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Abstract: The advent of fifth-generation (5G) systems and their mechanics have introduced
an unconventional frequency spectrum of high bandwidth with most falling under the millimeter
wave (mmWave) spectrum. The benefit of adopting these bands of the frequency spectrum is two-fold.
First, most of these bands appear to be unutilized and they are free, thus suggesting the absence of
interference from other technologies. Second, the availability of a larger bandwidth offers higher data
rates for all users, as there are higher numbers of users who are connected in a small geographical area,
which is also stated as the Internet of Things (IoT). Nevertheless, high-frequency band poses several
challenges in terms of coverage area limitations, signal attenuation, path and penetration losses,
as well as scattering. Additionally, mmWave signal bands are susceptible to blockage from buildings
and other structures, particularly in higher-density urban areas. Identifying the channel performance
ata given frequency is indeed necessary to optimize communication efficiency between the transmitter
and receiver. Therefore, this paper investigated the potential ability of mmWave path loss models,
such as floating intercept (FI) and close-in (CI), based on real measurements gathered from urban
microcell outdoor environments at 38 GHz conducted at the Universiti Teknologi Malaysia (UTM),
Kuala Lumpur campus. The measurement data were obtained by using a narrow band mmWave
channel sounder equipped with a steerable direction horn antenna. It investigated the potential of the
network for outdoor scenarios of line-of-sight (LOS) and non-line-of-sight (NLOS) with both schemes
of co- (vertical-vertical) and cross (vertical-horizontal) polarization. The parameters were selected to
reflect the performance and the variances with other schemes, such as average users cell throughput,
throughput of users that are at cell-edges, fairness index, and spectral efficiency. The outcomes
were examined for various antenna configurations as well as at different channel bandwidths to
prove the enhancement of overall network performance. This work showed that the CI path loss
model predicted greater network performance for the LOS condition, and also estimated significant
outcomes for the NLOS environment. The outputs proved that the FI path loss model, particularly for
V-V antenna polarization, gave system simulation results that were unsuitable for the NLOS scenario.
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1. Introduction

In a 5G communication network, mobile operators are forced to use a high-frequency spectrum
due to the limited amount of channel bandwidth. The 5G boosts the overall performance and enhances
user experience offered by the present generation mobile technologies. Some of the most hyped
features include higher data-rates, lower end-to-end delays, and minimal energy consumption [1].
In order to meet a common goal, several technologies need to be implemented in a fashion that allows
the smooth operation of the overall network as a singular body. Nevertheless, vast technologies and
communication techniques are required to work in unison. An increment in demand of such an efficient
system is deemed to attract massive numbers of users utilizing resources simultaneously, which in turn,
requires both acquisition and utilization of the spectrum. Some exceptional candidate technologies that
enable 5G to better accommodate a large number of users within the limited resource environment are,
but not limited to, mmWave, massive multiple-input multiple-output (massive MIMO), multi-radio
access technology (RAT), device-to-device (D2D) communication, and cooperative heterogeneous
network (HetNet) [2-7].

The requirement of achieving high reliability and low latency for many Internet of Things (IoT)
uses is very critical. In this regard, for a new 5G use case, loT applications are classified into two classes,
i.e., massive machine-type communication (mMTC) and ultra-reliable low-latency communication.
There are several practical applications that are possible for a 5G IoT network such as: (i) D2D
communication without the need of a cellular network; (ii) real-time delay wireless link for medical
robots which can help to do remote surgery; (iii) mMTC such as solar-powered streetlights to help
citywide infrastructure, and many more. We know that the 5G networks are bound to hit the market
soon worldwide [8], and we realize such technology demands simple, but effective and reliable channel
models based on basic physics that also derives from extensive testing and measurement. These
channel models aid development of various terms of establishing signaling protocols that ascertain
efficient utilization of resources, while improving network performance [9]. Various groups have built
their own channel models, such as the statistical spatial channel model NYUSIM by the New York
University, COST 2100, 3rd Generation Partnership Project (3GPP), International Telecommunication
Sector (ITU-R), WINNER 1I, as well as the Mobile and Wireless Enablers for the Twenty-Twenty
Information Society (METIS) [10,11].

Moreover, it is important to highlight that the entire frequency spectrum would not be used up.
An average consumer would require centimeter-sized waves with spectrum licenses ranging from 3 to
30 GHz, as well as between 30 and 40 GHz (up to 300 GHz) as a mmWave spectrum, initially [12,13].
There is also spectrum sharing that ranges from 60 to 70 GHz for mission-critical services [14], which
includes smart city infrastructure, healthcare, self-driving cars, and many other applications. Such
services need a continuous high-speed and low-latency connection, and therefore the shared spectrum
is key enabler and ensures that these devices are always connected [15]. For example, termination is
absent for the connection between a cellular tower and a self-driving car because some other user may
place a call on the same spectrum. Consumer usage is a factor that is emphasized when designing
shared spectrum. However, enabling mmWave systems in an ultra-dense network may address issues
related to the channel impairments and the propagation range. Nonetheless, some issues need to be
mitigated prior to practical implementation. For example, mmWave suffers from high penetration
losses that cause a lower transmission range [16]. Moreover, higher frequencies are more easily
absorbed by the atmosphere, hence being scattered and absorbed by weather events and buildings,
which demand nearly a line-of-sight (LOS) communication [17,18]. It has been predicted that the 5G
mmWave would need a massive amount of small-cell deployment, hence the requirement for very
small, directive, and high-gain antennas. Besides, free-space propagation is deemed to suffer extremely
high attenuation losses due to the small signal wavelength [19]. The design of compact, high-gain, and
steerable antennas for 5G devices is another potential challenge in realizing mmWave communication.
The direction of the pointing vector of electromagnetic waves, especially for non-line-of-sight (NLOS)
environment, is critical to attain maximum quality of service (QoS) performance [20,21].
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The 5G network performances are in line with this objective. First, it has a data rate, where 10 Gbps
is supported in the cellular area and 1 Gbps at cell-edge, which refers to the location with the worst
performance [22,23]. Second, the spectral efficiency has to boost up in order to accomplish 10 bits per
second per Hertz [24]. Besides, while achieving higher capacity, it must support more than a million
devices after taking into account vehicle IoT, smart devices, wearable devices, and smartphones within
a one-square kilometer area [25]. High mobility and very small latency, for example, to support
vehicles, trains or aircrafts moving at 300 to 500 kilometers per hour, have to offer end-to-end service
upon data request, which requires delivery within 5 milliseconds (ms), whereas from the access point
to the device, it should be below 1 ms [26]. In order to accomplish this, the 3rd Generation Partnership
Project (3GPP) and the International Telecommunication Union (ITU) is expected to set 5G standards;
the 3GPP Release-16 is not expected until 2020 [27,28]. The core technologies under consideration for
the 3GPP Releases seem to work on a new waveform design, multi-RAT interworking, exceeding 6 GHz
frequency band, massive MIMO antenna configuration, as well as advance D2D and flat network [24].

For the perfect channel condition, the receiver must receive the best signal-to-noise ratio (SNR)
value. This is possible when one can receive a transmitted signal without attenuation, loss or noise.
However, due to the unpredictable behavior of a wireless channel, the signaling overhead causes
various serious issues when the propagation signal is continuously varying. In addition, when we are
propagating the signal in a large number of antennas, the multipath propagation system delivers better
spectral efficiency with a promising capacity gain [29]. In order to achieve optimal detection, generally,
perfect Channel State Information (CSI) is assumed to be between the transmitter (Tx) and receiver (Rx).
However, in practice, due to the mobility of the communication environment, the impulse response of
the channel varies, thus inducing the need for channel estimation. In addition, permanent feedback
signaling is required to notify the estimated CSI at the Tx, and many time slots are engaged during the
feedback, thus reducing the bandwidth efficiency of the system. In real-world cellular environments
where most users communicate to base stations (BSs) through channels with no LOS path, having
access to precise geometric information regarding the relative locations of the BSs and users that yield
high spectrum efficiency [30]. Therefore, the propagation behavior of the channel has a vital role in
this situation, because the response of the propagation signal can be predicted [31]. Thus, in order to
critically study the performance of the future 5G mmWave wireless network, analyzing the features of
the propagation channel and its behavior is essential [32]. The aim of any reliable communication is
to achieve a reliable (i.e., accurate) transmission link between the Tx and the Rx [33], including path
loss, which is a major aspect upon assessing various types of network scenarios [34]. The factors that
directly affect path loss are the distance between the source and the user, operating frequency, fading
effect, environmental surface, and meteorological conditions [35,36]. Hence, researchers have been
employing several probabilistic techniques in modelling various path losses for various noise and
interference-limited scenarios, due to the nature of randomness in wireless channels. Experiments and
extensive results have attained diverse datasets, and keeping those studies in mind, researchers have
designed many path loss models to predict signal attenuation of the propagation channels. Researches
are currently exploring radio channels, such as 28, 32, 36, 38, 60, and 73 GHz [37-39]. Some of the latest
developments that predict propagation channels are explained in the next section.

In this paper, the propagation channel was estimated by extracting the path loss exponents (PLEs)
value at the 38 GHz frequency band. The simulation results were calculated to investigate the potential
of mmWave propagation path loss models, such as FI and CI [37,40]. The measurement readings were
collected by using a directional horn antenna in an outdoor urban microcell environment for both LOS
and NLOS scenarios with co (vertical-vertical) and cross (vertical-horizontal) antenna polarization
settings. On the basis of real measurement of path loss parameters, the various network performance
parameters, such as average user throughput, fairness index, cell-edge user throughput, and spectral
efficiency, as well as average cell throughput, have been examined. The outcomes were also analyzed at
various MIMO antenna configurations to enhance the overall achieved network performance. The rest
of the paper is organized as follows: Section 2 highlights the most recent and relevant works published
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within the same area; the measurement setup, hardware description, and experimental procedure are
explained in Section 3; both FI and CI path loss models are discussed in Section 4; the experimental
findings of PLEs values are provided in Section 5; simulation setup description is expressed in Section 6;
Section 7 depicts the detailed results to evaluate various network performances for a varied number
users and MIMO conditions; lastly, the conclusion, along with future work, is discussed in Section 8.

2. Related Work

One key enabling solution for meeting the extreme data demand growth is the utilization of
previously unused mmWave frequency spectrum. Although the mmWave spectrum offers a better way
to enhance channel bandwidth and network capacity, it also causes various channel propagation issues
that must be addressed prior to setting any standards for the 5G spectrum. In order to mitigate these
issues, numerous studies have been performed to investigate the behavior of the propagation channel.
For instance, in [41], an in-depth survey was conducted with details of various path loss models
explained, based on their similarities and differences. This paper categorized more than 50 proposed
models into several various groups, such as basic models, supplementary models, fading models,
and ray models. Moreover, the authors in [42] presented a simple path loss model, as compared
to the ITU indoor propagation model by 3GPP that is currently in use. The authors conducted the
experiments at 28 and 73 GHz frequency bands in an ultra-dense indoor office environment. Similarly,
a path loss model for large-scale high-density urban scenarios at 28 and 73 GHz frequency bands has
been reported in [43]. The “3D ray-tracing” simulation software program was utilized to design the
propagation path loss models for the large-scale next-generation network [44—46].

The paper presented in [47] reported a probabilistic omnidirectional propagation path loss model
using a probability distribution at the 28 and 73 GHz frequency bands. It applied CI free space
reference distance (FSRD) path loss model and FI path loss model. It proposed the probabilistic
weighting function that appears helpful for choosing between the best communication link for the
LOS and NLOS settings. In [48], the authors investigated the channel at 73 GHz frequency band with
directional antennas. Hence, an experiment was conducted in a high-density urban scenario using
various combinations of a user’s location for mobile and backhaul with more than 30 access points.
The authors stated that omnidirectional models suffer from more path loss at higher frequency bands,
thus the use of mmWave spectrum, particularly the E-band (71-76 GHz and 81-86 GHz), with the
help of beam-combining and beam-steering, which could lead to a usable system for future wireless
technologies through the exploitation of multipath in a high-density urban environment.

In [49], the authors presented a channel measurement for RF wideband for both NLOS and LOS
peer-to-peer scenarios via narrow beam antennas at 38 and 60 GHz frequency bands. The experiment was
conducted using broadband sliding correlator channel sounder and steerable antenna. The outcomes
were presented by characterizing the propagation path loss in dB and time delay spread for many
real-world scenarios. The antenna-pointing angles relationship and root-mean-square delay spread
were analyzed, and showed that the path loss and the distance between sources to destination are
linearly proportional to each other. The outcomes proved that the use of a local multipoint distribution
system (LMDS) spectrum seemed better in terms of user throughput, transmission time, and power
optimization, particularly for the LOS scenario.

Another method in [50] assessed the use of beam forming at 28 and 38 GHz mmWave bands
by proposing a new path loss model that employed the industry-standard path loss models with
several modifications. It was proven that the use of pointed single best directions for directional
antennas could minimize the required number of the 5G BSs, as compared with the arbitrary pointing
angles approach for directional antennas. The approach in [51] proposed a height-dependent path
loss model for NLOS urban micro outdoor scenarios. The authors utilized omnidirectional antennas
and a high-power gain amplifier, which were later compared with the outcomes of 3GPP path loss
models at 3.5 GHz. They also investigated the impact of shadowing and penetration losses caused by
the human body and herbage environment. The large-scale path loss model was analyzed in [52] by
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using co and cross antenna polarizations for directional Tx and Rx antennas, particularly at the 32 GHz
frequency band. The study showed that in a comparison of the FI model, the use of CI free space path
loss model displayed some limitations in the NLOS environment. As for the propagation channel
analysis, the urban measurement campaign was conducted with a synchronous channel sounder
system at the 28 GHz frequency channel [53]. This paper investigated the omnidirectional spatial
channel model for the NLOS path based on wideband propagation measurements.

The authors in [54] assessed the indoor channel using a 28 GHz multibeam MIMO prototype.
The authors performed multibeam forming using continuous aperture-phased MIMO (CAP-MIMO)
that utilized a lens antenna array. They claimed to use a first-time simultaneous multibeam channel
measurement of about 4° beam width. They also stated that by using a CAP-MIMO transceiver in
place of the existing conventional sounder it not only enabled spatial resolution, but also allowed them
to practice using the simultaneous multibeam, which enhanced network performance. In the study
reported in [55], the investigation achieved the angularly resolved path loss measurement in an urban
microcell scenario at the 28 GHz frequency band. The authors stated that most of the signal energy
was lost in the NLOS path, as compared with the LOS path. Nevertheless, only a few of the small
refraction and reflection objects gave better signal quality, as received for the LOS path. The two similar
approaches in [56,57] compared the propagation characteristics of 11, 16, 28, and 38 GHz by utilizing
space-alternating generalized expectation (SAGE) maximization to process the measurement data.
This study analyzed some new massive MIMO propagation properties, such as spherical wavefront
property, cluster birth-death property, and non-stationary over the array, by investigating the variations
of channel parameters. Their work showed that these massive MIMO propagation characteristics
could be used for large antenna array systems for mmWave channel modelling. Another study in [58]
examined the frequency bands at 60 GHz and 73 GHz using the Stanford University Interim (SUI)
and standard theoretical free space (FS) path loss models, including their potential ability to deliver
performance. The results proved, explicitly, that accounting for the number of beams (or discrete
angles) combined at the Rx could result in receiving a strong signal power. An approach in [59] studied
the urban microcell wideband measurement at 28 and 38 GHz by using a channel sounder equipped
with an omnidirectional and steerable directional antenna. This study characterized various small- and
large-scale parameters, such as angular speed, shadow fading, delay spread path loss, and clustering,
in order to determine the potential of mmWave frequencies. Their results predicted that the PLEs value
of 2.0 for the LOS environment, while, for the NLOS it hit 3.0. They concluded that the LOS PLEs of
the UMi environment at 28 and 38 GHz were similar in value to each other and were quite close to
the theoretical free space value of 2. Moreover, the large- and small-scale parameters at 28 GHz were
similar as achieved at 38 GHz. In [60], the dual-directional path loss model that incorporated both the
LOS and NLOS transmissions was proposed. The authors analyzed the results in terms of average data
rates achievable and coverage probability. Furthermore, in [61], the access links and backhaul links for
D2D communication have been examined, along with their impact due to outdoor path loss models in
the presence of solar radio emissions at a frequency band of 60 GHz. The research highlighted that the
solar radio emission could be useful in minimizing carrier-to-noise ratio (CNR) and in increasing the
corresponding PLE values for path loss channel models with large-scale propagation. The authors
in [62] focused on most of the frequency bands between 2 GHz and 26 GHz, apart from studying their
relationship between the frequency dependent path loss models in an urban macro-cell scenario. Their
results depicted similar dependence in the LOS scenarios, while a relationship of directly proportional
was observed in NLOS environment. Another approach in [63] investigated shadowing models that
established correlation distances, varied offsets, shadowing, fading variance, and PL slope for the
urban street canyon environment of New York City. The proposed model was largely dependent upon
huge calibrated raytracing (RT) simulation and the dataset was set with over 60,000 PL data points
with a total of 11 varied BS locations. The authors established a path loss model for spatially-consistent
stochastic street-by-street (SBS) for a 28 GHz microcell scenario. The results depicted in the paper
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proved that the proposed SBS modelling principle scenario performed better after spatial consistency
was taken into account. Table 1 illustrates the main findings and the variances of the related work.

Table 1. Related work summary.

Models/Scenarios Methodologies Advantages Important Results References
Large-scale Ommd1rec.t1onz?l pth loss Utilizing of antenna Accurate large-scale path
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! channel measurement 3GPP and FI model
Omnidirectional Utilizing 3D ray-tracing Large-sc.a le pathloss
. . Proposed model already models using CI 1 meter
propagation large-scale simulators to conduct the -
. widely been used by free-space reference
path loss for experiment at 28, 38, and kn . . . [43]
. . own companies (Nokia  distance measurements are
high-density urban 73 GHz frequency band for
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. 3GPP path loss models at
38.6 GHz urban micro by the human body and
. 3.5GHz .
outdoor scenario herbage environment
Large-scale path loss Co an.d cross antenna Suggested PLE values for Clpath loss model shows
polarizations for the lower performance as
model at the 32 GHz .. horn-to-horn and horn-to- [52]
frequency band directional Tx and Rx omnidirectional outlined compared to FI path loss
antenna for CI and FI model models in NLOS scenario
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Wideband spatla.l spatlotemporal channel Useful for the high-density Performed c}ustermg
Channel propagation characteristics such as urban environment analysis for its power [53]
analysis at 28 GHz multipath delay, angular distribution
statistics and pathloss
New measurement . . . It achleved spatial Four electronically
Multibeam forming using resolution, freedom to
methodology for . . . selectable beams can
indoor channel at continuous aperture phased  simultaneous multibeam simultaneously measure [54]
MIMO (CAP-MIMO) and improved network .
28 GHz four spatial channels
performance
Highly directional path Angularly resolution path . . .
loss measurement for Provide better signal Small and specular objects
. loss measurement for both . . . .
urban microcell . . quality as received for reflecting causing more [55]
. azimuth and elevation
scenario at 28 GHz o LOS path energy loss
P band polarization
requency ban
ProPagatlon The sp.ace-alternatlr.mg Validated to use of large It investigates the
characteristics at 11, 16, generalized expectation antenna array system for spherical wavefront,
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3. Measurement Setup

In order to model the future 5G wireless propagation channel, the co- and cross-polarization
antennas setup was employed in this work. The 38 GHz radio signal was transmitted and measured
at various Tx-Rx separation distances to determine the parameters for large-scale path loss. Data
were gathered at the park beside the Registrar office located in UTM Kuala Lumpur campus. This
environment emulated the older environment of the hostel that contained the old-fashion building with
only two floors, while the park was situated in the middle, as depicted in the captured image illustrated
in Figure 1a. In this scenario, the Tx and Rx were fixed at 18° half-power beam width (HPBW) in the
elevation and azimuth planes via a narrowband continuous wave (CW) signal generator to generate
30 GHz mmWave frequency signal. Two varied sets of data, up to 50 m, for the LOS and NLOS cases
were captured, respectively, as illustrated in Figure 1a,b. The Tx was set on a 5-m antenna mast on the
ground floor (identical location for the access point of the outdoor environment), while the Rx was
strapped on a column at a height of approximately 1.7 m. Measurements of varied combinations for
a total of 30 Tx-Rx pairs were examined in both cases of the NLOS and LOS scenarios. The calculation
complexity and simulation time of shooting and bouncing rays (SBR) method was proportional to
the number of devices and objects presented in an environment. Because of the higher reflection and
diffraction of mmWave signals in an urban environment, the use of highly directional horn antenna
was preferred to achieve an acceptable output at the user end [64]. Therefore, these measurements were
performed using the directional narrow-beam Rx antenna with a 3D transmitter-receiver separation
distance varying between 20 and 50 m. In order to create a LOS link between the transmitter and the
receiver for the LOS scenario, both antennas were boresight aligned with high directivity to each other
and no obstacle between them. Moreover, for the NLOS, both the transmitter and the receiver were
separated by buildings, such that no LOS link was established and both Tx and Rx antennas were
directed towards each other at the corner of the building (yellow and red arrows show the direction of
antennas, as shown in Figure 1c, to point out the complete measurement scenario from the top view).
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Tx Transmitter Position
Rx LOS Receiver

Position

(d)

Figure 1. (a) line-of-sight (LOS) environment, (b) non-line-of-sight (NLOS) environment, (c) measurement

scenario, (d) signal generator, (e) signal analyzer.

3.1. Hardware Description

The radio frequency signal was transmitted by using an Anristu MG369xC signal generator
(with Pt = 9 dBm) through a wireless channel and was captured by a narrow-band horn directional
antenna at the Rx side, in order to present the directional propagation path loss model. At the Tx
side, the continuous radio wave was generated by using an Anritsu MG369xC Series synthesized
signal generator device (see Figure 1d), which was connected to a highly directional horn antenna.
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On the other side (i.e., Rx), the received power level was captured using an Anritsu MS2720T handheld
spectrum analyzer (see Figure 1e), which was operated at zero spans with 50 ms sweep time connected
to the horn antenna. The noise contribution was -85 dBm/Hz when the resolution channel bandwidth
(RBW) of the spectrum analyzer was set to 100 kHz at a 38 GHz frequency setting.

3.2. The Experimental Procedures

In order to characterize the mmWave channel, two different antenna polarizations were used, i.e.,
vertical-horizontal (V-H) and vertical-vertical (V-V) for both the LOS and NLOS environments. In order
to verify the precision and to confirm the experimental outputs, the measurement results were verified
five times for a specific environment. As for the LOS measurements, the transmitter and receiver were
realigned at the clear-cut point, and using the laser pointer both were aligned at the same azimuth and
elevation angles to ensure that the boresight of both the transmitter and the receiver were pointing to
each other. In order to minimize the random errors for each scenario, the measurements were fixed at
100-200 samples/reading period. The recorded data were stored in an internal storage of the spectrum
analyzer, which were later transferred to the PC for successive processing. Both Tx and Rx were rotated
in the x-y plane at azimuth angles of —20°, 0°, and +20°. As for the LOS characterization, the Rx was
placed at 1 m from Tx and then the measurement points were collected in increments with a 5-m gap
between each subsequent reading point, up to 50 m (see Figure 1a). In the NLOS, the measurements
were scaled up to 50 m, while the Rx was placed at a minimum distance of 20 m, as a starting point, to
achieve a perfect NLOS scenario, and then recorded the measurements starting from 50 m with a 1-m
gap (see Figure 1b).

4. Large-Scale Path Loss Models

The purpose of path loss modelling is to evaluate the magnitude of attenuation experienced by
broadcasting radio signals over a distance, which is useful for designing communications systems.
In order to determine the received signal strength at Rx, a large-scale path loss was utilized between
Tx and Rx for both the LOS and the NLOS environments. The path loss model is commonly used
to illustrate the channel effects caused by the surrounding environment. It can predict whether the
path loss prediction model should be based on theoretical (deterministic), empirical (statistical), or
a combination of both methods [65]. However, the ideal channel prediction can be achieved when
the path loss model is designed from real-time practical measurements [66]. It differs for varying
communication systems, while radio channels can be modelled in a statistical fashion. The path loss
formula provided the Friis free space equation can be used for the reference point or measured at
distance dy. The conditions assumed for this model attempted to replicate real-life readings from the
experiments but could never guarantee a perfect match due to the random nature of obstructions,
aerodynamics of buildings depending on weather, reflections from the buildings and ground, as well
as terrestrial communication. Thus, in this paper, the two most potential path loss models (CI free
space and FI path loss) for the 5G network have been considered. [67,68]. The CI model is easily
implemented in existing 3GPP models by making a very subtle modification, that is by replacing
a floating non-physically based constant with a frequency-dependent constant that represents free
space path loss in the first meter of propagation. This model is most suitable for outdoor environments
because of its accuracy, simplicity, and superior sensitivity performance due to its physical close-in
free-space reference point, given the fact that measured path loss exhibits little dependence on frequency
in outdoor environments beyond the first meter of free-space propagation. The CI model relies on
a FSRD of 1 m standard value, where its path loss model is expressed in Equation (1) with the presence
of a single model parameter, n, which is also stated as the path loss exponent (PLE). The path loss in
dB as a function of 3D T-R separation distance, 4, and the carrier frequency f, is expressed as:

PLY!(f,d)[dB] = FSPL(f,dy) + 10n 1og10(%) + x4 1)
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where the free space path loss of the anchor point is given by:

47Tfof )

FSPL(f,dy) =20 1og10( 2
and the large-scale signal fluctuations resulting from large obstacles in the surrounding environment
were embedded in the model by the shadow factor, )(Sl, which is a zero mean Gaussian random
variable written as:

¢l — pLYI(f,d)[dB] — FSPL(f,do) — 10n 1og10(di) ®3)
0

while its standard deviation, <, in dB is:

cr\?
a Z()}fvo ) W

denotes the overall number of measured points in the measurement campaign [69].
The best fit minimum mean square error (MMSE) of the PLE n and the minimum standard agin
deviation were calculated as in (5) and (6), respectively.

N Y.(PLE!(f,d)[dB] - FSPL(f,do) )(10log;o( %)) -
X(101081(%))

2

PLCI(f, d)[dB] - FSPL(f, o) - 101ogo(£) LPLT A) 4B FSPL(f 'dO)l(l‘”"gw(%))
o E(1010810( )

CTmin = N (6)

Another path loss model, which was adopted by WINNER II and 3GPP standardization bodies [67],
and the FI path loss model, also known as the alpha-beta model, were employed in this study. This
model did not consider the anchor point, and therefore it was not physically-based. The path loss in
dB based on the FI model as a function of the 3D T-R separation distance d is given by [47].

PLM(d)[dB] = a + 108 logy,(d) + x5! 7)

where a denotes the FI in dB, § refers to a coefficient referred to as line slope that characterized the
distance dependency of the path loss, x/! is defined as a zero mean Gaussian random variable that
stands for shadow factor, and of! signifies the shadow factor standard deviation in decibels.

In order to minimize the standard deviation, o'/, using the MMSE technique, it is required to
solve for @ and f values to determine the best minimum error fit, as follows:

. Y. 101log,,(d)Y. 101og,,(d)PLF! (d)[dB] - 2(101ogm(d))2pLH(d) [dB] ®
¥ (1010g,0(d))” = NX(101og,(d))’

~ Y.10log,(d)Y. PL" (d)[dB] - NY. 101log,,(d)PL"! (d)[dB]
- (10 logo(d))" ~ NX(101ogyo(d))’

= PLH(d)[dB] - a - 10810gy(d) (10)

)
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and the standard deviation is calculated as:

2
R \/Z(PLFI(d) [dB] —; -10p loglo(d)) an

5. Experimental Results

The CI model always displayed a physical equivalence and continuous relationship between
the distance and the transmitted power due to CI free-space anchor point [68]. In the result section,
dp = 1 m was applied, as this distance has been considered as a standard reference in published work
since it allows the measurement of path loss to transmit power of the CI model [70]. Table 2 shows the
comparison of the CI model parameters for the LOS and NLOS environments. The PLE values were
3.0990 dB and 4.2556 dB for co-polarization and cross-polarization, respectively. The shadowing factor
(SF) was 9.2268 dB by using a 1-meter FSRD for co-polarization, and 8.3041 dB for cross-polarization.
The cross-polarization factor (XPF) was calculated as defined in Equation (3) of [46]. The fitting of the
PLE n at 38 GHz for both co- and cross-polarizations are displayed in Figures 2 and 3, respectively.
On the other hand, the FI model (see Table 3) shows the path loss parameters: a = 75.1359, = 2.3401,
and SF=9.0714 dB for co-polarization, whereas it shows a = 97.6545, § = 1.9560, and SF = 6.5463 dB for
cross-polarization. Figures 4 and 5 illustrate the best fitting draw for both co- and cross-polarizations,
respectively. Note that, the NLOS V-V and NLOS V-H outcomes were very much correlated for FI
model, hence the discussion is only focused on the NLOS V-V case, as described in Sections 6 and 7.
It is worth mentioning that these results are comparable to the results reported in [71]. As for the
CI model, it is concluded that the cross-polarization decayed faster than the co-polarization for LOS
environment, which is similar for the FI model, while cross-polarization exhibited higher path loss
value than co-polarization by approximately 20 dB, as portrayed in Figures 4 and 5.

Table 2. Close-in (CI) model summary for LOS and NLOS environment.

Env. Pol. PLE d,(m) o(dB) |XPF|

V-V 3.0990 1 9.2268
LOS 0.9227
V-H 4.2556 1 8.3041
V-V 4.3202 1 7.5277
NLOS 0.0111
V-H 42914 1 7.5388
160 38 GHz Directional V-V - Cl Model
o LOS 0
o NLOS a o 9
M0 F | o =3.009, 0, ¢ =9.2268 o
——Niog =4-3202, oy o =7.5277

Path Loss (dB)

©
[=]

60gr

40 L L L L L Lo
1 5 10 16 20 25 30 35 4045560

T-R Separation (meters)

Figure 2. LOS and NLOS CI path loss model for the co-polarization.
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Table 3. Floating-intercept (FI model) summary for LOS and NLOS environment.

Env. Pol. B a o (dB)
V-V 2.3401 75.1359 9.0714
LOS
V-H 1.9560 97.6545 6.5463
\a% 6.6535 28.0051 7.0683
NLOS

V-H 6.9676 27.7466 6.9574

6. Simulation Setup

In this section, the overall network performance was examined in a MATLAB simulation by
designing the replica in a real environment based on our practical findings tabulated in Tables 2 and 3.
Here, several simulations were performed to investigate the performance of the varied propagation
conditions, such as LOS V-V, LOS V-H, and NLOS V-V polarizations for both CI and FI propagation
models. As discussed in Section 5, the NLOS V-V and NLOS V-H outcomes were very much correlated,
and therefore the discussion only highlights the NLOS V-V case for the simulation outputs. The Monte
Carlo technique was used in MATLAB to evaluate the findings and averages were performed over
1000 independent channel realizations. In each cell, the number of users was altered from 10 to 50 and
was randomly spread over a coverage area of a cell. Both FI and CI propagation path loss models were
used to create real scenarios with the LOS and NLOS environments [72]. It was recommended in [73]
that transmission power for each next generation NodeB (gNB) was fixed at 46 dBm with an available
bandwidth of 40 MHz at a 38 GHz frequency band. The proportional fair scheduling (PFS) algorithm
was used for the coordination between the gNBs. The closed-loop spatial multiplexing (CLSM)
transmission mode was employed for 2 x 2,2 x 4, 4 x 2, and 4 x 4 MIMO antenna configurations,
while the eight layer spatial multiplexing transmission mode was employed for 8 x 2 and 8 x 4 MIMO
antenna configurations, as defined in [74]. In order to create the effect of heavily built-up ionospheric
urban environments, the Rayleigh fading channel was weighed in [75]. There were 21 gNBs in the
network with a separation distance of 200 m, as it was the expected cell size for the 5G radio access
network [8]. The coupling loss was fixed at 70 dB, as recommended in Section 14.1.2.3 of [76]. The
various simulation parameters, along with their certain values, are listed in Table 4.

Table 4. Simulation parameters.

Parameters Values
Operating frequency 38 GHz
Channel bandwidth 40 MHz
Number of resource blocks 200
No. of users per cell [10, 20, ..., 50]
No. of BSs 21
Network scenario Urban (random user deployment)
CI propagation model Table 2. PLE (3.0990 for LOS V-V, 4.2556 for LOS V-H, 4.3202 for NLOS V-V)

Table 3. ( is 2.3401 & « is 75.1359 for LOS V-V, {3 is 1.9560 & o is 97.6545 for

FI propagation model LOS V-H, f is 6.6535 & « is 28.0051 for NLOS V-V
Network geometry Regular hexagonal grid
gNB Transmission power 46 dBm
Antenna type Tri-sector tilted
User’s speed 5 kmph
No. of Tx 2
No. of Rx 2
Scheduling algorithm Proportional fair scheduling
No. of iteration 1000
UE height 1.7m
gNB antenna height 5m
Transmission mode Closed loop spatial multiplexing (CLSM) and eight layer spatial multiplexing
gNBs separation 200 m
Fading model Rayleigh fading

Coupling losses 70 dB
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The flowchart illustrated in Figure 6 explains the development of the system simulation.

Set General
Parameters

L

Generate Network
Parameters

L

Design network Mapping
scenario
Fading Model
ading Mode m
L Countey

Design
€

Calculate SINR

L

Scheduler

Generate Results

Plot Graph

Figure 6. Flowchart of system simulation.

7. Simulation Results

There are various studies that have been conducted which focused on improving the QoS
parameters for the wireless network. Such as, the studies in [77,78] that focused on the efficient power
control in the uplink of a code-division multiple access (CDMA) wireless network, where it focused on
various QoS prerequisites. The corresponding non-convex utility-based multi-service optimization
problem was solved by using the game-theoretic framework. The results were evaluated in terms
of the user actual and average throughput rate and power consumption. Also in [79], the authors
estimated the throughput for their proposed interference management scheme for small cell network.
The results were calculated in terms of cell-edge user throughput and outage probability. However,
a study focused on channel modeling and considered the effect of fog, rain, and snow during the
communication, especially in free space optical (FSO) links [80]. Another study in [81] focused on QoS
performance evaluation over the 5G network for an indoor environment. The results of this research
are focused on estimating the average cell and user throughputs. Similarly, this section describes the
outcomes tabulated by estimating the throughputs of cell-edge users, average cell, and average users,
along with fairness index and spectral efficiency for a varied number of users. The performance at
various MIMO antenna arrangements, as well as at different channel bandwidths, are also presented
for both CI and FI models.
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The average user throughput is defined as the amount of data received by a connected user on
average in a cellular network. Mathematically, it can be defined as the number of packets received
by a specific user [82]. Figure 7 illustrates the outcome of the average user throughput for a varied
number of users. It displays the highest cell throughput for 10 users and the lowest cell throughput for
50 users, for all scenarios. As noted, both CI-LOS V-V and FI-LOS V-V scenarios predicted the highest
average user throughput for a varied number of users, i.e., 25 and 22 Mbps for a minimum of 10 users,
as well as 5 and 4.90 Mbps for a maximum of 50 users. This resulted because the best modulation and
coding scheme (MCS) index values were obtained due to the better-received signal quality from both
the LOS path and similar antenna polarization. The LOS V-H case for the CI and FI models achieved
17.50 and 12 Mbps for 10 users, while 4 and 3.30 Mbps for 50 users, respectively. On the other hand,
the NLOS environment received the lowest throughput for both the CI and FI models, as compared
with the LOS case, which was due to the lower power levels at Rx that gave less space for accurately
picking the transmission signal.

25 ......................................... R S S N S S S e -
: : —4#—CL LOS V-V |
—F-CILLOSV-H |
: : @ Ol NLOS WA
DOEN N ............... —E—FLLOS Wy :
: : —*—FLLOSV-H |
o FLNLOS VY |

Awerage User Throughput (Mbps)

Number of User

Figure 7. Average user throughput vs number of users.

The cell-edge user throughput was heavily dependent on the strength of the signal received and the
number of interferences (co-channel interference (CCI) and inter-cell interference (ICI)), which cell-edge
users faced from adjacent cells [23]. Figure 8 illustrates the estimated cell-edge user throughput with
respect to a varied number of users. As noted, the cell-edge user performance declined with the
increment in the number of users due to the high penetration losses that led to limited resource blocks
(RBs) at the user’s end. Both CI-LOS and FI-LOS path loss models for V-V polarization were the
highest throughput, at 12.10 and 10.80 Mbps for 10 users, respectively. Similarly, for a maximum
of 50 users, the cell-edge user throughput for both models reduced and recorded at approximately
3 Mbps. The FI-LOS V-H configuration also forecasted decent throughput for all the users. It estimated
8 Mbps for 10 users and decreased to as low as 1.90 Mbps for 50 users. In contrast, the CI-LOS V-H
and NLOS V-V for both CI and FI models predicted the worst cell-edge performance, the data rates
were below 1 Mbps for 10 users and even reached a zero signal when the number of users was higher.
This result is because the cell-edge users suffered from more ICI and CCI that led to more losses and
lowered the channel quality indicator (CQI) value, which caused an ambiguous received signal and
low throughput rate.

The average cell throughput depended on the number of active users present in the coverage of
users in the cell. Figure 9 illustrates the outcome of average cell throughput for a varied number of
users. As discussed in Figures 7 and 8, the CI-FOS V-V predicted the best network performance among
all the different model configurations. Consequently, the average cell throughput for CI-LOS V-V
forecasted the highest value which was up to 70 Mbps for 10 users and reached a maximum of 90 Mbps
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for 50 users. The FI-LOS V-V arrangement forecasted decent performance as well, and reached 65
and 77 Mbps for 10 and 50 users, respectively. Furthermore, FI-LOS V-H also predicted a significant
throughput at 65 Mbps for the minimum case of 10 users, and increased up to 13% at an estimated
78 Mbps for a maximum number of 50 users. Moreover, CI-LOS V-H and CI-NLOS V-V achieved
moderate values of cell-edge data rate ranging from 30 to 40 Mbps for minimum and maximum cases.
On the other hand, FI-NLOS V-V suffered from the minimum data rate, while overall throughput
ranged from 5 to 12 Mbps for the minimum to maximum number of users, respectively. Besides, it has
been clearly stated that the FI-NLOS case experienced distress from more signal losses with respect to
distance and obstacle, which resulted in less average cell throughput.
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: : —&—FL LOS V-V

: ; =% —FL LOS V-H
L] A e e @ FLNLOS V-V

Cell-Edge User Throughput (Mbps)

Number of User
Figure 8. Cell-edge user throughput vs number of users.
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Figure 9. Average cell throughput vs number of users.

To calculate the fairness index that shared the RBs with proper fairness among active users the
proportional fair scheduling (PFS) algorithm was applied [83,84]. Figure 10 illustrates the results of
the fairness index for the varied number of users. The fairness index for LOS V-V for both CI and FI
models hit up to 90%, which clearly displays better CQI with fair RBs distributions. Additionally, the
CI-LOS V-H estimated greater fairness for a smaller number of users, but also when a greater number
of users were present in a cell. Moreover, in CI-NLOS V-V case, the fairness index was on a slightly
lower end, when compared to the CI-LOS V-H case. The NLOS users for V-V case of FI model received
a minimum fairness of 13 to 30%, along with the lowest to a higher number of users, respectively. This
is due to unfair resource sharing because of poor receiving signal quality caused by the position of
NLOS channel between Tx and Rx.
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Figure 10. Fairness index vs number of user.

It was possible to achieve spectrum efficiency by increasing the number of users to a maximum
limit in a cell while keeping the QoS at an acceptable level. In precise, the given bandwidth was
used effectively if maximum information can be transmitted over it [85]. Figure 11 illustrates the
outcomes for spectral efficiency for the varied numbers of users. As noted, CI-LOS V-V displayed the
highest spectral efficiency between 2.20 and 2.60 b/s/Hz for both minimum and maximum number
of users, respectively. This showed the better utilization of given available spectrum by the CI-LOS
V-V approach than the other all models. However, FI-LOS V-V also predicted the decent spectrum
efficiency of 1.80 b/s/Hz when the number of users was 10, while 2.20 b/s/Hz for 50 users. Additionally,
FI-LOS V-H, CI-LOS V-H, and CI-NLOS V-V gave correlated values for both minimum and maximum
number of users. For instance, FI-LOS V-H values ranged from 1.50 to 1.75 b/s/Hz, CI-LOS V-H values
changed from 1.35 to 1.65 b/s/Hz, and CI-NLOS V-V gave a variation of 30% from 1.20 to 1.60 b/s/Hz for
minimum and maximum number of users. Lastly, FI-NLOS V-V estimated the least efficient results i.e.,
0.55 b/s/Hz and 1.15 b/s/Hz for 10 and 50 users, respectively. This was because the simulation results
based on the FI model displayed greater dependence on the number of users and distance parameter
that seemed inefficient for this case, while NLOS path failed to deliver the required data rate, hence
resulting in poor achieved spectral efficiency.
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Figure 11. Spectral efficiency vs number of users.
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In high-density mmWave network, users tend to face several issues, such as interferences and
fading, which minimizes the overall network performance. Currently, several varying techniques are
in progress to overcome this issue. The use of a multiple antenna approach is an efficient way to resolve
this issue, which not only helps to increase each user throughput, but also enhances the overall network
performance [86,87]. For our study, Figures 12 and 13 illustrate the overall network performance of the
CI and FI models at various antenna configurations, respectively. We compared the yields for fairness
index, spectral efficiency, cell-edge user throughput, average user throughput, peak user throughput,
and average cell throughput with respect to varying MIMO antenna configurations. The same CI and
FI path loss models, as defined in Equations (1) and (7), were used to calculate the path losses. All
other experimental parameters were similar to those specified in Table 4, except for the number of
users which had been fixed at 30 and used the LOS V-V formation, which meant PLE = 3.0990 for CI
path loss model, as stated in Table 2, whereas 3 was 2.3401 and « was 75.1359 for the FI path loss
model, as outlined in Table 3. Figure 12 portrays the CI propagation path loss model performance,
where the 2 X 2 antenna configuration obtained the minimum and the 8 X 2 antenna setting attained
the maximum overall system performance. In Figure 12a, the fairness indices for all cases were quite
correlated, while 2 x 4, 4 X 2, and 8 x 2 delivered better performances of 5, 7, and 9%, when compared
to2 X 2,4 x 4, and 8 X 4 antenna array settings, respectively. The amount of cell-edge user throughput
increment was also observed in Figure 12a with respect to more antenna array settings. However, the
cell-edge user throughput improved by almost 100% (i.e., 4.11 to 8.24 Mbps) if we changed from the
2 X 2 antenna setting to the 8 X 4 antenna setting. The analysis of the spectral efficiency improved
exponentially by approximately 40% from the minimum antenna setting to the maximum antenna array
pattern. In Figure 12b, the peak user throughput is also presented, in which the 8 x 4 MIMO condition
obtained 60% more data rate, when compared to the minimum 2 X 2 antenna settings. Moreover, the
average user throughput comparison is illustrated, which gave a minimum value of 8.44 Mbps at the
2 X 2 antenna array and an increase of 80% to a maximum value of 14.25 Mbps at the 8 x 4 antenna
array setting. Similarly, for average cell throughput, the maximum performance was achieved for the
8 X 4 configuration (i.e., 142.46 Mbps), which achieved almost 82% higher average cell throughput,
as compared with the 2 X 2 configuration (i.e., 84.42 Mbps).
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Figure 12. Overall network performance for CI model at various antenna configurations.

In contrast to earlier findings for the CI model, the overall network performance for FI-LOS V-V
case was as illustrated in Figure 13. In Figure 13a, the fairness index was calculated for various MIMO
antenna array conditions. The results ranged from a minimum of 0.8348 for 2 X 2 to a maximum 0.9403
for 8 x 2 antenna settings. The use of the PFS algorithm displayed similar time, hence allowing all users
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at least a minimum QoS, however, due to its limitation on the number of users, the fairness index value
fluctuated with the number of users. The cell-edge user throughput is also illustrated in Figure 13a,
which showed a similar response to that described in Figure 12a. Here also, the 8 X 4 antenna array
achieved the best signal quality and a high cell-edge data rate of 7.63 Mbps, as compared with the 2 x
2 antenna configuration that showed 3.67 Mbps only. Furthermore, the spectral efficiency for the FI
model is also shown in Figure 13a for varied antenna patterns. It predicted 2.10 b/s/Hz for the 2 x 2
array and then increased proportionally with respect to more antenna arrays, hence providing up to
75% enhancement for the 8 x 4 antenna array that gave 3.67 b/s/Hz. In a similar way as in Figure 12b,
Figure 13b shows peak user, average user, and average cell throughput for varying MIMO conditions.
The peak user throughput hiked from a minimum of 10.41 Mbps for the 2 X 2 antenna settings and
predicted up to a maximum of 22.26 Mbps for the 8 X 4 antenna array case. Similarly, the average
user throughput exponentially increased with more antenna array configurations. A minimum of
7.08 Mbps was attained at the 2 X 2 antenna array and increased to 11.38 Mbps for the 8 X 4 antenna
case. Lastly, the average cell throughput is illustrated, which showed a massive improvement of 60%
from the minimum for the 2 X 2 antenna setting (which achieved 70.84 Mbps) to the maximum for the
8 x 4 antenna formation (which approximated 113.85 Mbps). Thus, more MIMO configuration led
to extra propagation paths between Tx and Rx, which gave better received signal quality, apart from
achieving more throughput for the cell users.
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Figure 13. Overall network performance for FI model at various antenna configurations.

The most important reason for using the mmWave spectrum is to achieve a large bandwidth.
Here, Figures 14 and 15 display the overall network performances of the CI and FI models at varying
bandwidth settings, respectively. It presents the outcomes for fairness index, average cell throughput,
cell-edge user throughput, peak user throughput, average user throughput, and spectral efficiency
with respect to different MIMO antenna configurations. All the simulation parameters are similar in
appearance to those tabulated in Table 4, when the antenna configuration was set at 2 x 2. On the basis
of the data shown in Figures 14 and 15, the user throughputs increased drastically with increments in
bandwidth, which indicated that more users would gain higher spectrum sharing in order to transmit
information. The fairness index for various bandwidth settings also changed slightly, from 86 to 92%
for the CI model and from 83 to 94% for the FI model, as increments in the bandwidth affected the
spectrum sharing amongst the users. Spectral efficiency also increased with respect to bandwidth
setting as higher spectrum gave extra propagation channel between Tx and Rx, which yielded better
received signal quality.
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Figure 15. Overall network performance for FI model at different bandwidths.
8. Conclusions

Recent advancement in technologies has urged 5G developing organizations to work on the
mmWave frequency spectrum in order to satisfy needs of users. The use of the mmWave frequency
signal spectrum offers a larger amount of bandwidth because these sections of the spectrum have not
been used before for mobile communication. In order to practically implement the 5G mmWave network
in the real-world scenario, the behavior of signal propagation among various channel conditions have
been determined. Considering this, this paper discusses the results of outdoor measurement at 38 GHz
for two different CI and Fl path loss models. The featured measurement outputs of LOS and NLOS for
co- and cross-antenna polarizations were conducted at Universiti Teknologi Malaysia (UTM), Kuala
Lumpur campus. Outcomes were gathered from simulation and real-world measurements to evaluate
the system performance by representing several key factors, including cell-edge user throughput,
average user throughput, fairness index, average cell throughput, and spectral efficiency for different
numbers of users. The outcomes were examined at varied antenna configurations as well as at different
channel bandwidths to proof the enhancement of overall network performance. For the CI model, the
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LOS case measurement results for the PLE values were 3.0990 for V-V and 4.2556 for V-H configurations.
Whereas, for the NLOS, the PLE values were 4.3202 and 4.214 for the V-V and V-H configurations,
respectively. In the FI model, although it delivered significant results for the LOS case, its overall
performance was poorer, as compared with the NLOS case for both V-V and V-H configurations.
Moreover, the simulation results proved that the user throughputs for cross-polarization configuration
decayed faster than the co-polarization for both the LOS and NLOS environments. However, the
overall findings for the FI path loss model appeared to be lower than the CI path loss model, but the FI
path loss model predicted a significant amount of performance that seemed suitable for some small
cell LOS V-V scenarios. We believe that our findings presented in the paper are convenient and handy
to test and implement the future generation 5G communication network for real-life environments.
For future work, other potential 5G mmWave frequency spectra, such as 60 GHz and 70 GHz, will
be studied. The spectra of such frequencies can utilize some of the optimal path loss propagation
models, such as close-in with frequency weighted (CIF) and alpha-beta-gamma (ABG) models. We will
investigate the influence of various beam-forming effects and will analyze their outcome on different
massive MIMO conditions.
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