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Abstract. The authors report the results of the computaukitions of the performance and
accuracy of the sea wind speed and direction wetri@he analyzed measurements over the
sea surface are made by the airborne microwave IBoppavigation system (DNS) with three
Y-configured beams operated as a scatterometerneimgaits functionality. Single- and
double-stage wind measurement procedures are mdpasd recommendations for their
implementation are described.

1. Introduction

In avionics systems, one of the key problems issméiag a sea surface wind. It is desirable to
integrate the remote sensing technique with theay@irborne instruments on board of the aircraft,
such as the DNS.

Several design concepts of airborne acceleromefdi®e sea surface wind based on the physical
models of backscattering from the sea surface l@en recently suggested and evaluated by the
authors in [1-3]. Here let us focus on the Y-beamfiguration of the DNS and evaluate the accuracy
of procedure for the wind retrieval over the wat€he roll-and-pitch-stabilized antenna system
provides stability of beams locations, which isndigant for airborne scatterometers. At the same
time, due to the specificity of the three-beam getwynof DNS, some disadvantages may be revealed
at sea wind retrieval. The conceptual approach,sorement principle, recommendations and
algorithm considered in this paper could be usedhe functionality enhancement of the three-beam
DNS.

2. Materialsand methods

DNS is a self-contained radar system designed dwige the measurement of the aircraft ground
speed and drift angle based on the Doppler prie@pld to perform the dead-reckoning navigation of
aircraft. Modern standalone DNSs are the Ku-bamthna Three typical beam geometries can be
realized for the DNS three beam antenna. The tygeametry of the DNS with three Y-configured
beams is given in Figure 1.
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Figure 1. The typical geometry of the DNS with three Y-cgpfied beams.

The geometry is such that Beams 1 and 3 are forlealdng and pointed correspondingly to the
right and left sides of the aircraft long axis. Theunting angle of the beam axis in horizontal plan
Iy is typically between 15° and 45°. Beam 2 is alibeking with a 0° mounting angle of a beam axis
in the horizontal plane. The beams are identicdl tie mounting angle for a beam axis in vertical
plane 6, (typically between 15° and 45°) is the same fdrtla¢ beams. For Beams 1 and 3, the
mounting angle of a beam axis in inclined plapénominal angle between antenna longitudinal axis
and central beam direction) is between 65° and Bf#éctive antenna beamwidiy is between 3° and
10°. The angular resolutions provided in the azivabiand vertical planes afex andA#d, respectively.
Thus, operating over the water, DNS can selecptwer reflected from the sea surface from three
different azimuth directions relative to aircraftiucsey that can be used for sea-surface wind retrieval
when DNS is working as a three-beam wind scatteteme

Geophysical model functions that describe the batker from the sea/ocean surface are presented
frequently in the following form [4]:

oU,60,a)=AU,0)+BU ,f)comr+C U @ )cos(@ , Q)

where o’ (U,6,a) is the normalized radar cross section (NRC&)YJ,0), B(U,8) and C(U,8) are
the Fourier terms dependent on water-surface wimpged U and incidence anglef,
AU, 8)=a,(OU"?, BU,0)=a (O"?, andCU,0)=5,([OV"“; a,(8), a(b). 2,(6). 1,(9).
¥, (6) and y,(6) are the coefficients dependent on the incidenageamadar wave length, and

polarization;a is the azimuth illumination angle relative to tig-wind direction. The key feature of
Equation (1) is that, if three or more NRCSs are&aioled from different directions with the equal
azimuthal angle between the nearest directionan{fgahe sum value df NRCSs obtained will be
equal to the product ™ and A(U,8), and so the wind speed could be easily found fA(, 6) .

Let the aircraft use DNS with a three-beam antetizd is physically stabilized to the local
horizontal so that current beam incidence afiglemains essentially constant and equal to the beam
mounting angle in vertical plarfg. The aircraft performs a horizontal rectilineagliit with speed/ at
some altitudeH above the mean sea surface, and aircraft cauiséhe same as its ground track. In
that caseyoa1, Woa2 andygas are the directions of Beams 1, 2, and 3 relativehé aircraft course,

Wour=T oo Wy.,=180, andy,,,=360 —I ,; and so the NRCSs obtained with Beams 1, 2, and 3
areo’U,6,,a+y,,,), ocU.6,,a+y,,,),ando"U,§,,a +y,, ;), respectively.
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Assuming that the wind blows over the sea in diogaf,,, the angle between the up-wind direction
and aircraft course is a, and the geophysical model function used for tledwetrieval is in the
form of Equation (1), the wind speed and up-wingclion can be evaluated from the system of three
equations:

0 U.6,0+¢,,,)=AU.0,)+BU .f)costr+¢ o, ;1 CU Fp)cos(U+¢ g , ),
0 U.6,a0+,,,)=AlU.6,)+BU .8 )costr+ o, ,yCU &, )cos(H+¢ , ,) 2
0°(U,6,,0 +,,5)= AlU.p)+ BU .0,)coslr + o, 5+ C U 0,)COK(a + ., 3)),

and then, the navigational direction of the seadvaan be found as:
Y,=¢-a+180. 3)

Hence, the problem of the sea-surface wind estimaliy the three-beam DNS comes to the
problem of the wind measurement by means of a{heeen scatterometer with the implementation of
the appropriate scatterometer technology, includingnternal calibration realized in scatterometers
by coupling a small portion of a signal from thansmitter channel into the receiver channel.

Thus, the wind retrieval method considered in trenuascript consists in obtaining the required
number of NRCS samples for each azimuthal direatibserved by the DNS beams, search for the
best coincidence of the integrated NRCS values thighgeophysical model function (1) by solving
the System of Equation (2) by the method of legsiases to obtain the wind speed and up-wind
direction, and then its recalculation into navigativind direction with Equation (3).

To investigate the sea-wind measurement applitakofi the measuring geometry (Figure 1), a
simulation for some particular locations of beaneeds to be performed. For this purpose, the
geophysical model function (1) from [4] for the lzontal transmitted polarization is used to obtain
the ideal azimuthal NRCS curve. Then, a Rayleigliwd?o(Exponential) distribution is used to
generate the “measured” azimuth NRCSs. Furtherasmed” azimuth NRCSs are integrated and
wind retrieval procedure described above is apphigd the help of the Monte Carlo simulations with
50 trials at the wind speeds from 2 to 20 m/s. Jiheulation results are presented in the next sectio

3. Resultsand discussion

First of all, the authors had evaluated Y-configubeams geometry for Beams 1, 2, and 3 with the
directions of 60°, 180°, and 300° relative to theraft course, respectively. This geometry is very
convenient for a simple wind speed retrieval procedising the following equation:

_ A(U,go) ﬁ%) _ ;Uc(u,go,a+woaj) 0(60)
Tl ) T ! (@)
ao(‘go) Nao(go)

wherei =1,N, N is the number of NRCS values obtained from difierdirections with the equal

azimuthal angles between the nearest directioremibg N = 3. In this caselN equals 3. Simulations
had been performed for the incidence angles of(¢& increased incidence angle providing better
usage of the anisotropy of the microwave backstagfdrom the water surface). 1565 “measured”
NRCS samples had been averaged for each azimuhal at the 45° incidence angle. The simulation
results without instrumental noise and with theauagstion of the additive instrumental noise had been
obtained. A 0.2 dB instrumental noise had beenidensd at the incidence angle of 45° to analyses it
influence on wind retrieval in spite of the facathhe 0.2 dB instrumental noise could lead tonhel
speed retrieval error of 0.5 m/s only at a C ba&jdThe results of the authors’ study are summed in
Figures 2 and 3 that represent the average roomsmgaare (RMS) and maximum errors of wind
speed and direction retrieval for the wide randesiraulated wind speed (from 2 m/s to 20 m/s) and
azimuth angles (from 0° to 359°).
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Figure 2. Simulation results for the three Y-configured beagaometry with the beam directions

of 60°, 180° and 300° relative to the aircraft rsguat the incidence angle of 45° with the
assumption of 0.1 dB at the wind speeds of 2—-20witls 1565 averaged NRCS samples for each
azimuthal angle.

The simulations for the three Y-configured beamsngetry with the beam directions of 60°, 180°,
and 300° relative to the aircraft course at thederce angle of 45° had shown that the maximum
errors of the wind speed and direction retrievahwit instrumental noise are 0.65 m/s and 90°, and
with assumption of 0.2 dB instrumental noise, they0.66 m/s and 90° (Figure 2).

The wind speed retrieval errors are within the eanftypical errors of a scatterometer, and the
wind direction retrieval errors exceed the typigabrs of scatterometer measurements.

The simulations demonstrated that three beams @rernough for unambiguous retrieval of the
wind direction in case of such scatterometer operat the rectilinear flight during the single-gag
measurement, and so a number of the observedidivedinumber of beams) need to be increased.
One way is to use a four-beam scatterometer (DNE)Another way can be the application for a
double-stage wind measurement procedure when NRE&sobtained from the three azimuthal
directions at the first stage and then from thedhadditional NRCSs for the other three azimuthal
directions at the second stage, after the airtuaftto an appropriate azimuthal angle. Thus, tths
stage measuring procedure allows obtaining NRC&w fix different azimuthal directions. In this
case, the wind retrieval procedure is based onsys¢em of equations similar to the System of
Equations (2) but with six NRSC equations corresgjpamnto six azimuthal directions observed. This
double-stage wind retrieval procedure was alsoyaedlwith the help of the simulations.

The simulations at a double-stage flight measureérdwerthe three Y-configured beams geometry
with the beam directions of 60°, 180°, and 300atre¢ to the aircraft course at the incidence aongle
45° with a 60° aircraft turn, the simulations hadwn that the maximum errors of the wind speed and
direction retrieval without instrumental noise 8ré8 m/s and 4.4°, and with assumption of 0.2 dB
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Figure 3. Simulation results at a double-stage flight measent for the three Y-configured beams
geometry with the beam directions of 60°, 180°, &0@° relative to the aircraft course at the
incidence angle of 45° with a 60° aircraft turn enthe assumption of 0.1 dB at the wind speeds of
2—20 m/s with 1565 averaged NRCS samples for edntughal angle.

instrumental noise, they are 0.49 m/s and 4.6°uf€i@). The errors are within the range of typical
errors for the wind retrieval by a scatterometer.

These simulation results show clearly that airbosnatterometers having Y-configured beams
geometries performing a double-stage flight winchseement are feasible for estimation of the wind
speed and direction, and so the DNS operating scatierometer with three Y-configured beams is
also quite suitable for wind estimation over tha.se

Thus, a single-stage measurement results obtain#dtk asea-surface wind measurement by the
airborne three-beam scatterometer (or DNS in atesoamteter mode), which have the three Y-
configured beams geometry, can be refined withhiglp of the second stage of measurement when
joint results from the first and the second stagesused for retrieval of the wind speed and dact

In fact, the double-stage measurement with theethemam scatterometer is equivalent to the single-
stage measurement with a six-beam scatterometeratlvavs eliminating ambiguity in the wind
direction recovery.

The sea wind measurement by the DNS should be etetpin accordance with the following
recommendations. The single-stage measurement segter establishing the stable horizontal
rectilinear flight at a given altitude and speedlight. The measurement finishes after obtaining t
required number of NRCS samples for each beanedéssary, the measurement at the second stage
is performed after an aircraft turned at an appat@razimuthal angle and established again théestab
horizontal rectilinear flight at a given altitudechspeed of flight.

4. Conclusion
The obtained results show clearly that airbornett@caneters with three Y-configured beams
geometries are feasible to perform the sea-winédspeeasurements at the rectilinear flight. The best
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from the beams geometries considered is the gepnvétr the beam directions of 60°, 180°, and 300°
relative to the aircraft course, which has the sazimuthal angle between the nearest beams. This
configuration of beams provides the lowest maximemor of the wind speed retrieval. Also, the
study has demonstrated that three beams may lmpitetenough for the unambiguous retrieval of the
wind direction in case of such airborne multibeaat®erometer during a single-stage measurement at
the rectilinear flight.

In this connection, a double-stage wind measuremertedure when NRCSs is obtained from the
three azimuthal directions at the first stage, @, other three additional NRCSs are obtainewh fro
other three azimuthal directions at the secondestdter aircraft turn at an appropriate azimuthal
angle. All this can be efficient to decrease bothdwdirection and wind speed retrieval errors as a
double-stage measuring procedure, which, in fallbwa obtaining NRCSs from six different
azimuthal directions. In that case, the best froengeometries considered again is the geometry with
the beam directions of 60°, 180°, and 300° relativedhe aircraft course and a 60° angle of turn
between the first and the second stage of measateme

Regarding the three-beam DNS enhancement to petf@reea-wind measurements, a DNS with
the stabilized three Y-configured beams antennaldhalso have the beam directions of 60°, 180°,
and 300° relative to the aircraft course, or toclmse to that values. The horizontal transmitted an
receiver polarization, providing the greater difiece between the up-wind and down-wind NRCS
values than the vertical transmitter and receivdarnzation, and the internal calibration should be
applied in the DNS to provide precise wind meas@msin a scatterometer mode.
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