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Abstract: In order to prevent and manage damage caused by localized torrential downpours, the
quantitative observation of rainfall is crucial. Considering the spatial complexity and vertical vari-
ability of rainfall, it is important to obtain low-altitude, high-resolution radar observations to reduce
uncertainty in radar rainfall estimates. In this paper, we present an electromagnetic wave rainfall
gauge system (EWRG) that detects rainfall within the observation area and estimates the areal rainfall
using electromagnetic waves. The EWRG system was developed based on a subminiature size
antenna, a K-band dual-polarization transceiver, and advanced high-resolution, high-speed signal
processing technology. The system design and signal processing techniques are described in detail.
The EWRG has the advantage of overcoming the limitations of conventional cylindrical ground rain
gauges, such as the contamination and spatial inaccuracy of rain gauges, which cause uncertainty in

quantitative precipitation measurement.

Keywords: electromagnetic wave rain gauge; K-band; dual polarization; antenna; transceiver;
signal processing

1. Introduction

Due to climate change, the localized characteristics of heavy rainfall have increased,
and the irregularities in rainfall distribution have intensified. Consequently, there are limi-
tations in applying traditional flood forecasts, which assume uniform rainfall distribution
over one representative area, to the current altered meteorological environment [1,2]. The
ground rain gauge, commonly used for rainfall observations, has a diameter of 20 cm
(area of 0.04 m?). However, the representative area covered by one rain gauge used in
flood forecast models can span from tens to hundreds of square kilometers. Nevertheless,
the spatial variability in rainfall within this representative area is significant, leading to
increased uncertainty in flood forecasts and reduced usability. Furthermore, conventional
rain gauges inherently encompass systemic errors stemming from various factors such
as dryness, evaporation, wind, errors in tipping buckets, and poor maintenance, leading
to errors in rainfall observations themselves [3,4]. This has also been a cause for the de-
crease in accuracy during ground correction for meteorological radars for data assimilation.
Consequently, there have been recent efforts to develop and distribute equipment (such as
Parsivel, disdrometers, POSS, etc.) to replace conventional rain gauges. However, these
devices still face challenges in measuring spatial distributions effectively, and thus have
not provided a solution to the issue of representativeness. Conversely, weather radars
are utilized for detecting precipitation spatial distributions over wide ranges [5]. Flood
forecasting technologies based on radars have also been significantly developed. However,
they are primarily installed at high altitudes like mountain peaks, avoiding ground obsta-
cles, especially in Korea. This leads to significant discrepancies with ground rainfall, and
during the process of estimating rainfall through calibration with traditional ground rain
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gauges, errors can still occur [6]. Thus, there are still limitations in accurately forecasting
floods and observing localized heavy rainfall. In this context, it is evident that for effective
flood forecasting, which is crucial for disaster prevention, a technology capable of accu-
rately measuring the spatial distribution of ground precipitation amounts is needed. This
technology should be able to measure ground rainfall without being affected by terrain
features like flatlands and mountainous areas, similar to conventional cylindrical ground
rain gauges. It should perform the same function as traditional rain gauges in observing
actual rainfall, while overcoming the shortcomings of existing technology. Additionally, a
new rainfall measuring instrument that can densely measure actual rainfall distribution
in high-density areas like urban ones should be developed, enabling the utilization of
this technology for preventing localized disasters such as torrential heavy rainfall, urban
flooding, and landslides.

With this perspective in mind, this study has developed precipitation observation
equipment based on electromagnetic waves, providing a high-resolution spatial distribu-
tion of ground rainfall. This equipment accurately measures localized heavy rainfall, with
the aim of mitigating damages caused by such events and preventing disasters like flood-
ing and landslides. This paper describes the high-resolution electromagnetic wave rain
gauge, referred to as the 'EWRG’, capable of measuring both rainfall and wind fields [7].
Note that the micro-rain radar (MRR) can serve as an alternative method for estimat-
ing rainfall using electromagnetic waves [8]. The MRR operates as a vertical pointing
frequency-modulated continuous wave (FMCW) system, whereas the EWRG functions
as a scanning dual-polarization system. The EWRG has been developed by integrating
advanced technologies, encompassing ultra-compact dual-polarization antenna technol-
ogy, K-band dual-polarization transceiver technology, high-resolution high-speed signal
processing technology, and low-loss radome technology.

This paper is organized as follows. The system design and implementation of EWRG
is described in Section 2. The proposed signal processing method of the EWRG and
preliminary results of evaluation are discussed in Section 3. Finally, the summary and
conclusion are presented in Section 4.

2. EWRG System Design and Implementation

The EWRG is a K-band electromagnetic wave-based rain gauge system [9]. The
hardware consists of an antenna, a transceiver that transmits and receives electromagnetic
signals, and a signal processor that converts received signals into observation variables
of the EWRG. The software is composed of an operation control software responsible for
operating and controlling both hardware and software, a data processing module handling
data quality management and rainfall estimation, and a control/display GUI program
performing remote control and data visualization of the system. Figure 1 and Table 1
illustrate the system diagram and major specifications of the EWRG.
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Figure 1. EWRG system diagram.
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Table 1. Specifications of EWRG.

Specification
Operating frequency (GHz) 24.15
Transmission power (W) 4 (horizontal/vertical)
Polarization Simultaneous dual polarization (H/V)
Antenna shape Parabolic reflector type
Antenna diameter (cm) 50 (carbon)
Beam width (deg.) 1.6 (H/V)
Gain (dBi) above 40
Driving range (deg.) Azimuth: 0~360; Elevation: —2~+92
Driving speed (RPM) Azimuth: 6; Elevation: 2
Signal form I/Q demodulation
Effective observation range (m) 150~3000
Waveform LFM Pulse
Pulse width (us) 02,1
PRF (KHz) 10
Distance resolution (m) 30
Minimum Detectable Signal (dBm) —-90
ADC resolution (bit) 14

2.1. Transceiver

The transceiver performs the transmission function by up-converting and amplifying
the LFM (Linear Frequency Modulation) signal generated from the waveform generator,
and then sends out the resulting high-power K-band signal through the antenna. It also
performs the reception function, which includes amplifying the received K-band signal
from the antenna, down-converting it, and then sending it to the signal processor. In this
paper, we developed a K-band pulse-driven 4 W Solid State Power Amplifiers (SSPA)
transceiver using a small Hybrid Microwave Integrated Circuit (HMIC) [10-12]. The
transceiver comprises a power supply, a transmitter, and a receiver. It delivers over 4 W of
output power and maintains a receiving Noise Figure (NF) of less than 5 dB with a short
duty cycle of 1% even in high-temperature environments of up to 65 degrees. Figure 2
displays the developed transceiver.

Figure 2. The EWRG transceiver.
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2.1.1. LFM Waveform

The EWRG transceiver employs the LFM method for signal transmission [13]. The
LEM signal can be either a triangular wave, which linearly increases or decreases over
time, or a sawtooth wave, which starts with a linear increase and then returns to the
base frequency. The time difference between the transmitted and received signals varies
with distance [14]. By accumulating distance information during the Coherent Pulse
Interval (CPI) and subsequently performing Fast Fourier Transform (FFT) processing,
speed information can be extracted. Figure 3 depicts the concept diagram of LFM signal
transmission and reception. In Figure 3, the red line represents the transmission signal
modulated with a linear frequency, while the yellow and blue lines represent the received
signals returned from two objects. At represents the time difference between transmission
and reception, providing information about the distance between the object and the radar.
Af indicates the frequency difference between the transmission and reception signals, which
corresponds to the Doppler frequency and relative speed compared to the object [15].

S

Frequency (Hz)

X

v

Range(m)

Figure 3. LFM transmission and reception concept diagram. TX: transmitted signal, RX: re-
ceived signal.

The LFM signal, expressed as 6(t), can be implemented by linearly modulating the
frequency over time and can be expressed as Equation (1). If the time variable ‘t’ is
replaced by the number of loop repetitions (i) and the time interval (At), it can be expressed
as Equation (2). Here, f. represents the center frequency, fsart is the frequency where
modulation begins, fsiop is the frequency where modulation ends, and T signifies the
period [16-18].

o fstart - fstop 2
o(t) = 27r(fct+ ot ) 1)
0(t) = 27 ( fo(i x At) + fstart — fstop (i* At)? )
2(sample No. * At)
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2.1.2. Transmitter

The transmitter is responsible for up-converting the Intermediate Frequency (IF) band
CHIRP signal generated by the waveform generator to the K band. It then amplifies
the signal to over 4 W using a high-power amplifier (HPA) and delivers it to antennas
along both the vertical and horizontal paths. Figure 4 depicts the block diagram of the
transmitter [19].
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Figure 4. Block diagram of EWRG transmitter.

The waveform generator utilizes a precision Direct Digital Synthesizer (DDS) chip to
generate CHIRP waveforms (5 MHz bandwidth) in the IF frequency band (187.15 MHz).
The waveform generator is designed as a separate Printed Circuit Board (PCB) assembly in
the transmitter module. Figure 5 shows LFM wave form at a horizontal and vertical port.
In the bottom-left images of Figure 5a,b, we can observe a linear increase in frequency [20].
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Figure 5. LFM waveform (a) at horizontal and (b) at vertical port.

The power budget and the frequency stability of the transmitter are shown in

Figures 6 and 7, respectively.

2.1.3. Receiver

The receiver amplifies the received horizontal and vertical K-band signals with a Low
Noise Amplifier (LNA), and then converts them into IF signals through Double Conversion.
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It subsequently forwards these processed signals to the signal processor. Figure 8 depicts
the block diagram of the transmitter. Figure 9 indicates the power budget of the receiver.
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Figure 6. The power budget of the transmitter.
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Figure 7. Frequency stability of the transmitter.

2.2. Antenna and Radome

The antenna module consists of an antenna unit, a driving unit, and an antenna
control unit (ACU). Figure 10a,b depict the 3D design and block diagram of the antenna,
respectively. The antenna unit is responsible for simultaneously transmitting and receiving
horizontal and vertical signals. It is primarily composed of a 50 cm diameter carbon reflector,
a feedhorn, and an Orthomode Transducer (OMT). The driving unit is designed with a two-
axis structure for driving in the azimuth or elevation directions, and a reducer-integrated
motor is used to drive each axis. The ACU controls motors to move the antenna in azimuth
or elevation directions and interfaces with external devices. In this project, the EWRG
adopted a slip ring to prevent the twisting of power and data lines, enabling continuous
rotation in the azimuth direction. Additionally, after attaching a signal processor to the

antenna module, the rotary joint commonly used in radar was no longer needed.
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Figure 10. (a) The 3D design and (b) block diagram of the antenna module.

A radome is a protective device that shields the EWRG from external factors like
humidity and temperature. It is made of Fiberglass Reinforced Plastic (FRP) material
using the hand lay-up method, with a thickness of 3T (3 mm) based on the simulation
of gain variation according to the radome thickness change. Additionally, at 24.15 GHz,
the dielectric constant measured 3.869, and the Loss tangent (tan §) was measured at
0.012. Figure 11 depicts the implemented antenna and the radome. An indoor radiation
experiment was performed to evaluate antenna performance, and the resulting antenna
beam pattern is shown in Figure 12. At a frequency of 24.15 GHz, the antenna beam width
and high-level power gain for the horizontal beam are approximately 1.6° and 40.2 dBi,
respectively, and for the vertical beam they are approximately 1.7° and 40.1 dBi.
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Figure 12. (a) Horizontal and (b) vertical antenna beam pattern at 24.15 GHz.

3. EWRG Signal Processor

The signal processor, through several stages of signal processing, derives correlation
coefficients and meteorological parameters from the IF signal received from the transceiver,

and then sends the output to the operational control server. Figure 13 depicts the EWRG
signal processor.
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Figure 13. Implemented signal processor (a) internal shape, (b) frontal shape.

3.1. Signal Processing Procedure

The signal processor converts the H and V channel IF signals received from the
transceiver into digital signals by sampling them with an ADC (Analog to Digital Con-
verter). The digital signals are then transformed into I/Q data through DDC (Digital Down
Converter) and pulse compression. Correlation coefficients and meteorological parameters
are calculated from the I/Q data, and the final outputs are transmitted to the operating
control server via Ethernet. Figure 14 illustrates the main signal processing procedure.

L IF_ H— > —H_I/H_Q-»| —H-»> —RO»
N B ADC DDC c N Correlation |—R1- Pa"émlete’ - Z.®,p—> Et:‘f'r't‘e‘
eceliver |F_\-"—"‘ - —H_l)l'H_Q-b ompression . | RO al, (s]

SPX

Figure 14. Signal processing procedure.

ADC sampling is performed at 16 bits and 48 MSPS for each H and V channel with a
36 MHz IF input. Since actual data acquisition occurs for 68 microseconds out of a 100-micro-
second period, 3264 samples are acquired during each cycle (68 microseconds x 48 MSPS).
From the 3264 sampled data, DDC generates I data by selecting samples in the sequence 1, 5,
9,13... 3261 and Q data by selecting samples in the sequence 2, 6, 10, 14. .. 3262. Therefore,
for each H and V channel, 816 12 MSPS data points are generated (3264/4 = 816). In the
pulse compression process, a 1024-point FFT is performed on the DDC’d 1/Q data, followed
by multiplication with the replica, and then a 1024-point IFFT is performed. Ultimately, a
pulse compression result of 32 bits and 816 samples is generated.

After pulse compressions for each cycle, correlation coefficients are calculated by
gathering the results of 128 cycles. The theoretical formula for correlation coefficient
calculation is as follows (Equations (3)-(6)) [21].

1M,
RO = M =1 S;(lsn (3)
1 M—1 4,
Ri= -1l $hdn+1 “)
1 M—2 4,
Ry = (=7 2un=1 Snén+2 ©)

Y Svv sﬁh

iy (0) = —=2rhh__ (6)
() /o,
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The correlation coefficients R0, R1, and R2 are used to calculate single polarization
meteorological variables (Reflectivity (Z), Doppler Velocity (V), and Spectrum Width (W))
for both H and V, and the dual polarization variable Differential Reflectivity (ZDR). Addi-
tionally, the dual polarization meteorological variables Correlation Coefficient (0HV) and
Differential Phase Difference (®DP) are derived from the cross-correlation coefficient phv
(0). Quality control variables such as signal-to-noise ratio (SNR) and signal quality index
(SQI) are also computed [22]. Meteorological variable calculation formulas are shown in
Figure 15.

To—N
z dBZ = 10log [ ON ] + dBZ, + 20logr + ar ZDR | ZDR =dBZh — dBZv + ZDRyffset
A
v =70 Oi=arg{R} 7,=1/PRF PHV | RHOHV = |py,(0)|
S
N i 2 R
w — M Variance = §ln [%] ®DP | PHIDP = arg|p;,(0)]
T 2
Ry
SNR | SNR = 10log n
R, |
sal =—
Ql | soI R

A b M Lo N o s

Figure 15. Meteorological variables.

3.2. Preliminary Performance Evaluation

To verify the performance of precipitation measurement by EWRG, rainfall observa-
tions were conducted at Yeoncheon SOC Center on 09/07/18 during a period of localized
heavy rainfall. The meteorological dual-polarization parameters of the EWRG were well

produced, as demonstrated in Figure 16.
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H (Wy), differential reflectivity (ZDR), differential phase difference (phiDP), correlation coefficient
(RhoHYV), signal-to-noise ratio at H (SNRy), signal-to-noise ratio at V (SNRy), signal quality index at
H (SQip), and signal quality index at V (SQiy).

4. Summary and Conclusions

In this study, an electromagnetic wave rain gauge system for measuring precipitation
using K-band dual-polarization technology was developed. The K-band EWRG is particu-
larly effective in detecting and analyzing small-scale weather features. Additionally, the
EWRG is more compact than lower frequency radar systems (S, C, and X band) and is
suitable for deployment in various environments, including urban or complex mountainous
areas where space might be limited.

The hardware of the EWRG combines components such as the antenna, dual-polarization
RF transceiver, and FPGA signal processor. The antenna is miniaturized with a beamwidth
of 2.0 degrees and a diameter of 50 cm, adopting a parabolic design. It operates in the
frequency band centered at 24.125 GHz and employs simultaneous dual-polarization tech-
nology. The K-BAND pulse-driven 4 W Solid State Power Amplifiers (SSPAs) transceiver
was built using small-sized Hybrid Microwave Integrated Circuit (HMIC). The transceiver
consists of a power supply unit, a transmission unit, and a reception unit. It achieves an
output power of over 4 W with a short duty cycle of 1% in a high-temperature environment
of up to 65 degrees, and maintains a reception noise figure of 5 dB or less. The manufac-
tured module is equipped with a waveform generation section that emits LFM and Square
Pulse waveforms, while the reception unit achieves a reception gain of over 40 dB. The
signal processor converts the received IF signal from the transceiver into a digital signal
using an ADC. The converted digital signal then undergoes DDC and pulse compression
to be transformed into I/Q data. Subsequently, from this I/Q data, final outputs such as
correlation coefficients and meteorological variables are generated.

The preliminary results of the evaluation show that the meteorological parameters of
the EWRG are well produced. In the future, we plan to focus on signal processing validation
and improvement for dual-polarization observational variables, as well as research on the
development of quantitative precipitation estimation methods.
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