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Abstract: The high speeds resulting from the use of millimeter
waves (mmWave) in 5G mobile networks are accompanied by
high path loss. The issue of generating a reliable propagation
model of radio waves is crucial to the development of cellular
networks since it reveals essential information regarding the
properties of the wireless channel. The received signal strength,
the coverage area, and the outage probability in certain places
may all be determined through theoretical or empirical radio
frequency propagation models, which offer essential valuable
information regarding signal path loss and fading. This
work analyzes a comprehensive three-dimensional ray-tra-
cing method at 28 GHz for Najaf city, Iraq. The optimum
path loss model for the city of Najaf is evaluated using the
close-in (CI) model. On average, the values of the main para-
meters of CI model n, X

σ

CI accomplished, respectively,
3.461866667 and 11.13958333. The lowest achievable path
loss exponent was 3.0619 across all analyzed scenarios,
while the highest possible value was 4.1253. The results
of this work can serve as a baseline for mmWave mea-
surement campaigns conducted in comparable condi-
tions, and they provide a new avenue for future research
into mmWave at 28 GHz in Iraq.

Keywords: mmWave, 5G, close-in model, PLE, shadow
fading

1 Introduction

Due to the vast development in data consumption, communi-
cation infrastructure, mobile subscriptions, and the increasing
penetration of mobile and Internet of Thing (IoT) devices, the
needs for cellular bandwidth have been severely stretched. To
overcome the constraints of the existing technology, the next
generation of communication technology will need to enhance
its spectral efficiency, expand its bandwidth, and develop
better technology for recycling spectrum. The ultra-low latency
and massive network capacity relayed to 5G mmWave com-
munication, along with higher performance and ameliorated
efficiency, promise a wide range of potential user applications.
These applications include smart cities, the IoT, industrial auto-
mation, and vehicular communication. There are two key
issues with millimeter waves (mmWave) that make it less
than ideal for 5G: high path loss and high penetration losses.
It has been justified that mmWave operate in extremely
power-limited regimes, restricting the flexibility with which
spatial antenna structure and expanded bandwidth freedom
may be utilized [1]. The most suitable way to describe the
signal attenuation of a transmitting and receiving antenna,
depending on the separating distance between them
furthermore some other parameters, is the path loss model
[2]. The signal losses passing through a radio frequency
channel can be predicted by using a suitable path loss model
[2]. Short wavelengths of mmWave occur due to reflection,
scattering, line-of-sight (LOS) propagation, diffraction, and
penetration of materials, which will cause a large size of
attenuation. Over the past few years, numerous companies
and research groups have presented a wide range of sce-
narios to simulate various measurements and models [3,4].
Checking channel parameters is the cornerstone of the
design of any millimeter wave transmission and receiving
system. To check those parameters for each millimeter
channel, there are two main methods: measurements and
modeling. Several factors make it challenging to perform
physical measurements completely, such as the high cost



* Corresponding author: Mushtaq Talib Mezaal, Electrical and
Electronics Department, Universiti Tenaga Nasional, Selangor, Malaysia,
e-mail: pe21105@student.uniten.edu.my
Norazizah Binti Mohd Aripin, Noor Shamsiah Othman: Electrical and
Electronics Department, Universiti Tenaga Nasional, Selangor, Malaysia
Adheed Hasan Sallomi: Electrical Department, University of
Mustansruyah, Baghdad, Iraq

Open Engineering 2024; 14: 20220601

Open Access. © 2024 the author(s), published by De Gruyter. This work is licensed under the Creative Commons Attribution 4.0 International License.

https://doi.org/10.1515/eng-2022-0601
mailto:pe21105@student.uniten.edu.my


and furthermore heavy weight of the measuring devices, in
addition to the weather conditions specific to each place; there-
fore, path loss modeling is preferred over field measurement.

Ultimately, 5G aims to realize a highly adaptable radio
access architecture capable of advocating extremely high
volumes of machine-type communications. The critical loss,
high path loss, and high absorption rate of 5G mmWave
transmission through vegetation are all issues that have
been identified. Chen [5] suggested working on a 5G diminu-
tive cell mmWave technology operating at 28 GHz to address
the limitations of 5G. Path loss modeling is essential for
determining the best placement and coverage for mmWave
network transmitter antennas. The problem of modeling
path loss has been tackled from numerous angles, with sev-
eral empirical, deterministic, and ANN-based models being
produced. Network optimization engineers can benefit
greatly from path loss prediction algorithms since they
can utilize them to better place base stations, choose trans-
mitting and receiving antennas, establish optimal operating
frequencies, and do interference analyses. The presence of
numerous criteria adopted in classifying the channel models
has made it challenging to classify these models despite the
great efforts made to do so [6]. The most common types of
radio propagation models are empirical and deterministic.
Diffraction principles [7], integral equations [8], ray tracing
[9], and parabolic equations [10] form the theoretical foun-
dation for deterministic models. Author in [11], the conven-
tional propagation model [12], and the COST 231-Hata model
[13] are all examples of empirical models that are based on
driving test measurements of the target regions. These
models require minutes in the way of computing resources,
and they may be deployed quickly at minute cost. Their lack
of adaptability to changing conditions means they are less
reliable than other models. At 800 and 1,800 MHz, Cheerla
et al. [14] utilized Newton’s approach to generate an opti-
mized COST 231-Walfisch-Ikegami (CWI) model. Using this
strategy, they were able to validate the path loss prediction
in the field with better precision than using the empirical
CWI model. As a result, before launching a pilot study and
building the expensive mmWave infrastructure, it is cru-
cial to investigate the surrounding area and run through
simulations. As a result, the primary objective of this
study is to run a high-resolution, three-dimensional (3D)
ray-tracing simulation of Najaf city, Iraq, at 28 GHz. For
28 GHz, the path loss is characterized by the close-in (CI),
alpha–beta–gamma (ABG), and floating intercept models,
depending on the height difference between the trans-
mitter and receiving antennas (30 vs 2 m). These models
fall into one of three categories that Erunkulu [2] estab-
lished based on the carrier frequencies. Although there
are numerous types of path loss models, all path loss

models do not exactly satisfy the Iraqi conditions as
demonstrated in the study of Al-shuwaili [15]. Al-shuwaili
[15] and Jamel [16] simulated 5G network for Baghdad city
by studying the impact of the weather conditions further-
more the suitable mmWave band for Iraq, while neglecting
at the same time the impact of the other essential elements
like the urban distribution that distinguishes a city from
another.

This article provides a detailed path loss study at
28 GHz utilizing the CI path loss model at a T R/x x height
of 30–35/1.5 m. Before embarking on 5G network planning,
academics and service providers can utilize the findings
from this work as a baseline for their own research in a
comparable scenario. The purpose of this research is to
refine the existing path loss model at 28 GHz so that it better
accounts for the dense urban environment of Najaf city. This
article’s goals are to first examine the impact of path loss on
a citywide scale in Najaf at 28 GHz mmWave using four
distinct base station (BTs) sites and provide the results of
those analyses. In addition, the path loss exponent (PLE) and
shadow factor must be determined as a result of this work.

This study provides contributions including utilizing
intelligent ray-tracing simulation provided by FEKO-WinProp
software to generate a novel deterministic path loss model at
28 GHz for the city of Najaf, Iraq. In addition, the parameters of
the suggested path loss model, including the PLE, the shadow
factor, and the random Gaussian standard deviation, have
been fine-tuned to the target environment. Furthermore, the
optimal model to reflect path loss in a 28GHz environment has
been determined by computing CI path loss model for a range
of scenarios based on the special location of the transmitter.
In conclusion, the results gained in this workmay be utilized
as a standard for future efforts in research on Najaf city and
the other surrounding provinces which share the same
environment.

2 Related works

The mmWave utilized in 5G networks is closely related to
path losses and absorption losses. Conversely, the commu-
nication between the transmitter and receiver in the two
environments (LoS and non-line-of-sight [NLoS]) can be
established based on the phenomena of reflection and scat-
tering. Several factors limit the free space accomplished by
the mmWave spectrum, including the molecular size of
raindrops, as well, due to the short length of mmWave
[2]. Temperature and humidity moreover have a signifi-
cant impact on the mmWave by absorbing part of the
signal energy, causing it to be attenuated. mmWave at
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higher frequencies suffers from higher attenuation over
distance. Absorption losses due to oxygen furthermore
other environmental factors have been studied by Rappa-
port et al. [17]. Attenuation is an additional effect on the
propagation channel that occurs due to excess path loss.
Increasing the size of the transmitter or receiver antenna
can exceed the mmWave path loss. The effective surface of
each antenna is the primary determinant of each antenna
gain, which in turn determines the permissible path limits.
In the case of the LoS mmWave channel, the boresight
alignment controls the occurrence of effective communica-
tion with the directional antenna, so the parameters asso-
ciated with the antenna (such as the antenna position,
location, and pattern) affect the quality of communication
as they either mitigate or increase path losses [18]. To miti-
gate path losses, the transmitter must be physically directed
toward the receiver in the case of antennas with fixed beam
patterns. To accomplish effective communication in the case
of NLoS communication channels, the antenna inside the
single beam must be directed toward one or more reflec-
tions, provided that the reflection is dominant. One of the
conditions for the NLoS channel to be the best is when a
complicated beam pattern is available, which can divide the
energy over multiple propagation paths. The antennas uti-
lized with the NLoS channel must have some adaptation to
accomplish the best NLoS channel. Several characteristics
must be provided in future antennas utilized for mmWave
such as antenna gain, beamwidth, and beam pointing tech-
nique to mitigate the effect of interference on communica-
tion quality [18].

The path loss prediction can be defined as the possibi-
lity of determining the effect of attenuation with an accep-
table level of accuracy on the propagation of radio signals.
Path loss prediction is considered one of the basics in any
planning process for establishing a wireless communica-
tion network [19]. To determine propagation losses for a
specific network, accurate data between the transmitting
and receiving stations must be generated through wide-
field campaigns to measure the received signal strength
(RSS) [20–22]. A model for predicting path losses has been
proposed by Al-samman et al. [23], which is devoted to
finding path losses in 5G mmWave and future 6 GHz com-
munications by inserting a frequency-dependent attenua-
tion factor. To solve multi-task missions related to direct
and multi-hop communication applications, Elizabeth et al.
utilized an unmanned aerial vehicle (UAV) to discover
which path is the fastest [24]. They concluded that the pro-
pagation signal strength could be enhanced prior to the
deployment of network infrastructure by relying on mul-
tiple UAVs [24]. Authors in [25] justified the dependence of
the path loss distribution on the general environmental

characteristics of the target area. Three categorized propa-
gation environments are urban, suburban, aquatic, tunnel,
furthermore rural, on which the path loss value depends on
which it is most closely relied for estimating PLE. For urban
environments, the path loss can be estimated to be 30–50 dB,
depending on the height and type of building materials. The
path loss generated by ground terrain per 1 km can be esti-
mated at 90 dB [26]. For aquatic environments, Sasidhar [27]
estimated the path losses due to the surfaces of oceans and
seas; Hrovat et al. [28] investigated the path losses in the
tunnels utilized for metro and trains due to obstacles and
traffic in the roads and railway tunnel, which leads to an
increase in the propagation signal’s delay spread. Besides
poor communication quality in the tunnel environment,
additional path losses can be recorded due to objects moving
inside the tunnels [28]. Cellular coverage can be practically
predicted by relying on geometric mathematical models for
ray tracing through computer simulations. Researchers resort
to using a high computer to predict the coverage of any
cellular system due to the high costs associated with the drive
test furthermore to save time as well. For these reasons,
numerous companies have adopted several 3D modeling soft-
ware developed to meet a variety of work. Propagation simu-
lationmodeling using ray tracing and drive test measurement
campaigns are the twomain types of modeling for calculating
path losses. The propagation characteristics are measured in
drive test campaigns using advancedmeasuring software and
tools.

Ray-tracing techniques have recently expanded to include
path loss prediction models based on artificial intelligence
techniques such as convolutional neural network (CNN) and
artificial neural network (ANN), by integrating two-dimen-
sional (2D) satellite images with 3D models to generate a
general method for predicting path losses [29,30]. Several ele-
ments control the accuracy of 3D digital maps, such as terrain,
foliage, and city buildings, in addition to other features such as
the location of the transceivers, building edges, street features,
and facades. 3D ray-tracing simulation models can flexibly
alter some parameters that are impossible to adjust further-
more calibrate during field first-hand practice. High computa-
tional complexity combined with long simulation time is the
only drawback of using 3D ray tracing. The CNN-based 2D
satellite image was utilized by Ahmadien et al. [29] to over-
come the high computational complexity required for 3D ray-
tracing simulation. Ahmadien et al. [29] discussed the possibi-
lity of predicting the path losses for the transmitting and
receiving antennas at various heights and various frequencies.
Relying on CNNs, Ates et al. [31] presented a deep learning
model with an accuracy of 88 and 76% for PLE and large-scale
shadowing factor, respectively. The model was trained and
tested by 3D ray tracing after extracting pertinent properties
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found in 2D satellite images. The deep neural network utilizes
a 2D satellite image as input to begin the process of predicting
channel parameters. For a successful and effective deep-
learning model, huge data are required for the purpose of
training and testing. To obtain these huge data, 3D ray-tracing
simulation is utilized to generate it within the study area
based on the propagation modeling software [32]. To model
path losses, some researchers [32] have introduced 3D ray-
tracing to accomplish their goal. To study the wave propaga-
tion between an LTE base station and a vehicle, Charitos et al.
[33] relied on 3D ray tracing for the purpose of predicting the
spatial and temporalmultipath ray components in their article
[33]. The authors compared the results obtained by simulation
with realistic measurements taken with a drive test of the
target area. The authors demonstrated the ability of the
virtual drive test to produce results with higher accuracy
and reliability than the measured value. Path loss models
have been modeled by Thrane et al. by ray tracing using
deep-learning techniques furthermore made use of satellite
images and drive tests [34]. The authors demonstrate a sig-
nificant improvement in path loss prediction for models
developed with deep-learning techniques, scoring 1 dB for
811 MHz networks and 4.7 dB for 2630MHz networks. An
extensive review of path loss models based on the ray-tra-
cing model has been presented by Thrane et al. [34]. The
focus of the review was on the accuracy obtained for path
losses based on 3D tracing techniques for outdoor propaga-
tion scenarios. The authors conclude that there is a certain
level of uncertainty in ray-tracing models resulting from the
utilization of numerical maps, although they insist that ray-
tracing models remain the best predictors of path losses,
neglecting at the same time the high computational require-
ments. A new dual regression model has been proposed by
Han et al. utilizing Network Simulator Version 2 (NS-2) that
provides the transmitter and receiver freedom ofmovement
without sudden alters in the correlated space path loss [35].
The authors’main objective is to break down the difficulties
associated with the movement of both the transmitter and
the receiver by constructing a spatially correlated path loss
for a mobile-to-mobile simulation. The authors utilized drive
test campaigns to validate the accuracy of the results obtained
from the proposed model that advocates the maintenance of
spatial correlation related to path losses for both indoor and
outdoor scenarios. One of the most crucial factors limiting the
performance of wireless communication networks that operate
using mmWave is the losses that occur as a result of atmo-
spheric absorption, in addition to the path losses [36]. In New
York City, Maccartney et al. launched an extensive campaign
measuring mmWave propagation at frequencies of 28 and
73GHz [37]. The study demonstrated by comparison that novel
large-scale path loss models are better in terms of adaptation

and performance relative to 3rd generation partnership project
and international telecommunication union (ITU) propagation
models. Sun et al. [38] demonstrated, regarding the accuracy of
prediction for 5G networks operating in mmWave, that the
well-known ABG model predicted less than acceptable levels
for regions near the transmitting antenna while it over-pre-
dicted for regions far from transmitter antenna. The results
indicate that the CI and close-in free space models provide
better computational simplicity. Rappaport et al. [17] justified
through extensive measurement campaigns within the city of
New York the relationship of the value of the PLE with the
dense urban environment of the city furthermore its recording
of higher values. It is possible to propose a new path loss model
based on the measurements obtained through the extensive
propagation measurement. This proposed model can predict
path losses furthermore and relate them as a function between
distance and transmitter frequency for the indoor and outdoor
scenarios. Bhuvaneshwari et al. [39] combined ray-tracing with
the Walfisch-Ikegami model to provide a hybrid model with a
better ability to predict path losses. The hybrid model accom-
plished 69.9% less error. The results obtained from the hybrid
model were verified by a field campaign of measurements for
GSM networks with a frequency of 900MHz in Hyderabad,
India. The CI model was developed by Batalha et al. based on
measurements obtained from campaigns in the indoor envir-
onment at mmWave frequencies, and measurements are nor-
malized by theminimummean square error (MMSE) technique
[40]. In the published paper [41] for an indoor environment,
specifically a diminutive office, an assessment of mmWave
propagation was done utilizing a 3D ray-tracing model. Models
like COST-WI allow for performance validation of the simula-
tion model with real-world field measurement in an urban
setting. Due to COST-WI considering realistic environmental
factors like road width, building elevations, street alignments,
and vegetation, it can only be utilized in certain contexts. More-
over, COST-231 [13] is another alternative. A comprehensive
mmWave frequency indoor measuring campaign was carried
out by the author in ref. [40]. The least mean square error
(MMSE) technique was applied to field measurement data to
generate a path loss adjusting model for a near-field path loss
model under LoS andNLoS environments. The author proposes
a 3D ray-tracing model to simulate the path loss at 28 GHz in an
indoor setting (Tables 1 and 2).

3 Experimental setup and data
collection

Using a 3D map of Najaf city, Iraq, we provide a large-scale
path loss model at 28 GHz, with study area coordinates of
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435,000, 3,542,000 to 438,000, 3,540,000. Since the 28 GHz
carrier frequency offers a reasonable compromise between
the detrimental effects of factors including path loss, rain
fading, propagation loss, transmission via vegetation loss,
and the atmospheric absorption effect, it was chosen as
the optimal frequency. South Korea, Malaysia, the United
Kingdom, the United States, China, and Japan have all tested
and deployed this frequency range in the outdoors [56]. The
carrier frequency of 28 GHz is optimal for tiny cells that
operate over short distances, allowing for excellent data

throughput [3]. In Figure 1, we see both a 3D map and a
satellite image of the area under investigation. Our research
region is labeled by the red polygon of 435,000, 3,542,000 to
438,000, 3,540,000. The block diagram of the simulation is
illustrated in Figure 2. Obtaining the spatial maps of Najaf
city is the initial part of our methodology. The spatial maps
are obtained from the geographic information system (GIS)
center of Najaf. Najaf databases include the spatial maps of
each residential quarter beside any other buildings avail-
able in the targeted zone. The provided maps by the GIS

Table 1: Summary of recorded parameters of CI path loss model in various countries

No. Reference Utilized frequency in GHz Xσ

CI n Model type Country

1 [37] 28 2.5–10.8 1.7–5.1 Empirical USA
73 3.2–15.9 1.6–6.4

2 [38] 38 5.3 2.9 Empirical USA
73 8 3.2

3 [42] 19 — 0.6 Empirical UK
28 — 0.6
38 — 1.3

4 [43] 28 8.36 3.73 Empirical UK
38 5.78 3.88

5 [20] 3.5 6.54, 6.97 1.48, 1.95 Empirical Malaysia
5.91, 7.44 1.32, 1.78

6 [44] 3.5 6.98, 7.73, 4.99 1.98, 2.07, 1.94 Empirical Malaysia
4.89, 5.91, 3.50 1.82, 1.99, 1.76

7 [45] 28 4, 2.6 2 Empirical China
38 2.3, 1.8 2

8 [46] 40 4.7, 9 1.8, 2.9 Empirical USA
9 [47] 60 — 1.56–1.78 Empirical South Korea

3.87
10 [41] 28 3.6 2.1 Empirical Malaysia

38 2.4–3.6 1.8, 1.9, 2
78 4.2–5.2 2

11 [18] 28 34.72, 52.21 1.46, 2.19 Empirical Nigeria
52.32, 71.63, 71.52 2.2, 3, 3.01, 3.9

12 [15] 28 — 2 Empirical Iraq
13 [16] 28 — 2 Empirical Iraq

73 — 2

Table 2: Summary of related works on ray tracing model

No. Reference Frequency in GHz Environment Antenna Model Model type

1 [48] 28 Open square – NLOS — Ray tracing Deterministic
2 [40] 3.5 Indoor–LOS & NLOS Omnidirectional Ray tracing Deterministic
3 [49] 28 Open square–LOS and NLOS — Ray tracing Deterministic
4 [50] 28 Urban – LOS Isotropic Ray tracing Deterministic
5 [51] 28 Indoor–LOS and NLOS Omnidirectional Ray tracing Deterministic
6 [52] 28 Outdoor–LOS and NLOS Omnidirectional Ray tracing Deterministic
7 [53] 28 Indoor–LOS and NLOS Empirical horn 3D-directional Empirical and ray tracing Deterministic
8 [54] 28 Outdoor–LOS and NLOS Ray tracing Deterministic
10 [55] 5, 30, and 60 Outdoor, Indoor–NLOS Directive antenna Dominate path model Deterministic
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center are in 2D, and for our work it needs to be converted
in 3D to describe each building height in the tagged zone.
Using WinProp WallMan software [57], the spatial maps are
going to be simplified. Each building that appears in the
targeted zone will obtain its real elevation above the ground
to simulate the real urban environment of the city. For
simulation, a single-layer dielectric of ITU concrete 28 GHz
type was considered for construction appears in the map.
Based on the provided data by the Communication and
Media Commission, a government institution concerned
with regulating media and communications in Iraq, the
base stations for one of the well-known service providers

in Iraq Zain Company will be utilized during the simulation
as demonstrated in Figure 3. After deploying the towers, all
parameters regarding each transmitter available in the base
station and the receiver will be set as illustrated in Table 3.

Since Iraq is like numerous other countries that have
not upgraded yet to 5G furthermore still works with 4G.
Therefore, it is impossible to obtain real measurements
for 5G networks. A very interesting feature provided by
WinProp software is executing virtual drive tests [58–60].
This feature is so useful to our work due to the lack of real
measurements for 5G networks in Iraq. After executing the
virtual drive test, the received power value for each Tx

Figure 1: The targeted area of the study is in both 2D and 3D views.

Figure 2: The study block diagram.
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available in the targeted zone will be calculated depending
onWinProp channel simulator, as demonstrated in Figure 4.
The measured values by the virtual drive test are going to be
considered as real measured values of the received power.
Figure 5 demonstrates both in 2D and 3D how the driving
test around each site has been accomplished.

The incorporation of 3D maps of Najaf city enables a
detailed representation of the urban environment, including
building heights, which is crucial for accurate path loss
modeling in complex urban landscapes. The use of virtual
drive test simulations using WinProp software fills the gap
of real 5G network measurements in Iraq, providing valu-
able data for path loss modeling and network optimization.
The development of a modified CI path loss model tailored to
the specific characteristics of Najaf city at 28 GHz provides a
more accurate representation of signal propagation, consid-
ering factors like shadow fading and building obstructions.

The performance of each site is demonstrated in Figure 6
since it describes the received power as a function of distance
for every transmitter available in the targeted zone. Figure 6

demonstrates how RSS declines with distance, especially in
shadowed sites where environmental elements like struc-
tures and other obstructions in addition to free space loss
are present.

In addition to outlining the experimental setup and
data collection procedures, it is pertinent to discuss the
computational complexity inherent in implementing the
proposed model. The computational demands associated
with each stage of the study play a crucial role in the
feasibility and efficiency of the research endeavor.

The computational complexity of the model stems
from several key components. First, the conversion of 2D
maps into detailed 3D representations of the urban environ-
ment requires significant computational resources, espe-
cially for large study areas such as Najaf city with intricate
building structures. This process involves sophisticated algo-
rithms for data interpolation, elevation modeling, and geo-
metric calculations. Furthermore, executing virtual drive
test simulations using WinProp software entails intensive
computational tasks. These simulations involve complex
ray-tracing algorithms and electromagnetic propagation
models to calculate received power values for each

Figure 3: The available Tx towers in the targeted zone by the study.

Table 3: Simulation parameters of each transmitter

No. Parameter Value

1 Scenario Urban Macrocell outdoor
2 Environment NLOS
3 T R‒x x distance 30–180 m
4 Frequency 28 GHz
5 Channel bandwidth 5,000 kHz
6 Tx power 40 dBm
7 Bs antenna gain 15 dBi
8 BS/MS height 30–35/1.5 m
9 Antenna pattern Directional sector
10 Antenna Azimuth 0, 120, and 240
11 Antenna Downtilt 2

Figure 4: The intensity of the received power for one of the deployed Tx .
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Figure 5: The drive test around theTx towers for four various sites. (a) The virtual drive test for site 6. (b) The virtual drive test for site 9. (c) The virtual
drive test for site 13. (d) The virtual drive test for site 22.
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Figure 6: The received power in all sites.
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transmitter at multiple locations within the study area.
The high level of detail and accuracy required in these
simulations further contributes to the computational
complexity. Additionally, the calibration and optimiza-
tion of the path loss model necessitate extensive compu-
tational resources. This involves analyzing simulation
results, fitting mathematical models to observed data,
and iteratively adjusting model parameters to achieve
accurate predictions.

Considering multiple scenarios with different trans-
mitter configurations and antenna patterns adds another
layer of computational complexity. Each scenario requires
separate simulations and analysis, increasing the overall
computational workload. While the exact computational
complexity metrics, such as time complexity or resource
requirements, may vary depending on specific factors,
such as the size of the study area and the precision of
simulations, it is evident that implementing the proposed
model requires substantial computational resources and
efficient algorithms to manage the workload effectively.

4 Radio propagation model

Measuring the behavior of electromagnetic waves has
allowed us to characterize their propagation, and using sta-
tistical estimates on these measurements has allowed us to
build a mathematical model of their behavior. Although
mathematical formulations are fairly accurate for predic-
tion, their behavior in authentic environments is not always
the same as that given by the generic theoretical model.
This is due to the expression does not considering the influ-
ences of the real world. To predict the behavior of electro-
magnetic waves and therefore utilize them as a medium of
communication, generic models are utilized in wireless
communications. Subsequently, to enhance the depend-
ability of wireless communications, it is necessary to char-
acterize the effects in the actual world.

Because it influences the connection quality, path loss
is crucial in a wireless channel. It is a measurement of how
much the strength of a signal weakens between its source
and its destination. Using Friis’s free space equation, which
is shown in 1, it is possible to make an approximation of the
relationship between the transmitted and received power
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where Gt and Gr are the gains of the transmitting and
receiving antennas,respectively, λis the wavelength calcu-
lated from the system’s communication frequency, d is the

separation distance between the transmitter and receiver
antennas, and L is the system loss factor that accounts for
the attenuation caused by the transmission line and the
losses of the antennas.

Commonly, dB is utilized to quantify the path loss. A
formula may be utilized to obtain the path loss value as
follows, given equation (1):
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where Pt is the transmitter power and Pr is the receiver
power.

5 PLE optimization

When transmitting electromagnetic waves across a wire-
less channel, the strength of those waves declines as the
distance between the transmitter and receiver grows
larger. This function calculates how much power is lost
while a signal travels over a particular or several paths
before reaching its destination. The rate of energy loss in
both models is approximately proportional to the square
of the distance traveled. The PLE factor controls the rate
of decrease in this function. Equation (3) is utilized to
obtain the average path loss.
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where PL represents the typical path loss at a certain dis-
tance d relative to some fixed reference distance d0, and n

denotes the PLE. For microcellular systems, d0 is typically
measured between 1 and 100m. Without considering the
impact of shadowing, the calculation of path loss in free
space is given by equation (3). Available research and
empirical data suggest that, for each given distance d, the
path loss PL(d) follows a log-normal distribution, defined
as follows.

To calculate the exact distance between each predic-
tion point and Tx , the following equations will be used:

( ) ( )= − + −r x x y y ,2 1
2

2 1

2 (4)

( )= + −d r h h ,2
t u

2 (5)

where x1, y
1
and x2, y

2
denote the coordinate of the trans-

mitter and the receiver, respectively, ht is the transmitter
elevation, and hu is the receiver height during the drive
test.

( ) ( )PL d N PL X: , ,σ
(6)
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where Xσ denotes the Gaussian distributed random vari-
able with zero mean and σ denotes standard deviation in
dBm unit. When there are varying amounts of noise in the
communication line, the effect of shadowing for a given
transmitter and receiver may be understood using a log-
normal distribution [61].

For the same set of transmitters and receivers, the log-
normal distribution describes the shadowing effect as the
amount of noise in the communication path varies [61]. If
we rewrite equation (3) as follows, we can determine
the PLE:

( ) ( ) ⎜ ⎟= − ⎛
⎝

⎞
⎠

p d p d n

d

d

ˆ 10 log ,0

0

(7)

where p represents the received power in a specific dis-
tance and p̂ denotes the predicted power. In order to
obtain the value of n, we must solve the following equation,
where we minimize the mean square error of the received
power and the estimated.

( ) ∑ ⎟⎜ ⎜ ⎟=
⎛
⎝

− + ⎛
⎝

⎞
⎠
⎞
⎠=

f n p p n

d

d

10 log ,

i

k

i

1

0

i

0

2

(8)

where k refers to the total number of separations from the
source. An estimation of path loss, n, can be determined by
setting the derivative of ( )f n equal to zero, as demon-
strated in the literature [61,62]. It is possible to calculate
the standard deviation of Xσ once the path loss has been
determined. To illustrate, we may write ( )E n as the sum of
the estimated power minus the received power. Standard
deviation may be calculated as

( ) ( )∑= −
=

E n p p̂ ,

i

k

i i

1

2 (9)

( )
=σ

E n

k

. (10)

The values for path loss and standard deviation will
fluctuate as a function of environmental variables.

6 Numerical results and discussion

A PLE value is utilized to describe the magnitude of the
path loss as a function of the physical distance between the
transmitter and receiving stations. The allowable PLE ranges
from 2.7 to 3.5 dB in urban regions, 3 to 5 dB in shadowed
sites, 2 dB in LoS locations, 4 to 6 dB in a blocked region with
factories [18]. When the transmitter and receiver are in bore-
sight alignment, the permissible PLE value for 28 GHz LoS
mmWave is between 1.8 and 2.2 dB; conversely, it increases

to 4 and 5 dB in non-NLoS scenarios. The accomplished PLE in
this study varies from 3.0619 to 4.1253 dB. To calculate the PLE
from all the scenarios proposed in this research, the environ-
ment of Najaf city was utilized, and the derived PLE is within
the range of acceptable PLE. The simulation hasmeasured the
received power for 423 points around all the four studied
sites. Najaf city is an urban environment with high-rise build-
ings that cause shadowing and propagation signal obstruc-
tion. In this work, each Tx will contain three sectors. Each
sector will represent a transmitting antenna that propagates
the signal within various azimuth angles of the other antenna
in the same Tx . Four Tx will be investigated with three trans-
mitters for each Tx making 12 various scenarios will be dis-
cussed during the study. Using equation (1) through equation
(8), as mentioned in the preceding section, the CI model has
been utilized to represent the path loss model, as detailed in
the studies of Maccartney and Member [37] and Li et al. [45].
Table 4 reflects how we utilize this assumption to develop a
better path loss model by averaging the results of the several
simulation scenarios and then expressing Tx1

, Tx2
, and Tx3

for
each site as a single number. Equation (9) is derived by fitting
a regression model to the average values of n and X

σ

CI in a CI
model

( )[ ] ( )[ ] ( )= + +f d f d n d XPL , dB FSPL , dB 10 log ,
σ

CI
0 10

CI (11)

where d0 is the CI free space reference distance in m, n is
the PLE, and X

σ

CI is the shadow fading with a zero-mean
Gaussian random variable and standard deviation σ ;
furthermore, FSPL is the free space path loss. To generate
a new CI path loss model for Najaf city at 28 GHz, we
substitute the calculated CI parameters into equation
(11). Average path loss for Tx locations, denoted by PL(d)
dB from equations (12) to (23).

Site 6 contains three separated antennas with various
azimuth angles (0, 120, and 240). Each Tx will share the
same coordinate and elevation of the site, which is X =

437054.56, Y = 3541833.08, Z = 30. Based on the recorded
results of the CI model parameters n and X

σ

CI, a new
equation for each Tx will be generated. The calculated
path loss for each Tx , the recorded PLE, and the standard

Table 4: Key path loss model parameters and the recorded average
path loss

Tx T R‒x x

average (m)
Average calculated
PL (dB)

σ n

Tx1
69.757 128.430609 3.9202 3.4462

Tx2
77.346 127.017059 5.6867 3.1751

Tx3
99.65157 150.4943903 6.8265 4.1253
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deviation are illustrated in Table 4. Figure 7 demonstrates
the calculated path loss as a function of distance for the
three sectors available in site 6

( )=− dPL 135.0489 log ,TS6 10x1
(12)

( )=− dPL 150.0029 log ,TS6 10x2
(13)

( )=− dPL 170.9029 log .TS6 10x3
(14)

Based on the same procedures that are utilized on site
6, the equations of the modified CI path loss model related

Figure 7: Calculated path loss for site 6 using the modified CI model. (a) Path loss for site 6 antenna 1, (b) path loss for site 6 antenna 2, and (c) path
loss for site 6 antenna 3.

Figure 8: Calculated path loss for antenna available in site 9. (a) Path loss for site 9 antenna 1, (b) path loss for site 9 antenna 2, and (c) path loss for
site 9 antenna 3.

Figure 9: Calculated path loss for the antenna available in site 13. (a) Path loss for site 13 antenna 1, (b) path loss for site 13 antenna 2, and (c) path loss
for site 13 antenna 3.
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to site 9 will be generated. The coordinate of site 9 is X =

437271.31, Y = 3541234.63, Z = 30.

( )=− dPL 243.0499 log ,TS9 10x1
(15)

( )=− dPL 254.0899 log ,TS9 10x2
(16)

( )=− dPL 232.9509 log .TS9 10x3
(17)

The obtained equations for site 13 (X = 437334.01, Y =

3540506.91, Z = 30) based on the averaging of CI path loss
model’s parameters are denoted by equations (18)–(20).

( )=− dPL 120.5729 log ,TS13 10x1
(18)

( )=− dPL 265.6129 log ,TS13 10x2
(19)

( )=− dPL 220.7359 log .TS13 10x3
(20)

The following equations have been utilized for calcu-
lating the value of path loss for site 22 (X = 436008.73, Y =

3539839.44, Z = 35) based on the new CI model.

( )=− dPL 206.8699 log ,TS22 10x1
(21)

( )=− dPL 272.7629 log ,TS22 10x2
(22)

( )=− dPL 216.1929 log .TS22 10x3
(23)

Figures 7–10 show the correlation of the increase in
the value of path losses at 28 GHz in conjunction with the

increase in the separating distance between the trans-
mitter and the receiver. When comparing the PLE obtained
from this study, which ranges between 3.0619 and 4.1253,
with the value of the FSPL exponent, which is equal to 2, we
find that the difference between the two measurements
occurred because of the obstacles between the transmitter
and the receiver. The standard deviation values range
between 2.4703 and 17.2331. This change in values is due to
the different distribution and types of buildings within the
transmission medium, which causes various shadowing
effects for all scenarios (Tables 5–7).

Comparing the accomplished path loss model in this
study with some models accomplished by researchers
[18,43,63,64,65], the accomplished model reflected its
advantage. The PLE values recorded by this work are
between 3.0619 and 4.1253. For the scenario of path loss

Figure 10: Calculated path loss for the antenna available in site 22. (a) Path loss for site 22 antenna 1, (b) path loss for site 22 antenna 2, and (c) path
loss for site 22 antenna 3.

Table 5: Key path loss model parameters and the recorded average
path loss

Tx T Rx x

average (m)
Average calculated
PL (dB)

σ n

Tx1
115.5865382 139.4032136 15.1046 3.0619

Tx2
159.2926146 152.4995947 15.8019 3.4686

Tx3
101.6089596 145.7665808 13.6100 3.5466

Table 6: Key path loss model parameters and the recorded average
path loss

Tx T Rx x

average (m)
Average calculated
PL (dB)

σ n

Tx1
63.53119567 125.9326434 2.4703 3.4485

Tx2
114.9022571 145.9929742 17.1208 3.3020

Tx3
95.31542161 135.6185297 12.8121 3.1230

Table 7: Key path loss model parameters and the recorded average
path loss

Tx T Rx x

average (m)
Average calculated
PL (dB)

σ n

Tx1
70.11916057 140.7263272 10.8265 3.7220

Tx2
90.66635187 154.9456395 17.2331 3.9047

Tx3
113.4382247 139.5246479 12.2623 3.2185
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with and without antenna pattern Hinga and Member
[18], accomplished PLE values equal to 3.8 and 3.98 in
Tx 3 and Tx 4, whereas the average PLE recorded in this
study for sites 13 and 22 equal to 3.29 and for site 3 3.61.
Hinga and Member [18] recorded a maximum shadow
factor of 93.5 for the scenario of path loss with and
without antenna pattern, while this study has recorded
a maximum shadow factor equal to 17.2331. Environment
[65] and Adegoke et al. [43] recorded PLE values of 4.3202
and 4.214 for the V–V and V–H configurations and 4.74,
respectively, which are in excess of the maximum PLE value
recorded by this study. Zhang et al. [63] recorded 5.76 PLE
value for 28 GHz, whereas this study recorded less value.
Maccartney et al. [64] recorded 3.6 PLE for NLOS 28 GHz,
whereas this study recorded an average PLE less than this
value for all the simulated sites.

7 Conclusion

Calibration and tuning are required for the scenario of a
field campaign in mmWave band large-scale path loss
modeling. The authors of this study have utilized the
WinProp intelligent ray tracing, Feko, to simulate a 5G
communication testbed for the city of Najaf in Iraq, uti-
lizing a deterministic 3D ray-tracing approach. No previous
work of this kind has been done at 28 GHz in the study
region; hence, the findings of this study will be of interest
to researchers and 5G communication service providers
planning to conduct pilot studies or actual implementa-
tions. Shadow fading has a significant impact on path
loss models in densely populated metropolitan places like
Najaf city; therefore, studying its effects is crucial. As com-
pared to previous studies conducted at 28 GHz, the shadow
factor reported in our model is an ameliorated model. This
framework can serve as a reference for mmWave band
researchers concentrating on Najaf City, and it can be
adjusted for utilizing in other locations. A genuine LoS and
NLoS field campaign at 28 GHz is anticipated for future
research. Ongoing research and industry efforts are advan-
cing path loss modeling for 5G networks, particularly in
urban environments. Leveraging technologies such as AI,
mmWave communications, and network slicing, researchers
aim to improve coverage, capacity, and reliability. AI-driven
approaches enable precise propagation modeling, while
mmWave research focuses on beamforming and channel
estimation. Additionally, green communication initiatives
promote sustainability and efficiency in network design.
Collaborative efforts between academia and industry are
crucial for realizing the full potential of 5G connectivity. A

similar investigation will be carried out in all of Iraq’s pro-
vinces for the purpose of generating an accurate path loss
model.
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