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Abstract: Wireless communication has become a very important part of our lives, and it is well
known that meteorological factors affect the quality of communication links, especially at higher
frequencies because the physical dimensions of raindrops, hail stones, and snowflakes are on a similar
wavelength to the propagating radio frequency. Millimeter-waves are an important technology for
fifth-generation cellular networks which are currently being deployed all over the world. Since
atmospheric effects are challenging in millimeter-wave transmissions, in this paper, we conducted
line-of-sight field measurements at 25 GHz and 38 GHz. We monitored the received signal during
rainfall events and compared the theoretical attenuation and the recorded rain-induced attenua-
tion. We also derived the rain-induced attenuation (A) and rainfall rate (R) relation for stratiform
and convective rain, respectively, using local rain drop size distribution (DSD) information at our
measurement site collected during the period of two years. Furthermore, opportunistic sensing of
atmospheric phenomena using microwave or millimeter-wave communication links in commercial
cellular networks has recently attracted more attention in meteorological research worldwide. The
accuracy of calculating rainfall rates from microwave links highly depends on the retrieval model and
values of coefficients in the model, i.e., a and b of the A-R relation model. Here, the coefficients a and
b are estimated based on local DSD measurement, and the performance of the improved A-R model
is evaluated using propagated signal power based on measurement data. Compared to the (a, b)
coefficients in the International Telecommunication Union Recommendation (ITU-R) P.838 document,
the derived coefficients achieved an improved rainfall rate estimation.

Keywords: raindrop size distribution (DSD); microwave links; millimeter-wave link; 5G; radio
propagation meteorological factors; rain-induced attenuation

1. Introduction

The fifth-generation cellular networks (5G) have been rapidly deployed worldwide,
and millimeter-wave communication is one of its key enabling technologies. Millimeter-
wave has a great advantage in high-capacity and high-speed communication due to its
large available bandwidth [1–3]. Data rates in microwave frequencies and below are
limited to about 1 Gb/s, but they can reach 10 Gb/s and more in the millimeter-wave
range. The World Radiocommunication Conference (WRC) 2019 identified 24.25–27.5 GHz,
37–43.5 GHz, 45.5–47 GHz, 47.2–48.2 GHz, and 66–71 GHz for terrestrial systems that
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deliver high-throughput, low-latency 5G services [4]. However, it is well known that
electromagnetic signals may experience atmospheric loss as a result of oxygen, water vapor,
rain, fog, snow, etc. [5]. Particularly, rain attenuation is less noticeable for lower frequency
bands, but it can become more significant at frequencies greater than 10 GHz, as illustrated
in Figure 1. The understanding of rain-induced signal attenuation is very important for the
design of millimeter-wave radio communication systems.
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Figure 1. Schematic view of a wireless transmission link from one base station to another during rain
and the received signal power is additionally attenuated by A (dB).

Regarding our study, we have built a 25 GHz and 38 GHz measurement link for un-
derstanding the impact of rainfall. Atlas et al. [6] already proved in 1977 that rain-induced
microwave attenuation and a rainfall rate are nearly linearly related near wavelengths
of 1 cm. A simple power law empirical model, which is expressed as A = aRb, often is
used for relating the rainfall rate (R) and the rain-induced attenuation (A) [7,8]. One of
the most commonly used A-R relations with coefficients a and b at different frequencies is
documented in the ITU [9], and the same coefficients are used all over the world. Different
regions experience various rainfall patterns at different times of the year. Therefore, the
information of raindrop size distribution is essential for formulating the local A-R relation.
We have collected rain drop size distributions and rainfall rate statistics with a 1-min
resolution, including the rainy season in Beijing (mainly from July to August [10] in 2017
and 2018), together with the 25 GHz and 38 GHz link measurements at our measurement
site at the Institute of Atmospheric Physics (IAP), Chinese Academy of Science (CAS). We
first analyze the rainfall behaviour based on these two years of raindrop size distribution
measurement data. The average DSD for different precipitation types is studied. The coeffi-
cients (a, b) of the power law model are derived, aimed at providing a better prediction
of rainfall affecting near-ground communication links at the measurement site. We then
compare the theoretical rain-induced attenuation and recorded signal attenuation from our
trial measurements.

Although attenuation caused by rainfall and other meteorological phenomena is unde-
sired for commercial communication links, opportunistic sensing of rain using microwave
links has been proven to be a promising new method for near-ground rainfall monitoring
as a new remote sensing technology [11–14]. Most of the existing papers have adopted
the R = b

√
A/(a) relation which is derived from the ITU-R P. 838-3. The coefficients (a, b)

depend on the local raindrop size distribution and rainfall characteristics, and they may
vary in different regions. They affect the accuracy of rainfall rate estimation and the ITU
model is not guaranteed to provide the best approximation of the relation between the
rain-induced attenuation and the rainfall rate for a specific measurement. Therefore, mi-
crowave link-based rainfall monitoring research and applications also will benefit from
locally-derived a and b values for the rainfall retrieval model. Furthermore, it is important
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to associate rainfall with rainfall type in remote sensing and modeling studies [15]. We
study the variation of coefficients (a, b) derived from different types of rainfall events. We
then apply our derived coefficients for rainfall rate estimation and examine the accuracy of
the modified model.

The main contribution of the paper is: (1) derivation of the rainfall rate and rainfall-
induced attenuation power law relation based on local raindrop size distribution statistics
recorded by a disdrometer during two years of measurement in Beijing, China; (2) analysis
of rainfall-induced attenuation impairing the near-ground communication links, especially
at millimeter-wave frequency ranges, using measurement data; (3) derivation of the coeffi-
cients of the model for rainfall rate retrievals using, local microwave link measurements,
which are considered an emerging new technology for environmental monitoring, and
sustainable sources of near-ground environmental data.

The structure of the paper has been organized as follows. The statistics of the average
raindrop size distribution of convective and stratiform rain from two years of measurement
data are discussed in Section 2. The relationship of the rainfall rate and the rain-induced
attenuation based on measured data is examined and compared with the ITU-R P. 838-
3 model, and the power law coefficients a and b, which have been derived locally, are
examined for the use of retrieving the rainfall rate over a 25 GHz signal link in Section 3,
while Section 4 draws the conclusions.

2. Materials and Methods
2.1. Rainfall Measurement Equipment

The rain measurements were recorded simultaneously by a rain gauge and an OTT
Parsivel2 [16] precipitation particle disdrometer. A disdrometer is a designated measuring
device which can be used to monitor the type of the fallen precipitation, the precipitation
rate, and the velocity and diameter of the fallen particles. It also can identify the type
of precipitation (snow, sleet, rain, hail, etc.) and output the corresponding precipitation
code [17]. The data from a disdrometer are well known for their use in studying the
microphysical features of DSD for different rain types and climatic regimes [18–21]. Using
post-processing of the measurement data, the rain DSD can be derived and the rain-induced
attenuation can be calculated. Particles which are in diameters between 0.125–25 mm and
in fall velocities between 0.1–22.4 ms−1 are detectable by a disdrometer. There are 32 bin
sizes for particle diameter and velocity, respectively, as detailed in [22,23]. The disdrometer
and rain gauge were deployed on the roof top of Building 40 (39◦59′03′′ N, 116◦23′38′′ E)
of IAP, CAS in Beijing, which sits along the northwest edge of the North China Plain.

2.2. Particle Size Distribution and Rainfall Rate

The number density of particles was calculated by the number of particles passing
through the sensing surface of the Parsivel disdrometer within a given time interval [24,25]
per-unit-of-volume per-unit-of-size interval:

N(Di) =
32

∑
j=1

Cij

vj × S× T × ∆Di

[
m−3 ·mm−1

]
(1)

where Cij represents the number of rain drops present at the ith diameter class and jth
velocity class. N (Di) (m−3 ·mm−1) is the concentration of raindrops per unit volume in the
interval from Di to (Di + ∆Di). Di is the diameter of the rain drops in class i. S is 0.0052 m2

which represents the sampling area of the disdrometer surface. T is the sampling interval
of 60 s. ∆Di is defined as the diameter interval between two consecutive classes (i − 1) and
i. vj is the particle fall speed in the jth velocity class. Once the particle size distributions
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(PSDs) are calculated using the rain DSD measurements, the rainfall parameters of interest
can be derived [26]:

R = 6π × 10−4
32

∑
i=1

32

∑
j=1

vj × D3
i × N(Di)∆Di [mm/h] (2)

The result for Equation (2) gives the estimated rainfall rate.
Rain DSD information affects the transmission performance of electromagnetic signals

in the rain and is important for the prediction of the microwave signal attenuation due
to rainfall. Analysis and modeling of the distribution of raindrops or drizzle has been
extensively studied [27–29]. There are various models that have been applied for modeling
rain DSD, such as the Marshall Palmer (M-P), exponential, lognormal, gamma distribution,
Weibull, and Laws and Parsons [30–32] models. The exponential distribution for raindrop
spectra proposed by Marshall and Palmer is in the following form [30]:

N(D) = N0 exp(−ΛD)
[
m−3 ·mm−1

]
(3)

where N(D) represents the rain DSD, N0 is a constant in m−3, Λ(mm−1) is the slope
parameter, and D (mm) is the equivalent volume diameter. Atlas and Ulbrich [32] suggested
fitting a gamma function to the rain DSD, and the gamma distribution is widely used for
representing natural DSD variability [33] in the form:

N(D) = N0Dµ exp(−ΛD)
[
m−3 ·mm−1

]
(4)

where N0(mm−µ−1 ·m−3) is the number concentration parameters, µ is the distribution
shape parameter, Λ(mm−1) is the slope parameter, and D (mm) is the equivalent volume
diameter. It is generally accepted that the size distribution of droplets in rain of varying
intensity follows the M-P distribution; the number of droplets distributed in the initial
stage of rain (drizzle) is described by the gamma distribution function.

2.3. Outdoor Field Millimeter-Wave Measurement

Atmospheric attenuation due to rain can become more severe at millimeter frequencies.
To gain an understanding of the relationship between the rainfall rate and rain-induced
attenuation at our measurement site, we built line-of-sight transmission links of 80 m
and 700 m long, and the operating frequency of the link was at 25 GHz or 38 GHz. Our
field measurement started in 2016 and took place at IAP, CAS in central Beijing [34,35], as
shown in Figure 2. Occurring at the transmitting end, we generated stable signals using a
signal generator with negligible temperature-induced variations. The signal was then put
through a horn antenna which was vertically polarized. Occurring at the receiver side, an
identical horn antenna was connected to a signal analyzer for signal reception and display.
The instantaneous received signal power was recorded. The measurement link setup and
parameters are given in Table 1.

2.4. Estimation of Rain-Induced Attenuation Over Millimeter-Wave Links

Section 2.3 introduced our measurement campaign to monitor the rain-induced attenu-
ation over millimeter-wave links. When measurement data are unavailable, two other ways
to estimate the rain-induced attenuation are either through using available rain DSD data
or using an ITU model if only the rainfall rate is available. Similar to the power law rela-
tionship of a Z-R model, which relates the radar reflectivity (Z) and rainfall rate (R) [36–38],
the relationship between the rainfall rate (R) and attenuation (A) also is expressed by the
A-R relation.
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Table 1. The outdoor field millimeter-wave link measurement setup.

Parameter Value

Centre frequency 25 GHz/38 GHz
Transmit power 7 dBm

Transmitter instrument Anritsu MG369XB signal generator
Receiver instrument Agilent N9030A PXA signal analyzer

Antenna type Horn antenna
Transmitter-Receiver (Tx-Rx) distance 80 m/700 m

Sampling interval 15 s
Tx antenna gain 23.8 dBi (25 GHz)/25.6 dBi (38 GHz)
Rx antenna gain 23.8 dBi (25 GHz)/25.6 dBi (38 GHz)

Polarization Vertically polarized
Cable loss 2 m (−2.2 dB), 3 m (−5.0 dB)

Tx and Rx azimuth half-power beamwidth 11◦ (25 GHz)/8.4◦ (38 GHz)
Tx and Rx elevation half-power beamwidth 10◦ (25 GHz)/7.4◦ (38 GHz)

Due to its simplicity, a power law empirical model often is used in the calculation of
rain-induced attenuation A and the rainfall rate R:

A = aRb [dB/km] (5)

where the power law coefficients a and b are related to the polarization, frequency, and
characteristics of the rain DSD. When the information for the rain DSD is not available,
we can use existing models for the rainfall rate and rain-induced attenuation estimation.
The ITU-R P.838-3 document gives a and b values for specific frequencies. These values
are empirically calculated and the same values are used worldwide [9]. However, those
coefficients depend on the local climate characteristics, rain types and, in fact, they are not
the same from region to region.

Alternatively, we can derive a and b using the local rain by relating the rainfall rate
and attenuation (A) as follows. Using the availability of the rainfall parameters, including
the raindrop size distribution measurement from a local disdrometer, we can estimate the
PSD based on Equation (1) and the rain-induced attenuation (A) by an integral of all the
water drop sizes [39–41]:

A = 4.343× 10−3
32

∑
i

Qext(Di, λ, m)N(Di)∆Di[dB/km] (6)

where Qext represents the attenuation cross section, which is dependent on the wavelength
of the signal λ, the drop diameter Di, and the water drop complex refractive index m. The
water drop complex refractive index is a function of the frequency and the temperature.
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Qext is estimated by applying the Mie scattering calculations for plane wave radiation to an
absorbing sphere particle. Mie scattering considers the frequency and temperature proper-
ties of rain attenuation, but it does not consider the polarization and angular dependencies.
It assumes that rain drop shape is spherical. N(Di) is the PSD, as presented in Equation (1).
We can use Equation (5) to relate the rainfall rate measured by the disdrometer and the
rain-induced attenuation calculated by Equation (6), and calculate the local coefficient
values (a, b). Since the A-R relation is modeled as a power law function, and the coefficient
a is greater than 0, we can take logarithms from both sides of the Equations:

lg(A) = lg(a) + b(lg(R))
Y = â + b̂X

(7)

where Y = lg(A), X = lg(R), â = lg(a) and b̂ = b. Assuming there are N measure-
ments, (X1, Y1), (X2, Y2), ..., (XI , YN), the non-linear least square estimation method can
be applied to find the line of best fit for the data sets, so

(
â, b̂
)

can be solved using the
following Equations:

â =
(

Y− b̂X
)

b̂ =
∑N

n=1 (Xn−X)(Yn−Y)

∑N
n=1(Xn−X)

2

(8)

where X and Y are the mean values. Once
(

â, b̂
)

are estimated, the power law coefficients
(a, b), based on local rain DSD data, can be derived.

2.5. Estimation of Rainfall Rate Using Millimeter-Wave Link

Although the large atmospheric attenuation of electromagnetic signals at millimeter-
wave frequencies is undesirable for cellular networks, it has been proven to be an effective
tool for weather estimation. Since first proposed in 2006 [11], and after more than a decade
of world-wide research efforts, using commercial microwave or mmWave communication
links for opportunistic sensing of atmospheric phenomena has become a well-established
field [12,13]. Every link can be considered a virtual rain sensor, and the path-averaged
rainfall rate can be retrieved from the link measurement. We will use the power law model
as stated in Equation (5) to relate the attenuation to the rainfall rate:

R =
b

√
A
aL

(mm/h) (9)

Therefore, the average rainfall rate along a link can be derived from the microwave link
rain-induced attenuation. The information about how to post-process measurement data
can be found in [2,14]. When the local rain DSD data are available, alternatively, the
values of a and b also can be derived using DSD information from local measurements, as
discussed in Section 2.4.

3. Results and Discussion
3.1. Rainfall Statistics

The disdrometer data used in this study was collected mainly during the summer in
both 2017 and 2018. Note that we started millimeter-wave transmission link measurement
since 2016, but the disdrometer data collected during summer in 2016 was very limited,
so we did not include the rain DSD data from 2016 in our analysis of rainfall statistics.
To ensure the measurement data quality and reduce the instrument observation error, a
quality control procedure was applied to the measured raindrop spectrum data first [42,43].
The disdrometer data sets are summarized in Table 2. The following procedures were
applied: The drop spectrum with the total number of observed particles less than 10 in a
single spectrum (sampling period) were discarded; Only rainfall rates >0.1 mm/h were
considered; The difference between the particle velocity and Atlas velocity [44] needed to
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be between ±50%; Particles with the smallest two positions (<0.25 mm) and particle sizes
larger than 8 mm in each drop spectrum were discarded. A rain event was defined on the
basis of one hour or a longer rain-free period between two consecutive rainy minutes [26].
Also, rain events that lasted less than 30 min were discarded to reduce statistical errors
because most rain events are intermittent.

Table 2. Rain Record from June 2017 to August 2018.

Date
(yyyy.mm.dd)

Rain Time
(minutes)

Peak Rain
Rate (mm/h)

Date
(yyyy.mm.dd)

Rain Time
(minutes)

Peak Rain
Rate (mm/h)

2017.06.22 1111 17.9 2018.06.09 99 17.1
2017.06.23 522 129 2018.06.12 58 32.6
2017.08.02 260 27.3 2018.06.13 42 14.3
2017.08.03 65 20.8 2018.06.17 275 150.9
2017.08.09 31 1.0 2018.06.25 47 2.5
2017.08.11 77 53.3 2018.07.11 770 21.8
2017.08.12 234 123.5 2018.07.12 179 4.1
2017.08.13 112 20.1 2018.07.16 230 121.4
2017.08.18 153 87.4 2018.07.17 535 168.2
2017.08.19 132 7.1 2018.07.24 292 22.4
2017.08.22 577 40.5 2018.08.11 68 113.5
2017.08.23 413 153.4 2018.08.13 62 37.5
2017.10.09 861 11.0 2018.08.18 284 56.4
2018.06.07 62 2.1 2018.08.19 33 1.5

It is necessary to classify precipitation type. The DSD data set then was classified into
two categories, convective and stratiform rainfall types. The classification of rain types in
this study was mainly based on disdrometer data using the method described by Bringi
et al. [45] and adopted in many studies [45,46]. Therefore, for at least 10 consecutive one-
minute rain samples, if the average rainfall rate was >0.5 mm/h and the standard deviation
was <1.5 mm/h, then the sample was classified as stratiform rain; if the average rainfall
rate was >5 mm/h and the standard deviation was >1.5 mm/h, then it was classified as
convective rain. Samples that belonged neither to stratiform nor convective were classified
as mixed type, which is beyond the scope of this study and, therefore, excluded.

During the measurement time, after going through the data quality-control and the
classification of rainfall type, the observed rainfall was 77% stratiform and 23% convective.
To gain a better understanding of the characteristics of the local rainfall, all events per rain-
fall type were grouped together forming an averaged DSD for each drop diameter. Particle
observations were fit using the M-P and gamma distribution models, and the composite
raindrop spectra for convective and stratiform events are shown in Figure 3. The convective
spectra are noticeably wider than the stratiform spectra with a higher raindrop number
concentration at each diameter class, showing a much higher rainfall rate and attenuation
for convective events than from stratiform events, according to Equations (2) and (6). Con-
vective events had more raindrops in the higher diameters, in comparison to the stratiform
events. Regarding convective rainfall events, the M-P formula shows a better fit for large
raindrop sizes, but the difference between the M-P and gamma functions are not significant.

3.2. Rain-Induced Attenuation Over Millimeter-Wave Links and Power Law Coefficients Based on
Local DSD Measurement

The rain DSD information is important for deriving the coefficients (a, b) in the power
law equations for relating the rainfall rate to the rain-induced attenuation in a microwave
link for local experiments. Based on the local rain DSD measurement at IAP, CAS, the
average power law fit coefficient values a and b were obtained by relating the rainfall
rate and attenuation during the entire measurement period, as indicated in Figure 4. The
rain-induced attenuation was calculated using Equation (6) based on DSD measurements
from precipitation originating from the two types of clouds—convective and stratiform.
The rain-induced attenuation estimated using the power law coefficients from the ITU-R
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P.838 are plotted in Figure 4. Each point is estimated based on the aggregated drops over a
one-minute interval, monitored by the local disdrometer. The dashed red lines represent a
fit of the A-R model derived using the measurement data as detailed in Section 3.1. The
solid black lines were plotted using the model in the ITU-R P.838-3.
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Additionally, the a and b values also were derived on a daily basis when rainfall
occurred for the convective and stratiform events, respectively. Figure 5 presents the a and
b values for 16 stratiform rainfall events and six convective rainfall events compared to
the values from the ITU-R P. 838 for 25 GHz and 38 GHz. Considering Figures 4 and 5,
the derived a and b values based on measurement at IAP in Beijing are close to the values
given in the ITU. While the rainfall rate increases, when the rainfall rate is greater than
10 mm/h, the rain-induced attenuation estimated by the ITU model is noticeably lower
than the attenuation estimated by the local rain DSD information.
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3.3. Estimated Rainfall Rate Using Millimeter-Wave Link

Most of the existing rainfall rate retrieval studies are based on the power law model
and coefficients given by the ITU-R document. Since climatic variations in different regions
affect the rainfall characteristics, local information on raindrop size distributions has proven
to be useful for formulating a more precise statistical prediction model for the local A-
R relationship [47]. Therefore, it is necessary to conduct raindrop size distribution and
millimeter-wave experiments to provide insightful information for research on the rainfall
rate inversion of millimeter-wave links.

The performance of the improved A-R model is evaluated using propagated signal
power based on measurement data in selected rainfall events as presented in Figure 6. The
link-retrieved rainfall rate is evaluated based on the Pearson correlation coefficient and the
mean relative error, and the formula is as follows:

rk(Xn,k, Yn) =
1

N − 1

N

∑
n=1

(
Xn,k − µX

σX

)(
Yn − µY

σY

)
(10)
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MREk =
100%

N
×

N

∑
n=1

∣∣∣∣Xn,k −Yn

Xn,k

∣∣∣∣ (11)

when k is 1, Xn,1 represents the rainfall rate (RITU) retrieved from the microwave link based
on the power law coefficients from the ITU document, and when k is 2, Xn,2 represents
the rainfall rate (RIAP) retrieved from the microwave link based on our locally-derived
coefficients at IAP, CAS in Beijing. Yn represents the rainfall rate (Rgauge) measured by the
local rain gauge, and is used as a reference data set. µX and σX are the mean and standard
deviation of Xn, and µY and σY are the mean and standard deviation of Yn, respectively.
A higher correlation coefficient and lower mean relative error indicates the link-derived
rainfall rate is more accurate compared to the ground truth data. It means that there is a
better similarity between the two data sets, indicating that the rainfall rate estimation from
the millimeter-wave link can represent the true rainfall rate well. Table 3 summarizes the
rainfall rate correlation coefficient and mean relative error value from four selected days.
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Figure 6. (a-1,b-1,c-1) Link instantaneous signal level on 6–7 October 2016, 14 August 2017, and 19 August 2017; (a-2,b-2,c-2)
The measured average rain attenuation per 15 min, the rain attenuation based on the ITU model and rain attenuation
calculated using locally derived coefficients on 6–7 October 2016, 14 August 2017, and 19 August 2017; (a-3,b-3,c-3) The
link retrieved rainfall rate based on coefficients (a, b) from the ITU model and the derived (a, b) from local measurements,
compared to the rain gauge measurement on 6–7 October 2016, 14 August 2017 and 19 August 2017. (Note the signal
measurement is discussed in [48] but based on (a, b) coefficients in ITU-R P.838 document, the analysis in this paper shows
the derived coefficients achieved an improved rainfall rate estimation).



Remote Sens. 2021, 13, 2156 11 of 14

Table 3. Correlation and mean relative error of the rainfall rate recorded by a rain gauge and
estimated rainfall rate based on the power law coefficients from the ITU (RITU) or locally derived
coefficients at IAP, CAS in Beijing (RIAP).

Date
(yyyy.mm.dd)

Frequency
RITU RIAP

r1(-) MRE1(%) r2(-) MRE2(%)

2016.10.06–07 25 GHz 0.63 6.48 0.64 6.21
2017.08.14 25 GHz 0.98 0.54 0.98 0.38
2017.08.19 38 GHz 0.98 0.50 0.98 0.49

4. Discussion

The rainfall during 6 and 7 October 2016 was a stratiform rainfall event. The signal
was transmitted over a short link of 80 m at a frequency of 25 GHz. Figure 6(a-1) shows
the instantaneous received signal power. There was one recorded value of the received
signal power per 15 s, and 60 recorded values within every 15-min interval. Shown in
Figure 6(a-2,a-3), the calculated attenuation and retrieved rainfall rate using locally derived
coefficients of (0.1608, 0.9797) gives some improved accuracy.

Regarding 14 August, 2017, Figure 6(b-1) shows 118 min of continuous rain data.
Convective showers were dominant. The signal link was operated at 25 GHz, and the
link length was approximately 700 m. The received signal experienced deep fade during
this rainfall event. The measured rain-induced attenuation was averaged at a 15-min time
interval and is presented in Figure 6(b-2). Using the power law coefficients given by the
ITU and calculated from the local DSD, the estimated rain-induced attenuation also is
compared in Figure 6(b-2). Figure 6(b-3) shows the rainfall rate derived using the signal
link attenuation measurement. Overall, it shows that both the disdrometer-derived and
ITU A-R model can provide a good estimate of the rainfall rate. When the average rainfall
rate per 15 min exceeded 10 mm/h, the disdrometer-derived A-R model shows a noticeably
better rainfall rate estimation. The peak rainfall rate was 28.8 mm/h, as recorded by the
rain gauge at the roof of Building 40, IAP, CAS. The locally-derived A-R model gives a
closer estimate of the peak rainfall rate of 31 mm/h, compared to the 39.4 mm/h estimated
by the A-R model from the ITU. Note that the analysis considers a wet antenna attenuation
of 3 dB during the rain.

The recordings of the received signal power on 19 August, 2017 are presented in
Figure 6(c-1), and it was a stratiform rainfall event. The signal link was operated at 38 GHz,
and the link length was approximately 700 m. Shown in Figure 6(c-2,c-3), the calculated
attenuation and retrieved rainfall rate, using our derived local coefficients of (0.3972,
0.8589), shows improvement. The rainfall amount recorded by the rain gauge was 7.8 mm,
and the rainfall amount estimated using the ITU model and locally-derived model were
8.2 mm and 7.7 mm, respectively.

The experimental results show that the accuracy of the rainfall rate retrieved from
the microwave link data is relatively high. The mean relative errors are below 6.5%, and
the correlation is above 0.6. Using locally calculated power law coefficients for the rainfall
rate retrieval model provides some improvement in accuracy. Our measurement has a
relatively short link distance compared to most commercial microwave links which are
deployed over at least several kilometers [2]. Therefore, it is expected that the effectiveness
of using local power law coefficients to improve the accuracy of the rainfall rate estimation
will be more significant as the link length increases.

Previous studies have shown that accurate radar rainfall estimation with the Z-R
model, which relates radar reflectivity (Z) and rainfall rate (R), relies heavily on the coef-
ficients [49], and coefficients of the Z-R model can be very different for different rainfall
events. To compare, the A-R model, which relates the rainfall-induced attenuation on the
microwave signal link (A) and rainfall rate (R), our analyses show that the power law
coefficients in the A-R relation do not change significantly for different rainfall events
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compared to the Z-R relation. This also indicates that a microwave link provides a reliable
and accurate near-ground rainfall estimation.

5. Conclusions

Atmospheric loss can be significant for wireless transmission, especially in the millimeter-
frequency range. Exiting studies on millimeter-wave channel measurements and modeling
rarely consider the impact of changing atmospheric conditions. Here, we studied the
impact of rainfall on 25 GHz and 38 GHz line-of-sight signal links. The rainfall rate and
rain-induced attenuation model, based on local power law fit coefficients, were derived
from two years of rainfall data recorded by a disdrometer at IAP, CAS in Beijing, China
during 2017 and 2018. Preliminary analysis based on two years of raindrop size distribution
information suggests that the power law coefficients from the ITU document give a reason-
ably good estimation of the rainfall rate and rain-induced attenuation at our experiment
site. Several rainfall events were used for validation of the disdrometer-derived power
law coefficients. The results show that the power law fit coefficients derived from local
DSD data provide an improved accuracy for estimating rain-induced attenuation than the
ITU model.

Opportunistic use of microwave links in the cellular network for environmental
monitoring has been suggested as an Internet of Things (IoT) application. This technique
was tested during this study using propagated signal power measurement data. The rainfall
rate was retrieved using measured rain-induced attenuation based on the A-R relation.
It was found that using the local disdrometer DSD data-derived power law coefficients
for rainfall rate retrieval gives an improved estimation result, and this improvement is
more noticeable for an increasing rainfall rate, compared to the case of using the power
law coefficients from the ITU. Next, long-term observations of rainfall and drop size
distribution parameters over longer deployment distances and at more measurement sites
will be needed to produce accurate statistics of the rainfall for a region of interest. Longer
observations also will provide more robust coefficients for the estimation of rain-induced
attenuation and for the rainfall rate power law relation for different precipitation types.
It also is important to consider the rainfall effects for millimeter-wave channel modeling,
thus we will continue measurements at other frequencies and link lengths to improve our
developed models.
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