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Abstract

Accurate estimation of path loss is essential for evaluating the impact of the propagation medium,
determining transmission power requirements, and optimizing cell layouts for effective 5G
millimetre wave coverage. At 28 GHz, rain attenuation is a critical factor, with its impact varying
significantly based on environmental and regional characteristics. This study quantifies the
degradation of 5G millimetre wave link budgets due to rainfall in South Africa, and assesses the
maximum coverage ranges for Urban Micro and Urban Macro deployments under varying rain
intensities. The analysis focuses on Pretoria, a city characterized by diverse urban landscapes and
seasonal thunderstorms. Urban Micro cells are deployed on streetlights and building facades in dense
zones such as Hatfield and Sunnyside to deliver high-capacity coverage. In contrast, Urban Macro
cells target broader coverage from elevated structures, such as those in the Pretoria CBD. Using the
Close-In path loss model for both line-of-sight and non-line-of-sight conditions, this study examines
the relationships between link budget parameters, maximum path loss, and 5G millimetre wave link
distances under rain-affected and clear-sky scenarios. The results highlight the significant influence
of rainfall, particularly in non-line-of-sight conditions, and provide insights for designing efficient
5G networks tailored to South Africa’s unique climate.

Keywords: link budget; 5G; millimetre wave; path loss; Urban Micro; Urban Macro

1. Introduction

Introducing millimetre-wave (mmWave) frequencies into South Africa's 5G wireless networks
presents an opportunity to meet the increasing demand for faster data speeds, greater bandwidth,
and minimal latency [1,2]. mmWave bands, particularly at 28 GHz, promise exceptional speed and
capacity, and are therefore critical to future-proofing the 5G wireless network. The 28 GHz band
supports dense urban deployments with higher data rates. However, using these high frequencies
presents challenges, particularly rain attenuation, which can significantly degrade signal quality [3-
5].

In 5G mmWave networks, incorporating actual rain attenuation into the link budget is essential
for accurate path loss estimation, especially for Urban Micro (UMi) and Urban Macro (UMa) cell
links. Path loss directly affects the maximum distance between the User Equipment (UE) and the Base
Station (BS), as it determines the strength of the received signal relative to the sensitivity of receiver.
Smaller UMi cells, covering shorter distances of 10-500 meters, are highly sensitive to variations in
path loss, while larger UMa cells covering distances of up to a few kilometres, require a more robust
link to handle the interference and attenuation. Rain attenuation, which is significant at mmWave
frequencies, intensifies path loss, limiting signal range and potentially reducing cell coverage.

To ensure acceptable quality of service in 5G mobile networks, it is important to maintain a
received power level above the minimum threshold. This threshold is typically defined by the
minimum signal-to-noise ratio (SNR) [6,7]. To achieve sufficient SNR at the receiver, link budgeting
is used to account for all power gains and losses during signal transmission [8]. A key component of
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the link budget is path loss, which measures the reduction in signal strength due to factors such as
physical obstructions, weather conditions, and geographical features. Rain attenuation has a
significant impact on the link budget in 5G mmWave wireless communications, especially because
the wavelengths of mmWave frequencies are comparable to the size of raindrops, which can cause
significant signal degradation through absorption and scattering [9-12]. By integrating realistic
rainfall data, the link budget enables a more reliable assessment of channel status and ensures that
the signal strength (RxSL) exceeds the receiver sensitivity (RxS). This coordination between path loss,
rain attenuation, and receiver sensitivity enables optimized cell design and supports effective 5G
deployment across diverse environments.

Rain attenuation affects the design and performance of short-range and fixed wireless links by
increasing path loss and requiring adjustments to parameters such as transmit power, antenna gain,
and site placement. When planning a network, it is essential to account for these losses within the
link budget to ensure reliable service, especially in areas with heavy or frequent rainfall.

Models such as the ITU-R P.838 are often used to predict attenuation caused by rain and
incorporate these estimates into the link budget to ensure that performance remains within
acceptable limits despite adverse weather conditions. In regions with light rain, a small fade margin
is typically sufficient to overcome challenges of rain in 5G mmWave networks. However, South
African cities experience frequent thunderstorms [13] during summer, leading to significant rain
attenuation even over short distances, such as those between UE and BS in urban micro-cell scenarios.
Fixed power margins are often impractical due to limited power availability, the highly variable
nature of rainfall in the region, and safety concerns. Consequently, adaptive fade mitigation
techniques, such as dynamic power control, hierarchical modulation, data rate reduction, and
diversity methods, are more effective in addressing these variations. Because signal attenuation
caused by rain is very dynamic and location-specific, real-time attenuation prediction is critical to
optimize mitigation strategies balancing coverage and capacity and ensuring the feasibility and
efficiency of mmWave based 5G networks.

This study estimates rain-induced attenuation in South African cities using available rain data.
Rain rates with a 60-minute integration time are converted to their one-minute equivalents, and
attenuation values at 28 GHz are calculated. The analysis focuses on 5G links in Urban Micro (UMi)
and Urban Macro (UMa) deployments in Pretoria. The assessment of 5G coverage involves
calculating the maximum allowable path loss on the radio interface through a link budget analysis.
This process evaluates path loss for downlink transmissions in both UMi and UMa scenarios while
identifying potential network design challenges [14], such as limited coverage.

To plan 5G mmWave deployments in Pretoria, the urban environment is categorized into UMi
and UMa scenarios to meet different coverage and capacity requirements. In UMi scenarios, small
cells are strategically positioned at heights of 4 to 10 meters, typically on streetlights or building
facades, to provide high-capacity, low-latency connectivity in densely populated areas such as
Pretoria CBD and Sunnyside. These locations are characterized by heavy pedestrian and vehicular
traffic, requiring the use of mmWave technology and beamforming to mitigate signal attenuation and
blockages caused by buildings.

Conversely, UMa cells are deployed at greater heights, such as on rooftops or dedicated towers
ranging from 25 to 50 meters high, to provide wider coverage in areas such as Hatfield or suburban
areas. These cells ensure reliable connectivity over larger areas and complement the targeted, high-
density coverage provided by UMi deployments. By integrating UMi and UMa scenarios, the
network design achieves an optimized spectrum efficiency, overcomes line-of-sight challenges, and
supports a wide range of applications from enhanced mobile broadband to IoT use cases.

The paper is organized as follows: Section 2 discusses related work and provides context on rain
attenuation and its impact on the propagation of 5G mmWave wireless networks. Section 3
introduces the Moupfouma rain attenuation model and explains its application in the study. Path
loss is analysed in Section 4, followed by a discussion of the link budget in Section 5. Results and
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analysis are presented in Section 6, highlighting key findings. Finally, Section 7 concludes the paper
and summarizes findings and implications for 5G network planning.

2. Related Work

The influence of atmospheric conditions on 5G cellular communications in urban microcell
environments has been the focus of several studies. For example, [15] investigates the significant
impact of path loss, particularly at higher frequencies, on signal reception and overall network
performance. The study identifies meteorological factors such as temperature, humidity and rain as
major causes of increased path loss, leading to increased signal attenuation and reduced network
reliability. Particular emphasis is placed on the importance of frequency selection, with 7.125 GHz
identified as a relatively stable option. However, challenges persist regarding the cumulative effects
of atmospheric conditions and the limitations of millimetre waves for long-distance applications.
Similarly, [16] evaluates the performance of a millimetre wave 5G (mmWave) system in Banda Aceh
city by simulating the path loss under line-of-sight propagation (LOS) and non-line-of-sight
propagation (NLOS) models. The results show that path loss plays a critical role in determining 5G
network performance, with increased signal attenuation and reduced coverage and reliability
observed particularly in NLOS scenarios. These findings highlight the need for careful urban
deployment planning to mitigate such challenges. In [17], a modified path loss model is proposed to
account for the differences between clear and rainy air conditions based on outdoor microcellular
measurements at 26 and 32 GHz. The study introduces a dynamic rain cell model for multi-user
systems to analyse the overall impact of rain attenuation. The results indicate that the parameters of
the floating intercept (FI) model shift significantly compared to the close-in (CI) model under
different rainfall intensities. In addition, larger rain cell radii lead to higher path loss exponents,
negatively affecting system capacity, particularly in higher frequency bands. The study also
highlights the influence of rain cell speed on path loss and system performance. [18] investigates the
impact of rainfall on the propagation of 5G mmWave channels in urban environments and on
highways scenarios. The study examines attenuation, path loss and link margin at different
frequencies. The results indicate that as path difference and rain rate increase, path loss increases
while link margin decreases, with the effect being more pronounced at higher frequencies. To address
these challenges, a particle swarm optimization approach is employed, achieving 94% accuracy and
demonstrating an improved signal propagation and overall system performance.

3. Rain Attenuation

This section analyses the impact of rain attenuation on path loss and 5G mmWave signal
propagation in selected South African cities, with a focus on outdoor LOS and NLOS paths. The
estimated rain attenuation for Pretoria is used to calculate path loss and determine the link budget
for Umi and Uma links.

The Moupfouma model [19] is used to predict rainfall attenuation and provides realistic values
tailored to the diverse climate zones of South Africa. The country experiences variable weather
conditions, and includes dry regions and areas with frequent rainfall. Rain rates are influenced by
seasonal changes, such as the summer thunderstorm rainfall in the eastern and northern regions and
the winter rainfall in the Western Cape. These climatic variations impact the intensity and frequency
of rainfall, making accurate modelling essential for effective 5G network planning in urban and rural
scenarios. The Moupfouma model [19] improves the prediction of rainfall attenuation in tropical
regions by recalibrating the coefficients to reflect local rainfall intensity and variability. This approach
enhances forecast accuracy by incorporating tropical-specific features such as higher rainfall rates
and droplet sizes.

Rain rate data collected in South African provinces originally based on 60-minute integration
time is converted to a 1-minute integration time to analyze the impact of rainfall on terrestrial link
design for 5G mmWave networks. The attenuation values for different provinces are then calculated
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using the method described in [19] Moupfouma Path attenuation Aoco model is mathematically
represented as shown in Equation (1).
Ap = aRIL;Deff (1)
aR; represents the specific rain attenuation (dB/km) at percentage of time p . R,is the rain rate
at the corresponding percentage of time p. D¢ is the effective path length over which the rain
propagation is considered uniform.

Deff = Td ) (2)

r is the reduction factor coefficient and d the actual path length in km. r can be expressed as

®) )
r= 1+0.03(:E)=Fam ’ ©)
where m is a coefficient that depends on the path length d and the carrier frequency F in GHz.
m=1+14x10"*F'%log.d. 4)
The coefficient f can be obtained as in the following equation:
d < 50km
B =045  for 0.001 <p<0.01 ]

B =06 for 0.01<p<01

®)
d > 50km

B=036 for 0.001<p<0.01

p =06 for 001<p=<01
Figure 1 shows the rainfall statistics for selected cities in South Africa. Pretoria recorded the
highest rainfall rate at 0.01% exceedance, with 168.5 mm/h, while Bloemfontein recorded the lowest
rainfall rate at 42.58 mm/h. Polokwane, and Cape Town have Roo values of 49.9 mm/h, and 81.13
mm/h, respectively. All the cities experience thunderstorms which are characterised by rainfall rate
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Figure 1. Cumulative Distribution of Rainfall Rate at 1-minute for 5 cities.

Figure 2 shows the attenuation (dB/km) at different rain intensities. Drizzle with 0.25 mm/h
causes minimal attenuation, remaining below 1 dB at all frequencies. widespread rain of 5 mm/h
results in attenuation of less than 10 dB. In contrast, showers with rain rate of 25 mm/h and
thunderstorms with rain rate of 100 mm/h have significant impacts across all frequencies. The
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attenuation caused by thunderstorms exceeds 10 dB, highlighting the serious impact of heavy rainfall
on signal propagation, especially in high frequency bands.

) Attenuation of different rain types
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Figure 2. Rain attenuation for various rain types.

4. Path Loss

This paper examines the effect of rainfall on path loss in UMa and UMi Line-of-Sight and Non-
Line-of-Sight scenarios. Given the high population density and significant data needs in urban areas,
the focus is on these environments. UMi cells, designed for high traffic in compact areas such as city
streets, typically cover ranges from 100 to a few hundred meters, ensuring low latency connections.
In contrast, UMa cells serve larger areas, with a span of several hundred meters to a few kilometres,
effectively supporting higher mobility and mitigating interference from urban obstacles. The path
losses (PL) are estimated using the Close-In (CI) path loss model, with a reference distance of 1 m [20]
as shown in Equation (6):

PLC!(d) = FSPL(f, dy) + 10 nlog (dio) +XEL, (6)

where dy = 1m , X§i. isthe Gaussian random variable with zero mean and a standard deviation d
(in dB). The Free Space Path Loss (FSPL) is given by (7):

FSPL(f, do) = 20logss (5%), 7)
where 1 is the wavelength (in m).

The Close-In (CI) model is a simple path loss model that uses a single parameter, the Path Loss
Exponent (PLE), that conforms to physical principles. CI model provides a conservative estimate of
non-line-of-sight path loss over long distances and applies free-space path loss at a reference distance
of 1 meter to improve stability and accuracy [20]. In contrast, the Alpha-Beta-Gamma (ABG) model
requires three parameters, provides slightly better accuracy, lacks a direct physical basis, and predicts
lower path loss near the transmitter but higher loss at greater distances [21]. The CI model offers
significant simplicity and achieves reasonable accuracy across various environments and frequency
bands. Its minimal parameter requirement and reliance on a physical based approach make it a
practical choice for various communication scenarios. For UMa and UMi scenarios, the standard
deviations o of the Gaussian variables are 4.6, 10, 2.9, and 8.1 dB for UMa LOS, UMa NLOS, UMi
LOS, and UMi NLOS, respectively.
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5. Link Budget

The link budget estimates the maximum allowable path loss for 5G UMi and UMa scenarios in
Pretoria, considering an average rain rate of 48 mm/h and a maximum of 168.5 mm/h and the
parameters listed in Table 1 and Table 2. The link budget evaluates the system performance taking
into account all gains and losses at the transmitter, receiver and propagation medium. Additionally,
realistic rain attenuation values to provide a more accurate approximation of total path loss under
different environmental conditions.

Currently, most 5G networks use the N28 and N78 frequency bands in SA with maximum
channel bandwidth of 10 and 50 for each band respectively. This study presents the results obtained
with the N257 CA configuration with 200 MHz carrier bandwidth.

In the link budget calculation process, input parameters are categorized into two types: variable
parameters and scenario-specific parameters. Variable parameters include factors such as transmit
power, number of transmit antennas, antenna gain, body loss, and SINR. Scenario-specific
parameters include elements such as the standard deviation of shadow fading, penetration loss,
effective height of base station and mobile station antennas, among others. These parameters are
compiled into a structured table, which serves as the basis for computing the downlink link budget
for a 28 GHz frequency band. The calculations are carried out for single-antenna setups in urban
micro (UMi) and urban macro (UMa) scenarios. The cell radius ranges from 10 to 500 meters for UMi
and from 50 to 2000 meters for UMa, reflecting the differing coverage requirements of these
environments. The BS and UE 5G RAN parameters used for the simulation are summarized in Table
1 and Table 2 respectively.

Table 1. BS interface features 5G RAN.

BS interface 5G Ran

Cell radius/max distance (m) 10, 50, 100, 200,
500, 1000, 2000

gNB (Antenna) Height 10m(UMi), 25 m(UMa)
Tx power per PRB (dBm) 50
Tx antenna count 1
Rx antenna count 1
Antenna gain 17 dB
CA type Single band
CA configuration N257(28GHz)
DL: UL Ratio 4:1
F-Low (MHz) 26500
F-High (MHz) 29500
Central Frequency (MHz) 28000
Numerology 3
Channel Bandwidth MHz 200MHz
Number of RB 125
MCS Table 16QAM
Outdoor Scenario UMi, UMa
Path Loss Model CI
Body loss 15dB
Slow fading margin 7
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LOS Probability Oorl

Foliage Loss 8

Fading and Beamforming No Fading

021 Building penetration Model Low Loss Model

Table 2. UE 5G features.

UE 5G Ran configuration
Noise figure 9dB
Antenna height 1.5m
Cable Loss 0dB
Antenna gain 0
Target SINR 12dB

Channel Status

The feasibility of the Umi and Uma 5G links are assessed based on the signal strength and system
requirements using the link budget. This process calculates the received signal level (RxSL) and
compares it to the receiver sensitivity (RxS), the minimum acceptable signal strength. The channel
status “Pass” is assigned If RxSL outperforms RxS, indicating a robust link; otherwise, it is marked
as “Failed”. Critical factors affecting this evaluation include transmission power, path loss, and
antenna gains, which collectively impact communications reliability and performance as shown in
Equations (8) to (11):

RxSL(dBM) = gNodeB Tx Power(dBm) + Gains(dB) — Losses(dB), (8)

Tx Power is the transmitted power level of the signal, Gains(dB) is the combined gains in the
system, including antenna gain and any amplifier gains. The total signal losses, including path loss,
shadowing, penetration loss, cable loss, the estimated rain attenuation and any other attenuation
factors is represented by Losses(dB).

With:

Gains(dB) = BS antenna gain (dBi) + UE antenna gain (dB), (9)
Losses(dB) = 10 = log10 (subcarrier quantity)BS cable loss (dB) + Path loss (dB) +
penetration loss (dB) + foliage loss (dB) + interference margin (dB) +

rain attenuation (dB) + slow fading margin (dB) + body block loss (dB), (10)
Receiver sensitivity(dBm) = Noise figure(dB) + Thermal noise(dBm) + SINR(dB) (11)
where
Thermal noise(dBm) = —174 + 10log(BW) + Noise Figure. (12)

6. Results and Discussion

6.1. Path Loss

The total path loss is shown in Figure 3. The graph shows the increasing trend of path loss with
increasing distance due to signal attenuation over longer transmission paths. When the sky is clear,
the path loss gradually increases. However, rain significantly increases the path loss, as shown by the
path loss during rain with rainfall intensities of 42.58 mm/h and 168.5 mm/h. For shorter distances
the percentage increase in path losses due to rain is relatively small and is often less than 1%. For
example, with a clear sky path loss of 115 dB, the increase under rain is 0.33% for 50 m at a rain rate
of 42.58 mm/h, showing negligible degradation at shorter distances or light rain intensities. As the
distance increases, the percentage increase in path loss becomes more noticeable; With a clear sky
path loss of 136.83 dB, the percentage increase under rain reaches 2.85% and 10.22%, at 42.8 mm/h
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and 168.5 mm/h, respectively. At greater distances, especially in heavy rainfall conditions, the
percentage increase becomes significant. For example, with a clear sky path loss of 150.07 dB, the
increase under rain conditions reaches 10.67% at 42.8 mm/h and escalates to 33.5% at 168.5 mm/h.

Total path loss with and without rain

T T T —
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N
\
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200 400 600 800 1000 1200 1400 1600 1800 2000
Distance(m)

——— PL clearsky mm/h PL rain 42.58 mm/h — — — - PL rain 168.5 mm/h

Figure 3. Impact of rain on path loss.

6.2. Link Budget

Figure 4 illustrates the differences between LOS and NLOS links and highlights the significant
impact of rain on link budgets. LOS links provide better performance than NLOS links due to lower
signal interference. However, for both types there is a decrease in link budgets with increasing
distance. Higher rainfall intensities (42.58 mm/h to 168.5 mm/h) increase this deterioration, especially
in NLOS links. The receiver sensitivity of -70.21 dB defines the minimum signal power required for
the receiver to effectively detect and process the signal. This sensitivity depends on factors such as
thermal noise, bandwidth and the required signal-to-noise ratio. Performance below this threshold
results in errors. For UMi LOS links, the link budget remains above the receiver sensitivity threshold
at distances of up to 200 m, even at rain intensities of 42.58 mm/h and 168.5 mm/h. In contrast, UMi-
NLOS links start with a lower link budget and further degrade as rain intensity increases. At a rain
rate of 42.58 mm/h, the UMi NLOS link reaches the minimum signal power threshold at 200 m. At
168.5 mm/h, this threshold is reached at approximately 170 m. For UMa links, both LOS and NLOS
configurations have negative link budgets at short distances and at both rain rates, which pose
significant challenges for reliable communication. At 42.58 mm/h the UMa LOS link budget falls
below the receiver sensitivity threshold at 1300 m, while at 168.5 mm/h this occurs at 650 m. In NLOS
settings, the UMa link budget falls below the threshold at approximately 190 m for 42.58 mm/h and
at 200 m for 168.5 mm/h. At 2000 m, the link budget for both UMa-LOS and NLOS configurations is
approximately 40 dB lower than the link budget at 42.58 mm/h.
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UMi NLOS link budget
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Figure 4. Impact of rain on UMa and UMi link budgets: (a) UMi LOS scenario; (b) UMi NLOS scenario; (c) UMa

LOS scenario; (d) UMa NLOS scenario;.

6.3. LOS and NLOS Impact

Figures 5 and 6 compare the link budgets of UMa and UMi environments with receiver
sensitivity under the influence of rain-induced attenuation at a rain rate of 162.08 mm/h.

Link budget UMi LOS and NLOS scenarios at 168.5 mm/hr

Power(dBm)

20 40 60 80 100
Distance(m)

120 140 160 180 200

— ——-RX sensitivity —+—UMi LOS — -e—-UMi NLOS

Figure 5. Link Budget of UMi at 168.5 mm/h.
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Figure 5 shows the link budgets for LOS and NLOS scenarios in a UMi environment along with
the receiver sensitivity threshold. The link budget decreases linearly with distance in both scenarios
due to the loss of the free space path. However, in the NLOS scenario, the performance decreases
faster than in the LOS case, which is probably due to additional losses due to diffraction, reflection
and shadowing. At a link distance of 200 meters and a rain rate of 168.5 mm/h, the UMi LOS link
remains above the receiver's sensitivity threshold, ensuring a strong and reliable connection. Even
under these conditions, which result in a rain attenuation of 5.7 dB, the LOS connection remains
functional. In contrast, the UMi NLOS link budget drops below the receiver sensitivity threshold after
160 meters, marking the maximum range for reliable communications in this configuration at the
same rain rate. Figure 6 shows the link budget as a function of distance for UMa-LOS and NLOS
conditions. The received power in the NLOS scenario drops significantly faster than in the LOS
scenario due to higher free space path loss and additional attenuation factors.

At a rain rate of 168.5 mm/h, the NLOS link budget falls below the receiver sensitivity threshold
at approximately 200 meters, while the LOS link remains functional up to approximately 600 meters.
These distances represent the maximum reliable communication ranges for UMa NLOS and LOS
links under these conditions. Beyond these distances, received power drops below -70 dBm, resulting
in link failure if no countermeasures are taken.

0Link budget UMa LOS and UMa NLOS scenarios at 168.5 mm/hr

-100

Power(dBm)

-120

-140

-160 1 1 1 1 1 1 1 1 1 I
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Figure 6. Link Budget of UMa at 168.5 mm/h.

7. Conclusions

This study highlights the significant impact of rain attenuation on path loss and link budgets for
potential 5G mmWave deployments in Pretoria, South Africa, at 28 GHz. Path loss increases with
distance and rainfall intensity, with negligible effects at short ranges but significant degradation over
longer distances, particularly under heavy rainfall. Link budget analysis shows that LOS links
consistently outperform NLOS links, maintaining functionality at greater distances. In UMi scenarios,
LOS links remain operational up to 200 meters under heavy rain, while NLOS links fail beyond 160
meters. In UMa scenarios, LOS links support communication up to 600 meters, while NLOS links are
limited to approximately 200 meters under similar conditions. At distances of 2000 meters, the link
budget for both UMi and UMa scenarios deteriorates sharply, with path loss increases of up to 33.5%
in heavy rainfall. These findings emphasize the importance of rain attenuation in planning 5G
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mmWave networks. UMi deployments can achieve reliable connectivity with careful placement of
small cells, while UMa deployments require advanced techniques, such as beamforming, advanced
error correction, and network densification, to address significant rain-induced losses.
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Abbreviations

The following abbreviations are used in this manuscript:

5G Fifth Generation (Mobile Network Technology)
mmWave Millimetre Wave

GHz Gigahertz

LOS Line-of-Sight

NLOS Non-Line-of-Sight

UE User Equipment

BS Base Station

UMi Urban Microcell

UMa Urban Macrocell

RxSL Received Signal Level

RxS Receiver Sensitivity

SNR Signal-to-Noise Ratio

ITU-R International Telecommunication Union — Radiocommunication Sector

CI Model Close-In Path Loss Model
FI Model Floating Intercept Path Loss Model

Ag.01 Specific Attenuation Exceeded for 0.01% of the Time
dB Decibel
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