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Abstract: A 1.29 GHz wind profiler was developed under a private-military—government cooperative
wind profiler radar development project in the Republic of Korea. During the test operation period,
radio frequency interference (RFI) contamination occurred in the spectrum. In addition to the general
shape, with a continuous appearance depending on the altitude, the spectrum showed complex
shapes, such as discontinuous and overlapping frequencies. The RFI characteristics in the wind
profiler spectra were analyzed, and a new algorithm was developed to remove multiple RFI (MRFI).
Meteorological and non-meteorological signals were separated by filtering with a spectrum width
threshold of 0.1 m/s. A continuity check was performed to determine MRFI in the non-meteorological
signal. The number of gates in which the same radial velocity is continuous was determined based
on whether the beam was vertical or oblique; a rough continuity test was performed, considering
exceptional circumstances for the meteorological signal. For overlapping MRFI, the process was
repeated. Spectral contamination by MRFI was removed through filtering and iterated scans; the
continuity of wind vectors calculated from the improved spectral radial velocity was verified. Good-
quality wind vectors can be produced even in a bad-radio-frequency environment if proper quality
control is performed.

Keywords: wind profiler; multiple radio frequency interference; Doppler spectrum; radial velocity;
spectrum width

1. Introduction

A wind profiler is a type of remote sensing equipment for observing the upper atmo-
sphere. A pulse wave transmitted from the wind profiler to the atmosphere is backscattered
into the atmosphere and returned, allowing the wind to be observed using the Doppler
shift effect of the signal [1]. Wind is calculated using U (east-west wind) and V (north-south
wind) measurements obtained via the IQ signal (In-Quadrature phase signal)-Doppler
spectrum-—spectral moment (doppler radial velocity) [2]. Wind profilers have been demon-
strated to be more reliable than radiosondes and show excellent performance, which
validates their accuracy [3]. However, the process of transmitting and receiving pulse
waves and processing signals to observe wind can be hindered by various problems. These
problems can be caused by hardware [4], surrounding terrain, buildings, wave-induced
clutter [5-8], clutter caused by birds and aircraft [9,10], or contamination of the spectrum
due to radio frequency interference (RFI) by the surrounding environment [11-13]. Spectral
contamination by non-meteorological signals can make it difficult to find meteorological
signals and decrease the accuracy of wind calculations. Therefore, like other remote obser-
vation equipment, such as synthetic aperture radar (SAR) satellites, wind profilers require
quality control measures such as clutter removal and signal correction [14,15]. Thus, the
detection and mitigation of RFI is an important topic in remote sensing research [16].

Previous wind profiler quality control studies have investigated various stages, in-
cluding moment, spectrum, and IQ signal stages. Regarding the moment stage, statistical
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processing of received power and spectrum width [17,18] and quality control using the
spatiotemporal continuity homogeneity of radial velocity [19,20] have been investigated.
For the spectrum stage, studies have focused on signal processing [21-23] and filtering
techniques [24]. Moreover, regarding the IQ stage, wavelet transform of the time band has
been investigated [25,26].

In the Republic of Korea, wind profilers have been used to observe upper winds
and assimilate numerical model data [27]. However, since all current models have been
made by foreign manufacturers, the aging of equipment and periodic equipment manage-
ment are emerging as topics of concern. In cooperation with the Korea Meteorological
Administration (KMA), Defense Acquisition Program Administration (DAPA), and private
companies and universities, a private-military—government cooperative wind profiler
radar development project was carried out for approximately four years from November
2017 to December 2021. From March 2021, during the test operation of the developed
equipment at the Jeju National Typhoon Center (NTC) site, signal contamination due to RFI
was observed multiple times. In addition to the generally known forms of RFL, multiple
RFI (MRFI) was also observed; MRFI is discontinuous depending on altitude and is char-
acterized by different frequencies overlapping several times. According to the National
Oceanic and Atmospheric Administration (NOAA) [28], winds calculated from signals con-
taminated by RFI cannot be processed using quality control procedures such as consensus,
which is a processing approach, as wind vectors appear as continuous and constant groups.
The World Meteorological Organization recommends several frequency bands (50 MHz,
400 MHz, and 1 GHz) for avoiding RFI and for smooth wind observation [29]. However,
this approach does not provide a clear solution to the interference caused by unlicensed
frequency signals in the corresponding frequency band. Jordan et al. reduced the noise
level through wavelet filtering in the time domain, a step before the Doppler spectrum,
and removed intermittent interference using a harmonic wavelet filter [30]. Lambert et al.
proposed the use of the vertical velocity threshold test, stating that the radial velocity of
the oblique beam does not differ significantly in the presence of RFI and that the radial
velocity of the vertical beam causes a very large feature [18,31]. The National Center for
Atmospheric Research (NCAR) proposed a statistical technique, which is based on the
weight of each variable, using various variables such as spectral moment and asymmetry
to identify and remove RFI [32]. Since then, numerous studies have investigated this topic
using fuzzy logic [23,33,34]. Sinha et al. presented a method for detecting RFI according to
fluctuations in power spectral density (PSD) and range and Doppler bins [35].

Until recently, the proposed RFI removal methods have focused on general RFI; hence,
they cannot be applied to the MRFI that appeared during the test operation. Therefore,
it is necessary to develop an individual algorithm for MRFI removal. We developed an
algorithm that identifies the characteristics of MRFI and removes them at the spectrum
stage, allowing real-time quality control to be automatically performed in the field. After
applying the algorithm, MRFI no longer appeared in the spectrum.

The paper is organized as follows. Section 2 introduces the test equipment, data,
and observatories used to develop MRFI removal algorithms and presents the process
of developing a removal algorithm for MRFI. The results of applying the MRFI removal
algorithm under various cases and the applicability of the algorithm are presented in
Section 3. Sections 4 and 5 present the discussion and conclusion of the study, respectively.

2. Materials and Methods
2.1. Equipment

The wind profiler used in this study uses a frequency of 1.29 GHz and an active phased
array antenna to freely observe the wind in the air without limiting the azimuth. It was
developed to be observable from 0.15-12.0 km with a vertical resolution of 50-100 m every
10 min. The wind profiler can be installed and used for observations at a fixed location.
Additionally, it can be mounted on a vehicle and used as a mobile device, allowing more
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convenient observation of the wind and securing of data. Detailed specifications are given
in Table 1.

Table 1. Specifications of the wind profiler.

Parameter Specification
Operation frequency 1.29 GHz
Antenna type Active phased array
Peak power >1.8 kW
Pulse width 0.333-10.8 us
Minimum height 150 m (c%ependen‘t on pulse ‘width,
meteorological conditions, environment)
Maximum height 12 km (erendegt on pulse .width,
meteorological conditions, environment)
Height resolution 50 m, 100 m (dependent on pulse width)
Horizontal wind speed detectable range +50m/s
Vertical wind speed detectable range +20m/s
Wind speed accuracy RMSE <1.0m/s
Wind direction accuracy RMSE < 10.0°
Time resolution 10 min
The number of FFT (fast Fourier transform) 1024
points

2.2. Data

We used raw spectral data and raw moment (radial velocity, spectrum width, noise [36])
data produced during the test operation period (March-April 2021). The raw spectral data
was used to analyze the various non-meteorological signals that appeared in the spec-
tra, and the raw moment data was used to compare the pre-quality-control winds to the
post-quality-control winds.

2.3. Site

The test bed was located on the large site of NTC on Jeju Island, an island off the
southern coast of the Republic of Korea (see Figure 1). Jeju Island is a volcanic island with
Mt. Halla, which has an elevation of approximately 2 km, located at the center of the island.
The island shows different meteorological characteristics from east to west and north to
south due to topographic effects [37]. The island was chosen to test the wind profiler as it
is also famous for its windy climate and relatively large amount of water vapor observed
throughout the year.

Prior to constructing the test bed, an assessment of the radio frequency environment
was conducted. Incoming radio frequencies within the 1.26-1.32 GHz frequency band
of the development equipment were not observed (see Figure 2). The frequency range
was subsequently extended to 1.0-6.0 GHz, following which a total of 12 incoming radio
signals of unknown purpose were identified (see Figure 3). Detailed information on the
incoming radio signals is given in Table 2. In general, it is known that radio signals of
the same frequency cause interference [38]. However, according to ISO/DIS 23032 [39],
even if the interfering frequency is different from the wind profiler frequency, interference
contamination can occur in the baseband due to processes such as receiver modulation and
aliasing of the sampling frequency. Therefore, it can be surmised that the RFI contamination
observed during the test operation was caused by radio signals in the 1.333 GHz frequency
band within the baseband (60 MHz) range of the development equipment.

2.4. Multiple Radio Frequency Interference

MREFI refers to the phenomenon when the peaks at a single frequency are discontinu-
ous with altitude, or when the peaks at several frequencies are continuous with altitude
(Type A), which gives the appearance of a single RFI but is actually an overlap of multiple
frequencies (Type B). Interference signals of multiple frequency bands appear in radars of
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ultra-wide bands ranging from less than 100 MHz to several GHz, but irrespective of the
large amount of RFI that has been reported in literature, they have not been documented
with regard to wind profilers [40]. Figure 4 shows an example of a Type A MRFI spectrum
obtained during the test. In the beam, it can be seen that radio interference peaks appear
continuously in all directions with altitudes at around —100 FFT (approximately 0 to 2.0 km)
and around —450 FFT (approximately 2.0 to 12.0 km). This demonstrates peaks at several
frequencies of Type A that are continuous with altitude.

Figure 1. Wind profiler testbed, located at the National Typhoon Center on Jeju Island, south of the
Korean peninsula, © Google Maps.
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Figure 2. Radio signal test between 1.26 and 1.32 GHz at the testbed on 15 September 2020. The
abscissa is the frequency (GHz), and the ordinate represents the logarithmic signal power in dBuV /m.
The blue line shows the peaks that occur occasionally, while the red line was filtered to remove
harmonics and show only the continuous peaks. Radio signal from 1.26 GHz to 1.32 GHz were
not detected.
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Figure 3. Same as Figure 2 but for a signal test range of 1 to 6 GHz. Twelve radio signals were
detected. The details of the 12 radio signals are shown in Table 2.

Table 2. Details of the radio signals received in the testbed.

Signal Power

Number Frequency (GHz)

(dbuV/m) (dBm)
1 1.090 20.00 —86.4
2 1.195 11.83 —95.2
3 1.333 16.48 —90.5
4 1.730 33.29 —73.7
5 1.815 35.98 —71.0
6 2.150 2211 —84.9
7 2415 20.21 —86.8
8 2475 27.69 —-79.3
9 3.290 20.40 —86.6
10 3.354 23.35 —86.6
11 5.175 16.81 —90.2
12 5.675 16.39 —90.6

West

Altitude (km)

0
-400-200 0 200400 -400-200 ¢ 200400 -400-200 0 200400 -400-200 0 200400 -400-200 0 200400
FFT FFT FFT FFT FFT

Figure 4. A Type A MRFI detected at 10:37 KST on 9 April. Spectral peaks (blue) are plotted above
the normalized spectral power density (red).
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Figure 5a shows an example of the Type B MRFI spectrum that appeared at the time
of the test. Subsequently, the interference contamination was removed manually, and the
result is shown in Figure 5b to Figure 5d. In Figure 5a, it can be seen that continuous peaks
appear at approximately 2.0 to 12.0 km around 400 FFT. When the corresponding peak
was first removed, radio interference reappeared at approximately 2.0 to 12.0 km around
—400 FFT, as shown in Figure 5b. In Figure 5¢c, with the corresponding peak removed again,
it can be seen that the polluted peak near —400 FFT was removed, and the weather signal
appeared at an altitude of 3.5 to 6.0 km. When the remaining interference contamination
at 2.0 to 3.5 km and 8.0 to 12.0 km was removed, some meteorological signals between
2.0 to 3.5 km were restored. Finally, the meteorological signals were restored up to 0.5 to
6 km (Figure 5d). In Figure 5a, the peak at 0 to 300 m was assumed to be RFI, but it is not
at the same frequency as the interference signal at 2.0 to 12.0 km, and is 3-gate; hence, it
was not removed. These findings confirm that the meteorological signal can be restored
through iterative removal, even if the RFI hidden in the RFI with the greatest spectral
power is small.
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Figure 5. Type A MRFI on the east beam, detected at 10:16 KST on 1 April: (a) raw spectra, (b) spectra
after the first manual removal of MRFI from the raw spectra, (c) spectra after a second manual
removal of MRFI from the raw spectra, and (d) spectra after a third manual removal of MRFI from
the raw spectra. Spectral peaks (blue) are plotted above the normalized spectral power density (red).

2.5. MRFI Remouval Algorithm

RFI degrades the quality of wind vectors, impairing the testing and operation of wind
profilers [41]. The best practice is to conduct observations in a good environment free of
RFJ; as this is not always possible, it is necessary for wind profilers to be able to operate
in a poor environment [11]. However, it is difficult to manually identify and remove the
occurrence of MRFI. Therefore, an algorithm was developed to automatically identify and
remove MRFI from the raw spectrum stage.

A spectral peak signal contaminated by RFI has characteristics similar to noise signals
among non-meteorological signals. Therefore, to check for RFI contamination, the process
of distinguishing meteorological signals from non-meteorological signals was performed
first. Spectrum width testing is mainly used as a method for distinguishing meteorological
and non-meteorological signals in the spectrum stage [42]. The spectrum width of a non-
meteorological signal is generally known to be less than 0.2 m/s for noise signals and more
than 4 m/s for signals caused by non-meteorological objects such as birds or aircraft. In
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Altitude (km)

Vertical

FFT

particular, signals caused by RFI appear as very narrow spike-shaped peaks, which are
characterized by a small spectrum width [28].

Figure 6 shows a histogram of 7647 spectrum widths from the observation data for
March 2021. Most of them are distributed within 2 m/s, and noise signals mostly occur
below 0.1 m/s. Approximately 25% of the spectrum widths were above 0.1 m/s, and
approximately 75% were below 0.1 m/s, which is similar to the percentage of noise that
makes up most of the signals, except for some meteorological signals. Therefore, filtering
was performed with a spectrum width threshold of 0.1 m/s. Figure 7 shows an example
of external RFI, and peaks with a spectrum width of 0.1 m/s or more among the peaks
for each gate are displayed in green. The green peak at an altitude of 0 to 3.5 km is a
precipitation signal (blue box); the vertical beam has a large radial velocity, and the oblique
beam is positively deflected. Moreover, a rainfall intensity of approximately 8 mm/h was
confirmed with a test bed rain gauge. At an altitude of 3.5 to 6.0 km, wind signals were
detected (sky-blue box). The north and south beams are symmetrical, as well as the east
and west beams. The noise signal was not shown, indicating that the spectrum width
threshold filtering was well-applied.

4

w
T

log,, (Npeak)

(=]

0.0 0.5 1.0 1.5 20 25 3.0
Spectrum width {m/s)

Figure 6. Distribution of spectrum width for 31 days. The scale of the bar indicates the logarithmic
number of spectrum widths in the same range.
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Figure 7. Spectral peaks (green) higher than a threshold of 0.1 m/s, measured at 15:22 KST on April
12 are plotted above the normalized spectral power density (red). Blue and sky-blue boxes show
rainfall and wind signal, respectively.

After applying spectrum width threshold filtering, a continuity check was executed
on the identified gate, which was suspected of being a noise signal, in order to confirm
potential contamination by RFI. To retrieve Type A MRF], the continuity criterion was set as
four or more contaminated gates in the same FFT at all altitudes. To identify discontinuous
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peaks by altitude, the standard was set between three gates (300 m based on this equipment),
which is a general vertical wind shear check standard [42], and 1.0 km, following which
the RFI retrieval performance was tested. Based on MRFI contamination cases, 400 m
(approximately 1/8 of the number of low-mode gates) was set as the standard. If the
continuity check revealed MRFI contamination, 5 points (£2 points) from the corresponding
peak were subjected to noise-ization (Equation (1)) to remove MRFI, and a new peak was
derived. Noise-ization is used to completely remove MRFI and avoid the problem of the
linear interpolation method in which the contaminated peak remains even though the peak
is removed. Noise-ization was applied following Equation (1):

ﬂ@—sc?ﬁ+jﬁﬁ+0, )

where 7 is the number of points in the range 1-5, and f(n) is the power spectral density of
points. FFTn is the number of FFT, and S(n) is the sorted power spectral density of points.
A continuity check was also performed on gates determined to be meteorological
signals in preparation for non-meteorological signals that the spectrum width threshold
filtering did not filter out. This is to avoid diminishing the performance of the algorithm
due to infrequent problems. However, to prevent the actual meteorological signal from
being removed, the continuity criterion was set to 15 or more gates for vertical beams and 8
or more gates for oblique beams (approximately 1/2 and 1/4 of the total gates, respectively,
based on the number of gates in low mode). Next, linear interpolation (Equation (2)) of
five points of the corresponding peak was performed. Linear interpolation is intended to
maintain some of the peak shape of the signal after removal. An example of noise-ization
and linear interpolation is shown in Figure 8. Linear interpolation followed Equation (2):

n—1 n—1
=(1= 1 2
fo0 = (1= 5= ) < S0 + (= ) < F6) @
where 7 is the number of points in the range 2—4.
Peak
=
[£2] ra
o /
i , Noise
i P N power
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Frequency (Hz)

Noise-ization Linear interpolation
o : [m}
wn ) 0 Vi a—
o o
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0 Hz FFT 5 point 0 Hz FFT 5 point
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Figure 8. Schematic diagram for noise-ization and linear interpolation of MRFL

2.6. Repeat Scanning

To remove the double and triple overlapping Type B MRFI, the removal process was
repeated until the continuity was below the criterion point. Spectrum width [43] was
calculated for the newly derived peak in the iterative process, and filtering, using this as a
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threshold value, and the continuity check were performed again (see Figure 9, Equation (3)).

Spectrum width was calculated according to Equation (3):

Oy =

Zln Si X (Ui — Z)r)z X Af
by

where 7 is the number of peak FFT points.
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Figure 9. Schematic diagram of the Doppler spectral moment calculation.

®)

Considering this iterative process, it is important to establish an appropriate continuity
criterion point. The schematic diagram of the algorithm of the MRFI removal process is

shown in Figure 10.

Spectrum peak

Spectrum width
>0.1m/s

Vertical beam

Continuity
> 8 gates

Continuity
> 4 gates

Continuity
> 15 gates

Interpolate 5 pts Interpolate 5 pts 5 pts to noise
New spectrum peak New spectrum peak New spectrum peak
New spectrum width New spectrum width New spectrum width

I I |

End

Figure 10. Flow chart for removal of MRFI. For peaks with spectrum widths less than 0.1 m/s,
continuity is evaluated by altitude, and if continuous, it is denoised to find new peaks and calculate
their spectrum width. The same process is performed for weather signals with spectrum widths
greater than 0.1 m/s, with the only difference being the threshold, and the process is repeated until

all pass the continuity evaluation.
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3. Results

To confirm the usefulness of the MRFI removal algorithm, we performed a comparative
analysis by calculating the spectrum and wind vector before and after the MRFI removal.
The results are discussed in the subsequent sections. The wind vector was calculated
using the doppler beam swinging (DBS) method using the radial velocity obtained by the
moment method.

3.1. MRFI Cases

During the analysis period in April 2021, 12 MRFI were identified (see Table 3). Most
tended to be concentrated during a specific time (morning) and on specific days (two, six,
and four times on 1, 9, and 13 April, respectively). The south beam had the least number
of MRFI with two occurrences, followed by the east, west, vertical, and north beams with
four, four, six, and seven occurrences, respectively. In addition, half of the cases occurred
simultaneously with beams in several directions instead of in one direction. With regard to
mode, cases occurred more frequently in high mode than in low mode. As for the types,
Type A and B were observed seven and four times, respectively, with both types appearing
at the same time once. Herein, 4 out of 12 cases of MRFI have been discussed. These four
cases were selected on the basis of distinct days, different observation modes, different
types, and clear MRFIL.

Table 3. MRFI cases.

Case Date (KST) Mode Contaminated Beam RFI Type
1 1st April 10:16:25 High East B
2 1st April 10:57:38 High West A
3 9th April 10:13:09 High Vertical A,B
4 9th April 10:37:02 High Vertical North East South West A
5 9th April 10:49:05 High Vertical North A
6 9th April 11:22:21 High Vertical A
7 9th April 12:01:15 High Vertical North East South West A
8 9th April 12:24:43 High North A
9 13th April 10:14:56 High North A
10 13th April 11:38:25 High Vertical B
11 13th April 11:44:14 Low North West B
12 13th April 11:55:55 Low North East B

3.1.1. Case 2

On 1 April 2021, at 10:57 KST, Type A MRFI was observed in the high-mode west
beam. Short altitude-spaced peaks appeared across all altitudes at around —300 FFT
and around 400 FFT (Figure 11a). The interference-contaminated peak was identified
as a noise signal (Figure 11a; purple box) by spectrum width filtering. MRFI appearing
at such a short altitude interval is difficult to retrieve and remove; however, the MRFI
removal algorithm was able to eliminate most of the contaminated peaks that appeared
near —300 FFT and 400 FFT. Figure 11 shows that the meteorological signal (green) was
restored at approximately 4.0 to 9.5 km.

3.1.2. Case 3

On 9 April 2021, at 10:13 KST, MRFI occurred in a high-mode vertical beam. In the
spectrum produced before MRFI removal, continuous interference peaks at each altitude
appeared around —100 and 400 FFT, considered to be Type A (Figure 12a). There were also
traces of RFI near 450 FFT that were removed, indicating that Type A and Type B coexist in
the spectrum after MRFI removal (Figure 12b). Figure 12b shows that the meteorological
signal is restored at an altitude of approximately 0.5 to 8.5 km. It is also well suited to the
meteorological signature of a vertical beam with a peak near 0 FFT (0 m/s).
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Figure 11. (a) Raw spectra and (b) quality-controlled spectra obtained using the removal algorithm.
Spectral peaks (green) higher than a threshold of 0.1 m/s, measured at 10:57 KST on 1 April are
plotted above the normalized spectral power density (red). The purple box indicates the signals

considered as the MRFI.
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Figure 12. Same as Figure 11 but obtained at 10:13 KST on 9 April.

3.1.3. Case 11

On 13 April 2021, at 11:44 KST, Type B MRFI occurred in low-mode north beam and
west beam. For both beams, continuous interference peaks around 200 FFT appeared, up to
0.7 to 3.5 km altitude (Figure 13). Spectrum width filtering confirmed that the peak was
a noise signal (purple box). In Figure 14, after MRFI was removed, it can be seen that, in
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addition to the peak near 200 FFT, which was first seen in the north beam, RFI overlapped
through the remaining traces at 2.0 to 3.5 km near 300 FFT. Moreover, the meteorological

signal was well restored at 0.7 to 3.5 km altitude in both beams.
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Figure 13. Raw spectra measured at 11:44 KST on 13 April. Spectral peaks (green) higher than a
threshold of 0.1 m/s were plotted above the normalized spectral power density (red). The purple box
indicates the signals identified as the MRFI.

3.1.4. Case 12

In Case 12, Type B MRFI contamination occurred in the low-mode north beam and
east beam at 11:55 KST on 13 April 2021. Similar to Case 11, a continuous interference peak
appeared near 200 FFT. This was identified as a noise signal due to filtering (purple box)
(Figure 15). The east beams in Figures 15 and 16 show that, in addition to the 200 FFT,
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there was a continuous interfering signal that overlapped near 300 and 450 FFT. MRFI was
completely removed after the algorithm was applied, and the meteorological signal was
restored up to approximately 0.3-3.5 km (Figure 16).
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Figure 14. Quality-controlled spectra produced using the removal algorithm. Spectral peaks (green)
higher than a threshold of 0.1 m/s were plotted above the normalized spectral power density (red).
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Figure 15. Same as Figure 13 but obtained at 11:55 KST on 13 April.
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Figure 16. Same as Figure 14 but obtained at 11:55 KST on 13 April.

The horizontal wind vector during 13 April 2021, when RFI was significant, is shown
in the time series (Figure 17). At 09:45 and 10:20, discontinuous wind vectors due to RFI
were observed. Moreover, at 11:44 (Case 11) and 11:55 (Case 12), strong northwesterly and
northeasterly winds appeared uniformly along the altitude, similar to MRFI that appeared
on the north-west beam and north-east beam in spectra.
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Figure 17. Wind vector field produced with raw spectra on 13 April.

The horizontal wind vector time series, to which the MRFI removal algorithm was
applied, shows that the discontinuous wind vectors were removed and that the wind
vectors were continuous in space and time (Figure 18). Additionally, at 11:44 and 11:55,
the temporally continuous wind vectors of the north wind in the lower layer and the west
wind series in the upper layer appear. Therefore, the correct meteorological signal was
restored by removing MRFL
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Figure 18. Wind vector field produced with quality-controlled spectra obtained using the nova
algorithm to remove MRFI on 13 April.

4. Discussion

Previous studies have presented methodologies for RFI removal at the IQ signal level
or the Doppler spectrum level. Both types of methods have key strengths and weaknesses;
however, the present study was conducted at the Doppler spectrum stage for ease of data
acquisition during the equipment development process and for the convenience of future
research (researchers can clearly view the series of processes applied for the generation and
removal of RFI).

The MRFI mentioned in the present study has the RFI characteristics mentioned in the
introduction, and the removal process is more complex than that of RFIL. There are two key
challenges with MRFI removal at the Doppler spectral level. First, it is difficult to pinpoint
the frequency at which RFI occurs. Since RFI has a large environmental factor, it is difficult
to accurately identify which frequency peak on the spectrum represents RFI. In the case of
MREF], this is more challenging due to the difficulty of visually checking due to overlapping,
as shown in Figure 5. Second, it is difficult to set a continuity threshold. Generally, peaks
emerge consecutively over 1 km on the spectrum [31]; however, this can vary depending
on several factors. In particular, it is difficult to determine the continuity threshold because
it emerges briefly in some cases, as shown in Figure 11a when MRFI occurs.

Therefore, considering the above challenges, we focused on identifying the MRFI
characteristics and seeking strategies to address them. Spectrum width filtering, altitude
continuity evaluation, and FFT point removal methods introduced as MRFI removal meth-
ods are commonly used for quality control. We attempted to implement an algorithm by
introducing these methods to meteorological signal discrimination, RFI discrimination,
and RFI removal and setting appropriate threshold values (Section 2.5). As shown in
Figures 6 and 7, the spectrum width filtering works well, and the set threshold of 0.1 m/s
is appropriate, which was also satisfactory in other manufacturers” models (PCL-1300,
LAP-3000, LAP-8000, CLC-11-H, CFL-03). Altitude continuity thresholds may vary de-
pending on the number of gate spacings and gates, as well as the maximum observation
altitude. Therefore, they are influenced by pulse width, pulse repetition time, and sampling
frequency. Five-point FFT is also a commonly used method, but it can change depending
on the number of FFT points and the frequency resolution (radial velocity resolution). It
does not matter if the threshold (0.3 m/s to 1 m/s) is set by converting the FFT points to
radial velocity.

Among the 12 MRFI cases, the four selected cases adequately represent the challenges
we mentioned above. In all four cases (Figures 11a, 12a, 13 and 15), MRFI characteristics are
exhibited well, including continuous peaks at different frequencies and continuous peaks
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of short altitude intervals in the raw spectrum. The meteorological signal is restored well
even after application of the MRFI removal algorithm. The effect of MRFI on the horizontal
wind vector calculation can be observed clearly in Figure 17. The peaks representing
northwesterly and northeasterly winds at 11:44 and 11:55 in Figure 17 coincide with peaks
polluted by MRFI from the north west and north east, in Figures 13 and 15. The horizontal
wind vector, displayed in Figure 18, subjected to the MRFI removal algorithm shows
reliable results, as the incorrectly calculated northwest wind and northeast wind series
winds were removed, and the continuous wind vector is well restored with regard to time
and altitude.

The above results suggest that MRFI can be sufficiently managed by software. Conse-
quently, various costs can be reduced in considering environmental factors in equipment
installation and operation. In addition, by using commonly used methods, researchers or
users can easily apply them.

5. Conclusions

In the test operation stage of the wind profiler, we identified MRF], a vertically discon-
tinuous signal within a short altitude range. The MRFI occurred in multiple frequencies
and was overlapping, unlike a general external RFI. We developed an algorithm to auto-
matically remove MRFI from the spectrum stage for work-site operation. To the best of
our knowledge, neither MRFI nor this algorithm have been reported in previous studies.
The first step in the MRFI removal process is distinguishing between non-meteorological
and meteorological signals and determining a threshold based on the spectrum width.
The second step is to detect and remove the RFI according to its characteristics. Finally,
the overlapping signals are removed using an iterative process. In order to prevent the
meteorological signal from being removed in this process, we set the optimal criterion
based on the number of gates obtained through several tests. In April 2021, the algorithm
was validated to effectively remove MRFI, as well as general external RFIL. Although tests
were not performed at the IQ signal stage due to the lack of convenience of data utilization
and the need for heavy memory capacity, the algorithm was qualitatively verified through
continuity evaluation with a time series of spectra and wind vectors before and after the
algorithm application. Notably, MRFI was effectively removed in the spectrum stage, and
continuous wind vectors were restored by revised moment data. In the future, we intend
to apply this algorithm to other wind profiler models for data quality control.
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