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Abstract: We study the performance of water vapor monitoring using commercial millimeter-wave
backhaul links from the fifth-generation cellular networks and smart cities. A 38 GHz link and an
E-band link located in Gothenburg, Sweden, are used for analysis. One end of these two backhaul
links is installed at the same site. The water vapor density (WVD) over a one-month period from
13 June 2017 to 13 July 2017 is calculated based on the data from these microwave links with different
frequencies. The meteorological data used for analysis is from a weather station installed at the
site where the microwave links are installed, as well as from a nearby weather station operated by
Swedish Institute of Meteorology and Hydrology (SMHI). A pre-processing step is applied to the
raw link attenuation measurement for improving the estimation accuracy. We retrieved water vapor
density value from two millimeter-wave links, and it is in good agreement with the water vapor
density calculated by weather stations. The source of interference, such as misalignment, humidity
source below the link, location, and altitude of weather stations, can contribute to estimation errors
and needs to be carefully considered when using microwave link to retrieve water vapor density.

Keywords: microwave links; millimeter-wave link; 5G; water vapor monitoring technique; E-band

1. Introduction

Water vapor is extremely important to the weather and climate [1]. It is the most
abundant greenhouse gas in the atmosphere and is also a vital component of the hydrologic
cycle, and all of the water vapor that evaporates from the surface of the earth eventually
returns as precipitation [2,3]. In addition, weather forecasting heavily relies on accuracy of
the input measurements of atmospheric models, and accurate monitoring of water vapor
has a crucial role [4,5]. However, accurate, high resolution, and global-scale measurements
of water vapor are difficult to obtain.

Commonly used measurement techniques of water vapor include surface weather sta-
tions, radiosondes (balloon-borne sensors providing pressure, temperature, humidity, and
wind profile data), and from satellite remote-sensed data [6—-10]. Weather stations provide
accurate point observations and, therefore, have low spatial representation, especially in
heterogeneous terrain, or in general areas with complex topography, where limited surface
stations are available. Ground-based microwave radiometers have the same issues and
need to be re-calibrated during operation. Satellite remote-sensed measurement techniques,
such as spaceborne infrared, GPS (global positioning system) receivers, and microwave
radiometers, can provide large coverage, but its accuracy for ground monitoring is often not
very high. Radiosondes offer limited coverage as they can only launch several times a day
and provide observations at a small number of sites. These measurement methods have a
high cost for implementation, deployment, and maintenance. Ground-based monitoring
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of water vapor still poses a significant challenge, and additional data sources are very
important and greatly needed.

The presence of water vapor attenuates electromagnetic radiation in the atmosphere,
which is of great significance for astronomy, radar, telecommunications, and remote sensing.
In recent years, innovative rainfall monitoring techniques based on terrestrial line-of-
sight microwave backhaul links in commercial cellular networks have been studied and
implemented in many countries [11-13]. A backhaul in the cellular network is used for
providing inter-connectivity between a base station tower and the core network. As
microwave and millimeter-wave links are prone to significant fading due to rain, the
retrieval method is based on the empirical mathematical model for relating the rainfall
rate and signal attenuation in a given link. As a result, the path-averaged rainfall rate
along the microwave backhaul link can be derived from the rain-induced attenuation of
the received signal measurements, and, with multiple microwave links deployed in an
area, it is possible to generate a two-dimensional rain map at high tempo-spatial accuracy.
This technique has already been deployed by a number of weather-services worldwide
and is used as either a stand-alone tool or in combination with rain-gauges and weather
radars to enhance the coverage, accuracy and resolution of the existing weather monitoring
network. The ability of microwave links is not limited to rainfall monitoring, and it has
been demonstrated that the potential of using microwave links to measure water vapor,
as well. Electromagnetic signal attenuation due to absorption by water vapor is always
present, and, particularly, the strong absorption bands of water vapor are at 22.3, 183.3,
and 323.8 GHz in the microwave and millimeter-wave range [14]. Similar to rainfall rate
retrieval, water vapor density can also be derived from the received signal attenuation
measurements of commercial microwave backhaul links [15-17].

As the fifth generation (5G) cellular networks and smart cities technologies are being
deployed over the world, they bring in new opportunities for methodological observations.
While fiber-based backhaul is expensive, high speed wireless backhaul operating in the
millimeter-wave range (30 to 300 GHz) is more cost-effective, flexible, and easier to deploy.
The report from Ericsson has indicated that, globally, 40 percent of backhaul connections
are expected to be based on microwave technology by 2023 [18].

With huge bandwidth available, wireless backhaul in millimeter-wave bands provides
gigabit data rates and is promising in backhaul solutions for cities with large populations.
Especially, the E-band (71-76 GHz and 81-86 GHz) is becoming an essential backhaul band
of high global alignment for 5G, and it is expected to be densely deployed in cities in the
future and can be usually used up to 3 km [19]. This indicates that there is potential for
using new millimeter-wave backhaul links, including the E-band, to improve water vapor
monitoring and provide measurement data with high resolution [20,21].

Based on commercial backhaul links at 38 GHz and the E-band, which are popular 5G
frequencies, this paper studies the performance and reliability of using these links for water
vapor density retrieval, compares their results, and discusses the uncertainties. We have
demonstrated that short millimeter-wave links can be utilized to provide an extra rich data
source for existing water vapor monitoring networks, in addition to existing monitoring
methods. These measurement data can serve applications, such as weather forecasting and
climate monitoring.

This paper is organized as follows. Section 2 introduces the characteristics of millimeter-
wave propagation, the method of water vapor monitoring from the received signal level of
links, and the setup of outdoor test links. Section 4 presents the experimental results of wa-
ter vapor density retrieval studies using the low and high millimeter-wave backhaul links.
Then, the uncertainties of the experiment and the potentials for the proposed technology in
supporting humidity monitoring in urban areas are discussed. Finally, we summarize the
work in Section 4.
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2. Materials and Methods
2.1. Method for Water Vapor Density Retrieval

For a terrestrial communication link, link budget analysis is usually considered for
describing how much power from the transmitter is received by the receiver and accounts
for all gains and losses in the communication link [22]. For a point-to-point line-of-sight
(LOS) millimeter-wave link, the received power Pr (dB) may be related to the transmitted
power Pr (dBm), the propagation path loss (PL), atmospheric attenuation (AT), other losses
(OL), as below:

Pr = Pr — PL — AT — OL(dB). (1)

Other losses (OL) refers to the additional attenuation caused by the instrument itself,
for example, the cable loss, temperature, and water vapor affecting the stability of the
equipment and circuits, or anything that obstructs the LOS channel and may introduce
additional loss.

The path loss of transmitted signal as a function of distance with a 1-m reference
distance can be expressed as [22]:

PL(f,d)(dB) = FSPL(f, 1m)(dB) + 10nlog1o(d) + x,, d > 1m, @)

where f denotes the carrier frequency in GHz, d is the transmitter and receiver separation
distance, the reference distance is 1 m, and 7 is the path loss exponent. X, is a zero mean
Gaussian random variable with a standard deviation in dB for modeling the large-scale
shadow fading caused by large obstacles [22,23]. FSPL (f, 1 m) represents the free space
path loss in dB at a transmitter and receiver distance of 1 m at the carrier frequency:

9
FSPL(f,1m)(dB) = 20log1o (47”(:10) +GT+GR, 3)

where c is the speed of light (3 x 108 m/s). Gr is the transmit antenna gain (dBi), and Gg
is the receive antenna gain (dBi). The transmit and receive antennas are assumed to have
equal gain, i.e., Gt = Gg. The path loss exponent 7 is a parameter describing how the path
loss increases as the transmitter-receiver separation distance increases above the reference
separation distance. In free space, n equals to 2, but, typically, # is greater than 2 because
free space is an optimistic environment. In outdoor LOS measurements at millimeter-wave
frequencies, n has found to be between 1.8 to 2.2.

The atmospheric and weather-related attenuation is represented by AT (dB). At
millimeter-wave, the molecular constituency of air and water plays an important role in
characterizing the free space propagation. AT can be modeled as:

AT(dB) = AT,(dB) + AT,(dB) + AT,(dB) + AT,(dB) + ATy, (dB), )

where AT, is the path-integrated rain attenuation, AT is the attenuation due to atmospheric
water vapor, AT, is attenuation due to dry air (for millimeter-wave bands, the main
absorbing gas is oxygen), AT, refers to other weather-related attenuation, such as fog,
snow, and sleet, and ATy, refers to the wetness on antenna surface.

The attenuation per kilometer distance due to dry air Ay (dB/km) and water vapor
Ay (dB/km) is modeled in ITU-R P.676, as follows [24]:

Y = Ay + Ag (dB/km) = @ (mfl) = 0.1820fN" (p, T, p, f)(dB/km),  (5)

where f denotes the millimeter-wave link frequency in GHz, and N” is the imaginary part
of the complex refractivity which is a function of pressure p (hPa), link frequency f (GH),
temperature T (°C), and the water vapor density p (g/m3).

Excess attenuation due to oxygen absorption occurs at the frequency range of 57-64 GHz.
At other frequencies, up to 100 GHz, the signal attenuation due to oxygen absorption is
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negligible. To illustrate the electromagnetic signal attenuation due to water vapor, Figure 1
is plotted based on the equations given in References [24-26] for typical links of 1 km
length as a function of link frequency at a given barometric pressure and temperature. The
absorption band of water vapor is near 22 GHz. The attenuation is estimated based on an
ITU model assuming the temperature is 15 °C, and the atmospheric pressure is 1013 hPa in
the environment.
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Figure 1. Transmission loss due to water vapor at the link of 1-k length. Different color curves
represent different water vapor density levels, which correspond to typical humidity levels.

For fixed LOS microwave links, most of the published works [15,16] have assumed
that the transmit power, transmit and receive antenna gains, free space path loss, and
other losses, in Equations (1) and (2), are constants in the range of normal surface temper-
atures and pressure changes. In reality, temperature could affect equipment and circuits,
misalignment, or anything that obstructs the LOS channel, such as birds or insects, and
may introduce additional attenuation. It was a sunny day on June 27. Figure 2 shows the
instantaneous transmit and receive changes of the E-band link used in this work. It shows
that the received signal experiences an unexpected deep fade of 3.5 dB, while the transmit
power varies due to temperature changes and adaptive transmission power control (ATPC)
feature to cope with the sudden fluctuation in the received signal level in order to maintain
the link quality. This sudden change in the signal level is unlikely to be caused by a change
of water vapor density.
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Figure 2. Cont.
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Figure 2. (a) Instantaneous transmit power from the transmitter of the E-band link. (b) Instantaneous
received signal level at the receiver of the E-band link. (c) Instantaneous signal level received by the
38 GHz link receiver. (d) Temperature data recorded by nearby weather stations. (e) Water vapor
density level measured by nearby weather stations. The experiment was carried out on 29 June 2017.

A reference received signal level (RSL) needs to be determined in advance for water
vapor density retrieval study, and the corresponding WVD level is referred to as p.f. For
the kth day during the whole measurement period, assuming any atmospheric attenuation
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is due to change in atmospheric humidity in a dry period, given there are a set of I
measurements, the attenuation caused by the change in humidity level is given as:

AATy ; = ATy i — ATy re, (6)

where AT ; is ith link attenuation measurement of day k, ATy .y is the reference level on
day k, and AAT} ; is attenuation induced by the change in atmospheric humidity during the
ith measurement of day k. Similar to the approach presented in Reference [27], the water
vapor density is retrieved based on the actual temperature measured by the local weather
station instead of the mean temperature over the whole evaluation period for improved
accuracy. A pre-processing step is applied to the raw link attenuation measurement to
filter out the unlikely values of attenuation. As the humidity level ranges between 0 to
100%, using Figure 1 and Table 1 as references, the maximum additional attenuation per
km induced by change in humidity level with respect to the reference level AAT ;,max
can be estimated. Therefore, if the measured AAT} ; per km is greater than this maximum
additional attenuation value AAT} ;,max, this recorded attenuation is excluded from the
water vapor density retrieval study, as this attenuation is likely be caused by other issues.
Figure 2b,c show examples of unexpected deep fading experienced by the 38 GHz link
and the E-band link, and these data samples will be excluded from water vapor density
retrieval studies as the deep fades are not caused by change of water vapor density level.
After this pre-processing stage, AAT) ; can be converted into the change of water vapor
density with respect to the reference level using Equation (5), and the link-retrieved water
vapor density value can be estimated based on the change of WVD and WSD reference
level.

Table 1. Theoretical attenuation values (dB/km) of ITU model for typical 5G backhaul link frequencies
under different humidity (%) and water vapor density levels (g/ m?).

Water Vapor Density/  1.28 2.56 3.84 5.13 6.41 7.69 8.97 10.25 11.53 11.53
Humidity
10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
Frequency

28 GHz 0.014  0.030  0.045  0.061 0.078 0.095 0.113 0.131 0.150 0.169

38 GHz 0.013  0.026  0.040  0.055  0.072 0.089 0.107 0.125 0.145 0.166

73 GHz 0.037 0078 0122 0169  0.219 0.273 0.329 0.390 0.453 0.519

83 GHz 0.048 0100 0156 0217  0.281 0.350 0.424 0.501 0.582 0.668

In dry periods, the variation in attenuation due to AT;, ATy, and ATy, are negligible.
Under such conditions, the atmospheric loss is mainly due to oxygen and water vapor, i.e.,
the fluctuations of the received signal power Pr in Equation (1) are mainly caused by the
change of AT, in Equation (4). As a result, by monitoring the received signal power and
extracting the attenuation caused by water vapor, the water vapor density can be retrieved
based on Equation (5).

Since meteorological stations normally record the relative humidity, these measure-
ments need to be converted into the water vapor density values, and their relation can be
expressed as [15,24]:

0 = 1324.45 x RH X exp

17.67T
100%

T+243_5) /(T +273.15), @)

where p is the water vapour density (g/m3), RH is the relative humidity recorded by
weather stations (%), and T is the temperature (°C).

2.2. Statistical Performance Test

During the measurement period from 13 June 2017 to 13 July 2017, there are 21 days
that have been considered for water vapor density monitoring studies, and other days with
rain are excluded from our analysis. Rain can cause large attenuation over the signal link,
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and wetness on the antenna due to rain induces further attenuation. In a rainy period, the
relative humidity is generally quite high (often higher than 70%). According to Table 1,
a change in humidity level from 70% to 100% refers to an additional attenuation of only
0.06 dB/km for the 38 GHz link, and 0.2 dB/km for the 73 GHz link. The small change
in humidity during rain has little impact on the signal level, and it is very challenging to
separate the attenuation caused by rainfall intensity change, water vapor density change,
and other factors.

We investigate and compare the performance of water vapor density monitoring
from different links using statistical tests including the Pearson correlation coefficient,
root-mean-square difference, and mean and standard deviation.

The Pearson correlation coefficient (CORR) is calculated as:

_ 1 N (X—i—px\(Yi—py
CORR_N_lzn1< o )( o ) ®)

where ux and oy are the mean and standard deviation of the link-derived water vapor
density X, respectively, and py and oy are the mean and standard deviation of water vapor
density derived from the humidity measurement from weather station Y. [#| <1, r ranges
from —1 to +1. A correlation coefficient of +1 indicates a perfect positive correlation. A
high correlation coefficient value shows better similarity between two data sets, indicating
the mmW link-derived value can represent the true water vapor density well.

The root mean square difference (RMSD) is calculated as:

2
RMSD (g/m?) = \/ Yy (omi ~ p)” ;]p a), )

where p; is the link-derived water vapour density from the ith link measurement, p; is
water vapor density calculated from ith humidity measurement recorded by the weather
station, and N is the total number of measurements.

The bias can be calculated using the following formula:

. 1
Bias (g/m3> =3 Zf:l (Omi — Pgi) (10)

and it is a measure of the average error between the link estimated water vapor density
and the weather station measurement.

2.3. Outdoor Measurement

We present here a summary of the measurements of two outdoor millimeter-wave
links and local weather station measurements. These measurements are also used to
validate the performance of water vapor density estimation.

The measurement setup parameters are given in Table 2. One end of the 38 GHz
link and the E-band link share the same site. The 38 GHz link had a length of approx-
imately 7 km. The E-band (71-76 GHz and 81-86 GHz) was over approximately 3 km,
and one end of the link is on a bridge, as shown in Figure 3. The deployment of the two
microwave backhaul links is illustrated in Figure 3. Both the 38 GHz and E-band links
were operated in a line-of-sight environment, and their polarization setups were vertical.
All the millimeter-wave links have a sampling interval of 30 s. The microwave links have
ATPC, i.e., transmitted power is automatically adjusted to minimize any fluctuations in the
received signal, and, as a result, the attenuation fluctuation is smoothed.
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Table 2. Outdoor measurement parameters.

Parameter 38 GHz E-band (73 GHz)
Sampling interval 30s 30s
Antenna type Cassegrain antenna Cassegrain antenna
Location 57°42'18.97"N, 11°56'29.67"E; 57°42'18.97"N, 11°56'29.67"E;
57°44'52.8"N, 12°1'26.4"E 57°41'20.04""N, 11°54'10.76"E
Link length 6.87 km 2.9 km
Setup SISO SISO
Antenna no. 1x1 1x1
Antenna diameter 03m 0.6m
Antenna separation N/A N/A
Transmitted power 15 dBm 7 dBm
Tx antenna gain 40.3 dBi 50.5 dBi
Tx half power beam width 0.5° 0.5°
Tx polarization \Y% v
Rx antenna gain 40.3 dBi 50.5 dBi
Rx half power beam width 0.5° 0.5°
Rx polarization \Y% v

Link 1

38 GHz
(6.87 km)

Link 2
72.625GHz / SMHI
82.625 GHz Gothenburg weather station
(3 km)

weather station

Figure 3. The deployment of two microwave backhaul links.

Temperature, humidity, air pressure, wind, and precipitation information were pro-
vided by a weather station equipped with a rain gauge located at the rooftop of shared
measurement site of the two links, and it is referred to as ‘weather station 1. The accuracy
of the weather station is given in Table 3 [28]. Another weather station operated by the
Swedish Meteorological and Hydrological Institute (SMHI) was also considered for our
analysis, referred to as ‘weather station 2’. The measurement of this weather station is
available on the SMHI website, and the measurement resolution is one h [29]. According to
the water vapor density retrieval model, the change of pressure or temperature will not
cause a significant change in the water vapor density calculation. The main uncertain factor
affecting the calculation of water vapor density is the attenuation quantization error. The
quantization error of the link is 0.1 dB. For the E-band link with a length of 3 km, the uncer-
tainty of attenuation calculation is 0.03 dB/km. For the 38 GHz link with a length of 7 km,
the uncertainty of attenuation calculation is 0.014 dB/km. As a result, the quantization
uncertainty induced water vapor density calculation error of the E-band and 38 GHz link is
approximately 0.8 g/m3 and 1.0 g/m3, respectively.
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Table 3. The resolution, operating range, and accuracy of different weather sensors [28].
Sensor Type Resolution Range Accuracy
Humidity 1% 1-100% 2%
Air pressure 0.1 mb/hPa 540 to 1100 mb/hPa 1.0 mb/hPa
Temperature 0.1°C —40 °C to +65 °C 0.3°C
3. Results

The measurement period is from 13 June 2017 to 13 July 2017, data from two weather
stations located in the research area were collected, and the daily statistics, including
the maximum, minimum, and mean value of the temperature and water vapor density,
are presented in Figure 4 for the study period. The humidity observed in the weather
stations is presented in relative humidity units (%), so, in order to compare it to the link
humidity, the data were converted to water vapor density, also known as absolute humidity
(g/m?). The variation in average temperature is within 04 °C, observed from the same
weather station over this one-month period. Figure 5 presents the hourly temperature and
water vapor density measured by the local weather stations. As shown in Figure 5a, the
temperature data recorded by the two weather stations used for our study is similar with a
correlation coefficient of 0.9. The statistics of the water vapor density obtained based on
the measurement of two weather stations also have a high correlation of 0.88, as shown in
Figure 4b.
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Figure 4. The maximum, minimum, and mean values of (a) temperature and (b) water vapor density
measured by the weather stations every day.
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Figure 5. Correlation tests: (a) temperature data recorded by weather station 1 and 2; (b) water vapor
density derived from humidity data recorded by weather station 1 and 2.

By comparing the recorded data from two different weather stations, it can be seen
that there are small differences in temperature and water vapor density values at different
locations in the measurement area. In order to reduce the error caused by the difference in
measured locations, the meteorological data measured by weather station 1 and weather
station 2 is used for evaluating the performance of water vapor density monitored by
microwave link.

The water vapor density of the one-month period from 13 June 2017 to 13 July 2017 is
estimated from microwave backhaul links using the method in Section 2.1. Water vapor
density is retrieved every hour based on the received signal level measurement of the
38 GHz link, as presented in Figure 6. Very high correlations are found between the link
retrieved WVD values and the WVD calculated based on the weather station 1 and 2 with
averages of 0.83 and 0.74 as shown in Table 4. Good results are also obtained for RMSD
and bias statistical scores, indicating the high quality data of using millimeter-wave link
for water vapor monitoring. The link retrieved WVD shows a slightly better match with
the WVD values derived from measurements recorded by weather station 1.
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Figure 6. Water vapor density plots: (a) The blue line represents the change in the WVD calculated
based on measurements by weather station 1 every hour, and the black line represents the derived
WVD from the 38 GHz link. (b) The blue line represents the WVD calculated based on measurements
by weather station 2, and the black line represents the derived WVD from the 38 GHz link.

Table 4. Statistical analysis of water vapor density derived from microwave links and weather
station measurements.

Data Source 1 Data Source 2 Correlation RMSD BIAS
Weather station 1 Weather station 2 0.88 1.15 0.82
38 GHz Link (24 h) 0.83 0.99 —0.04
Weath ion 1 38 GHz Link (5 a.m.) 0.97 0.49 0.02
eather station E-Band Link (24 h) 0.61 1.71 0.04
E-Band Link (5 a.m.) 0.91 0.72 0.18
38 GHz Link (24 h) 0.74 1.48 0.78
. 38 GHz Link (5 a.m.) 0.77 1.18 0.59
Weather Station2 g g1\ 4 Tink (24 h) 0.54 2.08 0.86
E-Band Link (5 a.m.) 0.67 1.48 0.74

By comparing the estimated WVD values derived from the 38 GHz and E-band link,
the results show that both links can be used for monitoring the local WVD, as illustrated
in Figures 6 and 7. As one end of the 38 GHz link and E-band link are built at the
rooftop of the same building, where weather station 1 is also installed, the WVD inversion
results from both links are highly correlated with the WVD derived from weather station
1 measurements. Unlike weather station 1, weather station 2 is the only weather station
operated by SMHI in this area, and it is not located along the experimental links, especially
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further away from E-band link. As a result, the correlation between the link-derived WVD

and WVD calculated from weather station 2 measurements is lower, especially for the
E-band link.
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Figure 7. Water vapor density plots: (a) The blue line represents the change in the WVD based on
measurements by weather station 1 every hour, and the black line represents the derived WVD from
the E-band link. (b) The blue line represents the WVD calculated based on measurements by weather
station 2, and the black line represents the derived WVD from the E-band link.

The overall performance of water vapor monitoring achieved by the 38 GHz link
is better than the E-band link. There are several possible causes of this difference. The
measurements of the microwave link are influenced by the variation in water vapor along
the link, while the weather station only measures the weather conditions over a very limited
area. The E-band link is built across the Gota River in Gothenburg, and this source of
humidity below the link could affect the signal attenuation. There are also hardware issues;
for example, temperature changes cause power variation. The antenna diameter of the E-
band radio equipment is 0.6 m, which is bigger than the antenna of the 38 GHz link, and one
end of the E-band link is on a bridge. As a result, it is very difficult to perform alignment,
and there is often alignment mismatch due to this location. The E-band radio has adaptive
transmission power control feature, which automatically increases or decreases the transmit
power based on the received signal level and signal quality to maintain the reliability of
the link. It is shown in Figure 2a,b that the received signal level and transmit power of the
E-band link is continuously varying. Further attenuation could be caused by misalignment,
and this increases the uncertainty of retrieving WVD from link. In comparison, the 38 GHz
link has a fixed transmit power, and its received signal is less affected by hardware issues,
as shown in Figure 2c.

In order to check the WSD retrieval quality of the two links, we choose 5:00 a.m. every
day during the whole measurement period because the surrounding environment, such as
traffic on the bridge and river, has less impact on the links than the peak traffic time. The
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results in Figure 8 and statistics in Table 4 show that WVD values retrieved from the 38 GHz
and E-band link are both in good agreement with WSD obtained from the weather station.
The correlation between the E-band link retrieved WSD and WSD calculated from weather
station 1 increases from 0.61 to 0.91, and the RMSD is reduced from 1.71 to 0.72 g/ m3. We
also calculate statistics of WVD derived from the E-band link and the weather station for
every hour of the day throughout the measurement period and present that in Table 5. It
illustrates that the link-estimated water vapor density level shows better performance from
midnight to early morning (7:00 a.m.) and from 11:00 a.m. till early afternoon (4:00 p.m.).
These are the relatively quiet times of the day.
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Figure 8. Cont.
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Figure 8. Water vapor density plots: (a) The WVD calculated from humidity and temperature
measurements by weather station 1 at 5:00 a.m. every day during the measurement period, compared
with the value derived from the E-band link. (b) The WVD calculated based on measurements by
weather station 2 at 5:00 a.m. every day, compared with the value derived from the E-band link.
(c) The WVD calculated based on measurements by weather station 1 at 5:00 a.m. every day, compared
with the value derived from the 38 GHz link. (d) The WVD calculated based on measurements by
weather station 2 at 5:00 a.m. every day, compared with the value derived from the 38 GHz link.

Table 5. Statistics of WVD derived from E-band link and weather station at different times during
the day.

Data Source

Weather Station 1 and E-Band Link

Weather Station 2 and E-Band Link

Time Correlation RMSD BIAS Correlation RMSD BIAS
1:00 0.85 0.86 —0.18 0.80 1.04 0.31
2:00 0.77 1.01 —0.18 0.72 1.18 0.35
3:00 0.81 0.85 -0.16 0.80 1.01 0.47
4:00 0.85 0.85 —0.19 0.85 0.81 0.33
5:00 0.86 0.79 —0.08 0.85 0.77 0.35
6:00 0.84 0.69 0.06 0.60 1.43 0.59
7:00 0.71 1.17 0.42 0.61 1.79 1.06
8:00 0.59 1.64 0.82 0.41 2.53 1.79
9:00 0.69 1.91 1.42 0.61 2.87 2.45
10:00 0.66 2.13 1.65 0.59 3.20 2.74
11:00 0.72 191 1.39 0.71 2.75 2.39
12:00 0.77 1.84 1.46 0.77 2.60 2.33
13:00 0.63 2.49 2.08 0.58 3.55 3.22
14:00 0.85 1.14 0.65 0.86 2.09 1.86
15:00 0.76 1.65 —0.65 0.68 1.75 0.36
16:00 0.78 1.97 —1.37 0.78 1.41 —0.11
17:00 0.67 2.53 —1.83 0.59 2.04 —-0.73
18:00 0.57 2.67 -1.79 0.38 2.53 —0.76
19:00 0.63 2.50 —1.64 0.49 2.31 —-0.70

20:00 0.67 1.78 —0.66 0.56 1.90 —0.02

21:00 0.66 1.61 —0.20 0.52 1.98 0.50

22:00 0.69 1.56 0.09 0.65 1.82 0.73

23:00 0.57 1.78 —-0.15 0.57 1.85 0.47

24:00 0.77 1.30 0.05 0.66 1.70 0.73

4. Discussion

Water vapor density estimation from microwave links can be affected by environmen-
tal and technical interference factors. The efficient separation of gaseous attenuation from
other signal losses will be challenging in practice. We have excluded rainy days to prevent
the wet antenna effect, but the influences of fog and dew are difficult to eliminate without
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the support of other observational data [16,17]. Recent work has suggested that, if multiple
links at different frequencies are available, the need for side information can be relaxed [30].
Dew causing wetness on the antennas, and its contribution to the total attenuation for
E-band microwave links can reach up to 4 dB [21]. The effect of absorption in oxygen signif-
icantly depends on temperature and pressure. There is an absorption in oxygen around the
60 GHz band, and the attenuation value of water vapor near this frequency is much less
than that of dry air. Therefore, the retrieval of water vapor at approximately 60 GHz will be
affected immensely by noise. Outside this frequency range, when the frequency is greater
than 70 GHz and below 50 GHz, the attenuation of water vapor will significantly exceed
that of dry air; this is a suitable frequency band for theoretical inversion of water vapor con-
tent [31]. Changes in atmospheric refractivity index may cause bending of the microwave
ray and variations in received signal [32,33]. There are also uncertainties associated with
the state of the underlying surface (temperature, roughness, land coverage, soil moisture,
local water reservoirs, etc.) along the measuring route of the microwave links. For example,
the E-band link in our study is located above the Gota River. While the microwave links
measured the path-averaged water vapor density level, the humidity sensor of the weather
station is a single point instrument, and it is not certain to represent the water vapor density
along the entire link path. The measurement error of the humidity and temperature sensor
of the weather station may also cause some deviation in the result. In addition, changes in
temperature and humidity, as well as mechanical vibrations (strong winds), will affect the
stability of the microwave link equipment and have an impact on the evaluation. Another
important uncertainty factor is the attenuation quantization error, which has less impact on
longer links. The retrieval model is also found to be sensitive on inaccurate temperature
inputs, and errors in water vapor density estimation are proportional to the temperature
bias [27].

5. Conclusions

The densely deployed millimeter-wave backhaul links in 5G cellular networks and
smart cities have the great potential to provide high resolution water vapor density observa-
tions for improving weather monitoring and forecasts. It also can be used for investigation
of the extreme events which are largely controlled by the humidity field, such as thunder
storms and super cells, over continental regions. It is often the case when the humidity
source is unclear; therefore, it is hard to predict where the storm is going to be and what its
intensity will be.

We conducted water vapor density retrieval studies based on a month of data collected
from commercial millimeter-wave links at 38 GHz and E-band located in the city center of
Gothenburg, Sweden. The water vapor density derived from the millimeter-wave backhaul
links is found to be accurate and, thus, provides a reliable observation. Especially, the WVD
estimated from the 38 GHz link provides high correlation and in good agreement with that
calculated from weather station measurements. Some sources of interference may affect the
link-based water vapor density measurements. The weather station particularly installed
for this study is located on the rooftop of a building, which is at one end of the link, and roof
and ground humidity measurements may differ with altitude. There is no other weather
station along the E-band link. The only weather station operated by the local weather
agency in this area is far away from the E-band link, particularly. The measurements
derived from the link represent the average water vapor density along the link, while the
coverage of the weather station is rather limited. The E-band link is built above the city
river, and one end of the link is on the bridge, so it is more prone to misalignment, wind,
and a source of humidity below the link. Therefore, these factors need to be considered for
water vapor density retrieval studies from millimeter-wave links, as well as can be useful
for determining the most suitable links. It should be noted that land coverage, especially
local water reservoirs, may have a dramatic effect on humidity, which could also lead to
the differences between the two links. Rain can cause large attenuation over the signal link,
and wetness on the antenna due to rain induces further attenuation. It is very challenging
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to separate the signal attenuation due to change of rain intensity, water vapor level, and
other factors during the rain or immediately after the rain. These uncertainty factors and
limitations could be topics for future research.
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