. Conclusion

A bistatic ocean wave remote sensing system consisting of
an arrayed antenna, front-ends and wave characteristic esti-

mator was proposed. The arrayed antenna received the sig-

nals from its facing direction, and was configured to form
a very narrow fan beam directional pattern. The front-end
with wider bandwidth was designed to identify sequentially
reflected signals from the measurable sea-surface. The cor-
relator and TKEO outputs, which were obtained by the wave
characteristic estimator to identify relative time delays of re-
flected signals, estimate the wavelength and wave period in
the direction of the arrayed antenna. Additionally two re-
mote sensing systems can estimate the true wave direction
and wavelength by means of the composition of each vector
component.

A numerical simulation was executed to evaluate the
capability of the proposed remote sensing system. Accord-
ing to simulation results, the wavelength and the wave pe-
riod of the specified sea swell can be estimated. Conse-
quently, the proposed system is available and efficient to es-
timate wavelength, wave period and wave direction of the
sea swell of long periods.
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