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ABSTRACT

The problem of precipitation detection using Frequency Mod-
ulated Continuous Wave (FMCW) radar under strong secto-
rial interference is addressed. The effect of such strong inter-
ferences in the case of an FMCW scanning radar is presented.
Three signal-processing pipelines (two reflectivity-based and
one Doppler-based) are proposed. The performances of all
these pipelines are analyzed and compared. The morphology-
based pipeline performs better for higher signal-to-noise
ratios (> −15dB), whereas the entropy-based pipeline per-
forms better in the case of lower SNRs (< −15dB). On the
other hand, the circular variance-based masking technique
is computationally very efficient. The proposed techniques
are applied to simulated and real X-band fast-scanning radar
data.

Index Terms— Sectorial Noise, Doppler spectrum, En-
tropy, Circular variance

1. INTRODUCTION

Modern FMCW fast azimuthal scanning radars deployed at
airports are primarily used to detect and track point-like tar-
gets such as birds and drones [1]. Recently, there has been
a growing demand to upgrade such radar systems to have the
capability to detect precipitation-like targets and estimate the
velocity of such targets. The knowledge of the spatial distri-
bution of precipitation strength and their motion is essential
for airplanes, especially during take-offs and landings.

Several challenges are associated with detecting precip-
itation targets with such radar systems. One such major
challenge is the presence of strong interferences in some az-
imuthal sectors. Precipitation areas with lower reflectivities
(total power received) can be easily hidden under these strong
interferences. The cause of such interferences can be inter-
nal to the radar system hardware or external, such as strong
reflecting targets like buildings. There are several techniques

∗Thanks to “European Regional Development Fund (ERDF) via the
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for funding this project.

to address the detection of such interference-contaminated
sectors.

The existing detection and classification of hydrometeors
techniques rely on polarimetric observables such as differen-
tial reflectivity (Zdr) and specific differential phase (Kdp).
Although polarimetric retrievals are sensitive to the shape and
size of hydrometeors, helping in classifying different hydrom-
eteors (rain, snow, hail, etc), measuring such quantities poses
additional calibration issues [2]. Image processing algorithms
that use fuzzy logic suffer from computational issues, making
them inefficient [3]. As we consider fast azimuthally scanning
radar systems, it is adequate to use only one polarization but
exploit the Doppler spectrum information to detect precipita-
tion faster and more efficiently. The sectorial interferences (at
several azimuthal directions) leave artifacts on the retrieved
Doppler moments. In this paper, we discuss the effect of in-
terference on the statistical Doppler spectrum moments.

This paper proposes three target masking techniques that
can be used with single-polarized fast-scanning Doppler radar
retrievals. The first is a morphology-based pipeline, the sec-
ond is an entropy-based one, and the third is based on circular
variance [4, Ch. 2]. The first two are reflectivity-based (zeroth
moment of the Doppler spectrum), and the third is Doppler
velocity-based.

The paper’s main contributions are the use of information
entropy of the radar retrieved reflectivity information to mask
the radar targets other than precipitation and circular statis-
tics to detect the weather targets contaminated with sectorial
interferences. The morphology-based radar target masking
technique is not new and has been discussed in the literature
[5], [6]. However, we propose an application-specific modi-
fied morphology-based target masking pipeline that considers
a step-by-step approach to eliminate targets other than precip-
itation.

2. EFFECT OF INTERFERENCE ON DOPPLER
MOMENTS

Interference in specific azimuthal sectors intensifies reflec-
tivity (the zeroth moment of the Doppler spectrum is the
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total power these echo samples receive), notably higher than
precipitation-like targets, exhibiting a saturated reflectivity
with minimal variance along the range.

Interference also significantly impacts Doppler spec-
trum width (the square root of the second central Doppler
moment; typically a measure of turbulence in the precipi-
tation). The weather radars are usually designed such that
the precipitation-like weather targets maintain a normalized
spectral width below 0.1 (for a normalized Doppler velocity
interval [-0.5, 0.5]) because estimators become biased above
a normalized Doppler spectrum width of 0.2 [7]. Normalized
Doppler spectrum width beyond 0.15 can be characterized
as a “flat” spectrum. The spectrum is flat enough to conceal
precipitation responses in the presence of interference.

A theoretical distinction between contaminated sectors
and precipitation can be achieved based on reflectivity and
spectral widths. Practical challenges arise with fast-scanning
radars due to limited time per resolution volume. Insufficient
Doppler resolution biases width estimates, especially when
mean Doppler velocity (first Doppler moment) approaches
the unambiguous velocity limit, causing spectrum folding/
aliasing. Advanced spectral width estimators like the para-
metric spectrum estimator [8] or complex Gaussian process
method [7] address Doppler folding but can be computation-
ally expensive. To overcome this, we propose using circular
variance, which is immune to Doppler spectrum folding and
computationally efficient (explained in section 3).

3. TARGET MASKING TECHNIQUES

This section presents three distinct masking techniques in-
stead of a single combined approach to highlight their unique
principles and functionalities. The reason for showcasing
three separate techniques is that each method operates on
different principles: morphology-based, entropy-based, and
circular variance-based methods. Their performances and
applicability are discussed in detail in section 4 through nu-
merical simulations, emphasizing their diverse applications
and advantages.

3.1. Morphology based target mask

The morphology-based target mask uses reflectivity informa-
tion and has several steps, which are as follows. First, a cell-
averaging constant false alarm rate (CA-CFAR) technique is
used along ranges to detect high levels of reflectivity [9]. As
discussed in the introduction, the interference-contaminated
regions also have high levels of reflectivity. Still, the variance
of reflectivity along the range is smaller than that of point tar-
gets, which is advantageous.

After the point target detection, the contaminated az-
imuthal directions are detected by assessing the mean re-
flectivity along the range for each azimuthal direction. A
threshold can then be applied to remove the azimuthal sec-

Fig. 1: Entropy-based pipeline

tors having larger mean reflectivity than the threshold. These
azimuthal sectors are made void for further steps.

The wavelet-based denoising technique is used in the third
step to reduce the noise from the reflectivity profile while still
sufficiently retaining essential features of the targets [10]. A
detailed analysis of the steps followed for denoising can be
found in [11, Ch. 4.3.3].

After the denoising phase, morphological operations like
erosion and dilation are performed further to refine specific
features of interest within the reflectivity profile. A detailed
step-by-step approach can be found in [11, Ch. 4.3.4]. Finally,
the interference regions are filled by another morphological
operation by selectively expanding and contracting target re-
gions.

3.2. Entropy based target mask

For entropy-based masking, the reflectivity field f(r, ϕ) at a
constant elevation angle θ is assumed to be a combination
of four classes: point targets s1(r, ϕ), precipitation s2(r, ϕ),
thermal noise n(r, ϕ), and interference p(r, ϕ) (where r is the
range, and ϕ is azimuthal angle).

f(r, ϕ) = s1(r, ϕ) + s2(r, ϕ) + n(r, ϕ) + p(r, ϕ) (1)

The steps followed in the entropy-based pipeline are shown
in Fig. 1. The first step in the entropy-based pipeline is the
same as the morphology-based pipeline. The second step in-
volves using Rényi’s entropy [12] to separate thermal global
noise. The use of Rényi’s entropy to create masks for targets
was proposed in [13]. Rényi’s entropy is used here to obtain
a threshold between two sets of probability distributions. The
two probability distributions are related to n and s2 + p, re-
spectively. If the probabilities of the reflectivity values for
n and s2 + p are denoted as pA, and pB and HA

α , and HB
α

represent their respective Rényi entropies with parameter α
(which was set to 0.2), the optimization problem to obtain the
threshold is the following:

t(α) = argmax
t

[
HA

α (t) +HB
α (t)

]
, (2)

where HQ
α (t) = 1

1−α log2

(∑t
i=1(pi/PQ)

α
)

. The last step
is to detect the interference, which is carried out by thresh-
olding based on the mean reflectivity along the ranges and a

516

Authorized licensed use limited to: TU Delft Library. Downloaded on November 19,2024 at 07:35:57 UTC from IEEE Xplore.  Restrictions apply. 



20 40 60 80 100

50

100

150

200

r

20

30

40

50

60

70

(a)

20 40 60 80 100

50

100

150

200

r

20

30

40

50

60

70

(b)

Fig. 2: Simulation of targets; the x and y axes are indices in
azimuth and range; the reflectivity data is in dB scale. (a)
Precipitation only simulation (b) Simulation with precipita-
tion, interference, thermal noise, and point targets.

CA-CFAR to take the variance along the ranges into account.
A detailed explanation of all the steps can be referred to from
[11, Ch. 4.3.4].

3.3. Circular variance based target mask

The circular variance is a measure of normalized velocity dis-
persion like the normalized spectral width, and the values
range from 0 to 1. Unlike the popular non-parametric Dis-
crete Fourier Transform (DFT) based Doppler moment esti-
mator [14], [15], the circular moment estimator uses a circu-
lar axis for the Doppler frequencies [4, Ch. 2], [11, Ch. 3,
eq. 3.20]. Therefore, Doppler folding does not affect circular
Doppler mean and variance estimation. The circular variance
is studied with respect to the difference between the peak of
the signal and the peak of the thermal noise floor (DPP) in the
following section 4.

4. NUMERICAL SIMULATIONS

4.1. For morphology and entropy-based masks

A reflectivity field as a function of range and azimuth was
simulated with Gaussian-shaped precipitation targets in 2D
polar coordinates inspired from the field of view of an X-band
scanning radar [1]. The addition of thermal noise is done
by specifying an input SNR, the point targets are added at
specific range-azimuth cells with very high reflectivities, and
the interference is added at particular sectors in azimuth [11,
Ch. 4.1].

An example simulation is shown in Fig. 2b, and the
corresponding ground truth with only the precipitation tar-
gets is shown in Fig. 2a. The corresponding results with
the morphology-based pipeline are shown in Fig. 3a, and
the entropy-based pipeline is shown in Fig. 3b. It can be
observed that the morphology-based mask takes care of the
gaps at the interference-contaminated regions, whereas there
is no such gap filling in the entropy-based mask. A reference
binary mask is considered to assess the performance using a
half-power (−3dB) elliptical contour on each target. The fol-
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Fig. 3: Target binary masks; 1 refers to precipitation and 0
refers to no-precipitation (a) Morphology based (b) Entropy
based.

lowing metrics are chosen to assess further the performance
of such masking techniques with respect to SNR. They are
the intersection over union (IoU), false alarm probability
(pfa), the missed detection probability (pmd), and the F1Score
[11, Ch. 4.3.7, eq. (4.6-4.10)]. It can be noticed that at high
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Fig. 4: Performace of morphology and entropy-based mask-
ing techniques. Solid lines are for morphology, and dotted
ones are for entropy.

SNR regions (> −15dB), the morphology-based masking has
higher IoU, lower false alarm rate, lower missed detections,
and higher F1Score than the entropy-based one. On the other
hand, for low SNR regions (< −15dB), the morphology-
based masking technique has lower IoU, similar but more
oscillating false alarm rate, higher missed detections, and
lower F1Score than the entropy-based one. Therefore, it
can be safely concluded that the morphology-based masking
technique performs better at higher SNRs, and the entropy-
based technique performs better at lower SNRs. Notably,
the simulated targets have particular Gaussian shapes, and
the structure elements used in the morphology-based mask-
ing are disk-shaped. For real-world radar observations, the
precipitation targets are more diffused and do not have a par-
ticular shape. Therefore, these techniques are also applied
to real-world radar data and are analyzed in the following
section 5.
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4.2. Detection criteria for circular variance-based mask

The circular variance is studied with respect to DPP and is
shown in Fig. 5. A threshold of 0.8 is set, and what are below
0.8 are considered real precipitating targets. This technique
depends on computations of the circular moments only over
the Doppler spectrum, so it is computationally very efficient.

Fig. 5: Sensitivity of Circular Variance with DPP; σfn is the
normalized spectrum width.

5. APPLICATION TO REAL RADAR DATA

The X-band Max3D radar [1] was used to collect the real
radar data; the specifications can be found in [16]. The plan
position indicator (PPI) plots of the real radar data on a rainy
day are presented in Fig. 6a at a zero-degree elevation, as
much interference exists at this elevation. The correspond-
ing masks are computed, and the original reflectivity values
are multiplied by the masks. They are shown in Fig. 6b for
morphology-based, Fig. 6c for entropy-based, and FIg. 6d for
the circular variance-based masking techniques.

It can be observed that the morphology-based masking
technique performs worse than the other two and only retains
some information near the radar location. The algorithm’s
disk-shaped structure element assumption for precipitation-
like targets is inadequate. The entropy-based and circular
variance-based masking techniques perform similarly, and
they both can, for example, detect the precipitation near 0◦ to
40◦ azimuth.

In the original reflectivity map, it can not be concluded
about what is observed between 150◦, and 200◦ (clockwise)
azimuth. Although the reflectivities are stronger than in
the region from 0◦ to 40◦, they are not stronger than the
interference regions, such as at around 45◦. The circular
variance-based technique has masked this region of space,
but the entropy-based technique still includes some parts.
The lack of knowledge about the ground truth prohibits us
from concluding which of these masking techniques performs
better. On the contrary, in the region between 309◦ to 0◦ az-
imuth, much of the space is masked by the entropy-based
masking pipeline, but some parts are still retained with the
circular variance-based masking technique.

(a) (b)

(c) (d)

Fig. 6: Precipitation reflectivity maps, in dB, from real radar
data (a) Original reflectivity, (b) Morphology-based detection,
(b) Entropy-based detection, (d) Circular variance-based de-
tection.

6. CONCLUSIONS

The effect of sectorial interferences on the Doppler spec-
trum moments is discussed, and based on that, three masking
pipelines are proposed. The first two techniques are assessed
using several metrics with simulated radar reflectivities.
The third technique is based on the circular variance of the
Doppler spectrum, and the importance of circular variance for
masking is discussed, especially with folded Doppler spec-
tra. On simulated reflectivity maps, the morphology-based
pipeline performs better in the higher SNRs (> −15dB), and
the entropy-based techniques perform better for lower SNRs
(< −15dB). However, the morphology-based masking tech-
nique performs the worst on the real radar data by masking
much of the observation region. This could be attributed to
the assumption that the algorithm assumes a definite structure
element for the precipitation-like targets (disk-shaped). The
circular variance-based masking technique is computationally
more efficient than the other two because it doesn’t have many
steps and only relies on the circular moment estimation of the
Doppler spectrum. Both entropy and circular variance-based
masking techniques perform similarly on the real radar data,
except for some specific differences. The proposed pipelines
are not compared with the existing polarimetry-based ap-
proaches in this paper, as we considered only the problem
of precipitation detection (not classification) with sectorial
noise. However, a detailed classification of extended weather
targets (into rain, hail, snow, etc.) can be considered in the
future with advanced entropy-based classification techniques.
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[12] A. Rényi, “On measures of entropy and information,” in
Proceedings of the fourth Berkeley Symposium on Math-
ematics, Statistics and Probability, 1961, pp. 547–561.

[13] M. El-Sayed and M. Ahmed, “Using renyi’s entropy
for edge detection in level images.” International Jour-
nal of Intelligent Computing and Information Sciences,
vol. 11, pp. 1–11, 2011.

[14] D. Sirmans and B. Bumgarner, “Numerical Comparison
of Five Mean Frequency Estimators,” Journal of Applied
Meteorology, vol. 14, no. 6, pp. 991–1003, 9 1975.

[15] P. R. Mahapatra and D. S. Zrnić, “Practical Algo-
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