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ABSTRACT: This study presents the development and evaluation of a transportable X-band frequency-modulated continuous-wave
(FMCW) weather radar (WR) that successfully adapts operational volumetric scanning strategies typically reserved for high-power to
low-power pulsed systems. The radar integrates a complete radio-frequency chain, a carbon graphite antenna, and a dedicated real-time
processing unit designed for operational volumetric scanning. It performs rapid 4-minute volume scans across seven elevation angles
(0.00°-15.88°) with nonuniform spacing optimized for low-level atmospheric sampling, while a 2 RPM rotation provides full azimuthal
coverage every 30s. The resulting Column Maximum (CMAX) product synthesizes reflectivity from all elevation angles to depict
a three-dimensional precipitation structure, demonstrating a spatial observational capability distinct from traditional profiling FMCW
radars. A three-stage hierarchical physically-informed architecture calibration framework was implemented to ensure quantitative ac-
curacy in the FMCW WR’s measurements, using collocated C-band Doppler Weather Radar (CDWR) observations as reference data.
Validation through internal five-fold Group K-Fold cross-validation, Leave-One-Pair-Out (LOPO) testing, and external evaluation using
independent radar pairs demonstrated the framework’s robustness. The case study of localized urban convection observed by the FMCW
WR shows that the developed low-cost radar offers much finer range resolution and can reveal detailed structures within convective cells.
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1. INTRODUCTION

MCW radar has several advantages over pulse radar. It pro-
Fvides higher range resolution (as good as 0.5 meters) and
better measurement accuracy (down to micrometers for some
sensors). FMCW radar uses lower peak power, so it consumes
less energy and emits less electromagnetic radiation, which
makes antenna placement easier [1]. It works reliably in all
weather conditions, including rain, humidity, fog, and dust, and
is unaffected by temperature or heat. Unlike Doppler radars,
it can track motion across surfaces and measure both distance
and speed at the same time without needing extra antennas or
pulses [2].

Weather radar uses pencil-beam antennas for precise precip-
itation scanning. The most common types are slotted waveg-
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uide array antennas [3,4] and parabolic dish antennas [5]. In
slotted waveguide antennas, the slot’s length and direction set
the frequency and polarization, while the number of slots af-
fects the gain [6, 7]. In parabolic dish antennas, feedhorn sets
the frequency and polarization, and the reflector increases the
gain [8]. Weather radars use rotators for azimuth and elevation
to scan large volumes or to follow custom scanning patterns.
X-band weather radar scanning methods vary depending on
the speed, coverage, and purpose. Most pulsed radar systems
use volume scanning as a standard. For example, the MP-X
radar [9] completes an 11-elevation scan in about 3 minutes for
detailed 3D images of storms. The BoXPol radar [10] finishes a
10-elevation scan in 5 minutes, balancing detail and practicality
for regular weather monitoring [11]. The RaXPol radar [2] is
designed for fast-changing weather and completes a full scan in
just 20 seconds, which is useful for tracking short-lived events
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FIGURE 1. Simulated parameters of the dish antenna using aluminum and carbon graphite materials. The measured parameters are from a dish
antenna using carbon graphite only. (a) Return loss, (b) gain, and (c) radiation pattern.

like tornadoes. By comparison, FMCW radar systems typically
focus on vertical profiles or fixed directions. The FMCW In-
tegrated Doppler Radar Array (IDRA) [12] is built to study the
drizzle and lower atmosphere, mostly using a fixed low angle to
monitor near-surface rain. As a result, while pulsed radars of-
ten use volume scanning, this method is rarely used for smaller
FMCW radars.

Calibrating FMCW radar reflectivity for scanning systems
is difficult because accurately measuring the radar constant is
challenging. This constant depends on factors like power, an-
tenna gain, and system losses, all of which can change with tem-
perature [13, 14]. As a result, calibration needs to account for
temperature and range, so one-time calibration is not enough.
Usually, calibration uses metal targets placed far from the radar
to make sure the beam is formed correctly [14, 15]. For high-
frequency radars, this distance can be hundreds of meters, mak-
ing it challenging to position the targets for all scan angles. Us-
ing metal spheres or corner reflectors provides a known signal,
but this process is slow and only checks a few points [16].

This research addresses this gap by introducing a portable X-
band FMCW radar for volumetric scanning. The main innova-
tion is the full integration of a specialized RF chain with a cus-
tom transmitter, sensitive receiver, and carbon graphite antenna
to mimic the multi-elevation scanning of powerful systems but

30

with lower power. It also includes a fast signal-processing unit
for quick, real-time data collection and results.

This research also addresses a critical gap in the operational
deployment of high-resolution atmospheric sensing by devel-
oping a novel (machine learning (ML)-based framework for
volume-scanning reflectivity calibration of FMCW WR sys-
tems. The principal innovation of this study lies in introducing a
three-stage, physically-informed ML (PIML) calibration archi-
tecture that uniquely couples inherent radar characteristics with
advanced data-driven learning. Unlike conventional static cal-
ibration methods or simple statistical adjustments, this frame-
work offers a dynamic, adaptive, and highly granular solution,
which is essential for volume-scanning consistency.

2. DEVELOPMENT AND CALIBRATION METHODS

2.1. Antenna System and Radome for Volume Scanning

The system employs a co-located pair of identical parabolic
dish antennas for both transmission and reception. The reflec-
tor antenna has a dish diameter of 600 mm operating at a cen-
ter frequency of 9355 MHz. We performed Finite-Difference
Time-Domain (FDTD) simulations using aluminum and car-
bon graphite as antenna reflector materials, yielding maximum
gains of 33.26dBi and 33.04 dBi at 9355 MHz, respectively
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FIGURE 2. The schematic diagram of the developed FMCW radar consists of the transmitter and receiver parts.

(Fig. 1(b)). These results demonstrate that aluminum’s supe-
rior conductivity results in a slightly higher gain than carbon
graphite, but carbon graphite offers lighter weight and non-
corrosive properties.

Highly conductive materials, like metals, generate strong re-
flected waves owing to the surface currents. In contrast, carbon
graphite conductive paints have lower conductivity and often
contain non-conductive binders, resulting in reduced reflective
properties [17]. For instance, an 85% graphite and 15% carbon
black mix has a resistivity of about 0.037 (2-m, while a 2.6:1
ratio lowers it to 0.029 Q-cm (0.00029 2-m). Graphite paints
are used for shielding against electromagnetic and radio fre-
quency interference, although their resistivity is significantly
higher than that of metals like copper, which is approximately
1.68 x 1078 Q-m.

The fabricated antenna was characterized using a Vector Net-
work Analyzer up to 14 GHz. It operates within a frequency
band of 9.3 GHz to 9.4 GHz, with a measured isolation of
—62dB at 9.355GHz, as illustrated in Fig. 1(a). The radi-
ation pattern and gain measurements showed a peak gain of
32.8dBi in the E-plane and 22.8 dBi in the H-plane. Both
planes exhibited a 3-dB beamwidth of approximately 4 degrees

TABLE 1. Specification of transmitter and receiver systems.

Parameter Specification
Operating Frequency 9355 MHz with 5 MHz BW
Carrier Frequency Signal 9000 MHz, 9.462 dBm
Type Signal FMCW

Frequency Sweep 92.5 to 97.5 MHz (Sawtooth)

Sweep Time 800 s
Intermediate Frequency 352.5-357.5 MHz
Power Output —6.81dBm
Without Amplifier
High Power Amplifier Stage I: 7.81dB
Stage 1I: 39 dB
with P1dB of 40 dBm
LNA Noise figure of 1.9 dB
gain of 36 dB
P1dB of 12dBm
Noise Floor —118dBm
dynamic range of 102 dB

ADC

16 bits, 2 MSPS
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at 9.355 GHz, as depicted in Fig. 1(c). The carbon graphite
coating achieved a gain of 32.8dBi at 0° in the E-plane,
just 0.24 dBi below the 33.04 dBi simulated gain of a carbon
graphite antenna, demonstrating strong performance.

The radar features a radome that protects it from weather
and dust. Analysis of the fiberglass radome, measured from
9352 MHz to 9357 MHz, shows low attenuation values from
0.76 dB to 0.98 dB, indicating stable electromagnetic proper-
ties. This establishes fiberglass as an effective material for
radome construction, owing to its low dielectric constant, me-
chanical strength, and light weight. However, azimuth rotation
measurements indicate that attenuation varies between 0.76 dB
and 1.8 dB, suggesting variations in the radome’s thickness.

To analyze the rainfall structure, the FMCW weather radar
used a volume scanning strategy with a rotating antenna at
2 RPM, completing a 360° sweep every 0.5 minutes. The 4-
minute scanning cycle included 3.5 minutes of active scanning
at seven elevation angles: 0.00°, 0.76°, 2.27°, 4.54°, 7.56°,
11.34°, and 15.88°.

2.2. Transmitter and Receiver Unit

Figure 2 presents the architectural block diagram of the trans-
mitter and receiver components, while Table 1 details their
key specifications. The transmitter subsystem comprises an
AD9956 Direct Digital Synthesizer (DDS), a 450 MHz inter-
mediate frequency (IF) signal oscillator, a 9 GHz carrier signal
oscillator, and a high-power amplifier with a gain of 44.81 dB.
FMCW modulation is implemented at the baseband utilizing an
AD9956 evaluation board, which integrates a DDS and phase-
locked loop (PLL) circuitry. The waveform generator operates
with a 375 MHz reference clock, enabling a frequency sweep
from 92.5 MHz to 97.5 MHz over a sweep time of 0.8 ms.

A photograph of the AD9956 Direct Digital Synthesizer
(DDS) board, which is a key component of the transmitter hard-
ware, is presented in Fig. 3(a). The generated chirp signal,
depicted in Fig. 4(a), exhibits a frequency span ranging from
92.7MHz to 97.7 MHz and an output magnitude varying from
—55.2dBm to —52.6 dBm. The measured DDS output demon-
strates a highly linear frequency sweep from approximately
92.5MHz to 97.5 MHz, yielding a chirp bandwidth of 5 MHz
and a corresponding range resolution of 30 m. This linear fit,
highlighted by the red line in Fig. 4(a), shows excellent corre-
spondence with the measured data, exhibiting minimal devia-
tion within £0.15 dB and centered around 0 dB. This outcome
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FIGURE 3. Photograph of the developed (a) DDS AD9956 board used for generating a chirp signal at the transmitter. (b) A high-power amplifier
(HPA) with a gain of 39 dB and a 1 dB compression point at 40 dBm. (c¢) A quadrature demodulator designed to extract the in-phase and quadrature

signals from the beat signal in the receiver system.
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FIGURE 4. Analysis of the chirp signal generated by DDS AD9956, showing (a) the linearity of the chirp signal, with a linearity coefficient of 0.9889,

and (b) the linear residuals of the chirp signal.

indicates low residual nonlinearity, the absence of systematic
bias or drift, and only minor high-frequency fluctuations.

The analysis of the DDS output reveals a systematic ampli-
tude slope of approximately 2.5 dB across the 5 MHz bandwidth
(Fig. 4(a)) and quasi-periodic amplitude ripples with a peak de-
viation of +0.18 dB (Fig. 4(b)). While the 2.5 dB slope rep-
resents a linear amplitude taper, the second-stage High Power
Amplifier (HPA), operating near saturation (P1dB), effectively
compresses this variation, stabilizing the mean transmit power
P, used for reflectivity calibration. The primary concern re-
garding signal purity is the impact of the amplitude residuals
(ripple) on the Range Sidelobe Level (RSL). In FMCW pro-
cessing, frequency-domain amplitude ripples produce paired
echoes (sidelobes) in the range profile [3]. Using the small-
ripple approximation, the theoretical degradation in RSL due
to the amplitude ripple of A A4 can be estimated as [3]:

107262 1
20 —
RSLyp ~ 20logy, (T) (1)
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Substituting the measured maximum residual of AA,p ~
0.18dB into Eq. (1) yields a theoretical RSL contribution of
approximately —39.6 dB. This hardware-induced sidelobe floor
aligns with the windowing functions used in digital signal pro-
cessing (DSP), specifically the Blackman window, which pro-
duces a sidelobe suppression of about —46 dB. This level is
sufficient for meteorological observations, as it prevents ghost
echoes from strong clutter from significantly contaminating ad-
jacent range bins in stratiform precipitation environments. Fur-
thermore, since Z, is logarithmically derived, the £0.18 dB
source uncertainty translates to a negligible reflectivity error
of < 0.2 dBz, well within the standard calibration tolerance of
+1.0dBz [18].

The DDS output signal undergoes a preliminary up-
conversion via a double-balanced passive mixer. This mixer
is driven by a local oscillator (LO) operating at 450 MHz
with a power level of —14.237dBm. This stage generates
an IF chirp signal spanning from 352.5 MHz to 357.5 MHz.
The IF stage incorporates amplification to compensate for
the mixer’s conversion loss and elevate the signal level to an
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appropriate magnitude for subsequent processing and eventual
up-conversion to the RF. Specifically, it amplifies the DDS
output, which is around —53 dBm, to an IF output power of
—34dBm. The output of this first up-conversion stage is then
fed into a bandpass filter (BPF) with a bandwidth of 340 MHz
to 370 MHz, effectively suppressing image frequencies and
inter-modulation products. The filtered output is subsequently
divided by a two-way power splitter, with one path directed to
the second up-conversion stage within the transmitter and the
other feeding the down-conversion stage in the receiver.

The second up-conversion employs another double-balanced
mixer, driven by a low-phase-noise, phase-locked dielectric
resonator LO operating at 9 GHz. The LO output power is
9.462 dBm, and this signal is split to drive both the transmit-
ter’s upconverter and the receiver’s first downconverter. The
mixer’s output is an RF signal centered at 9355 MHz with a
5 MHz bandwidth. Owing to the inherent conversion loss in-
troduced by the mixer, this stage includes a pre-amplification
circuit positioned after the up-conversion. This pre-amplifier
boosts the power of the RF signal to —6.81 dBm, which is
sufficient to drive the subsequent HPA. Following this up-
conversion, two stages of power amplification are implemented
using HPAs. The first HPA stage amplifies the signal from
—6.81dBm to 1 dBm, providing an amplification of 7.81 dB.
The second stage utilizes a 39 dB HPA, characterized by a 1 dB
compression point at 40 dBm and a maximum input power han-
dling capability of 11 dBm, which further amplifies the signal
from 1 dBm to 40dBm. A photograph of the 39 dB HPA is
shown in Fig. 3(b).

The measured output power characteristics of Stage I and
Stage II amplification show that Stage I consistently exhibits
a low output power, measuring approximately 1 dBm, whereas
Stage II maintains a nearly constant output of approximately
40 dBm across the entire input power range. The gain for Stage
I is approximately 7.81dB, remaining highly consistent and
operating well within its linear region. When considering all
stages together, the system achieves an overall gain of approx-
imately 46.8 dB, highlighting its linear response across the op-
erational input range.

In the receiver architecture, the signal path includes several
key components: a Low Noise Amplifier (LNA), a mixer that
works with a 9 GHz input, another mixer for a 450 MHz in-
put, a quadrature demodulator, an Analog-to-Digital Converter
(ADC), and a Signal Processing Unit (SPU). The LNA has a
noise figure of 1.9 dB and a gain of 36 dB. Its output power at
the 1 dB compression point is 12 dBm. To better understand the
radar’s noise floor and improve the data analysis, we perform
a detailed examination of the LNA’s characteristics. The noise
floor, which represents the smallest signal that the LNA can de-
tect, is essential for the radar sensitivity. With the LNA’s gain
of 36 dB and an output noise level of —82 dBm, we calculate
the input noise floor by subtracting the gain from the output
noise. This gives us a noise floor of —118 dBm, showing the
lowest signal power that the receiver can detect above its own
noise.

Beyond the noise floor, we can derive additional important
performance metrics from LNA specifications. The output’s
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1 dB compression point (P1dB) is 20dBm. Considering the
LNA’s gain, the corresponding input P1dB is —16 dBm. This
means that the maximum signal power the radar can process,
before the gain drops by 1 dB due to non-linearity, is —16 dBm,
indicating the beginning of saturation. We also calculate the
receiver’s dynamic range, which is the difference between the
strongest signal it can handle without distortion and the weak-
est detectable signal. This gives us a dynamic range of 102 dB.
This wide dynamic range proves the receiver’s ability to ac-
curately process a range of signal strengths, from faint echoes
to strong returns, without losing signal quality. While the noise
figure of 1.9 dB provides a preliminary view of the LNA’s noise
contribution, a complete evaluation of the system sensitivity
should also consider the receiver’s operating bandwidth to de-
termine the absolute thermal noise limit.

Following amplification by the LNA and passage through
a BPF, the signal undergoes its first down-conversion from
9355MHz to 355MHz. This conversion is performed by a
mixer identical to that employed in the transmitter’s second up-
conversion stage. The penultimate stage before digitalization
is quadrature demodulation. A quadrature demodulator, as de-
picted in Fig. 3(c), is utilized to extract the in-phase (I) and
quadrature (Q) components from the beat signal. These com-
ponents represent the real and imaginary parts of the baseband
signal, respectively, enabling the recovery of the original in-
formation. Specifically, the received signal is mixed with two
versions of the transmitted chirp signal at the baseband, ex-
hibiting a 90° phase difference, to yield the I and Q compo-
nents of the beat signal. Both quadrature demodulation out-
puts are approximately —40 dBm, with a noise figure (NF) of
—74.5dBm. Figs. 5(a) and (b) illustrate that the two 90° phase-
shifted versions of the transmitted chirp signal at the baseband
possess a frequency range similar to the DDS output, albeit with
a higher magnitude attributable to amplification. The analysis
of the Q channel in Fig. 5(a) reveals that spurious tones and
harmonics contribute to phase jitter and amplitude instability,
resulting in quadrature phase error; however, the spectral enve-
lope indicates high purity of the I/Q demodulated signal, which
enhances target discrimination and dynamic range. Fig. 5(b)
shows a moderate I/Q imbalance, with the Q channel displaying
stronger amplitude fluctuations compared to the flatter I chan-
nel, although minor phase distortion from this imbalance can
be addressed using DSP techniques. The measured signal-to-
noise ratios (SNR) and amplitude stability are noted as 5.16 dB
and —3.58 dB for the I channel, and 9.58 dB and —9.07 dB for
the Q channel. Additionally, Fig. 5(c) illustrates a phase differ-
ence plot between the I and Q inputs, showcasing an oscillatory
pattern with variations between 30° and 90°, indicating imper-
fections from amplitude and phase imbalance, DC offsets, and
mismatched delays, which particularly impact performance in
the 94.5-96.5 MHz range.

2.3. Signal Processing Unit

Equation (3) shows how the beat frequency ( f3) relates to range
(R). In this equation, BW stands for bandwidth, c is the speed
of light, and 7 is the sweep time of the chirp [18]. Using a 16-bit
ADC that samples at 2 MSPS, we can calculate the maximum

WWwWw.jpier.org



rPIER B

Awaludin et al.

Spectral Purity of Chirp in I/Q Demodulater Input

,\
&

20 —— | Demod
Q Demod
]
— —80
2
‘0
& -90
(=]
©
T -100
O
o
(7]
@ -110
=
o
o
-120
0.0 0.1 0.2 0.3 0.4 0.5

Frequency (normalized)

(b) ©.000401

Linear Power

Amplitude Stability over Time of Chirp in I/Q Demodulator Input

—— | Demod Amplitude

0.00035 Q Demod Amplitude
0.00030 -

0.00025 4

o
o
S
o
-
(£

0.00010 -

0.00005 4

0.00000

93 94 95 96 97
Frequency (MHz)

Phase Difference Between | and Q Demodulator Input

o

Phase (degrees) ~
-~ w (=) ~ [++] o
o o o o o o

w
o

—— Unwrapped Phase

93 94

95

96 97

Frequency (MHz)
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unambiguous range to be 24 kilometers when the bandwidth is
5MHz and the sweep time is 0.8 ms. For a maximum range
(Rmax) of 15.36 km, which is 64% of the maximum unambigu-
ous range, the beat frequency (f3) is 640 kHz.

To suppress RSL that would otherwise mask weak meteo-
rological echoes near strong ground clutter, a Blackman win-
dow is applied to the time-domain data prior to the FFT. While
this windowing broadens the main lobe slightly (reducing pure
range resolution), it provides a theoretical peak sidelobe level
of approximately —46 dB, which matches the dynamic range
requirements for observing precipitation gradients and ensures
that the system performance is limited by hardware linearity
rather than processing artifacts.

In this setup, we capture 1,600 samples per chirp, calculated
as 2 x 10° samples per second x0.0008 seconds. We collect
1,600 samples for the I(¢) signal and another 1,600 samples
for the (Q(¢) signal since they are sampled at the same time.
To make processing easier, we use an FFT size that is a power
of two. The next highest power of two after 1,600 is 2048 (211).
We achieve this by adding 448 zeros to the 1,600-sample data
vector. This technique, called zero-padding, allows us to per-
form the 2048-point FFT effectively.

_ fser
Rmax - 4BW (2)
2RBW
Jo = 3)
cT

34

Y =cosé +siné = e/t 4
In the digital domain, the in-phase and quadrature remain-
ing signals are complexly added, resulting in Eq. (4), where
& = a — B = 2w fyt is the phase difference between the trans-
mitted and the received signals, respectively. The result of the
quadrature demodulation is a complex signal. A moving target
will exhibit a distinct phase shift from chirp to chirp, allowing
Doppler estimation in the second FFT dimension [18].

For a weather radar operating at 9.355 GHz with a pulse repe-
tition time (PRT) of 0.8 ms (PRF = 1250 Hz), the unambiguous
Doppler velocity range is determined by the Nyquist velocity,
given by

PRF - ¢
4fo

Substituting the parameters yields v, ~ £10.02 m/s, indicat-
ing that velocities between —10.02 m/s and +10.02 m/s can be
measured without ambiguity. In contrast, the spectral width,
representing the variability of velocities within the radar vol-
ume due to turbulence and shear, is a measured atmospheric
property and is not limited by the radar hardware.

Stationary targets, such as terrain and buildings, produce
strong echoes near zero Doppler frequency (ground clutter),
which can obscure weather signals. To suppress this contam-
ination, a high-pass filter (ground clutter filter) is applied in
the Doppler processor to attenuate frequencies below a thresh-

Umax = +
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FIGURE 6. Photograph of developed FMCW radar, (a) without radome, (b) with bottom side of radome, (c) with full radome.

old corresponding to minimal atmospheric motion. For a mini-
mum velocity threshold of 0.5 m/s, the cutoff frequency is given
by [18]

fa= %fO,

Cc

resulting in f; ~ 31 Hz. Thus, implementing a high-pass filter
with a cutoff near 31 Hz effectively separates weather echoes
from stationary ground returns.

2.4. Radar Reflectivity Factor

Estimating the equivalent reflectivity factor (Z.) is essential
for quantifying the precipitation intensity. The enclosed for-
mulation outlines the mathematical derivation of Z, from the
received radar power, incorporating the system parameters and
physical constants. Z. which is directly related to the radar-
observed backscatter from hydrometeors (e.g., raindrops or
snowflakes), is expressed as [18]:

2 r
C(PT(T) _ Pn)Latm( )

Ze(r) = |Kw|2

®)

A25121n2 - 10'8

C =
PthGreCAT9t2|Kw|27T3

(6)

where C is the radar calibration constant; | K, |? is the dielec-
tric factor of water; 6 is the minimum between the transmitter
antenna half-power beamwidth 8, and the receiver antenna half-
power beamwidth 6,.; Ar is the range resolution of the radar;
G, is the gain of the transmitting antenna; G, is the gain of the
receiving antenna; G, is the receiver chain gain; and Ly, is
the losses due to the propagation in the atmosphere at distance
.

By using P; of 40dBm, G; and G, are 32.8dBi, G, is
36dB; Ar is 30m; 0; and 6, are 4 degrees; |K,|? is 0.93; A
is 0.03204623; and C is 260475.45. This calibration factor
enables the direct conversion of the received power measure-
ments into physically meaningful reflectivity values (expressed
in mm®/m3 or dBz), which is essential for quantitative precipi-
tation estimation (QPE) [19] and meteorological analysis.
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2.5. Radar Tested

The developed radar operates with a rapid 4-minute volume
scan across seven elevation angles (0.00° to 15.88°) and a
2RPM antenna rotation, facilitating a complete azimuthal
sweep every 0.5 minutes. Photographs of the developed radar
are depicted in Fig. 6. Compared to other radar systems,
such as the MP-X Radar [9] with an 1l-elevation scan in
approximately 3 minutes and the BoXPol Radar [10] which
balances high spatial resolution with a 5-minute scan cycle
across 10 elevations, this FMCW WR provides commend-
able temporal resolution. Although it is not as rapid as the
20-second scanning capabilities of the RaXPol [2], designed
for fast-evolving phenomena, it exceeds the FMCW IDRA
without volume scanning [12], which typically operates with
a fixed low elevation for drizzle studies. With a power output
of 10 W and a maximum range of 15km, the radar excels in
localized, high-resolution observations of shallow to moderate
stratiform rain, isolated convective cells, and topographically
induced convection, which are particularly relevant in complex
terrain regions. The radar’s capabilities significantly contribute
to urban hydrology, short-term nowcasting, and the study of
convective initiation [20].

The FMCW radar was set up on the rooftop of a three-story
building in Yogyakarta, Indonesia (coordinates: 7.7928818°
S, 110.3883323° E). On April 16, 2025, at 14:30 local time,
the radar detected the rainfall while scanning the area. The
results were compared and calibrated with data from the C-
band pulsed Doppler WR (CDWR), located at 7.7317947° S
and 110.3533411° E. The two radars are 7.8 kilometers apart,
and the FMCW WR is positioned at an angle of 151.6° relative
to the CDWR.

A comparison of FMCW WR and CDWR shows that each
has strengths for rainfall observation. FMCW WR can de-
tect small rainfall features because it has finer range resolution
(30m). CDWR, with its narrower beam (0.95° vs. 4°), gives
better angular resolution, which helps map the shape of storms
and rain areas over wide regions.

2.6. Three Stages PIML-Based Data Calibration

This study develops a multi-stage ML calibration framework
to harmonize target and reference radar reflectivity mea-
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surements, as illustrated in Fig. 7. The approach integrates
physically guided preprocessing with data-driven models in
three consecutive stages, namely Stage 1 for bias correc-
tion, Stage 2 for residual correction, and Stage 3 for meta
refinement. Each stage incrementally reduces systematic
and geometry-dependent errors while preserving the physical
relationship among range, elevation, and radar reflectivity.

Six paired volumetric radar scans acquired on 16 April 2025
were used for model development, covering elevation angles
from 0.5° to 14.6°. Each target radar dataset was collocated
with its corresponding reference radar sweep at identical az-
imuth range grids. Quality control was applied by retaining
only samples with reflectivity between 25 and 65 dBz for both
target and reference data, which removed spurious noise and

saturation artifacts.
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Stage 1 performs baseline calibration between the target and
reference reflectivity using a ridge-regularized polynomial re-
gression on log-transformed intensities. The model approxi-
mates the reference reflectivity Z,. as a function of log(Z;) ex-
panded up to the second-order polynomial. This stage primarily
captures global biases and mild nonlinearities in the receiver re-
sponse. The validation of Stage 1 employed a five-fold Group
K-Fold cross-validation strategy, where all samples from a sin-
gle radar pair were withheld together in each fold. The resulting
out-of-fold (OOF) predictions provided unbiased residuals for
Stage 2 training.

Stage 2 models the spatially varying residuals between the
reference and Stage 1 predictions as a function of the radar-
geometry variables. The residuals were definedase = Z, — Z,
and standardized per radar pair before training. The modeling
used XGBoost regressors with squared-error objective, 1500
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trees, a learning rate of 0.02, a maximum tree depth of 2, a min-
imum child weight of 8, and regularization parameters A = 2.0
and a = 1.0 [21]. Residuals were modeled separately within
elevation bands defined as (—1°, 6°), (6°, 12°), (12°, 90°).
Bands containing fewer than 6000 samples were automatically
merged with adjacent ones to ensure sample sufficiency. Each
band model included an internal validation subset for early
stopping.

Stage 2 employed a set of physically meaningful predictors
representing radar geometry and signal propagation. The fea-
ture vector x included the Stage 1 calibrated reflectivity Z, and
its square Zf, ranging in kilometers 7y, together with its in-
verse ;.| and square 2, , beam height h;, computed under the
four-thirds Earth approximation, finite-difference range gradi-
ent of reflectivity %ZTT, elevation angle 6,,, azimuthal sine
and cosine components sin(¢,) and coﬁ%z), and five-point
rolling mean of the Stage 1 reflectivity Z,. . These radar ge-
ometry and elevation-dependent effects were explicitly mod-
eled, following the emerging use of ML correction of radar-
derived reflectivity fields [22]. The beam height h; was calcu-
lated using the four-thirds Earth approximation as follows:

hy = /12 + (kR.)? + 2rkR, sinf, — kR, 7

where r is the slant range from the radar (m), R, the mean Earth
radius (6,371,000 m), k the effective Earth-radius factor (com-
monly 4/3 to account for standard atmospheric refraction), and
0. the radar beam elevation angle (degrees or radians). This for-
mulation accounts for Earth curvature and atmospheric bend-
ing, providing the geometric height of the radar beam center
above the radar antenna [18].

Such corrections have been shown to be important in modern
radar calibration workflows [23], as they improve the accuracy
and consistency of radar-derived reflectivity fields, especially
when dealing with variable propagation conditions across dif-
ferent elevation angles.

These features capture the nonlinear dependence of reflectiv-
ity errors on the range, elevation, and beam geometry. All fea-
tures were standardized prior to training. The predicted resid-
uals were added to the Stage 1 predictions to yield the Stage 2
calibrated reflectivity field.

Stage 3 provides meta-level refinement by blending the out-
puts of Stage 1 and Stage 2 through a ridge regression model.
The meta features consisted of Stage 1 and Stage 2 predictions,
their squares, beam height, range, and elevation. This stage en-
forces smooth transitions between the elevation bands and pre-
vents local overcorrection. The ridge regularization coefficient
was fixed at o = 1.5.

The complete validation scheme comprised four hierarchi-
cal levels. Stage 1 was validated internally through a 5-fold
Group K-Fold cross-validation scheme, where each subset of
radar pairs served once as the validation group while the re-
maining subsets were used for training. Stage 2 employed
the inner training and validation subsets for early stopping.
The overall framework was evaluated using a LOPO scheme,
where one radar pair was excluded entirely for testing in each
fold [24]. Finally, a separate external validation experiment
was conducted using six independent radar pairs at 14:27 LT
to evaluate the generalization to the unseen data. For produc-
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tion readiness, a model was trained using all internal pairs com-
bined. The mean squared error (MSE) between predicted and
reference reflectivity was used as the primary performance met-
ric.

3. RESULTS AND DISCUSSION

3.1. Calibration Results

The cross-validation results demonstrate that the proposed cal-
ibration framework significantly improves the consistency and
accuracy of radar reflectivity relative to the reference measure-
ments. Across the six internal radar pairs, Stage 1 produced
an average MSE of 388 dBz2. Stage 2 reduced this error to
308 dBz?, representing an average improvement of 80 dBz2.
Stage 3 achieved a final mean MSE of 310 dBz2, confirming
that the meta-regression effectively stabilized the calibration
without loss of accuracy. Table 2 summarizes the detailed re-
sults for each radar pair in the LOPO evaluation.

TABLE 2. LOPO cross-validation results in MSE.

Pair ID S1 S2 S3 A12 A13
00 336.0 328.8 2985 +7.2 +37.5
01 346.3 338.1 2954 +8.2 +50.9
02 350.7 218.6 217.0 +132.0 +133.6
03 4545 3414 3526 +113.1 41019
04 445.6 287.6 291.1 +157.9 41545
05 3955 3309 406.1 +64.6 —10.5

Mean  388.1 307.6 310.1 +480.5 +78.0

All pairs improved, except for the highest-elevation pair
(pair 05). For pair 05, which usually has strong signal loss
and small overlap, the error stayed steady instead of getting
worse. This shows that band-wise residual learning and meta-
regularization helped prevent overfitting at high elevation an-
gles.

Combining all internal pairs for training, Stage 1 had a
mean squared error (MSE) of 372.2 dBz. Stage 2 improved to
182.2 dBz, and Stage 3 reached 178.0 dBz. It means that the
error variance dropped by 52%, and the root mean square er-
ror fell by about 30% (from 19.3 to 13.3 dBz). Using the same
model on six external radar pairs gave almost the same results:
Stage 1 MSE = 372.6, Stage 2 = 186.1, Stage 3 = 182.7dBz.
A comparison is presented in Table 3.

TABLE 3. Performance of the calibration system measured in MSE on
internal and external datasets.

Evaluation Set S1 S2 S3 A1o A13
Internal (All)  372.2 1822 178.0 +190.0 +194.2
External 3726 186.1 182.7 +186.5 +189.9

The internal and external results are nearly identical, show-
ing that the calibration model works well on new data without
losing accuracy. Both validation levels show a consistent 50%
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FIGURE 8. Comparison of CMAX between the original and calibrated results of FMCW WR, along with the reference CDWR, and the difference
between calibrated FMCW WR and CDWR. The rainfall observation occurred on April 16, 2025, at 14:30 LT.

drop in MSE, meaning that the model corrects instrument bias
and accounts for the effects of propagation and attenuation.

Adding physical parameters like beam height, range gradi-
ent, and elevation angle made the model easier to understand
and improved its performance. The meta-stack refinement
helped keep results consistent across elevation bands, which is
important for radar and rainfall estimates. Most errors at high
elevation angles are due to fewer samples and more noise. Fu-
ture improvements could include better attenuation correction
or smoothing over time.

The analysis reveals that the model relies most heavily on
geometric and spatial features rather than the reflectivity mag-
nitude itself. The azimuthal components sin(¢, ) and cos(¢,)
exhibit the highest importance scores. This pronounced az-
imuthal dependency suggests that the residual errors are spa-
tially anisotropic, likely stemming from sector-specific beam
blockage, partial beam filling, or orientation-dependent inter-
ference patterns inherent to the radar’s deployment environ-
ment.

Figure 8 shows CMAX from the original data, the calibrated
FMCW WR, the reference CDWR, and the difference between
the calibrated FMCW and the reference. In the original FMCW
CMAX, reflectivity is scattered with large low-reflectivity ar-
eas (below 35 dBz) and a few strong cores. This means that the
original FMCW underestimates rainfall and misses continuous
rain structures, mainly due to rainfall attenuation and a wide
scanning beam. After calibration, the CMAX field looks more
like typical rainfall, showing higher reflectivity and clearer rain
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cores. The calibrated FMCW reflectivity increases in key areas,
matching the reference data better.

The reference CDWR CMAX (Fig. 8(c)) shows large, con-
tinuous areas of high reflectivity (over 45 dBz), meaning strong,
organized rainfall. The reference radar covers more area than
the calibrated FMCW because it is more sensitive and has a
wider range.

The difference between the calibrated FMCW and reference
CMAX (Fig. 8(d)) shows that some differences remain after
calibration. Calibration reduces most of the bias, but some ar-
eas still have higher values (> 10 dBz), where the FMCW mea-
sures more reflectivity than the reference. Other areas have
lower values (< —10dBz), meaning that the FMCW under-
estimates reflectivity. These remaining differences are found
in specific places and may be due to calibration limits, differ-
ent beam shapes, or mismatches in how the two systems sample
the rain.

Figure 9 shows Range Height Indicator (RHI) plots of re-
flectivity at about 151.6° and 208.4° from the CDWR and the
FMCW WR. The azimuth slices match FMCW WR’s position
relative to the CDWR. These plots show a vertical cross-section
of the rain, making it possible to see how rainfall is distributed
and how intense it is along those directions.

The CDWR RHI (Fig. 9(a)) shows a tall, deep area of rain,
with reflectivity higher than 50 dBz near the ground and above
30dBz up to 56 km high. This means that there is strong, tall,
and heavy rainfall, which is typical of mature storm cells. The
rain is widespread and continuous, showing a large, organized
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storm. The strongest rain is near the ground but extends high
up, matching the pattern of heavy rain reaching the surface.

In contrast, the FMCW WR RHI (Fig. 9(b)) shows much
shallower and more local rain signals. The echoes only go up
to about 200 m high and cover a small area. The reflectivity is
still high (over 50 dBz) near the ground, showing strong rain-
fall, but the vertical range is limited because the FMCW radar
cannot see as far. This means that the FMCW radar is good at
seeing fine details of rain near the surface, but cannot capture
the full height of the storm like the CDWR.

The calibration was checked by comparing the original and
calibrated reflectivity with the reference data (see Table 4).
The comparison used root mean square error (RMSE) and bias.
Only reflectivity values between [20, 65] dBz were used, fo-

TABLE 4. Comparison of reflectivity metrics for original (Ori) and
calibrated (Cal) datasets relative to the reference.

Metric Elevation (°)
0.76 2.27 4.54 7.56 15.88
RMSE (Ori) 30.24 29.92 37.04 42.58 13.41
Bias (Ori) —27.38 —26.75 —35.94 —42.58 -T7.19
RMSE (Cal) 10.11 11.88 8.37 5.07 29.79
Bias (Cal) —2.37 1.13 0.62 —-5.06  28.39
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cusing on real rain signals. This range is based on the standard
rainfall reflectivity [25].

Table 4 summarizes the RMSE and bias of the original and
calibrated reflectivity across different elevation angles. The
calibrated reflectivity shows significant improvements in both
RMSE and Bias, particularly at lower and mid-level eleva-
tions. For instance, at 7.56°, RMSE dropped from 42.58 dBz
to 5.07 dBz, and Bias from —42.58 dBz to —5.06 dBz; at 4.54°,
RMSE decreased from 37.04 dBz to 8.37 dBz. At 15.88°, how-
ever, RMSE increased to 29.79dBz. This slight increase is
likely not due to overfitting but rather due to a combination of
factors such as reduced sample size and increased measurement
uncertainty at higher elevations. While Stage 3 of the calibra-
tion framework effectively regularizes and refines residuals, the
lower signal strength at higher angles may lead to greater un-
certainty in calibration, highlighting the challenge of working
with sparser data and the difficulty of achieving the same level
of accuracy as that at lower elevations.

The elevation-dependent performance shown in Table 4 re-
veals how the calibration accuracy varies with beam geom-
etry and propagation effects. The largest improvement oc-
curs at low and mid elevation angles (0.76°-7.56°), where
the RMSE decreases from more than 30dBz in the original
data to below 12 dBz after calibration. These beams intersect
the main precipitation core and benefit most from the three-
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FIGURE 10. Calibrated CMAX of localized urban rainfall observed by the FMCW WR on April 12, 2025 at (a) 14:58 LT, (b) 15:02 LT, (c) 15:06,

and (d) 15:10 LT.

stage correction sequence, in which Stage 1 removes the base-
line bias; Stage 2 adjusts the residual range-dependent errors
through band-specific learning; and Stage 3 refines the tran-
sition between elevation bands. At the lowest angles, par-
tial beam blockage and ground clutter occasionally increase
residual noise, while at the highest elevation (15.88°), the cal-
ibration performance slightly degrades due to reduced over-
lap with the C-band reference volume and the smaller sample
size available for model training. Overall, the results indicate
that the hierarchical calibration framework effectively compen-
sates for range- and elevation-dependent biases, yielding con-
sistent reflectivity alignment across the full scanning volume
and demonstrating the system’s capability to produce CDWR-
comparable quantitative measurements.

The FMCW WR’s 4-minute full volume scan, which is faster
than the CDWR’s 4.8-minute scan cycle, offers a significant
advantage for real-time monitoring of rapidly evolving rainfall
and storm dynamics. In addition, the FMCW WR provides five
times finer range resolution (30 m vs. 150 m), allowing it to cap-
ture small-scale rainfall features with high precision [12]. This
high spatial resolution is crucial for studying localized precipi-
tation processes, particularly in complex terrain where rainfall
variability is often pronounced over short distances. Although
the narrower beamwidth of the CDWR (0.95° vs. 4°) allows
for superior angular resolution, the FMCW WR compensates
with its rapid scan cycle, which enables high-frequency tempo-
ral sampling. This feature provides detailed insights into short-
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term precipitation dynamics and convective initiation, making
it especially valuable for fast-changing weather patterns [26].

A three-stage PIML calibration framework was developed
to ensure that the FMCW WR’s high-resolution measurements
match the reference CDWR data. Stage 1 uses polynomial ridge
regression to correct the baseline bias in the raw FMCW re-
flectivity; Stage 2 introduces band-specific residual learning
through gradient boosting models, accounting for range, beam
geometry, and elevation; and Stage 3 applies meta-ridge refine-
ment to stabilize transitions across elevation bands. This hier-
archical approach enhances the calibration’s accuracy by ad-
dressing both baseline biases and elevation-dependent errors,
making it robust for real-world applications.

While traditional FMCW calibration methods, such as that
proposed by Myagkov et al. [27], primarily correct reflectivity
biases through a single-stage polynomial approach, our method
extends this by incorporating range-dependent corrections and
higher-resolution adjustments to the data. This multi-step cal-
ibration provides more precise alignment with the reference
data across the full scanning volume, ensuring improved perfor-
mance, particularly at higher elevations where signal strength
and sample size limitations are typically challenging.

The calibration results confirm the applicability of the three-
stage method for each volume scan dataset from the FMCW
WR, replacing previous methods that used CDWR data without
volume scanning [28].
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3.2. Case Study of Localized Urban Convection

Figure 10 shows the rainfall measured by a low-power (10 W)
FMCW WR, while Fig. 11 shows the data from a high-power
(350 kW) CDWR. The rainfall comes from local urban storms.
The CDWR, with more power and a longer wavelength, is bet-
ter at detecting weak rain that the FMCW WR misses. The
FMCW WR, likely at X-band or higher frequencies, is more af-
fected by signal loss behind strong storms, so it underestimates
the rain in those areas.

Radar data from April 12, 2025, between 14:58 and 15:10
LT, shows the growth of a local multi-cell storm at its strongest
stage. The CMAX data shows clear, intense rain cores reaching
55-60 dBz, meaning rain rates over 50 mm/hr and likely small
hail in the strongest areas. The storm evolves in two ways: the
main cluster (x ~ 2km, y &~ 1km) stays strong the whole
time, while scattered cells in the southwest (x ~ —5km) are
combined into a larger, stronger area by 15:10. Calibrated data
makes these features clearer by reducing noise, showing more
continuous areas of heavy rain than the raw data.

Despite its limits, such as artifacts near the radar from sys-
tem leakage and ground clutter, the FMCW WR provides much
finer details and reveals small structures inside storm cells. It
cannot match the CDWR’s wide range or ability to detect weak
rain, but calibration lets it measure strong storm cores accu-
rately. This makes FMCW WR useful for high-resolution, local
monitoring of flood-causing storms, especially in cities or com-
plex terrain. Using data from both the FMCW WR and CDWR,
along with other sensors, gives a better overall view of rainfall
and helps improve the hydrological analysis in the area[11, 29].

4. CONCLUSION

This study presented the design, integration, and evaluation of
a pioneering transportable X-band FMCW weather radar that
introduces a fully implemented volume-scanning architecture
within a compact, low-power platform. The system integrates
a miniaturized RF chain, a carbon graphite antenna engineered
for stable beam performance, and a dedicated real-time signal-
processing unit optimized for multi-elevation FMCW opera-
tion. This configuration enables rapid seven-elevation volu-
metric scans with high azimuthal sampling, representing a sig-
nificant advancement in the electromagnetic and system-level
design of FMCW radars.

The three-stage PIML hierarchical calibration framework
was implemented to ensure quantitative accuracy in the FMCW
WR’s measurements, using collocated CDWR observations as
reference data. Validation through internal five-fold Group K-
Fold cross-validation, LOPO testing, and external evaluation
using independent radar pairs demonstrated the framework’s
robustness. The model relies most heavily on geometric and
spatial features rather than the reflectivity magnitude itself. In-
ternally, MSE decreased from approximately 372 dBz? after
Stage 1 to 182 dBz? after Stage 2, and further to 178 dBz? after
Stage 3. External validation yielded comparable results.

The case study of localized urban convection observed by
the FMCW WR shows that the developed low-cost radar offers
much finer range resolution and can reveal detailed structures
within convective cells.
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