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The advantage of bistatic remote sensing is the ability to measure in a remote area from
the receiver and transmitter. In this case, the scattering will remain quasi-specular and

is calculated in the Kirchhoff approximation. This makes it possible to obtain an explicit
relationship between the scattering characteristics and the parameters of the water surface,
which opens possibilities for creating new algorithms for solving the inverse problem of
retrieving wave parameters. In addition, the power of the received signal in the quasi-specular
reflection region significantly exceeds the power of the reflected signal in the resonant scattering
region, which makes it possible to use the signals of satellite navigation systems reflected from
the underlying surface for remote sensing tasks. In this work, a formula is given for the
Doppler spectrum (DS) of radiation reflected by a water surface in a bistatic formulation
of the problem, taking into account the antenna patterns of the receiving and transmitting
antennas, taking into account the movement of the receiver and transmitter. A feature of the
approach used is the description of the water surface by six second-order statistical moments.
The features of the DS model are investigated depending on the geometry of the problem, on
the speeds of the transmitter, and on the direction of the wave propagation. An algorithm
is proposed for determining the direction of wave propagation from measurements of the DS

characteristics of reflected radiation.
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Introduction

At present, one of the most developing areas
of remote sensing of the World Ocean is research
devoted to the analysis of reflected signals from
satellite navigation systems. They are based on
the principles of multi-position radar. The idea
of analyzing signals from global navigation satel-
lite systems (GNSS) reflected by the water surface
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to measure tide heights was proposed as early as
1993 [Martin-Neira, . The technique for an-
alyzing the reflected GNSS signals is called GNSS-
R. The proposal to use GNSS-R to solve a wide
range of remote sensing problems seemed promis-
ing and the theoretical aspects of this approach to
remote sensing began to develop rapidly [Zavorotny
et al., Cardellach et al., . Today, using
GNSS-R, the parameters of the sea surface, soil,
vegetation, ice, and snow cover is retrieved.

Small satellites of the UK-DMC disaster moni-
toring mission have successfully conducted a num-
ber of experiments since 2004 to demonstrate the
capabilities of analyzing reflected GPS signals from
water, land, and ice cover [Clarizia et al.,
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Gleason, . Unique experiments on the recep-
tion of GLONASS signals reflected by the water
surface, considering their features and advantages,
were carried out at the offshore testing area in Swe-
den [Hobiger et al., 2014].

A significant step forward in this area was the
launch in 2016 by the American space agency
(NASA) of the CYGNSS mission [Ruf et al., [2016],
consisting of 8 moving one after another small
spacecraft equipped with GPS signal receivers, de-
signed to study the parameters of surface waves in
tropical cyclones. Since 2017, the system is fully
operational, and the measurement results are pub-
licly available. In 2019, a group of two Chinese
BuFeng-1 A / B satellites was launched into orbit,
designed to restore the surface wind speed based
on the analysis of reflected signals from navigation
satellite systems [Jing et al., .

In Russia, a system was developed for construct-
ing radar images of the underlying surface based
on the GNSS reception on unmanned aerial vehicles
[Fateev et al., . An energy calculation was car-
ried out for the possibility of placing a receiver of
reflected GPS / GLONASS signals on small space-
craft to monitor the state of the sea surface [Sakhno
et al., .

This work is devoted to the development of an
original approach for calculating the characteristics
of the Doppler spectrum (DS) of quasi-specularly
reflected radiation, which takes into account the
antenna patterns (AP) and allows one to obtain
analytical formulas explicitly expressing the rela-
tionship between the DS and the wave parameters.
Initially, this approach was developed for monos-
tatic sensing at low incidence angles [Karaev et al.,
Kanevskit and Karaev, .

In [Titchenko and Karaev, , an approach to
calculating the characteristics of DS radiation re-
flected by a water surface in a bistatic formulation
of the problem for a stationary receiver and trans-
mitter began to form. In [Titchenko et al., ,
a particular case of radiation and reception along
one straight line parallel to the direction of wave
propagation was considered and the first algorithm
for retrieving six wave parameters was proposed in
the presence of three antennas with different AP at
the receiving point. The next step was to consider
the movements of the receiver and transmitter in
the formulas [Titchenko and Karaev, [2018]. The
work [Titchenko and Karaev, is devoted to
the study of the influence of wave parameters on
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the characteristics of the reflected radiation when
taking into account the AP and it is theoretically
shown that for the optimal solution of the inverse
problem it is possible to use the width and shift
of the DS of the reflected radiation in addition
to the traditional backscattering cross-section with
the correct choice of AP.

In this work, the formula for the DS of reflected
radiation is presented for the first time in the
bistatic formulation of the problem, considering the
AP of the receiving and emitting antennas.

Doppler Spectrum Model

Experimental measurements have shown that four
characteristic regions can be distinguished in the
scattering of waves by the sea surface [Bass and
Fuks, Valenzuela, . At angles of reflec-
tion close to specular, the scattering has a quasi-
specular character and is well described by the tan-
gent plane approximation (Kirchhoff’s approxima-
tion). Resonant scattering, described by the per-
turbation method, dominates in the region of aver-
age angles of deviation from the specular beam. In
the transition region of receiving angles to describe
scattering, it is necessary to use both methods si-
multaneously. If sensing occurs at small grazing
angles, then shading must be considered. Let us
consider the scattering of waves by the sea surface
in the quasi-specular reflection region.
shows the problem statement.

)X

Figure 1. Problem statement.
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In the figure, the number 1 marks a transmitter
emitting a wave with a wavenumber k = 27w /A, A
— wavelength. The number 2 marks the receiver.
Points 1 and 2 are moving at speeds ﬁl(vx, Vy, V2)
and Vo(Vry, Vry, Vr,). The direction of wave prop-
agation ¢ is measured from the positive direction
of the X axis. AP are assumed to be Gaussian
and 62, 6§T, 62,, 5§t — width of the AP of the re-
ceiving and transmitting antennas at half power
level in the X and Y planes. Grazing angle for
the transmitter — ¢. Grazing angle for the receiver
— x. Distance from the transmitter to the center
of the AP footprint on the water surface — Ro;.
Distance from the receiver to the center of the AP
footprint on the water surface — Rgo. In compari-
son with the geometry considered in [ Titchenko and
Karaev, , in this case, it was assumed that the
receiver, transmitter, and the point of intersection
of the AP footprint centers with the water surface
are located in the same plane Y = 0. In this case,
to simulate the case of backscattering, the grazing
angle of the receiver should be calculated as follows:
x = 180° — .

In the Kirchhoff approximation for the Fraun-
hofer zone, assuming a normal distribution of sur-
face heights and the absence of shading, the DS
shape will be described by the following Gaussian
formula:

S()((,U) =
Veislexp | = (Cry + oy,) tan” %
eff 2((CRy + ng) (agm + Cpa) — K%y)
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and

52 2
b [t )

_ 5.52sin?¢ \ Roi
e R3,02, sin x 2
5 +1 (1+ . )
R015yt sin v

— the coefficients that determine the effective AP of
the receiver, which describes the distribution of the
field intensity on the water surface and, for exam-
ple, in the case of equal distances to the receiver
and the transmitter Rgo = Ry, the same anten-
nas of the receiver and the transmitter (55” =62

yto
62, = 62,, and the same grazing angles of the
receiver and the transmitter ¢ = y, the coeffi-

cients take the following forms: Cr, = §2,/11.04,
QRy = 55,/ (11.04 sin? 7,/;); fof — effective reflec-
tion coefficient. In the case of only smooth large-
scale irregularities, the reflection coefficient (Fres-
nel coefficient) is written as follows [Bass and Fuks,

1979):

cos® — /e —sin? O
cos@+\/5—sin2@’
B £cos® — Ve —sin’ O

gcos® + e —sin?©

—for electromagnetic waves of horizontal and ver-
tical polarization, € — complex dielectric constant
of a water surface; It should be noted that © =
90° — (v + x)/2 is the local angle of incidence on
the specular reflecting site. In the monostatic case
when the receiver and the transmitter are in the
same place — © = (0°. In this paper, all calcula-
tions will be given for the vertical polarization of
the emitted and received electromagnetic waves. It
should be noted that under sea conditions the re-
flection coefficient depends on the intensity of the
small-scale component of the wave spectrum. To
take this effect into account, instead of the Fresnel
coefficient, we introduce the concept of the effective
reflection coefficient; o2, and ng — the slope vari-
ances of large-scale waves, in comparison with the
radiation wavelength along the X-axis and along
the Y-axis, respectively; o7 — vertical orbital veloc-
ity variance; K,; and Ky; — correlation coefficients
of slopes and vertical orbital velocity; K, — the
correlation coefficient of slopes along the X and Y
axes.

The width of the DS at the level of —10 dB is:

VI (0, x) =

VY (1, x)
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The width of the DS is caused by the spread in
the velocities of the observed reflecting sites. In
the case of fixed carriers, the maximum possible
variance of the observed velocities is equal to the
vertical orbital velocity variance o2, which can be
achieved only in the absence of a correlation be-
tween the slopes and the vertical orbital velocity
K, and Ky, which means that each reflector with
any slope of the surface has a velocity variance
equal to oZ. With an increase in the correlation
of the slopes and the vertical orbital velocity, the
observed velocity spread decreases until it turns to
zero, as, for example, in the case of a sinusoidal sur-
face (with a narrow effective AP), where there is a
rigid connection between the reflector slope and its
velocity.

The shift of the DS in Hz will be expressed as
follows:

Kyta4 + Kacta3
s ey
a2

fsh:_iz

(KayKyt + (Cry + ng)th)(cosw — cos x)
(O-L%.I + CRJU)(CR?J + O-Zy) - K%y

D(V1, Vz)) (3)
The DS shift is determined by the average speed
of the observed reflective sites. At the same an-
gles of radiation and observation ¥ = Y, it is de-
termined only by the speed of movement of the
carriers since the mathematical expectation of the
vertical orbital velocity is 0.

The scattering cross-section, calculated as the in-
tegral of DS over frequency and is expressed as
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Figure 2. Dependence of DS characteristics on the direction of waves at different AP

for a wind speed of 5 m/s.

follows:
2
Veff‘
0p= ————X
5 eost LT X
2
Y —x
— tan? 5 (C’Ry + O'Zy)
exp

2((o%2 + Cra) (Cry + 0j,) — K32,
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The scattering cross-section is determined by the
number of observed reflective sites. As can be seen
from formula , the scattering cross-section de-
creases with an increase in the slope variance and
reaches its maximum value at ¥ = x .

In formulas and the AP of the antenna
in the corresponding plane is always added to the
slope variances of the reflecting surface. This makes
it possible to retrieve the slope variances from the
measurements of the DS shift or the scattering
cross-section (4)) using at least two antenna systems
with different AP [Titchenko and Karaev, 2019].

The characteristics of DS , and (4] fully
describe the model DS and will be investigated
further in this work. Surface parameters in this
work will be calculated using the wave spectrum
model from [Karaev et al., Ryabkova et al.,
, for fully developed wind waves and a radia-
tion wavelength of 23 cm (L-band).

Features of the DS Model for the Case
of GNSS-R

Let us consider the measurement scheme for the
case of receiving the reflected GNSS signal on a
stationary offshore platform. Let us take the veloc-
ity of the navigation satellite in the earth-centered,
earth-fixed reference system (ECEF): V, = 2523
m/s, V, = 361 m/s, V. = 1163 m/s, V,, =V, =
V,. = 0 m/s; distance from the center of AP foot-
prints on the sea surface to the transmitter and re-
ceiver: Rg; = 20000000 m, Ry = 100 m. It should
be noted that in this case where the distance to
the transmitter is much greater than the distance
to the receiver, the effective AP is determined only
by the receiving antenna and does not depend on
the transmitter antenna.

The dependence of the DS characteristics ,
and on the direction of wave propagation at
various receiving AP is shown in

It can be seen from the figure that the DS shift
is determined only by the speed of the satellite and
does not depend on the wave parameters and the
AP. It is also seen that the scattering cross-section
decreases with an increase in the AP of the re-
ceiving antenna and has an azimuthal dependence
when using an asymmetric AP. The DS width, on
the contrary, grows with an increase in the AP of
the receiving antenna and has an azimuthal depen-
dence. The weak azimuthal dependencies of the
DS width and the scattering cross-section when us-
ing a wide antenna are explained by the distortion
of the AP footprint when the receiving antenna is
tilted. Using azimuthal measurements of the DS
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Figure 3. Dependence of DS characteristics on the azimuthal direction of navigation
satellite velocity at a speed module in the azimuthal plane /V;2 + V2 = 2550 m/s and
1 = x = 60° at various AP for a wind speed of 5 m/s.

width and scattering cross-section, it is possible to
determine the direction of wave propagation with
an uncertainty of 180°.

Further, in we consider the dependen-
cies of the DS characteristics on the azimuthal di-
rection of the navigation satellite for a fixed direc-
tion of wave propagation ¢ = 0.

The satellite velocity module in the azimuth plane
is 2550 m/s. The direction of the navigation satel-
lite velocity 0° corresponds to the movement of the
satellite in the Y = 0 plane in the positive direc-
tion of the X axis with velocities V, = 2550 m/s,
Vy, = 0 m/s. The direction of 90° corresponds to
the movement of the satellite with velocities V, = 0
m/s, V, = 2550 m/s. The wave propagates along
the X axis. The Figure also shows the effect of the
vertical velocity V, of the navigation satellite on the
characteristics of the reflected signal. It can be seen
from the figure that the navigation satellite veloc-
ity does not affect the scattering cross-section and
width of the DS, which will be convenient for deter-
mining the direction of wave propagation. The DS
shift, on the contrary, is sensitive to changes in the
direction of the satellite velocity and to its vertical
speed, and at the same time is not sensitive to the
AP, which, in combination with insensitivity to the
direction of wave propagation (see , can
be used to determine the navigation satellite veloc-
ity relative to the ground.

Let us consider the case of a fixed grazing angle
of the receiver x = 60° and the flight over it of the
navigation satellite in In this case, the
grazing angle of the transmitter will change during
the passage of the satellite. The figure shows the
dependencies for different receiving AP and differ-
ent azimuthal angles of wave propagation.

The figure shows that the scattering cross-section
weakly depends on the wave direction in the case of
using a wide AP, and the sensitivity to the grazing
angle of the transmitter for a wide receiving AP is
also much lower than that for a narrow AP. The DS
width, on the contrary, is insensitive to changes in
the wave propagation angle with a narrow receiv-
ing AP, whereas with a wide AP, a dependence on
the wave propagation angle appears, while the DS
width also increases with increasing AP. The DS
shift turns to 0 at ~ 65.5°, which means that at
this grazing angle the sum of the projections of
the vertical and horizontal velocities on the sens-
ing axis is 0. Knowing the speed of the navigation
satellite, the measurement of the DS shift will allow
monitoring the grazing angle of the transmitter.

Conclusions

In this paper, for the first time, a complete ana-
lytical formula for the DS of the reflected signal
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Figure 4. Dependence of DS characteristics on the grazing angle of the GNSS signal at
a speed V, = 2550 m/s, V, = 0 m/s, V, = 1163 m/s and x = 60° and Ry = 100 m at
different AP and angles of wave propagation ¢ for a wind speed of 5 m/s.

is presented in the bistatic formulation of the prob-
lem. When calculating, you can set the velocity of
movement of the transmitter and receiver, grazing
angles, and consider the AP. The formula for the
DS depends on 6 statistical parameters of waves,
which can be retrieved when solving the inverse
problem.

The bistatic formulation of the problem expands
the range of applicability of the quasi-specular scat-
tering model for sensing the sea surface in compar-
ison with the monostatic one.

The paper considers the case of signal emission
by a navigation satellite and reception of radiation
reflected by the water surface on a stationary off-
shore platform by a fixed receiver. As a result, it
was shown that in this scheme, by measuring the
characteristics of the DS, the azimuthal angle of
wave propagation with an uncertainty of 180° can
be determined when using receiving antennas with
asymmetric AP.

For sensing from space, a scheme can be applied
using existing navigation satellites as transmitter
and receiver on a small spacecraft.

In comparison with the most popular method
for calculating the characteristics of reflected sig-
nals from navigation satellites [Zavorotny and
Voronovich, , the method considered in this
paper does not require the use of a wave spectrum
model. On the one hand, this makes it possible to
calculate the characteristics of the Doppler spec-
trum using known or measured by other methods
wave parameters, for example, using an underwater

acoustic wave gauge [Titchenko and Karaev,
or using spacecraft, for example, in the GPM mis-
sion [Panfilova et al., . On the other hand,
in the DS formula, there is an explicit connection
between the characteristics of the reflected signal
and the wave parameters, which opens possibilities
for retrieving these wave parameters from the DS
measurements.
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