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Abstract: We consider different antenna configurations, ranging from simple X-configuration to
multi-beam star geometries, for airborne scatterometric measurements of the wind vector near the
ocean surface. For all geometries, track-stabilized antenna configurations, as well as horizontal
transmitter and receiver polarizations, are considered. The wind vector retrieval algorithm is
generalized here for an arbitrary star geometry antenna configuration and tested using the Ku-Band
geophysical model function. Using Monte Carlo simulations for the fixed total measurement time,
we show explicitly that the relative wind speed estimation accuracy barely depends on the chosen
antenna geometry, while the maximum wind direction retrieval error reduces moderately with
increasing angular resolution, although at the cost of increased retrieval algorithm computational
complexity, thus, limiting online analysis options with onboard equipment. Remarkably, the simplest
X-configuration, while the simplest in terms of hardware implementation and computational time,
appears an outlier, yielding considerably higher maximum retrieval errors when compared to all
other configurations. We believe that our results are useful for the optimization of both hardware and
software design for modern airborne scatterometric measurement systems based on tunable antenna
arrays especially, those requiring online data processing.

Keywords: airborne scatterometer; multi-beam antenna configuration; star geometry; ocean surface;
wind vector; retrieval accuracy

1. Introduction

Despite the recent decades’ great success of satellite radar observation technologies, airborne
radars provide a powerful alternative for high-resolution measurements of the ocean surface. They are
especially useful within local areas near complex-shaped coastlines, straights, and archipelagoes that
largely perturb the surrounding flows and winds, leading to the formation of complex local currents
and/or near-surface wind fields structures, and largely limiting the efficacy of sparse-grid satellite
measurements. Depending on the measurement techniques used, particular components can be
extracted, e.g., the over-surface wind fields can be retrieved by scatterometric measurements that are
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largely unaffected by large (e.g., tidal) waves, but are only sensitive to the wind-driven centimeter-size
capillary waves, and in this way distinguish them from other parts of the ocean wave spectra.

Both ocean surface currents and near-surface wind fields can be successfully retrieved using
radar observations. While ground-based radar observations are largely limited by the straight view
requirement, which restricts their use to near-coastline areas, airborne radar technology is partially
free of the above limitations. With the enhancement of light aircraft technology, the measurement
opportunities provided by airborne radars continuously increase and will likely continue to do so in
the near future.

The near-surface wind vector over the ocean can be successfully estimated using scatterometric
measurement techniques [1,2]. The scatterometer determines the normalized radar cross section
(NRCS) of the observed surface and provides a retrieval of the wind vector parameters above it with
the help of specialized geophysical model functions (GMFs) that relate the measured NRCS σ◦(U, θ, α),
wind speed U, incidence angle θ, and azimuth illumination angle α relative to the up-wind direction
and other environmental parameters. For operational use, the GMFs are represented in various forms.
One of these forms is [3]:

σ◦(U, θ, α) = A(U, θ) + B(U, θ) cos α + C(U, θ) cos(2α), (1)

where A(U, θ), B(U, θ), and C(U, θ) are the coefficients, which are A(U, θ) = a0(θ)Uγ0(θ),
B(U, θ) = a1(θ)Uγ1(θ), and C(U, θ) = a2(θ)Uγ2(θ); a0(θ), a1(θ), a2(θ), γ0(θ), γ1(θ), and γ2(θ) are the
coefficients dependent on the incidence angle, radar wave length, and polarization.

The backscattering from the ocean surface depends on both the wind speed and direction.
Therefore, this feature can be used for the retrieval of the near-surface wind vector. This estimation
process is performed by a so-called model function inversion that appears as a complex nonlinear
procedure, as one can easily see from Equation (1). The antenna configuration and the geometry of its
beams are important factors for the scatterometer wind retrieval efficacy.

In earlier considerations, the use of different antenna configurations has been considered,
including both fixed- and rotating antenna systems, with or without horizontal stabilization,
with measurements performed during either circular or rectilinear flight [4–16]. While our previous
research largely focused on the possibility of using various existing onboard equipment for overall cost
reduction [17–20], no systematic comparison of both the accuracy and performance of the measurement
algorithms for different antenna configurations has been done.

However, nowadays, after long-term periods of increase in fuel price and the decrease of electronic
equipment costs, it appears plausible to use specially designed lightweight equipment that only need
light aircraft to carry them. As modern phase antenna arrays are capable of effective adjustment of their
configurations and beam geometries by software controlled spatial filtering, the choice of a particular
option would rather be balanced by the potential accuracy and the requirements of computational
power for the online analysis by onboard equipment or data storage or the transmission interface for
offline analysis later on the ground.

As our earlier experience indicates, azimuthally diverse NRCS measurements are the best
option for scatterometric measurements [17–20]. That is why wind scatterometers often have either
single-beam rotating antennas or multi-beam fixed antenna geometries. In the case of tunable antenna
arrays, the rotation of the antenna system can be effectively replaced by its consecutive electronic
switching between closely displaced beams. Thus, both above configurations could be effectively
generalized in a single multi-beam star geometry, where increase in the number of beams increases the
angular resolution of the analysis finally converging to the scenario that is effectively equivalent to
that provided by the single-beam rotating antenna.This way the use of tunable antenna arrays allows
all that to be implemented as a single fixed piece of equipment with software controlled parameters.

Therefore, this research aims to investigate the GMF analysis and the choice of the most suitable
geometry for the airborne multi-beam scatterometers.
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2. Materials and Methods

Let an aircraft be equipped with a multi-beam scatterometer (with an antenna system physically
stabilized to the local horizontal) perform a horizontal rectilinear flight with the speed V at an altitude
H above the mean ocean surface, the aircraft course ψ be the same as its ground track, and a GMF used
for a wind retrieval at medium incidence angles in the form of Equation (1). In the considered GMF,
the sum of NRCSs obtained with beams pointed in various directions with the same azimuthal angle
between the nearest beams is equal to the product of coefficient A(U, θ) and number of scatterometer
beams N, when N is equal to three or higher. Based on this feature, a star geometry for the orientation
of scatterometer beams in the azimuthal plane allows a simple wind speed retrieval by:

U =


N
∑

i=1
σ◦(U, θ, α + ψi)

Na0(θ)


1

γ0(θ)

, (2)

where i =
→

1, N, σ◦(U, θ, α + ψi) is the NRCS obtained with Beam i, and ψi is the direction of Beam
i relative to the aircraft course ψ. In addition, the star geometry allows the azimuthal NRCSs by
beams pointed with the equal azimuthal step that should minimize the azimuthal error of the wind
direction retrieval by multi-beam scatterometer to be obtained. From Equation (1), one can see that in
the azimuthal plane, the NRCS curve is rather smooth while exhibiting four characteristic extremes,
including the principal maximum in the up-wind direction, the second largest maximum in the
down-wind direction, and two minima in the cross-wind directions slightly shifted for several degrees
to the down-wind direction. Accordingly, NRCSs should be obtained from at least four azimuthal
directions for unambiguous wind vector retrieval.

Now, let us consider a more generalized setting. Let the wind blow over the water in the direction
ψw and the angle between the up-wind direction and the aircraft course ψ be α. Then, the wind speed
and up-wind direction can be calculated from the following system of N equations:

σ◦(U, θ, α + ψ1) = A(U, θ) + B(U, θ) cos(α + ψ1) + C(U, θ) cos(2(α + ψ1)),
σ◦(U, θ, α + ψ2) = A(U, θ) + B(U, θ) cos(α + ψ2) + C(U, θ) cos(2(α + ψ2)),
· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·
σ◦(U, θ, α + ψi) = A(U, θ) + B(U, θ) cos(α + ψi) + C(U, θ) cos(2(α + ψi)),
· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·
σ◦(U, θ, α + ψN−1) = A(U, θ) + B(U, θ) cos(α + ψN−1) + C(U, θ) cos(2(α + ψN−1)),
σ◦(U, θ, α + ψN) = A(U, θ) + B(U, θ) cos(α + ψN) + C(U, θ) cos(2(α + ψN)).

(3)

As the antenna beams configuration follows star geometry, the wind speed can be found simply
from Equation (2) and then the up-wind direction is calculated from the system of Equation (3). Then,
the direction of the sea wind can be found by the addition of ±180◦ to the difference between the
aircraft course and the up-wind direction:

ψw = ψ− α± 180◦. (4)

Therefore, the problem of the near-surface wind retrieval over the sea/ocean surface by an
airborne multi-beam scatterometer can be successfully resolved using Equations (2)–(4) for any
particular configuration of the antenna beams as long as it exhibits star geometry.

3. Results

Recently, it has been shown that a Doppler navigation system (DNS) operated as a four-beam
scatterometer is feasible for wind speed and direction retrieval [19]. The best beams geometry



Remote Sens. 2018, 10, 1501 4 of 23

configuration for such an application was the X-configuration, with the same azimuthal angles between
the nearest beams that is identical to the four-beam star geometry.

To investigate the applicability of the star geometry of beams and feasibility of the wind retrieval
procedure proposed for a scatterometer, simulations have been performed for a various number of the
antenna beams orientated as a star in the azimuthal plane. The GMF for the horizontal transmitting
and receiving polarization from [21], with the following coefficients:

a0(θ) = 102.47324−0.22478θ+0.001499θ2
, a1(θ) = 10−0.50593−0.11694θ+0.000484θ2

,
a2(θ) = 101.63685−0.2100488θ+0.001383θ2

, γ0(θ) = −0.15 + 0.071θ − 0.0004θ2,
γ1(θ) = −0.02 + 0.061θ − 0.0003θ2, γ2(θ) = −0.16 + 0.074θ − 0.0004θ2

have been used for the inversion procedure, as well as a Rayleigh Power (Exponential) distribution,
which has been applied to simulate the “measured” NRCSs. An evaluation of the accuracy of
both the wind speed and direction recovery has been performed using Monte Carlo simulations
for wind speeds ranging from 2 to 20 m/s, with 30 independent trials for each wind speed and each
geometric configuration.

To evaluate the wind retrieval at medium incidence angles, the simulations have been performed
for three such incidence angles, in particular 30◦, 45◦, and 60◦. Simulations for different numbers of
beams have been performed such that the total number of the “measured” NRCS samples obtained
by all beams in the considered star configuration was either identical or very close to each other,
in particular 20000 for the 30◦ incidence angle, and 6260 at the incidence angles of 45◦ or 60◦. A higher
number of NRCS samples used at the 30◦ incidence angle is required due to the lower sensitivity for
the wind retrieval at that incidence angle compared with higher incidence angles [19]. The results are
shown for either no instrumental noise or with 0.1 dB noise at the incidence angle of 30◦ and 0.2 dB
noise at the incidence angles of 45◦ and 60◦.

For a four-beam star geometry (N = 4) with the beam directions of 0◦, 90◦, 180◦, and 270◦ relative
to the aircraft course, the number of “measured” NRCS samples averaged for each beam is 5000 at the
incidence angle of 30◦ and 1565 at the incidence angles of 45◦ or 60◦. Our simulations have shown
that without instrumental noise, the maximum errors of the wind speed and direction retrieval are
0.37 m/s and 10.3◦, 0.57 m/s and 4.8◦, and 0.48 m/s and 5.4◦, respectively, at the incidence angles of
30◦, 45◦, and 60◦. The simulation results with the instrumental noise assumption of 0.1 dB and 0.2 dB
are summarized in Figures 1–3, respectively. Here, the maximum errors were 0.39 m/s and 16.2◦,
0.58 m/s and 7.2◦, and 0.49 m/s and 6.2◦, respectively, at the incidence angles of 30◦, 45◦, and 60◦.

Similar simulation results for the intermediate configurations with N = 5, 6, 8, 10, 12, 18, and 36
beam geometries are provided in detail in Appendix A. At the other end stands the seventy-two-beam
star geometry (N = 72), with the equiangular beams directed with a 5◦ increment angle that is
comparable with a typical antenna beam angular resolution and thus should represent a scenario close
to the electronically “rotating” antenna system. Particular measurement angles, in this case, are 0◦, 5◦,
10◦, ..., 355◦ relative to the aircraft course, with the number of “measured” NRCS samples averaged
for each beam being 278 at the incidence angle of 30◦, and 87 at the incidence angles of 45◦ or 60◦.
The simulations without instrumental noise have shown the maximum errors of the wind speed and
direction retrieval of 0.31 m/s and 2.8◦, 0.46 m/s and 4.3◦, and 0.49 m/s and 3.4◦, respectively, at the
incidence angles of 30◦, 45◦, and 60◦. The simulation results with the instrumental noise assumption
of 0.1 dB and 0.2 dB are shown in Figures 4–6, respectively. The maximum errors are 0.32 m/s and
2.9◦, 0.47 m/s and 4.5◦, and 0.5 m/s and 3.5◦, respectively, at the incidence angles of 30◦, 45◦, and 60◦.
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180◦, and 270◦ relative to the aircraft course with an assumption of 0.1 dB instrumental noise at the
wind speeds of 2–20 m/s for the incidence angle of 30◦ with 5000 averaged NRCS samples for each
azimuthal angle.
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Figure 4. Simulation results for a 72-beam star geometry (N = 72) with the beam directions of 0 to 355° 
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180◦, and 270◦ relative to the aircraft course with an assumption of 0.2 dB instrumental noise at the
wind speeds of 2–20 m/s for the incidence angle of 60◦ with 1565 averaged NRCS samples for each
azimuthal angle.
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with a 5◦ increment relative to the aircraft course with an assumption of 0.1 dB instrumental noise at
the wind speeds of 2–20 m/s for the incidence angle of 30◦ with 278 averaged NRCS samples for each
azimuthal angle.
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measure a water-surface wind by an airborne scatterometer at medium incidence angles. The wind 
speed and direction retrieval errors are within the ranges of a typical scatterometer wind 
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with a 5◦ increment relative to the aircraft course with an assumption of 0.2 dB instrumental noise at
the wind speeds of 2–20 m/s for the incidence angle of 45◦ with 87 averaged NRCS samples for each
azimuthal angle.
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Figure 6. Simulation results for a 72-beam star geometry (N = 72) with the beam directions of 0 to 355◦

with a 5◦ increment relative to the aircraft course with an assumption of 0.2 dB instrumental noise at
the wind speeds of 2–20 m/s for the incidence angle of 60◦ with 87 averaged NRCS samples for each
azimuthal angle.

The above results clearly indicate the suitability of a multi-beam star-configured geometry to
measure a water-surface wind by an airborne scatterometer at medium incidence angles. The wind
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speed and direction retrieval errors are within the ranges of a typical scatterometer wind measurement
accuracy of±2 m/s and±20◦ [22], even in the worst case of the lower incidence angle of 30◦. The wind
speed error is lower at a lower wind speed and increases when the wind speed increases. At the same
time, the wind direction error decreases with an increasing wind speed. The advantage of higher
incidence angles can be attributed to the better appearance of the water-surface backscatter anisotropy
at those angles of incidence [23]. Therefore, to reach the same wind retrieval accuracy, the required
number of averaged NRCS samples at the incidence angle of 30◦ is larger than at 45◦ or 60◦.

4. Discussion

While the above diagrams provide complete information on the algorithm accuracy for all
parameter combinations, in practical scenarios, there is no a priory information about the wind
direction, and thus optimization must be performed for the arbitrarily chosen aircraft course. Therefore,
let us next assume that α can be any value between 0◦ and 360◦ with equal probability. In this case,
it makes sense to consider the estimation error averaged over all azimuthal directions. The boxplots
in Figures 7 and 8 for the corresponding Monte Carlo simulation results indicate that both the wind
direction and speed estimates are unbiased, given that the error average and median are vanishing.
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Data obtained by Monte-Carlo simulations with 1000 independent configurations for the incidence
angle of 30◦ and the selected wind speeds of 4, 8, 12, and 16 m/s, respectively.
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Figure 8. Wind direction (a) and speed estimation (b) errors for all considered antenna geometry
configurations averaged over all azimuth angles assuming 0.1 dB instrumental measurement error.
Data obtained by Monte-Carlo simulations with 1000 independent configurations for the incidence
angle of 30◦ and the selected wind speeds of 4, 8, 12, and 16 m/s, respectively.

Next, interquartile and maximum wind speed estimation errors are all rather independent of the
chosen antenna geometry configuration. In contrast, for the wind direction retrieval, the same holds
only for the interquartile error, as the maximum error exhibits a moderate increase with decreasing the
number of beams and this way decreasing the angular resolution of the antenna system. Remarkably,
the four-beam configuration appears as an outlier with considerably heavier tails of the wind direction
retrieval error distribution, while for five- and more beam configurations, increasing the number of
beams leads to only a moderate decrease in the maximum error of the wind direction retrieval.

The simulation results presented above could be easily confirmed by the approximate treatment
based on the quasi linear theory of error propagation. Given that the variance of two independent
variables can be written as:

D{σ◦} =
[

∂G
∂U

]2
D{U}+

[
∂G
∂α

]2
D{α}

=
[
a0γ0Uγ0−1 + a1γ1Uγ1−1 cos(α) + a2γ2Uγ2−1 cos(2α)

]2D{U}
+[−a1Uγ1 sin(α)− 2a2Uγ2 cos(2α)]2D{α}.

(5)
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The left part of Equation (5) is simply the variance of the averaged NRCS values. Since NRCS
itself was simulated by a random exponentially distributed variable, it can be characterized by a single
free parameter equal to its average that is in turn determined by the GMF (1).

Given that the variance of the exponential random variable equals its squared average and
averaging of the Ns of its samples reduces the variance Ns times, the left part of Equation (5) yields:

D{σ◦} = [σ◦(U, θ, α)]2

Ns
, (6)

where Ns is the total number of averaged samples given by the product of the number of antenna
rays in a given antenna geometry configuration and the number of averaged samples in each beam.
The variances of the azimuth illumination angle and wind speed in the right part of Equation (1) are
the wind direction and wind speed estimation error variances, respectively, obtained by a series of
1000 Monte-Carlo simulations, as described above (also shown in Figures 7 and 8). To verify the results
of the numerical treatment, we next calculated the ratio of the variances, D{G}/D{σ◦}, shown in
Figure 9 (averaged over different azimuthal directions, like in Figures 7 and 8, respectively). The figure
indicates that the results of the numerical treatment and approximations based on the quasi linear
theory of error propagation agree, with the relative error remaining below 10% in all considered cases.
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Figure 9. The ratio of the error variances D{G}/D{σ◦} obtained by numerical treatment and
approximations based on the quasi linear theory of error propagation (averaged over different
azimuthal directions, like in Figures 7 and 8, respectively).

The observed reduction in the maximum error comes at the cost of potentially more complex
equipment that is capable of either the creation of complex multi-beam configurations, or rapidly
switching between beam configurations by an electronically controlled tunable antenna array, this way
simulating various multi-beam configurations. Another limitation arises from the computational
complexity of the retrieval algorithm in which increasing the number of beams means also increasing
the number of equations in the system of Equation (3). While the retrieval algorithm complexity is
easily handled by current computational equipment available for post factum analysis, if the retrieval
must be performed online using onboard computational tools, the required computational power may
be a serious limitation.

Figure 10 shows the relative computational time of the wind vector retrieval algorithm. In the
retrieval algorithm, the most computationally complex are matrix block multiplication operations that
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increase as N3, where N is the matrix dimension. However, there are also many other operations that
increase slower with an increasing N, or even take fixed times independent of N. The figure shows
that the overall computational complexity, and thus also computational time, increases asymptotically
exponentially. Moreover, since complete simulation also includes steps, such as data generation and
preparation, where the first is not required for real-time measurements, while the second could be
partially resolved at the hardware level, we also provide the computational complexity statistics
obtained exclusively for the retrieval algorithm using 1000 independent runs for each configuration.
Accordingly, as indicated by our data, configurations with a large number of beams corresponding to
a higher angular resolution, while providing more accurate measurements, may appear too costly in
terms of their computational complexity, especially for the online analysis that has to be performed
with onboard equipment. Based on the above data, depending on whether the measurements are
provided online or can be analyzed post factum on the ground, one can consider choosing the best
configuration in terms of accuracy vs computational complexity balance.
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Figure 10. Relative computational times required by the wind vector retrieval algorithms normalized to
the average times required by the simplest four-beam X-configuration. Circles show the results of 1000
test iterations of the retrieval algorithm only for each antenna geometry configuration, while the squares
denote the total time taken by the entire simulation algorithm that contains both NRCS simulations and
the wind retrieval algorithm. As the complexity of different parts of the algorithm increases differently
with an increasing the number of beams, dashed lines showing exponential fits for the asymptotic
behavior, indicating different asymptotic slopes.

At the same time, the measurement algorithm proposed also fits well for wind retrieval from
the NRCS data set obtained by the typical airborne scatterometer with a single-beam rotated antenna
at a rectilinear flight or with a fixed fan-beam antenna at a circular flight. The feasibility of such an
application is supported by the results obtained for the 36- and 72-beam star geometries.

The altitude limitations for the multi-beam star-configured airborne scatterometer are determined
by the dimensions of the area observed. Usually, it is considered that the sea area has identical wind
and wave conditions when its dimensions do not exceed 15–20 km. If so, the maximum altitudes
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for the wind retrieval at a one-stage measurement procedure are about 20, 10, and 5 km for beams’
incidence angles of 30◦, 45◦, and 60◦, respectively.

The main recommendation for performing the wind retrieval is that the proposed measuring
procedure requires a stable horizontal rectilinear flight when measurements are performed after
establishing the given altitude and speed of flight. The measurement is finished when the needed
number of NRCSs for each direction is obtained. When needed a greater number of NRCS samples for
each direction observed can be obtained at several consecutive flights over the same area keeping the
same course, altitude, and speed of flight in all the consecutive flights.

5. Conclusions

The analysis of multi-beam star-configured measurement geometries related to airborne
scatterometer wind retrieval applications has demonstrated their feasibility. The measurement
algorithm proposed can be applied not only for the wind measurements with the multi-beam
scatterometers at rectilinear flight, but can also be used in the limiting case scenario with an airborne
scatterometer having a single-beam antenna rotating either physically or electronically at a rectilinear
flight or, equivalently, with an airborne scatterometer equipped with a fixed fan-beam antenna at a
circular flight.

To provide unambiguous airborne wind measurements, at least four star-configured beams
are required. The horizontal transmitter and receiver polarization providing the greatest difference
between the up-wind and down-wind NRCSs as compared with the vertical polarization should
be used [23]. The desirable incidence angles are within the range of medium incidence angles,
in preference of the range between 45◦ and 60◦, as it required a number of averaged NRCS samples
about three times less than at 30◦ incidence angle.

Using Monte Carlo simulations for the fixed total measurement time, we have shown explicitly
that among considered antenna configurations only the simplest X-configuration yields a considerably
higher maximum error in the wind direction retrieval, while other errors remain comparable. The error
reduction can be easily achieved by increasing the number of beams in the star geometry antenna
configuration, this way increasing the angular resolution, while at the cost of considerable complication
of the retrieval algorithm. Remarkably, the simplest X-configuration, while simplest in terms of
hardware implementation and computational time, appears an outlier, yielding considerably higher
maximum retrieval errors when compared to all other configurations. We believe that our results
are useful for the optimization of both the hardware and software design for modern airborne
scatterometric measurement systems based on tunable antenna arrays, especially those requiring
online data processing.

The multi-beam star geometry, recommendations to perform the measurements, and algorithm
proposed can be used for the development of new airborne radar sensors as well as for the functionality
enhancement of current airborne radar systems providing aircraft navigation and avoidance [24,25].
Moreover, with the rapid development of UAV technology, we believe that light aircraft could be
replaced by a similarly sized UAV as a radar system carrier, thus making it easier to run a measurement
campaign. Additional benefits could be provided by combining measurements from ground- and
airborne- based radars, including deep integration with signals emitted by the ground-based stations
also received by the airborne stations and vice versa, that could be implemented by using similar
electronically tunable antenna systems on both sides; thus, further enhancing the capabilities of the
measurement systems. However, such a combination was beyond the scope of this current study.
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Appendix A

A five-beam star geometry (N = 5) is characterized by the beam directions of 0◦, 72◦, 144◦, 216◦,
and 288◦ relative to the aircraft course. The number of “measured” NRCS samples averaged for
each beam here is 4000 at the incidence angle of 30◦ and 1252 at the incidence angles of 45◦ or 60◦.
Simulations without additive instrumental noise have demonstrated the maximum errors of the wind
speed and direction retrieval of 0.35 m/s and 3.7◦, 0.64 m/s and 5.0◦, and 0.5 m/s and 5.4◦, respectively,
at the incidence angles of 30◦, 45◦, and 60◦. Simulation results with the instrumental noise assumption
of 0.1 dB and 0.2 dB are summarized in Figures A1–A3. The maximum errors are 0.36 m/s and 6.0◦,
0.65 m/s and 6.1◦, and 0.51 m/s and 5.7◦, respectively, at the incidence angles of 30◦, 45◦, and 60◦.

For the six-beam star geometry (N = 6) with the beam directions of 0◦, 60◦, 120◦, 180◦, 240◦,
and 300◦ relative to the aircraft course, the number of ‘’measured” NRCS samples averaged for each
beam is 3333 at the incidence angle of 30◦ and 1044 at the incidence angles of 45◦ or 60◦. Simulations
without instrumental noise have shown the maximum errors of the wind speed and direction retrieval
of 0.35 m/s and 3.5◦, 0.52 m/s and 4.6◦, and 0.51 m/s and 5.1◦, respectively, at the incidence angles
of 30◦, 45◦, and 60◦. Simulation results with the instrumental noise assumption of 0.1 dB and 0.2 dB
are summarized in Figures A4–A6. The maximum errors are 0.36 m/s and 4.9◦, 0.53 m/s and 5.8◦,
and 0.52·m/s and 5.3◦ at the incidence angles of 30◦, 45◦, and 60◦, respectively.

The eight-beam star geometry (N = 8) has the beam directions of 0◦, 45◦, 90◦, 135◦, 180◦, 225◦, 270◦,
and 315◦ relative to the aircraft course. The number of “measured” NRCS samples averaged for each
beam is 2500 at the incidence angle of 30◦ and 783 at the incidence angles of 45◦ or 60◦. The simulations
without instrumental noise have shown the maximum errors of the wind speed and direction retrieval
of 0.33 m/s and 3.1◦, 0.53 m/s and 5.0◦, and 0.47 m/s and 4.2◦, respectively, at the incidence angles of
30◦, 45◦, and 60◦. The simulation results with the instrumental noise assumption of 0.1 dB and 0.2 dB
are summarized in Figures A7–A9, respectively. The maximum errors are 0.34 m/s and 4.9◦, 0.54 m/s
and 5.7◦, and 0.48 m/s and 4.5◦, respectively, at the incidence angles of 30◦, 45◦, and 60◦.
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Figure A1. Simulation results for a five-beam star geometry (N = 5) with the beam directions of 0°, 
72°, 144°, 216°, and 288° relative to the aircraft course with an assumption of 0.1 dB instrumental 
noise at the wind speeds of 2–20 m/s for the incidence angle of 30° with 4000 averaged NRCS samples 
for each azimuthal angle. 

Figure A2. Simulation results for a five-beam star geometry (N = 5) with the beam directions of 0°, 
72°, 144°, 216°, and 288° relative to the aircraft course with an assumption of 0.2 dB instrumental 
noise at the wind speeds of 2–20 m/s for the incidence angle of 45° with 1252 averaged NRCS samples 
for each azimuthal angle. 

Figure A1. Simulation results for a five-beam star geometry (N = 5) with the beam directions of 0◦, 72◦,
144◦, 216◦, and 288◦ relative to the aircraft course with an assumption of 0.1 dB instrumental noise at
the wind speeds of 2–20 m/s for the incidence angle of 30◦ with 4000 averaged NRCS samples for each
azimuthal angle.
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Figure A2. Simulation results for a five-beam star geometry (N = 5) with the beam directions of 0◦, 72◦,
144◦, 216◦, and 288◦ relative to the aircraft course with an assumption of 0.2 dB instrumental noise at
the wind speeds of 2–20 m/s for the incidence angle of 45◦ with 1252 averaged NRCS samples for each
azimuthal angle.
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Figure A3. Simulation results for a five-beam star geometry (N = 5) with the beam directions of 0°, 
72°, 144°, 216°, and 288° relative to the aircraft course with an assumption of 0.2 dB instrumental 
noise at the wind speeds of 2–20 m/s for the incidence angle of 60° with 1252 averaged NRCS samples 
for each azimuthal angle. 

Figure A4. Simulation results for a six-beam star geometry (N = 6) with the beam directions of 0°, 60°, 
120°, 180°, 240°, and 300° relative to the aircraft course with an assumption of 0.1 dB instrumental 
noise at the wind speeds of 2–20 m/s for the incidence angle of 30° with 3333 averaged NRCS samples 
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Figure A3. Simulation results for a five-beam star geometry (N = 5) with the beam directions of 0◦, 72◦,
144◦, 216◦, and 288◦ relative to the aircraft course with an assumption of 0.2 dB instrumental noise at
the wind speeds of 2–20 m/s for the incidence angle of 60◦ with 1252 averaged NRCS samples for each
azimuthal angle.
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Figure A4. Simulation results for a six-beam star geometry (N = 6) with the beam directions of 0◦, 60◦,
120◦, 180◦, 240◦, and 300◦ relative to the aircraft course with an assumption of 0.1 dB instrumental
noise at the wind speeds of 2–20 m/s for the incidence angle of 30◦ with 3333 averaged NRCS samples
for each azimuthal angle.
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Figure A5. Simulation results for a six-beam star geometry (N = 6) with the beam directions of 0◦, 60◦,
120◦, 180◦, 240◦, and 300◦ relative to the aircraft course with an assumption of 0.2 dB instrumental
noise at the wind speeds of 2–20 m/s for the incidence angle of 45◦ with 1044 averaged NRCS samples
for each azimuthal angle.
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Figure A6. Simulation results for a six-beam star geometry (N = 6) with the beam directions of 0◦, 60◦,
120◦, 180◦, 240◦, and 300◦ relative to the aircraft course with an assumption of 0.2 dB instrumental
noise at the wind speeds of 2–20 m/s for the incidence angle of 60◦ with 1044 averaged NRCS samples
for each azimuthal angle.
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Figure A7. Simulation results for an eight-beam star geometry (N = 8) with the beam directions of 0◦,
60◦, 120◦, 180◦, 240◦, and 300◦ relative to the aircraft course with an assumption of 0.1 dB instrumental
noise at the wind speeds of 2–20 m/s for the incidence angle of 30◦ with 2500 averaged NRCS samples
for each azimuthal angle.
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Figure A8. Simulation results for an eight-beam star geometry (N = 8) with the beam directions of 0◦,
60◦, 120◦, 180◦, 240◦, and 300◦ relative to the aircraft course with an assumption of 0.2 dB instrumental
noise at the wind speeds of 2–20 m/s for the incidence angle of 45◦ with 783 averaged NRCS samples
for each azimuthal angle.
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Figure A9. Simulation results for an eight-beam star geometry (N = 8) with the beam directions of 0◦,
60◦, 120◦, 180◦, 240◦, and 300◦ relative to the aircraft course with an assumption of 0.2 dB instrumental
noise at the wind speeds of 2–20 m/s for the incidence angle of 60◦ with 783 averaged NRCS samples
for each azimuthal angle.

For the ten-beam star geometry (N = 10) with the beam directions of 0◦, 36◦, 72◦, 108◦, 144◦, 180◦,
216◦, 252◦, 288◦, and 324◦ relative to the aircraft course, the number of “measured” NRCS samples
averaged for each beam is 2000 at the incidence angle of 30◦ and 626 at the incidence angles of 45◦

or 60◦. The simulations have shown that without instrumental noise the maximum errors of the
wind speed and direction retrieval are 0.35 m/s and 3.5◦, 0.53 m/s and 4.6◦, and 0.48 m/s and 3.9◦,
respectively, at the incidence angles of 30◦, 45◦, and 60◦. The simulation results with the instrumental
noise assumption of 0.1 dB and 0.2 dB are presented in Figures A10–A12, respectively. The maximum
errors are 0.36 m/s and 3.8◦, 0.54 m/s and 5.7◦, and 0.49 m/s and 4.8◦, respectively, at the incidence
angles of 30◦, 45◦, and 60◦.

We have also performed simulations for twelve-beam geometry (N = 12) and eighteen-beam
geometry (N=18). However, since in this range increasing N leads to a very small adjustment in
the angular resolution, and all results were qualitatively similar such that no additional conclusions
could be drawn, to save space, we skip the corresponding figures. Of note, results for twelve-
and eighteen-beam geometries are nevertheless used in the summary boxplots in the main text
(see Figure 7).

Next, a thirty-six-beam star geometry (N = 36) characterized by the equiangular beams with a 10◦

increment angle, i.e., 0◦, 10◦, 20◦, ..., 350◦ relative to the aircraft course are considered. The number
of “measured” NRCS samples averaged for each beam is 556 at the incidence angle of 30◦ and 174 at
the incidence angles of 45◦ or 60◦. The simulations without instrumental noise have demonstrated
the maximum errors of the wind speed and direction retrieval of 0.28 m/s and 3.0◦, 0.51 m/s and
4.3◦, and 0.41 m/s and 3.8◦, respectively, at the incidence angles of 30◦, 45◦, and 60◦. The simulation
results with the instrumental noise assumption of 0.1 dB and 0.2 dB are presented in Figures A13–A15,
respectively. The maximum errors are 0.29 m/s and 3.1◦, 0.52 m/s and 4.5◦, and 0.42 m/s and 4.1◦,
respectively, at the incidence angles of 30◦, 45◦, and 60◦.
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Figure A10. Simulation results for an eight-beam star geometry (N = 10) with the beam directions of 0◦,
36◦, 72◦, 108◦, 144◦, 180◦, 216◦, 252◦, 288◦, and 324◦ relative to the aircraft course with an assumption
of 0.1 dB instrumental noise at the wind speeds of 2–20 m/s for the incidence angle of 30◦ with 2000
averaged NRCS samples for each azimuthal angle.

Remote Sens. 2018, 10, x FOR PEER REVIEW  19 of 23 

 

 

Figure A10. Simulation results for an eight-beam star geometry (N = 10) with the beam directions of 
0°, 36°, 72°, 108°, 144°, 180°, 216°, 252°, 288°, and 324° relative to the aircraft course with an 
assumption of 0.1 dB instrumental noise at the wind speeds of 2–20 m/s for the incidence angle of 30° 
with 2000 averaged NRCS samples for each azimuthal angle. 

Figure A11. Simulation results for a ten-beam star geometry (N = 10) with the beam directions of 0°, 
36°, 72°, 108°, 144°, 180°, 216°, 252°, 288°, and 324° relative to the aircraft course with an assumption 
of 0.2 dB instrumental noise at the wind speeds of 2–20 m/s for the incidence angle of 45° with 626 
averaged NRCS samples for each azimuthal angle. 

Figure A11. Simulation results for a ten-beam star geometry (N = 10) with the beam directions of 0◦,
36◦, 72◦, 108◦, 144◦, 180◦, 216◦, 252◦, 288◦, and 324◦ relative to the aircraft course with an assumption
of 0.2 dB instrumental noise at the wind speeds of 2–20 m/s for the incidence angle of 45◦ with 626
averaged NRCS samples for each azimuthal angle.
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Figure A13. Simulation results for a thirty-six-beam star geometry (N = 36) with the beam directions 
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Figure A12. Simulation results for a ten-beam star geometry (N = 10) with the beam directions of 0◦,
36◦, 72◦, 108◦, 144◦, 180◦, 216◦, 252◦, 288◦, and 324◦ relative to the aircraft course with an assumption
of 0.2 dB instrumental noise at the wind speeds of 2–20 m/s for the incidence angle of 60◦ with 626
averaged NRCS samples for each azimuthal angle.
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of 0°, 10°, 20°, 30°, 40°, 50°, 60°, 70°, 80°, 90°, 100°, 110°, 120°, 130°, 140°, 150°, 160°, 170°, 180°, 190°, 
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Figure A13. Simulation results for a thirty-six-beam star geometry (N = 36) with the beam directions of
0◦, 10◦, 20◦, 30◦, 40◦, 50◦, 60◦, 70◦, 80◦, 90◦, 100◦, 110◦, 120◦, 130◦, 140◦, 150◦, 160◦, 170◦, 180◦, 190◦,
200◦, 210◦, 220◦, 230◦, 240◦, 250◦, 260◦, 270◦, 280◦, 290◦, 300◦, 310◦, 320◦, 330◦, 340◦, and 350◦ relative
to the aircraft course with an assumption of 0.1 dB instrumental noise at the wind speeds of 2–20 m/s
for the incidence angle of 30◦ with 556 averaged NRCS samples for each azimuthal angle.
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of 0°, 10°, 20°, 30°, 40°, 50°, 60°, 70°, 80°, 90°, 100°, 110°, 120°, 130°, 140°, 150°, 160°, 170°, 180°, 190°, 
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Figure A14. Simulation results for a thirty-six-beam star geometry (N = 36) with the beam directions of
0◦, 10◦, 20◦, 30◦, 40◦, 50◦, 60◦, 70◦, 80◦, 90◦, 100◦, 110◦, 120◦, 130◦, 140◦, 150◦, 160◦, 170◦, 180◦, 190◦,
200◦, 210◦, 220◦, 230◦, 240◦, 250◦, 260◦, 270◦, 280◦, 290◦, 300◦, 310◦, 320◦, 330◦, 340◦, and 350◦ relative
to the aircraft course with an assumption of 0.2 dB instrumental noise at the wind speeds of 2–20 m/s
for the incidence angle of 45◦ with 174 averaged NRCS samples for each azimuthal angle.
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Figure A15. Simulation results for a thirty-six-beam star geometry (N = 36) with the beam directions of
0◦, 10◦, 20◦, 30◦, 40◦, 50◦, 60◦, 70◦, 80◦, 90◦, 100◦, 110◦, 120◦, 130◦, 140◦, 150◦, 160◦, 170◦, 180◦, 190◦,
200◦, 210◦, 220◦, 230◦, 240◦, 250◦, 260◦, 270◦, 280◦, 290◦, 300◦, 310◦, 320◦, 330◦, 340◦, and 350◦ relative
to the aircraft course with an assumption of 0.2 dB instrumental noise at the wind speeds of 2–20 m/s
for the incidence angle of 60◦ with 174 averaged NRCS samples for each azimuthal angle.
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