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Abstract 

In the light of the globally decreasing number of rain gauges on the one hand and increasing 

hydrometeorological risks on the other hand new means of measurement for the localization 

and calibration of rain fall events located by precipitation radars would prove themselves valu-

able. One rather new approach involves deriving rainfall intensities from the attenuation of 

microwave radio transmission which are used for the communication between cellphone tow-

ers. In regard to the upcoming age of Internet of Things, new radio networks of various scales 

and frequencies are expected to evolve and spread globally. The goal of this thesis was to ex-

amine the transferability of the microwave link approach to two of such networks: LoRaWAN, 

operating at urban scale on frequency 868 MHz, and common Wi-Fi, operating at the scale of 

local networks on frequencies 2.4 and 5 GHz. First, the frequencies were examined in plot-scale 

experiments using sprinkling systems to assess the general impact of precipitation on radio 

transmissions at the respective frequency. A reference and sprinkling setup and different time 

periods were compared using ANOVA and the effect size Cohen’s d. Additionally, LoRaWAN 

was investigated at urban scale in a network of 24 nodes and 24 receiving gateways for a dura-

tion of six month. After determining the most influential environmental parameters and decou-

pling them from the analysis, linear regression between precipitation and the signal strength 

was used to assess the impact of precipitation.  

It was found that precipitation does not impact LoRaWAN-transmissions and that it cannot be 

exploited for precipitation measurements. While there was no direct attenuation of 2.4 GHz and 

5 GHz transmissions, the connectivity of the network was significantly altered during sprinkling 

at extreme rates, especially for 5 GHz. This is attributed to the formation of puddles on the 

ground which acted as reflective planes and altered the transmission paths of the network. 

Keywords: rain attenuation, rain fade, precipitation measurement, wireless networks, 

LoRaWAN, 868 MHz, 2.4 GHz, 5 GHz, microwave link, reliability, Internet of Things 



Zusammenfassung 

In Anbetracht der weltweit schrumpfenden Zahl der Wetterstationen einerseits und der Zu-

nahme der hydrometeorologischen Risiken andererseits würden sich neue Messmethoden für 

die Lokalisierung und Kalibrierung der durch Niederschlagsradar gemessenen Regenereignisse 

als wertvoll erweisen. Ein relativ neuer Ansatz ist das Ableiten von Niederschlagsintensitäten 

aus der Dämpfung von Mikrowellen-Übertragungen zwischen Mobilfunkmasten. Das Ziel der 

Masterarbeit war es, die Übertragbarkeit des Mirowellenansatzes auf zwei weitere weit verbrei-

tete Netzwerke zu untersuchen: LoRaWAN,  das auf 868 MHz sendet und für den urbanen 

Maßstab konzipiert ist, und das weit verbreitete Wi-Fi, das auf 2,4 und 5 GHz sendet und in 

lokalen Netzwerken angewandt wird. Zunächst wurden alle drei Frequenzen in Experimenten 

auf Plotgröße unter der Zuhilfenahme einer Beregnungsanlage untersucht, um die allgemeinen 

Auswirkungen von Niederschlag auf Funkübertragungen in diesen Frequenzen zu analysieren. 

Hier wurden jeweils ein Referenz- und ein Beregnungssetup sowie verschiedene zeitliche Pe-

rioden mittels ANOVA und der Effektstärke Cohen’s d verglichen. Zusätzlich wurde  

LoRaWAN in einem sechsmonatigen Experiment in einem Netzwerk in urbaner Größe beste-

hend aus 24 Sendern und 24 Gateways (Empfängern) untersucht. Hier wurden zunächst die 

einflussreichsten Umweltfaktoren festgestellt und entkoppelt. Anschließend wurden lineare Re-

gressionen zwischen Niederschlag und Signalstärke durchgeführt um den Einfluss des Nieder-

schlages untersucht. Es wurde festgestellt, dass Niederschlag LoRaWAN-Übertragungen nicht 

beeinflusst und diese Netzwerke daher nicht für die Niederschlagsmessung verwendet werden 

können. Zwar wurden auch 2.4 GHz- und 5 GHz-Übertragungen nicht durch Niederschlag ab-

geschwächt, allerdings wurde die Stabilität des gesamten Netzwerkes während der Beregnung 

mit sehr hohen Intensitäten maßgeblich beeinflusst, insbesondere bei 5GHz. Ursache hierfür 

waren möglicherweise Pfützen auf dem Untergrund, die als reflektierenden Oberflächen die 

Übertragungswege des Netzwerkes signifikant veränderten. 

Stichworte: Regendämpfung, Niederschlagsmessung, drahtlose Netzwerke, LoRaWAN, 

868 MHz, 2,4 GHz, 5 GHz, Mikrowellen-Link, Zuverlässigkeit, Internet der Dinge 



1 Introduction 





2 Theoretical Background 

2.1 Radio Waves and Path Loss 

2.1.1  Propagation of Radio Waves 

Figure 2.1: Gain and loss factors of signal strength (not to scale). 



𝑃𝑅𝑋 = 𝑃𝑇𝑋 − 𝐶𝐿𝑇𝑋 + 𝐺𝑇𝑋 − 𝑃𝐿 +  𝐺𝑅𝑋 − 𝐶𝐿𝑅𝑋

PLFS

f d 

𝑃𝐿𝐹𝑆 = 32.4 + 20 ∗  log10 𝑓 + 20 ∗ log10 𝑑



Figure 2.2: Mean path loss calculated for three cities along with free space path loss accord-
ing to ITU-R for 868 MHz. 



2.1.2 Causes of Path Loss 

2.1.2.1 Obstruction 



Figure 2.3: Concept of Fresnel zones (Crane, 2003). 



2.1.2.2 Rain Fade 

 



Figure 2.4: Specific attenuation caused by rainfall (Crane, 2003). Given a attenuation meas-
uring resolution of 1 dB, attenuation caused by heavy precipitation events of 25.4 mm/h can 
only be detected for 1 km links of frequencies 12 GHz and higher. 
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Figure 2.5: Specific attenuation of three low frequencies according to ITU. Heavy rainfall of 
25 mm/h cause modelled specific attenuations of 0.0006, 0.005 and 0.05 dB/km for 1, 2.5 
and 5 GHz respectively. 

 



 



2.1.2.3 Humidity 



Figure 2.6: Specific attenuation caused by atmospheric gases (Crane, 2003). 
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Figure 2.7: Specific attenuation  caused by cloud and fog (Crane, 2003). 



2.1.2.4 Temperature 



2.1.2.5 Vegetation 



2.1.3 Summary of the Discussion of the Environmental Impact Factors 

2.2 Radio Networks 

https://www.dict.cc/englisch-deutsch/ubiquitary.html


2.2.1 LoRa and LoRaWAN 





Figure 2.8: Example of a LoRa-packet. The antenna excitations have been transferred using 
fast Fourier transformation with a Hamming window. The characteristic first ten upchirps 
(increasing frequency), followed by two downchirps represent the preamble, identifying the 
signal as a LoRa-transmission. 



2.2.2 Wi-Fi 





3 Knowledge Gap and Research Question 





4 Materials and Methods 

4.1 Approach 
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4.2 Experiment 1, Möhringen: Plot-Scale, 868 MHz 

4.2.1 Setup 



Figure 4.1: Experiment 1, Möhringen: layout of the setup. There was one receiver in the 

middle of the layout, three reference nodes on a straight line pointing to the top left and 

three sprinkling nodes on line crossing the sprinkling plot towards the bottom right corner. 

The sprinkled parameter is depicted by the blue dotted ellipse. 

4.2.2 Nodes 





4.2.3 Gateway 

4.2.4 Software Defined Radio (SDR) 

4.2.5 Sprinklers and Precipitation Measurements 



4.2.6 Computation 



4.3 Experiment 2, Vauban: Large-Scale, 868 MHz 

4.3.1 Setup 



Map 4.1: Experiment 2, Vauban: Potential links assuming perfect connectivity between nodes 
and gateways for experiment 02. 

4.3.2 Nodes 



Map 4.2: Experiment 2, Vauban: Placement of nodes and gateways in the suburb Vauban. 
Nodes are placed according to preset distance classes. 

4.3.3 Attenuation along a Line 



4.3.4 Gateways 



4.3.5 Weather Stations 



4.3.6 Computation 



𝑋 𝑍 𝜇 𝜎

𝑍 =   
𝑋 − 𝜇

𝜎
(9) 

4.4 Experiment 3, Rektorat: Plot-Scale, 2.4 GHz and 5 GHz 

4.4.1 Setup 



Figure 4.2: Experiment 3, Rektorat: Layout of the setup of first day. The transmissions from 
the transmitter in the middle of the setup was received by two receivers at varying dis-
tances. For the sprinkling node, the transmissions had to pass the sprinkled perimeter 
marked by the blue dotted line. The line-of-sight of the reference node on the right side was 
unobstructed. 



Figure 4.3: Experiment 3, Rektorat: Layout of the setup of the second day. The transmissions 
from the transmitter in the middle of the setup was received by two receivers at varying 
distances. For the sprinkling node, the transmissions had to pass the sprinkled perimeter 
marked by the blue dotted line. The line-of-sight of the reference node on the right side was 
unobstructed. 



4.4.2 Receivers 

4.4.3 Transmitter 

4.4.4 Sprinklers and Precipitation Measurements 

4.4.5 Computation 



5 Results 

5.1 Experiment 1, Möhringen 

5.1.1 Overview 



Figure 5.1: Experiment 1, Möhringen: Overview and timeseries of recorded parameters. 



Table 5.1: Experiment 1, Möhringen: Overview of periods and key values.  
*low PRR likely due to erroneous decoding of the payload. PRR (packet reception ratio) in %, 
mean in dB and var in dB² 



Figure 5.2: Experiment 1, Möhringen: Correlations of signal strength to covariates grouped 
by nodes and periods. No distinct pattern contrasting the sprinkling nodes from the reference 
node is revealed. 



5.1.2 Distributions 

Figure 5.3: Experiment 1, Möhringen: Density estimates of the distributions of signal strength 
for different nodes and periods. 



5.1.3 Homoskedasticity 

Table 5.2: Experiment 1, Möhringen: Results of the Levene's test. *: p <= 0.05, **: p <= 0.01, 
***: p <= 0.001, -: p > 0.05 



5.1.4 ANOVA and Effect Size 

Table 5.3: Experiment 1, Möhringen: Results of the ANOVA. *: p <= 0.05, **: p <= 0.01, ***: p 
<= 0.001, -: p > 0.05 



Table 5.4: Experiment 1, Möhringen: Cohen's d. d >= 0.2: small, d >= 0.5: medium, d >= 0.8: 

large, d > 1.3: very large (Sullivan and Feinn, 2012) 

5.1.5 Software Defined Radio (SDR) 



Figure 5.4: Experiment 1, Möhringen: Sub-frequency boxplots for all transmissions for node 
reference 02. Sorted into different periods. The boxplots do not reveal a distinct attenuation 
of a specific sub-frequency. The means of signal strength were lowest during the sprinkling 
period despite the node not being exposed to the sprinkling system. 



Figure 5.5: Experiment 1, Möhringen: Sub-frequency boxplots for all transmissions for node 
sprinkling 02. Sorted into different periods. The boxplots do not reveal a distinct attenuation 
of a specific sub-frequency. The means of signal strength were lowest during the sprinkling. 



5.2 Experiment 2: Vauban 

5.2.1 Overview 

Map 5.1: Experiment 02, Vauban: Actual links established between nodes and gateways. The 
line thickness is relative to number of transmissions. 



5.2.2 Propagation Model 



Figure 5.6: Experiment 2, Vauban: Dry weather signal strength ranges of links, fitted empir-

ical path loss model and free space path loss model. 

5.2.3 Attenuation along a Path 





Figure 5.7: Experiment 2, Vauban: Attenuation along a path. The path loss due to environ-
ment and obstruction is the difference between free space path loss and actual measured 
signal strength. This difference is much bigger than the difference between different 
weather conditions. 



5.2.4 Effect of Covariates 

Table 5.5: Effect sizes as stated by Sullivan and Feinn (2012) 

 

Figure 5.8: Experiment 2, Vauban: R²-values of linear regressions between the covariates 
and signal strength for all links. R² were sorted into bins according to effect sizes. The num-
ber below the bars is the percentage of all links falling into the respective bin. 



5.2.5 Precipitation 

Figure 5.9: Experiment 2, Vauban: Comparison of Radolan-data with weather station meas-
urements. 



Figure 5.10: Experiment 2, Vauban: Comparison of 1-hour-precipitation sums from weather 
stations to Radolan data. 



Figure 5.11: Experiment 2, Vauban: Comparison of Radolan-raster-data with interpolated 
weather station data for example links. 

Figure 5.12: Experiment 2, Vauban: Histogram of volume deviations of all links. Volume error 
as deviation of precipitation given by Radolan from the precipitation extracted from the 
interpolated weather stations. 



5.2.6 Decoupling Covariates and Effect Sizes of Precipitation 



Figure 5.13: Experiment 2, Vauban: R²-values from the regressions of precipitation and signal 
strength after decoupling the covariates in the header of the respective graphs. The R²-
values are sorted into categories according to Sullivan and Feinn (2012). The counts are 
different because the number of bin combinations depends on the bin width and range of 
the decoupling covariates. 

5.2.7 Decoupling Covariates and Effect Sizes of High Resolution Precipitation 

Figure 5.14: Experiment 2, Vauban: R²-values of linear regressions between the covariates 
and signal strength for all links of the node at weather station University Chemistry. The R²-
values are sorted into categories according to Sullivan and Feinn (2012). The number below 
the bars is the percentage of all links falling into the respective bin. 



Figure 5.15: Experiment 2, Vauban: R²-values from the regressions of high resolution precip-
itation and signal strength after decoupling the covariates in the header of the respective 
graphs. The R²-values are sorted into categories according to Sullivan and Feinn (2012). The 
counts are different because the number of bin combinations depends on the bin width and 
range of the decoupling covariates. 

  



5.3 Experiment 3: Rektorat 

5.3.1 Overview 



Figure 5.16: Experiment 3, Rektorat, Overview and timeseries of recorded parameters, day 
1. 



Figure 5.17: Experiment 3, Rektorat, Overview and timeseries of recorded parameters, day 
2. 



Table 5.6: Experiment 3, Rektorat: Overview of periods 



Figure 5.18: Experiment 3, Rektorat: Spearman-correlations between RSSI and covariates. 



5.3.2 Distributions 



Figure 5.19: Experiment 3, Rektorat: Density estimates of the distributions of signal strength 
for reference and sprinkling nodes and different setups / periods. The frequency and dis-
tance are given in the boxes on the right. 



5.3.3 Homoskedasticity 

Table 5.7: Experiment 3, Rektorat: Results of the Levene's test. *: p <= 0.05, **: p <= 0.01, 
***: p <= 0.001, -: p > 0.05 

5.3.4 ANOVA and Effect Size 



Table 5.8: Experiment 3, Rektorat: Results of the ANOVA. *: p <= 0.05, **: p <= 0.01, ***: p 
<= 0.001, -: p > 0.05 



Table 5.9: Experiment 3, Rektorat: Cohen's d. d >= 0.2: small, d >= 0.5: medium, d >= 0.8: 
large, d > 1.3: very large (Sullivan and Feinn, 2012) 



6 Discussion 

6.1 Experiment 1: Experimental Uncertainties and Error Analysis 



6.2 Experiment 1: Discussion and Assessment of Results 





6.3 Experiment 2: Experimental Uncertainties and Error Analysis 







6.4 Experiment 2: Discussion and Assessment of Results 



6.5 Experiment 3: Experimental Uncertainties and Error Analysis 



6.6 Experiment 3: Discussion and Assessment of Results 





7 Conclusion and Outlook 
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A Appendix A 

A.1 Experiment 1: Möhringen, Software Defined Radio (SDR 

Figure A.1: Experiment 1, Möhringen: Examples of the result  
of the packet-matching process. 



A.2 Experiment 2: Vauban, Regressions of Precipitation and Signal Strength 

After Decoupling 

Figure A.2: Experiment 2, Vauban: Regression of precipitation and standardized signal 
strength after decoupling absolute humidity and environmental temperature. Inset shows 
the R²-values of all regressions sorted into bins according to effect sizes: 0 - 0.04: no effect, 
0.04 - 0.25: small effect, 0.25 - 0.64: medium effect, > 0.64: large effect. The number below 
the bars is the percentage of all links falling into the respective bin. 



Figure A.3: Experiment 2, Vauban: Regression of precipitation and standardized signal 
strength after decoupling absolute humidity and atmospheric pressure. Inset shows the R²-
values of all regressions sorted into bins according to effect sizes: 0 - 0.04: no effect, 0.04 - 
0.25: small effect, 0.25 - 0.64: medium effect, > 0.64: large effect. The number below the 
bars is the percentage of all links falling into the respective bin. 



Figure A.4: Experiment 2, Vauban: Regression of precipitation and standardized signal 
strength after decoupling atmospheric pressure and environmental temperature. Inset shows 
the R²-values of all regressions sorted into bins according to effect sizes: 0 - 0.04: no effect, 
0.04 - 0.25: small effect, 0.25 - 0.64: medium effect, > 0.64: large effect. The number below 
the bars is the percentage of all links falling into the respective bin. 



A.3 Experiment 2: Vauban, Regressions of Precipitation and Signal Strength 

After Decoupling: High Resolution Precipitation 

Figure A.5: Experiment 2, Vauban: Regression of high resolution precipitation and standard-
ized signal strength after decoupling environmental temperature and absolute humidity. In-
set shows the R²-values of all regressions sorted into bins according to effect sizes: 0 - 0.04: 
no effect, 0.04 - 0.25: small effect, 0.25 - 0.64: medium effect, > 0.64: large effect. The 
number below the bars is the percentage of all links falling into the respective bin. 



Figure A.6: Experiment 2, Vauban: Regression of high resolution precipitation and standard-
ized signal strength after decoupling atmospheric pressure and absolute humidity. Inset 
shows the R²-values of all regressions sorted into bins according to effect sizes: 0 - 0.04: no 
effect, 0.04 - 0.25: small effect, 0.25 - 0.64: medium effect, > 0.64: large effect. The num-
ber below the bars is the percentage of all links falling into the respective bin. 



Figure A.7: Experiment 2, Vauban: Regression of high resolution precipitation and standard-
ized signal strength after decoupling atmospheric pressure and absolute humidity. Inset 
shows the R²-values of all regressions sorted into bins according to effect sizes: 0 - 0.04: no 
effect, 0.04 - 0.25: small effect, 0.25 - 0.64: medium effect, > 0.64: large effect. The num-
ber below the bars is the percentage of all links falling into the respective bin. 



B Appendix B 

B.1 Devices and Software 

B.1.1 Nodes 

B.1.1.1 Arduino Pro Mini 

B.1.1.1.1 Hardware 

 

 

 

 

 

 



Figure B.8: Nodes in their white plastic housing at weather station University Chemistry. 

B.1.1.1.2 Software 



B.1.1.2 The Things Uno 

B.1.1.2.1 Hardware 

B.1.1.2.2 Software 



B.1.1.3 Raspberry Pi 3B+ 

B.1.1.3.1 Hardware 

B.1.1.3.2 Software 

B.1.2 Receiver 

B.1.2.1 Gateway 

B.1.2.1.1 Hardware 

 

 

 

 



B.1.2.1.2 Software 



B.1.2.2 Router 

B.1.2.3 SDR 

B.1.2.4 Hardware 

B.1.2.5 Software 



C Appendix C 

C.1 Abbreviations 

A 

AH 

c and d, a and b 

CLRX 

CLTX 

d 

f 

GRX 

GTX 

k 

𝑘̅ 

L 

patmos 

PL 

PLFS 

PRR 

PRX 

PTX 

R 

𝑅̅ 

RH 

RSSI 

SF 

TCPU 

Tenv 

x 



Ehrenwörtliche Erklärung 


