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ABSTRACT: Wireless connections in 5G technology are driving the rapid growth of intelligent transport systems and vehicle communi-
cations. Wireless channels are impacted by weather, which is most noticeable in millimeter wave bands. This includes rain, fog, snow,
sand, and dust. 5G networks now support diverse applications with speed and quality. In an effort to enable the use of millimeter wave
frequencies, a recent study examined the impact of dust and sand on 5G channels. This paper examines the impact of heavy and frequent
rainfall, along with horizontal polarization, on the propagation of millimeter waves in urban and highway settings. Using theoretical and
optimization techniques, the effects of rainfall attenuation, path loss, and connection margin are evaluated at various millimeter wave
frequencies. Dependencies on rainfall rate, path variation, and operating frequency are shown by the simulation results. In urban and
highway situations, mean path loss and error statistics are examined with and without rainy attenuation. It is observed that the particle
swarm optimization approach achieves 94% accuracy in signal propagation, which will enhance the path loss, received power, and overall
system performance.

1. INTRODUCTION

The increasing demand for higher data rates, wider cov-
erage, and enhanced capacity has motivated the research

and development of 5G communication network. 5G and be-
yond uses un-utilized millimeter wave (mmwave) frequencies
above 10GHz [1], as there is scarcity for spectrum below
5GHz. These higher frequencies enhance the throughput, spec-
tral efficiency, and network efficiency [2, 3]. However, high-
frequency mmwave signal travels only shorter distances due to
its atmospheric absorption. Furthermore, the signal quality is
influenced by propagation paths, such as line of sight (LOS) or
non-line of sight (NLOS), and weather conditions such as rain,
fog, snow, dust, and sand. Under all these conditions, the sig-
nal energy may experience absorption, scattering, diffraction,
or depolarization [4].
In wireless communication networks, LOS propagation is es-

sential to achieving faster data rates and improved quality of
service. The signal strength heavily depends on the propaga-
tion medium, making LOS propagation especially important in
5G applications, including mmwave and mobile communica-
tion [5–7]. However, the signal transmission at mmwave fre-
quencies can be significantly influenced by rainfall rate, which
restricts the propagation path length and the use of higher fre-
quencies for LOS communication. Along with the rainfall rate,
the size of the raindrop influences the propagating signal by
absorbing or scattering the propagating signal energy, which
decreases the total received signal power [8]. The signal atten-
uation also depends on factors such as path length, polarization,
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frequency, and latitude. In heavy rainfall regions likeMalaysia,
the wireless channels often experience interference from fre-
quent and intense rainfall [9]. The attenuation of propagating
signals varies with factors such as rain rate, density, drop size,
operating frequency, and path length [10, 11]. Rain attenuation
forecasting can utilize either physical or empirical models [12],
which rely on local environmental conditions and operating fre-
quencies. In [13], the authors estimated the rain attenuation at
mmwave frequencies using ITU-R 530-16, Da SilvaMello, and
a differential equation model.
The signal reduction increases with the increased rainfall,

signal attenuation, and path difference, which will cause path
loss (PL) and a reduction in the total coverage area. The term
“path loss” refers to the reduction in the wireless signals effec-
tive transmitting power as it travels through a channel. This
phenomenon is due to variations in the propagation path, pres-
ence of obstacles, weather conditions, and antenna character-
istics. Antenna directivity, crucial for estimating PL, is de-
termined by factors such as antenna location, tilt angle, and
height [14]. PL estimation utilizes various prediction models
like LOS and NLOS, indoor and outdoor, long distance and
short distance, etc. Various PL models have been extensively
discussed in the literature [15–18].
Every state in Malaysia has been evaluated and compared

for the impact of rainfall intensity on propagating signals at
26GHz [15]. Higher PL is correlated with increased attenu-
ation of rainfall. Furthermore, sand and dust particles impair
signals’ ability to propagate in some tropical regions. The Mie
scattering model [19] is used to estimate the effect of dusty
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storms on wave propagation. With Mie scattering models, the
PL arising from sand and dust is investigated. The wireless
channels operating at mmwave frequencies are also affected
due to sand and dust [20, 21]. In urban and highway situations,
the effect of route loss is calculated for dedicated short-range
communication (DSRC) and mmwave frequencies [22]. The
effectiveness in terms of bandwidth, throughput, and latency
of the 5G test network and its long-term evaluation are com-
pared for various weather and traffic scenarios in real-world
settings [23]. A wide range of tactics and technologies intended
to improve throughput, optimize data rates, increase capacity,
and improve coverage in the context of a 5G network [24].
Precipitation, including rain and fog, modifies the properties

of the channel and weakens the signal at various frequencies,
like the V-band at 60GHz and E-band at 73GHz. The authors
also investigate how temperature and humidity, especially in
the winter, affect wave propagation [25]. In addition, the ef-
fects of rainfall and water vapor on E-band transmissions are
evaluated [26]. The path loss attenuation rises with increas-
ing rainfall intensity, according to the results. According to a
study conducted in Nigeria, mmwave attenuation during peri-
ods of intense rainfall is estimated at temporal percentages be-
tween 0.01% and 0.001% [27]. In [28], the authors estimated
the effect of snow on vehicle-to-vehicle (V2V) communication
at 60GHz and observed that the LOS path distance was short-
ened to 60 meters compared to normal conditions [28].
Path difference optimization in V2V scenarios is mainly

based on free-space path loss and connection margin con-
siderations at two different frequencies: the 5.9GHz DSRC
frequency and 28GHz 5G frequency [29]. The path differ-
ences of 867m and 688m are used to demonstrate high data
speeds at 27Mbps and 1Gbps, respectively. Ground penetrat-
ing radar (GPR) mixer model is also used to evaluate the sig-
nal loss caused by different road pavement densities at 1.7GHz
to 2.6GHz [30]. The frequencies of 21.8GHz (K-band) and
73.5GHz (E-band) are used in research on rain attenuation [31].
The findings show that when rainfall is less than 108mm/h,
using the E-band frequency improves microwave connection
backhaul performance for reaching high data rates and through-
put, whereas using the K-band frequency is better when rainfall
is more than 108mm/h. Furthermore, received signal strength
is greatly impacted by variables such as user location, mobility,
speed of a vehicle, operating frequency, and spectrum hand-
off [32–36].
Numerous optimization algorithms were employed to mini-

mize the path loss. In the existing body of literature, several
researchers have investigated optimization algorithms for op-
timizing path differences in both outdoor and indoor environ-
ments across diverse frequencies and utilizing various path loss
models [37–40]. Path optimization was carried out through the
utilization of genetic algorithm (GA), particle swarm optimiza-
tion (PSO), and ant colony algorithm (ACM). A comparative
analysis of the path optimization processes revealed that the
performance of ACM outperformed both GA and PSO [37].
Optimal path determination was achieved using PSO and GA
methods, leading to the observation that PSO generated opti-
mal path loss outcomes more rapidly than GA [38]. The preci-

sion of the COST231 model’s path loss was enhanced by fine-
tuning the model parameters with the application of PSO. The
obtained error statistics were compared with various empirical
path loss models [39]. Within mixed land-water regions, the
empirical COST-Hatta model’s path loss was predicted using
machine learning algorithms, and the results showcased that
the proposed model achieved a remarkable accuracy level of
94.12% [40]. In indoor settings, a polynomial equation-driven
PSO technique was employed for the precise estimation of path
differences, yielding an 85% reduction in estimated path differ-
ence errors [41].
This study investigates the impact of rainfall on the 5G

mmwave channel, particularly focusing on PL and link mar-
gin evaluation within highway and urban scenarios. We lever-
age the utilization of PSO and GA optimization algorithms to
mitigate path loss and enhance overall system performance. A
comparative analysis of error statistics is conducted, revealing
that the system’s performance is notably elevated through the
application of the PSO algorithm, surpassing the theoretical and
GA approaches. Moreover, optimal path difference values are
derived for both highway and urban settings under varying con-
ditions of rain attenuation. These optimal values contribute to
increasing the channel capacity and throughput, thereby facili-
tating the achievement of higher data rates.
The remainder of the document is structured as follows. Sec-

tion 2 presents rain attenuation, while Section 3 discusses op-
timization techniques. Link margin estimations are discussed
in Section 4. The simulation results are shown in Section 5.
Section 6 contains the conclusions and future scope.

2. RAIN ATTENUATION
Rainfall has an impact on wireless channels that operate at
frequencies greater than 10GHz; this effect is especially pro-
nounced in tropical locations where there is a lot of rainfall [42–
45]. Two important factors in signal attenuation are rainfall
rate and raindrop size. The literature contains a wide range of
models for predicting rain attenuation, including statistical, em-
pirical, fade-slope, physical, and optimization models [46–51].
Based on many environmental factors, each model calculates
the attenuation of rain. Because statistical models produce re-
alistic results that are especially relevant to tropical places like
Malaysia, we chose to use them in this work to forecast rain
attenuation. The constant highs and lows, together with reg-
ular thunderstorms, characterize Malaysia’s tropical climate.
The seasonal monsoons — the northeast monsoon, which runs
fromOctober toMarch, and the southeast monsoon, which runs
from April to September, are primarily responsible for rainfall
rates [52]. By employing the ITU-R P.530-18model, our goal is
to calculate the impact of rain from 1GHz to 100GHzwith path
variations as large as 60 km. According to this model, operat-
ing frequency, rain rate, polarization, and path reduction factor
all affect howmuch rain is attenuated [53, 54]. This model does
not account for the attenuation caused by hail, fog, or snowfall.
Because of this, the ITU-R P.530-18 model is the most reliable
model in Malaysia for forecasting rain attenuation.
The PL resulting from precipitation in the outdoor region can

be calculated using the ITU-R P.530-18 model as the product of
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effective path length (Deff) and the attenuation factor (ΓA) [54].
Therefore, the total attenuation (A) can be written as

A = ΓA ∗Deff (1)

The attenuation factor is based on the intensity of the rainfall,
which is calculated using the power law relationship from the
rain rate (γ) after a certain amount of time, which is given as

ΓA = K · γβ (2)

where γ is measured in millimeters; A represents the path at-
tenuation in dB/meter; and ΓA is an attenuation factor in dB/m.
The constantsK and β depend on the signal’s polarization and
operating frequency (f) in GHz, respectively. The lookup ta-
ble contains theK and β values for both vertical and horizontal
polarizations between 1GHz and 1000GHz [55]. The database
providing generic weather forecast data is kept up-to-date by
the Malaysian Meteorological Department. In order to evalu-
ate path attenuation, we concentrate on the rain rate at 0.01%
of the rain.
The path difference (D) and the reduction factor caused by

the rainfall (pr) after a specific time period are combined to
form the effective path length, which is always less than the
actual path length. (pr) can be determined by calculating the
discrepancy in received signal strength between clear sky con-
ditions and rainy conditions. Therefore, the overall signal at-
tenuation resulting from rainfall is given as

A = K · γβ ·D · pr (3)

(pr) is represented as [44]

pr =
1

0.477R0.633A0.073β
0.01 f0.123

−10.579 [1− exp(−0.0241D)]

(4)

Eq. (4) can be substituted into Eq. (3) to estimate the path loss
caused by rainfall.

3. LINK MARGIN
In 5G cellular networks, precise PL estimation plays a pivotal
role in determining various crucial factors, such as the num-
ber of cells required to cover a given region, the total signal
loss that occurred due to the propagation path, the transmission
power, and the overall system performance. The primary focus
of network planning and optimization is to minimize the PL,
which is defined as the attenuation or decrease in power that a
propagating signal experiences within the propagation path. A
wide range of path loss models, each customized to predict path
loss depending on certain environmental factors and the kind
of transmission media, have been presented in the literature.
These models are essential instruments for precisely evaluating
signal propagation and maximizing 5G network performance
in various deployment scenarios. This paper explores the ef-
fect of rainfall on PL in both urban and highway scenarios, as
well as in free-space environments. Given the high population
density and data demands, we focus on estimating path loss in
urban (PLU ) and highway (PLH) settings. According to the
free space PL model, the cities and highway scenario LOS and

NLOS path losses are estimated as [22]

LOS Path loss :

PLU =38.77+16.7∗log 10(D)+18.2∗log 10(f) (5)
PLH =32.4+20∗log 10(D)+20∗log 10(f) (6)
NLOS Path loss :
PLU/H =36.85+30∗log 10(D)+18.9∗log 10(f) (7)

whereD represents the path difference in meters, f the operat-
ing frequency inGHz, and PL the path loss in dB. In Malaysia,
heavy rainfall will influence the path loss. The modified LOS
and NLOS path loss expressions for urban and highway scenar-
ios are given as

LOS Path loss :
PLRF

U =16.7∗log 10(D)+18.2∗log 10(f)
+38.77+A (8)
PLRF

H =20∗log 10(D)+20∗log 10(f)+32.4+A (9)
NLOS Path loss :
PLRFU/H =30∗log 10(D)+18.9∗log 10(f)
+36.85+A (10)

where A is the path attenuation due to rainfall which is given
by Eq. (3).
The link margin due to heavy rainfall is given as

LM =
GtGrPt

KTsDr(PL)0(PL)RF (Eb/N0)
(11)

where Gt and Gr are transmitter and receiver antenna gains in
dB respectively; Pt is the transmitter power in Watts; K is a
Bolztman’s constant; (PL)0 is the free space path loss in dB;
Ts is the noise temperature; (PL)RF is the path loss due to
rainfall in dB; Dr is the data rate in bits/sec; and Eb/N0 is the
ratio of energy per bit to noise spectral density.

4. OPTIMIZATION APPROACHES
In this paper, we consider GA and PSO algorithms as optimiza-
tion approaches. These algorithms provide accurate optimiza-
tion values for an objective function. Therefore, we consider
these two algorithms to improve the performance of wireless
networks by reducing the path loss and improving the link mar-
gin.

4.1. Genetic Algorithm
A natural selection procedure serves as the basis for the opti-
mizationmethod known as a genetic algorithm. It uses the “sur-
vival of the fittest” concept and is a population-based search
method. The genetic operators are applied repeatedly to ex-
isting individual populations, and they create new populations
to enhance the system’s performance. The main components
of GA are the representation of the chromosomes, selection,
recombination, mutation, and evaluation of fitness functions,
which are shown in the GA flowchart in Fig. 1. Simple GA
has been transformed into multi-objective GA. Assigning fit-
ness functions is where multi-objective GA (MOGA) and GA
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FIGURE 1. Genetic algorithm flowchart.

diverge. Multi-objective GA’s main objective is to create the
best Pareto front possible in the objective space, which ensures
that no fitness function can be further enhanced without having
an impact on the other fitness functions [56].
The step-by-step procedure of GA is summarized as follows:

• Initially, a counter is initiated to generate the initial popu-
lation.

• By utilizing the individuals within the current population,
the algorithm produces a sequence of new populations at
each step.

• It calculates the fitness value for each individual within the
current population and then converts the raw fitness scores
into a range of usable values.

• Individuals with lower fitness values in the current popu-
lation are transferred to the next population. These values
give rise to optimal solution.

• The crossover and mutation genetic operators are applied
to generate children from the parents. These children then
replace the current population, forming the next genera-
tion.

• The procedure is repeated for many generations, and the
best solution is identified as the individual with the small-
est fitness value.

• Finally, the objective function is optimized by minimizing
the fitness value of individuals within the population.

pathloss objective function = @PL(D, f) (12)
Fitnesspathloss = pathloss objective function(D, f) (13)
1m ≤ D ≤ 1000m
1GHz ≤ f ≤ 100GHz

Therefore, the genetic algorithm efficiently searches for and
converges to a global minimum and maximum without the re-
quirement of complex derivative computations. The optimiza-
tion process utilized a GA package in MATLAB to achieve its
goals. The parameters considered for optimization are the path
difference and the operating frequency. Therefore, we consid-
ered path difference and operating frequency as decision vari-
ables in MOGA. The objective functions are determined as the
minimization of PL and maximization of link margin. GA tun-
ing is used to optimize the PL in both the scenarios and to
achieve the desired PL by adjusting population size, mutation
rate, and selection rate. We conducted a series of simulations
to fine-tune the GA parameters with various combinations of
population sizes, mutation rates, and selection rates. Based on
the outcomes of these preliminary experiments, we observed
that a population size of 12, a mutation rate of 2, and a selec-
tion rate of 1 yielded satisfactory results such as enhanced path
loss and received power. The optimization process is carried
out for a maximum of 50 iterations. In this paper, we compare
the traditional MATLAB coding approach with the genetic al-
gorithm approach for estimating PL and link margin in both the
environments.

4.2. Particle Swarm Optimization
The algorithm is a search-based method used to iteratively ad-
just the population of potential solutions to find the optimal so-
lution of a given problem [37]. The flowchart of PSO algorithm
is shown in Fig. 2.

FIGURE 2. Particle swarm optimization algorithm flowchart.

The step-by-step procedure of PSO is summarized as fol-
lows [39]

• Initialization: Determine the maximum number of itera-
tions and the number of particles in the swarm. Assign
values to the social parameter (c2) and cognitive parame-
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ter (c1). Determine the inertia weight (w) to balance ex-
ploration and exploitation.

• PL Model: Choose a suitable PL model and define the
objective function based on the chosen path loss model.

• Initialization of particles: Initialize the position and ve-
locity of each particle randomly within appropriate ranges
based on the distance, frequency.

• Evaluate the path loss using the objective function for each
particle’s position. Set the particle’s best-known position
as its initial position and the particle’s best-known path
loss as the initial path loss value.

• Initialization of global best: Identify the particle with the
best-known path loss among all particles. Set the global
best-known position as the position of the best particle and
the global best-known path loss as the path loss associated
with the global best-known position.

• Main loop: Execute it for a specified number of iterations
or until a convergence criterion is met.

• For each particle: Update the particle’s velocity using cog-
nitive and social influences and the inertia weight, using
Eq. (5).

newV elocity = w ∗ oldV elocity + c1 ∗ rand() ∗
(PersonalBestPosition− CurrentPosition) + c2 ∗
rand()∗(GlobalBestPosition−CurrentPosition (14)

Update the particle’s position with the new velocity, using
Eq. (6)

newPosition = currentPosition + newV elocity (15)

Apply constraints to keep the particle’s position within ap-
propriate ranges.

• Evaluate the path loss at the new position using the ob-
jective function. If the new path loss is better than the
particle’s best-known path loss, then update the particle’s
best-known position and path loss.

After the PSO iterations, the global best-known position and
path loss provides the optimized solution for minimizing the
path loss in the given wireless communication scenario. In
PSO optimization, we consider 100 iterations, 50 particles,
c1 = c2 = 1.49445, w = 0.729, 1m ≤ D ≤ 1000m and
1GHz ≤ f ≤ 100GHz to estimate the best position, velocity,
and path loss.

5. SIMULATION RESULTS
The impact of various weather conditions and various loca-
tions on mmwave signal propagation is estimated in this sec-
tion. To determine the impact of frequent and intense rainfall
on mmwave signal propagation, a number of PL models are
explored [22]. We examine both LOS and NLOS propagation
channels in the outside environment with rain attenuation. The
operating frequency, path difference, and rainfall intensity are

all influenced by the path attenuation. The path attenuation re-
sulting from rainfall is estimated in terms of path difference and
operating frequency using Eq. (3). Using the ITU-R P.530-18
model, the path attenuation is estimated as 0.01% of the time of
rain rate for various mmwave frequencies ranging from 10GHz
to 100GHz with horizontal polarization [55, 57]. The horizon-
tal polarization coefficient and constant K for mmwave fre-
quencies from 1GHz to 100GHz are listed in Table 1 [55].

TABLE 1. Polarization coefficients.

Operating Frequency Polarization Coefficient K

10 1.2571 0.01217
20 1.0568 0.09164
30 0.9485 0.2403
40 0.8673 0.4431
50 0.8084 0.66
60 0.7656 0.8606
100 0.6815 1.3671

Figures 3 and 4 illustrate the path attenuation due to the path
difference from 100meters to 1 km and from 10 kms to 100 kms
with various frequencies. These figures provide visual insights
into how path attenuation varies with operating frequency and
path difference. Notably, as both frequency and path differ-
ence increase, path attenuation also rises. Specifically, at lower
frequencies, the impact of the path difference on path attenua-
tion is minimal, whereas at higher frequencies, the effect is pro-
nounced. This observation underscores the substantial impact
of rainfall on higher frequencies of mmwave signals. Conse-
quently, the extent of path attenuation is influenced by rain-
fall intensity, which in turn can significantly impact the over-
all performance of the communication system, particularly in
mmwave based networks.
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FIGURE 3. Path attenuation due to rain when path difference is in me-
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FIGURE 4. Path attenuation due to rain when path difference is in kilo-
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The investigation involves estimating PL within cities and
highways for both LOS and NLOS paths. This estimation en-
compasses scenarios with and without rainfall, facilitated by
Eqs. (7) through (12) and visualized in Figs. 5 to 10. The
present study incorporates both theoretical and optimization-
based methodologies to assess PL. Notably, the figures reveal
the discernible impact of rainfall on PL, i.e., the PL is higher
when there is rainfall than the PL without rainfall in cities and
highway scenarios.
LOS path losses for cities and highways are shown in Figs. 5–

8. These illustrations reveal a substantial increase in signal
propagation within urban environments compared to highway
settings. Friis’ law states that in a highway situation, propa-
gating signals are weaker with distance. Since reflections from
stationary barriers in street canyons are more likely to occur,
the observed PL is significantly smaller, suggesting a wave-
guiding effect.
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FIGURE 5. LOS Path loss of an urban scenario without rain attenuation.
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FIGURE 6. LOS Path loss of an urban scenario with rain attenuation.
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FIGURE 7. LOS Path loss of highway scenario without rain attenuation.

Figures 9 and 10 present the NLOS PL results for both urban
and highway scenarios, considering the presence and absence
of rainfall. As per the 3GPP models, there appears to be a con-
sistent path loss across urban and highway settings [58]. The
visual data underscores a significant increase in path loss during
heavy rainfall, in contrast to clear sky conditions. Therefore,
these findings collectively highlight the dependence of path loss
on factors such as path difference, rainfall intensity, and oper-
ational frequency. Notably, PL and attenuation escalate along-
side increased path differences, operating frequencies, and rain-
fall intensities. Moreover, the performance of path loss is in-
tricately tied to variables like antenna height, tilt angle, and the
positioning of the antenna [59, 60].
It is worth noting that the path loss derived through optimiza-

tion methods is lower than the path loss resulting from con-
ventional approaches. The optimization techniques exhibit a
notable reduction in path loss compared to traditional methods
within both urban and highway environments.
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TABLE 2. Mean path loss in an urban and highway scenarios

Scenario Environment
Mean Path Loss (dB)

Theo-retical GA Approach PSO Approach

LOS

Urban without Rain 117.64 104.52 106.29
Urban with Rain 122.70 109.45 110.29

Highway without Rain 123.10 108.29 116.86
Highway with Rain 128.16 113.32 121.26

NLOS
Urban/Highway without Rain 150.63 133.85 141.99
Urban/Highway with Rain 155.69 138.77 147.77

TABLE 3. Error statistics of an urban and highway scenarios.

Scenario Environment
MSE (dB) RMSE (dB) SE (dB) Accuracy (%)
GA PSO GA PSO GA PSO GA PSO

LOS

Urban without Rain 4.99 3.21 2.33 1.79 1.84 1.44 88.85 90.35
Urban with Rain 5.43 4.41 2.33 2.10 1.99 1.59 89.20 90.26

Highway without Rain 6.46 3.91 2.54 1.98 2.14 1.34 87.97 94.93
Highway with Rain 7.00 6.47 2.65 2.54 2.29 1.70 75.58 94.62

NLOS
Urban/Highway without Rain 9.80 8.72 3.10 2.95 2.88 1.87 88.86 94.26
Urban/Highway with Rain 12.54 10.03 3.54 3.16 3.07 2.29 89.13 94.91
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FIGURE 8. LOS Path loss of Highway scenario with rain attenuation.

The calculation of mean and error statistics, including met-
rics likemean square error (MSE), rootMSE (RMSE), and stan-
dard deviation of error (SE), has been performed and compared
across LoS and NLoS, as well as urban and highway scenar-
ios. This analysis encompasses situations both with and with-
out rainfall, whose results are displayed in Table 2 and Ta-
ble 3. Across all scenarios, the employment of the PSO ap-
proach consistently yields diminished error statistics in contrast
to the GA approach. Remarkably, the path loss optimization
accomplished through PSO demonstrates heightened accuracy
in comparison to GA optimization, boasting a remarkable 94%
accuracy rate. This demonstrates that the optimization process
significantly enhances system performance by minimizing path
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FIGURE 9. NLOS Path loss of an urban/highway scenario without rain
attenuation.

loss in cities and highway environments, both with and without
rainfall scenarios.
The link margin with rainfall attenuation is determined us-

ing Eq. (13). For mmwave frequencies ranging from 1GHz
to 100GHz with path differences ranging from 100m to 1 km,
the connection margin is estimated as Pt = 27 dBm, Ts =
30.62 dB, and K = 1.38 ∗ 10−23 dB for varied antenna gains
and free space PL. Illustrated in Fig. 11, the link margin experi-
ences a marked reduction with the amplification of path differ-
ences. The examination of this graphical representation reveals
that the link margin for the cities without rainfall surpasses that
of the other five scenarios. Furthermore, a discernible disparity
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TABLE 4. Optimal path difference.

Link
Margin (dB)

Optimal Path difference (Meters)
RU RU

RF RH RH
RF R1U/H R1

U/H
RF

10 1325 870 868 615 225 180

15 1000 673 670 490 175 150

20 710 500 495 378 135 118
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FIGURE 10. NLOS Path loss of an urban/highway scenario with rain
attenuation.
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FIGURE 11. LOS and NLOS Link margin for the urban and highway
scenario with and without rain attenuation.

is observed, where the LOS path exhibits a greater link margin
than the NLOS path.
Illustrated in Fig. 12 is the dynamic change in link margin

concerning the different path distances within both cities and
highways. The examination of Fig. 12 yields estimations for the
optimal path differences in both LOS and NLOS environments.

FIGURE 12. LOS and NLOS Link margin in urban and highway sce-
nario with and without rain attenuation.

These estimations aim to achieve specified link margin thresh-
olds of 10 dB, 15 dB, and 20 dB across diverse settings, encom-
passing urban and highway environments and accounting for
varying rainfall conditions. The detailed findings of these esti-
mations can be found in Table 4. Importantly, these optimized
values are used to enhance throughput, data rates, and the sys-
tem’s performance.
In Table 3, RU and RU

RF are the optimal path differences
of urban scenarios without and with rain fall attenuation; RH

and RH
RF are the optimal path differences of highway scenar-

ios without and with rain fall attenuation; R1U/H and R1
U/H
RF

are the optimal path differences of urban or highway scenar-
ios without and with rain fall attenuation. A review of Table 4
yields numerous important conclusions. First, it is noted that
the urban scenario’s optimal path difference is greater than the
highway scenario’s. The optimal path difference provides re-
duced path loss, and this reduced path loss improves the link
margin and also data rates. From Eq. (11), it is observed that
the path loss is inversely proportional to the link margin and
data rates. To improve the received signal power, link margin,
and data rates, we considered the optimal path difference in the
case of heavy rainfalls in tropical regions. Therefore, the simu-
lation results provide enhanced path loss and link margin for an
optimal path difference. Reduced path loss and enhanced link
margin are essential to enhancing throughput, coverage capac-
ity, system performance, and data rates in wireless networks.
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For applications involving connected automobiles, these op-
timal separations have significant implications, particularly in
terms of mitigating the impact of rain. By optimizing the path
difference, the impact of rain on connected car operations can
be reduced, potentially reducing the traffic accidents during
heavy rainfall. Overall, path difference optimization is a vi-
able strategy for improving communication systems’ reliability
and efficiency during bad weather, which will promote safer
and more effective transportation networks.

6. CONCLUSION
In this paper, we have investigated the impact of rainfall on
mmwave frequencies of 5G communication networks for both
urban and highway scenarios. Rainfall attenuation, LOS and
NLOS probability, path loss, and link margin are estimated
based on the outdoor probabilitymodels. The simulation results
show that the path loss increases, and the link margin decreases
as the path difference and rainfall rate increase. The impact of
rainfall on path loss at higher frequencies is significantly higher
than that at lower frequencies. The optimal path difference for
urban and highway scenarios with and without rainfall is esti-
mated and compared. The urban scenario without rainfall gives
a higher optimal distance than the highway scenario with and
without rainfall attenuation, and the urban scenario with rain-
fall attenuation achieves reduced path loss and enhanced link
margin. Reduced path loss and enhanced link margin are es-
sential to enhancing the throughput, coverage capacity, system
performance, and higher data rates in wireless networks.
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