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Abstract

High data rates up to 10 Gbps required on fifth generation (5G) wireless communication systems have targeted propagation studies of
wireless channels with large bandwidths in millimeter wave spectrums of 28 GHz. Propagation studies cover the measurement, character-
ization and modelling of wireless channels that are used for testing and enhancement of 5G wireless communication systems. This study
aims to contribute to this field by studying the radio wave propagation at 28 GHz for tropical regions, such as Malaysia. The work of this
study included measuring, characterizing and modelling wideband channels for 5G wireless communications at the 28 GHz band. Exten-
sive wideband channel measurement campaigns were conducted, to cover the outdoor environment in line-of-sight (LoS) and non-line-
of-sight (NLoS) scenarios. Post-processing was also performed using SystemVue and MATLAB software to extract the power delay
profile, path loss, angle of arrival (AOA) and root mean square (RMS) delay spread for every considered scenario to characterize the 5G
channel. To make a more reliable and easier 5G channel characterization, the powerful propagation simulation, Wireless in Site software
was also utilized to investigate all 5G-channel parameters and compare the simulation results with the measurement results. The findings
from this study will contribute to the body of knowledge in this field through the development of a proposed model for the 5G channel in
Malaysia at the 28 GHz band for the 5G system. Lastly, due to heavy rain in tropical regions, i.e. Malaysia, the wireless channel at high-
frequency band should be further investigated in high rainfall regions to include measurement campaigns with different rain rate to inves-
tigate the signal degradation, power delay profile and delay spread with rain and compare it with clear air.
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1. Introduction

1.1. Background

Technological developments and the rapid evolution and ad-
vancement of the wireless and mobile industry took place during
the 1970s. Since then, a majority of these wireless mobile technol-
ogies have undergone several improvements and evolutions [1],
i.e., the 1st generation, 1G; 2nd generation, 2G; 3rd generation 3G
and 4th generation, 4G [2]. 1G was introduced during the 1980s as
the analogue telecommunications standard; 1G mobile systems
used analogue transmissions for speech services. 2G digital tele-
communications replaced 1G launched in the late 1990s as a digi-
tal mobile telephony technology. 2G initially operated as the glob-
al system for mobile communications (GSM) systems, mainly for
voice communications. However, 2G technology was soon up-
graded to a 2.5G system; with the incorporation of a component,
technology known as the general packet radio service (GPRS) as
the main feature that distinguished typical 2G networks. The ar-
chitecture from 2.5G included packet switching and circuit switch-
ing, which enabled it to achieve better data rates [3]. Furthermore,
the Universal Mobile Telecommunication System (UMTS), which
was initially developed for providing a general transport service
platform for the 3G internet protocol systems, applied Wideband-
Code Division Multiple Access (W-CDMA) technology for deliv-
ering enhanced throughput and better spectral efficiency for all

wireless network operators [4]. With the continued rapid growth in
traffic volume, of mobile data and multimedia applications, such
as interactive gaming, internet browsing, and the streaming of
audio and video content, the need to increase the capability of
existing wireless systems became a prominent issue. This led to
the development and launch of the 4G wireless system from the
3G, Long Term Evolution (LTE) and the worldwide interoperabil-
ity for Microwave Access (WiMAX) systems. The LTE system is
designed as an all- internet protocol (IP) based system that offers
robust support, for the ever-growing traffic volume of mobile data,
with improved system coverage, enhanced System capacity, and
high performance; regarding low access, latency, flexible band-
width, higher data rate, and seamless backward compatibility with
other existing radio communication technologies [5]. LTE Ad-
vanced (LTE-A), an extension of LTE, added Carrier aggregation
and coordinated multipoint technologies to boost system spectral
efficiency and overall system performance. LTE-A can support
the data rate up to 100 Mb/s for higher mobility access and a data
rate up to 1 GB/s for lower mobility wireless access [5]. In sum-
mary, from 2G mobile communication systems to 4G systems,
wireless mobile technologies have undergone a phenomenal evo-
lution; ranging from a typical telephony system to a communica-
tions system capable of transporting rich multimedia content in the
same manner as wired networks. Nowadays, the demand for high-
er mobile data rates and high-speed data transmission is increasing
rapidly. If wireless technology needs to provide a higher data
transmission rate, the system requires a larger bandwidth and im-
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plementation of other innovative technologies. Due to an increase
in the wireless traffic data and the rising demand for higher trans-
mission speed, it is important to understand the relationship be-
tween a spectrum shortage and a higher capacity. For balancing
the association between these significant performance issues, re-
searchers need to reconsider mobile broadband technologies. Fur-
thermore, mobile broadband networks need to be optimized for
improving the probability of satisfying the increasing demands of
customers for a higher data rate. This optimization would also
help in managing the predicted exponential increase in wireless
traffic volumes. To achieve greater capacity, a larger bandwidth is
needed; hence, the need to look beyond the currently used 3 GHz
spectrum band. The Super High Frequency (SHF) band includes
the 3-30 GHz spectra; whereas the Extremely High Frequency
(EHF) band includes the 30-300 GHz spectra. As the radio waves
existing in the SHF and the EHF bands display similar propaga-
tion features, the 3-300 GHz spectrum is known as the millimeter-
wave (mm-wave) band and possesses a wavelength value ranging
between 1 and 100 mm [6]. At present, the existing below 6 GHz
frequency spectrum cannot fulfil the future requirements, indicat-
ing that new spectral allocations within the mm-wave frequency
bands above 6 GHz are necessary for alleviating the existing spec-
trum shortage. This was the prime reason which led to the devel-
opment of the 5th Generation (5G) wireless technology [7]. Some
researchers have predicted that this 5G mobile network could
easily support the increasing traffic data, as it requires low energy
consumption and offers a better Quality of Service (QoS). For
improving the development of 5G Technology, these researchers
have also identified some important processes like the mm-wave
and the Multiple-Input Multiple-Output (MIMO) [8]. During the
past few years, many studies which have been conducted in the
field of wireless communication systems showed a gradual shift
from the use of UHF frequencies (300 MHz to 3 GHz) to micro-
wave spectral frequencies, like the mm-wave spectra. Further-
more, much research has been conducted on the use of the mm-
wave frequency bands, like 28 GHz. However, the unavailability
of steerable antennas and inexpensive electronics has limited the
application of many novel technologies like the point-to-
multipoint radio wave propagation [9]. On the other hand, many
academic and industrial research studies have investigated the
probability of implementing 5G technology with the help of mi-
crowaves in the frequency band > 6 GHz [10]. To meet these re-
quirements, 5G needs to deal with many challenges; such as sup-
porting the increasingly high data rate, connecting numerous de-
vices, reducing energy consumption and computation load, and
establishing secure and reliable communications. Here, the fre-
quency spectrum resource is the major concern for solving these
challenges. Hence, 28 GHz and mm-wave bands are the keys to
resolving this issue.

To design current and future wireless communications systems,
the study of wireless channel characteristics is important. This is
because channel behavior may vary over very short spatial dis-
tances travelled by signals from the transmitter or receiver termi-
nal. In addition, future backhaul and cellular networks have to take
into account the channel propagation and characterization of the
microwave and the mm-wave frequencies for developing a reliable
and accurate 5G design.

1.2. Problem statement

Understanding the propagation characteristics of wireless is a
crucial part of improving the performance of wireless communica-
tion systems. Wireless data traffic has been rapidly increasing
which implies that huge bandwidth is required to support the large
capacity. To address this demand, the wireless industry is moving
to 5G cellular technology that will use mm-wave frequencies.
However, it is necessary to have a good knowledge of the propa-
gation channel characteristics across mm-wave bands before an
accurate and reliable 5G system design can be utilized effectively.
Currently, the most candidate frequency for 5G is 28 GHz, which

has high bandwidth and less attenuation based on several previous
studies in microwave link at 28 GHz.

In this proposal, three challenges of characterizing and modelling
wireless channels at 28 GHz are addressed. First, the outdoor envi-
ronment in tropical regions like Malaysia needs further study re-
garding 5G wireless channel propagation at 28 GHz. Second, to
provide an accurate prediction model, extensive measurement
should be conducted to include the structure and effect of the envi-
ronment and the heavy rainfall conditions in tropical regions in
urban areas. Third, conducting a power delay profile study is very
important for the wideband channel; implying that the wideband
channel measurements are needed using a different angle of arri-
val. Hence, time dispersion and angular dispersion are required for
a 5G channel model without rain and with different rain condi-
tions, especially at extremely heavy rainfall conditions. Notably,
only a few measurements have been conducted at 28 GHz for 5G
systems, especially in outdoor environments in tropical regions
like Malaysia.

1.3. Objectives

The main objective of this proposal is to characterize and model
the 5G channel at 28 GHz based on different real measurements
and will be achieved through the following:

i) To investigate the 5G channel in terms of propagation path
loss, power delay profile, delay and angular spreads and rain
attenuation effects based on extensive wideband measure-
ments.

ii) To propose prediction models for the 5G channel at tropical
regions.

iii) To verify and evaluate the proposed model by comparison
of measurement and simulation.

1.4. Scope of research

The scope of this research consists of the following:

e 5G channel characterizations will be investigated based on
different measurement campaigns.

e  The wideband (WB) measurements will be carried out using
a 5G channel sounder with high resolution of 1 ns.

e All measurements are conducted under the single-input-
single-output (SISO).

e  The recommended bandwidth for a 5G system of 1 GHz
will be used.

e The potential candidate frequency for a 5G system, of 28
GHz will be used.

e The measurement will be conducted in an outdoor environ-
ment within an urban area.

e Different line of sight (LOS) and non-LOS (NLOS) scenar-
ios will be investigated.

e The rain attenuation effects for path loss, power delay pro-
file as well as delay spread will be investigated.

2. Literature review

2.1. Introduction

Wireless communication has become quite common nowadays
due to significant technological advancements. Wireless commu-
nication provides media that transforms our work, education, and
entertainment, and is expected to connect everything, anywhere
and at any time using a 5G system [11]. Given the vast bandwidth
now available at millimeter wave (mm-wave) bands, 5G wireless
networks will use potential frequencies in the mm-wave band. The
most candidate bandwidth is 28 GHz based on recent studies.
Therefore, the propagation study at the 28 GHz band in different
environments is required to investigate the wireless channel prop-
agation in this band for the 5G system.



6812

International Journal of Engineering & Technology

2.2. 5G network systems

Cell phones have quickly become a modern-day necessity. Along
with making/receiving phone calls, current smartphones consist of
cameras, sensors, web browsers and multimedia infotainment, etc.,
which has increased the usage of cell phones and users alike. In
supporting this subscriber base, the telecommunication industry
must periodically upgrade its technology and carry out technologi-
cal innovations to fulfil the demands of users [12]. In this case, the
current 4G network would be superseded by 5G, which highlights
the paradigm shift in the mobile network. As reported by many
industrial and academic committees, the 5G system will be on
2020 for providing global connectivity. Many technologies are
presently being investigated for 5G systems, such as SISO, Multi-
ple-Input Multiple-Output (MIMO), Vehicle-to-Vehicle (V2V),
High-Speed Train (HST), and mm-wave communications [12].
These technologies introduce new propagation properties and
specific requirements on 5G channel modelling. Importantly, 5G
systems will help to access and share data in low latency and high
data rate environments as described in the following subsection.

2.2.1. 5G requirements

The International Telecommunication Union (ITU) coordinates
the shared global use of the radio spectrum and develops technical
standards for the seamless interconnection of networks. The ITU
designed the IMT-2020 speciation [13 - 16]. Figure 1 shows the
5G key goals and key performance indicators. The new demands
and performance indicators for the 5G network are next discussed.

5G Goals and Key Performance Indicators
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Fig. 2: 5G goals and key performance indicators.

e Data Rate:
5G systems provide an ‘aggregate data rate’ (or area traffic capaci-
ty), i.e., the data served by a network in bits/s/unit area. Also, it
should provide a data rate of 20 Gbps (downlink) and 10 Gbps
(uplink). Urban and semi-urban users will experience a 100 Mbps
(downlink) and 50 Mbps (uplink) data rate. 5G will support mo-
bile consumers (mobility < 500 km/h)[14].

e Large Bandwidth:
Mm-wave is a promising 5G technology [17] which has a large
bandwidth and a data rate of hundreds of Gbps. Higher frequency
propagation causes path loss (PL). However, mm-wave systems
with small cells (100-200 m radii) display a satisfactory perfor-
mance. A high PL is overcome by beam forming, which combines
the MIMO technologies. A high-gain steerable antenna array
transmits or receives signals in specific directions, bypasses ob-
structions, and overcomes PL [18]. In this work, 1 GHz bandwidth
at 28 GHz band will be used for the 5G channel propagation
study. The path loss will be investigated using a SISO system and
the rotator system used to study the signal at a different angle to
emulate the beam forming technique.

e Latency:
User plane latency is defined as the network contribution from the
transmission of a packet to its reception (in ms). 5G systems re-
quire a latency of 1 ms for various applications such as an auton-
omous car, robotic arm, remote surgery and internet of things
(1oT) applications [14].

e  Spectrum Efficiency:

Due to frequency (spectrum) scarcity, new technologies must
transmit a higher bit rate for the same resources. 5G systems pro-
vide 3 times higher bits/sec/Hz than 4G [14].

e  Energy Efficiency:
This refers to the information, i.e., bits transmitted/received from
users, per energy consumption unit. Energy efficiency is measured
(bit/Joule) in a radio access network. It also refers to the infor-
mation (bits/ unit energy consumption) in the communication
module. As the aggregated data rate in a 5G network is 100 times
higher than 4G, the energy efficiency must increase by 100 times
to maintain constant energy consumption [14].

e Connection Density:
The 10T aims to provide constant connectivity to various devices
for improving mobile applications. 5G networks are envisaged to

support a connection density of = 106/km?

e Cost:
With increasing 5G data rates, there would be a proportional de-
crease in the cost/bit.

e Massive MIMO:
The traditional wireless SISO devices possess a single antenna for
accessing radio signals. However, MIMO devices have multiple
antennas. In a rich scattering, of a radio-wave propagation envi-
ronment, every antenna pair acts as an independent channel.
Hence, the data rate can be increased using massive MIMO with-
out increasing the transmission power.

2.3. Wideband channel

Wideband systems, like LTE and LTE-A and future 5G use band-
widths up to 20 MHz, 100 MHz and 1 GHz, respectively. This
implies that they can differentiate between the multipath compo-
nents (MPCs) by resolvable delay bins. Hence, every delay bin
consists of MPCs, which cause a fading of each separate bin.
However, the resolvable MPCs can be considered as frequency
flat, and the impulse response can be defined using the Dirac delta
function (8 function) as in [19]:

h(r) =Zi e, 6(r — 7). k() =X e 6(r — 1) (29

Where @; and T; are the i — th path gain and delay, respectively,
the L is the number ofpaths.

2.4. Millimeter wave band (mm-wave)

Development of communication technologies and mobile devices
has led to an ever-growing demand for higher capacity. 4G LTE
systems will face this increasing trend, leading to network conges-
tion by 2020. Every technology has a life cycle of < 10 years. For
5G wireless networks, the academic and industrial researchers
propose a wireless technology, which offers multi Gbps and uses
steerable horn antennas and mm-wave spectra. However, the 5G
channel propagation in the mm-wave band using steerable horn
antennas needs extensive study in order to understand the wide-
band wireless channel behavior.

2.5. Multipath channel propagation

Multipath propagation occurs if the signals propagate between the
source and destination by bouncing off various Interacting Objects
(10s). Every signal echo undertakes a different propagation path
from the source to the destination, called the multipath component
(MPC). The wireless system consists of 3 main components, the
transmitter (Tx), a wireless channel and a receiver (Rx) as shown
in Figure 3: In a typical environment, the electromagnetic waves
travel from Tx to Rx through different paths due to reflection,
diffraction and scattering. The electromagnetic field superimposes
the LOS and reflected paths in an MPC.
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Fig. 4: Multipath propagation concept.

At the receiver side, the total received signal is received which can
distinguish between different paths using a different technique.
For measurement, the wideband channel sounder with high resolu-
tion is used to resolve each multipath component with different
propagation time delay. Different parameters should be investigat-
ed to fully understanding the wireless channel behavior in any
particular wireless communication system, which includes path
loss, power delay profile, and root mean square delay spread
(RMSD). The environment plays a crucial role in wireless channel
propagation that depends on several parameters such as the type of
environment, building structure and the rain rate in the environ-
ment.

2.6. Channel measurement techniques

Different channel measurements, similar to the narrowband and
wideband techniques, help in studying the Radio Frequency (RF)
channel, based on their bandwidth and channel delay spread. Nar-
rowband techniques measure the PL, narrowband fading and Dop-
pler spread. However, in this case, the received signal refers to the
vector summation of MPCs, without providing any quantitative
multipath data. For high signal bandwidth, wideband techniques
measure the time dispersion, PDP, and RMS-DS. Wideband tech-
niques use channel sounders for resolving MPCs and measure the
propagation delay parameters. The bandwidth signal increases the
symbol rate, indicating that the channel was frequency-selective;
hence, the time delay spread cannot be neglected [20]. In this
work, a wideband signal correlation sounder system is used to
measure the 5G channel at 28 GHz. A hardwired signal between
Tx and Rx is unnecessary in this case because the signal contains a
rubidium synchronizations clock that synchronizes the Tx and Rx
wideband signal at 28 GHz.

2.7. Related work

In this section, previous studies carried out at the 28 GHz spectra
are reviewed.

Zhao et al. (2013) [21], presented the reflection coefficients and
penetration losses using a 28 GHz millimeter wave (mm-wave)
system for conventional building materials, like tinted glass, clear
glass, brick, concrete, and drywall in New York (NYU) City. They
implemented the 400 Mega chips per second (Mcps) sliding corre-
late channel sounder and steerable horn antennas (24.5 dBi) for
designing the mobile devices, with adaptive antennas. The outdoor
building materials showed a maximal reflection coefficient of
0.896 for tinted glass, compared to the less-reflective indoor build-
ing materials. The researchers noted that the penetration loss de-
pended on the number of obstructions, the distance between the
Transmitter (Tx) and Receiver (Rx), and the surrounding envi-
ronment. The interior office walls showed the highest penetration
loss of 45.1 dB, as the Tx-Rx distance was 11.39 m.

Azar et al. (2013)[22], used the 400 Mcps channel sounder with
directional horn antennas for measuring the characteristics for the
mm-wave systems in urban environments. They conducted 28
GHz outdoor propagation measurements in Manhattan, for 3 base
stations and 75 receiver locations, over a distance of 500 m. They
measured the Path Loss (PL) as the function of the Tx-Rx dis-
tance, angular distribution of the received power using directional

antennas (24.5 dBi), and power delay profiles (PDPs) in NYU
City. They observed many resolvable multipath components in
NLOS and LOS environments, with a multipath excess delay
spread (20 dB) of 1388.4 ns and 753.5 ns, respectively. The di-
verse spatial channels indicated that the mm-wave systems with
electrically-steerable antennas could exploit the resolvable multi-
path components for creating viable links for the cell sizes of 200
m.

In a separate study, Samimi et al. (2013)[23], measured the propa-
gation values at 28 GHz in New York City, using 4 Tx and 83 Rx
locations, at 500 m. They used a 400 Mcps channel sounder with
steerable 24.5 dBi horn antennas for the Tx and Rx for measuring
the angular distribution of the multipath power for various propa-
gation distances and urban settings. They studied the small-scale
fading of the closely-spaced PDPs at half-wavelength (5.35 mm)
increments and a small-scale linear track (10 wavelengths, or 107
mm) at 2 Rx locations. In this study, they proposed a novel lobe
modelling technique for creating a statistical channel model for
the lobe PL and shadow fading. The researchers noted that the
urban environment in NYU City has a multipath-rich environ-
ment, which used highly-directional steerable horn antennas. An
average of 2.5 signal lobes existed at any Rx location, wherein
every lobe showed a total angle spread of 40.3° and an RMS angle
spread of 7.8°.

Rappaport et al. (2013) [24], stated that bandwidth shortage affect-
ing wireless carriers led to the investigation of the mm-wave spec-
tra for future cellular networks. Here, the researchers exploited
novel mm- wave cellular systems, methodologies and hardware.
Various measurements values indicated that the 28 and 38 GHz
frequencies could be used when they employed steerable direc-
tional antennas at the base stations and mobile devices.

In another study, Sulyman et al. (2014)[25], used the mm-wave
spectra for determining the empirical PL models, based on an
arbitrary pointing angle of directional antennas. According to the
network simulations, 3- times more base stations were needed for
accommodating the 5G network (cell radii up to 200 m) compared
to the 3G and 4G systems (cell radii of 500 m-1 km). However,
when they pointed the antennas in the base station and mobile
direction, the coverage range improved, with no interference,
which reduced the number of 5G base stations. The researchers
noted a 20-times higher capacity for random pointing angles,
compared to the 4G Long Term Evolution (LTE) networks, which
improved when they used beam-combining techniques and point-
ed the antennas in the strongest Tx and Rx directions.

Nie et al. (2014)[26], applied the mm-wave technique for analyz-
ing the signal outage at 28 and 73 GHz, using spread spectrum
sliding correlate channel sounders with high gain, directional
steerable antennas in NYU. They used 3 identical Tx locations for
the 28 and 73 GHz campaigns, whereas the 73 GHz campaign
included 2 novel Tx locations. The researchers tested 25 Rx loca-
tions for each of the 3 Tx locations in the 28 GHz campaign; and
27 receiver locations for the 5 Tx locations in the 73 GHz cam-
paign. In total, they tested 75 Tx- Rx location combinations at 28
GHz and 74 Tx-Rx combinations at 73 GHz, wherein the T-R
distance was up to 425 m. They also noted a maximal transmis-
sion power of 30 dBm at 28 GHz and 14.6 dBm at 73 GHz and
observed the estimated outage probabilities of 14% and 17% at 28
and 73 GHz, respectively, and 16% for the 73 GHz scenario.
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Akdeniz et al. (2014)[27], measured the values at 28 and 73 GHz
in New York, and developed spatial models, for channel parame-
ters, like PL, number of spatial clusters, angular dispersion, and
outage. These models were used for assessing the mm-wave mi-
cro- and Pico- networks in urban environments. They detected
strong signals at a distance between 100 and 200 m from potential
cell sites, even in the NLOS environments, using multiple clusters
that supported spatial multiplexing. The researchers concluded
that the mm-waves showed a higher capacity than the 4G net-
works, without increasing the cell density from the urban deploy-
ment.

On the other hand, Deng et al. (2014)[28], used the wideband mm-
wave and a 400-750 Mcps sliding correlate channel sounder, with
steerable directional horn antennas, present at the Tx and Rx ends
for measuring the mm-wave channels in New York. The NYU
WIRELESS research Centre, i.e., NYUSIM, carried out several
propagation measurement campaigns in indoor and outdoor envi-
ronments at the 28 and 73 GHz bands, which helped in develop-
ing directional and omnidirectional PL models, presented in
the study. This study presented the values for the directional PL,
omnidirectional PL and RMS delay spread, which could help in
developing and standardising the novel mm-wave wireless net-
works.

Sun et al. (2016)[29], used the mm-wave for the urban micro-
cellular and indoor office scenarios, at 28 GHz and 73 GHz, and
investigated different PL models, i.e., a single frequency Floating-
Intercept (FI) model, single-frequency Close-In (Cl) free space
reference distance model, multi-frequency Alpha-Beta-Gamma
(ABG) model, multi-frequency ClI model, and multi-frequency CI
model with a Frequency-weighted PL exponent (CIF), in the LOS
and NLOS environments. The researchers noted that the CI and
CIF models offered better estimation and stable frequencies and
distances, which showed a good physical basis and low computa-
tional complexity, compared to the FI and ABG models. Also, the
PL in an external scenario showed low dependence on frequency,
while the PL increased with frequency and free space PL in indoor
environments. The Cl model was better for outdoor environments,
whereas the CIF model was better for indoor modelling. This
study indicated that the CI and CIF models used fewer parameters
and offered better closed-form expressions, without compromising
the model accuracy, compared to the 3GPP and WINNER PL
models.

According to Kim et al. (2016)[30], many studies used highly
directive antennas or beam forming processes, with large array
antennas for establishing a reliable link between the Tx and Rx,
for overcoming the PL on the high-frequency bands. The re-
searchers introduced an outdoor channel measurement, which used
the directional horn antenna in the 28 GHz frequency band, in
low-rise and high-rise Korean environments. The researchers de-
rived empirical models for extracting RMSDS and the angular
spread of arrival corresponding to the beam width of the antenna,
for studying the multipath characteristics.

Al-Samman et al. (2016)[31], described time dispersion parame-
ters and PL models for candidate frequencies > 6 GHz including
28 GHz for the closed outdoor environment. They compared the
single- frequency and multi-frequency schemes of the CI, FI and
ABG models. The researchers proposed a novel PL model which
accounted for Frequency Attenuation (FA) with distance, called
the FA-PL model. Here, the researchers introduced a frequency-
dependent attenuation factor, XF(f), which added the CI reference
attenuation. They carried out ultra-wideband measurements for
various frequencies (between 10 and 40 GHz) for the LOS and
NLOS scenarios. The researchers estimated the RMSDS, mean
excess delay and maximal excess delay.

Junghoon et al. (2016)[32], introduced a novel channel measure-
ment system, with time synchronization, i.e., a sliding correlate
channel sounder, which used 250 Mcps PRN sequences. This
system helped in observing the behavior of 28 GHz wave propaga-
tion and formed novel narrow beams in specific directions (classi-
cal narrow beam-forming). This synchronized system analyzed the
wideband channel characteristics. The researchers also carried out

outdoor channel measurements for foliage effects, signal outage,
PL and outdoor-to- indoor conditions. They interpreted the spatial
channel modelling for Omni-like values with temporal characteris-
tics after analyzing channel modelling parameters, like RMSDS, a
number of clusters, excess delay, PDP, and angular spread. The
results showed that the average cluster number was 2.41 + 1.44.
The average RMSDS was 36.06 + 46.73 ns whereas the mean
RMS azimuth spread for the angle of departure and arrival were
6.65° and 24.04°, respectively.

Rajagopalan and Hoffman (2016)[33], used a statistical model for
simulating an urban environment with diverse building distribu-
tions for studying the mm-wave spectra propagation in urban envi-
ronments. Extensive simulations were conducted for analyzing the
PL behavior for LOS and NLOS conditions in 28 GHz and 73
GHz mm-wave frequencies. The PL showed a logarithmic fit for
the LOS and NLOS environments. Their simulations showed that
the omnidirectional free space PL is ~ 30 dB higher for the mm-
wave than the existing 3GPP cellular systems. The researchers
proposed using highly-directional horn antennas with beam for-
mation for decreasing the PL.

In a study by Naderpour et al. (2016)[34], they investigated the
channel sounding in a campus street canyon at 15, 28 and 60 GHz
in backhaul scenarios and noted that the PL exponent is close to
the free space in LOS, while an additional 5-30 dB loss was seen
in NLOS. Furthermore, an azimuth and delay spread < 25° and 30
ns were seen, which decreased with an increasing Tx-Rx distance.
The results showed the highest spread values at 28 GHz, especial-
ly for long Tx-Rx links, were due to the presence/ absence of ve-
hicles, and the Tx/Rx antenna heights.

Wang et al. (2016)[35], used a ray tracing method for simulating
the outdoor characteristics at 28 GHz, determining the PL in LOS
and NLOS conditions and compared all results with the 2.6 GHz
band. Their results indicated that the PL at 28 GHz was =~ 20dB in
both LOS and NLOS. Compared to the 2.6GHz band, the 28 GHz
band showed a smaller delay spread, indicating that it suppressed
the inter-symbol interference and offered high transmission rates.
Tuan et al. (2016)[36], applied an advanced design Ptolemy sys-
tem simulator for RF circuits and a ray tracing simulator for an-
tenna propagation, and compared the performance of the mm-
wave beam forming system with a 28 GHz band with different
Half-Power Beam Width (HPBW) values (5°, 10°, and 20°) of the
base station antennas in an outdoor-to-indoor propagation case.
They analyzed the simulation results for the delay spread, PDP,
frequency response, and Error Vector Magnitude (EVM). They
stated that the EVM of 5° HPB is better than the 10° and 20°
HPBW, while the LOS position showed a better EVM than -23
dB, while the direct signals were blocked by concrete pillars or
walls for the NLOS conditions. Due to multiple reflections and
beam steering, the received signal showed an EVM better than -15
dB.

Lee et al. (2016) [37], investigated the application of the Interna-
tional Telecommunication Union — Recommendation (ITU-R) PL
models to the mm-wave bands. They focused on the NLOS condi-
tions (urban street canyon environments, where the radio waves
propagated along the street roads, while the building corners were
obstructive). For this purpose, they compared the values at 28
GHz in Seoul to two ITU-R PL models, i.e., the ITU-R P.1411
Street Canyon NLOS PL model and the ITU-R M.2135 Urban
Microcell (UMi) Manhattan- grid NLOS PL model. They noted
that the predictive values of the original ITU-R models deviated
from the 28 GHz data. However, they modified a few parameters
in the ITU-R P.1411 model and generated better predictions,
which were in line with the calculated data. Hence, without modi-
fying the parameter values, the existing ITU-R P.1411 model
could be applied to the 28 GHz model.

Hur et al. (2016)[38], compared the values derived from a spheri-
cal 28 GHz channel sounder system, implemented in the urban
street-canyon environments of Daejeon, Korea and the NYU cam-
pus, Manhattan, using ray-tracing simulations. As these scanning
measurements were costly and time-intensive, a relatively small
number of channel samples were obtained, which were used for
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quantifying the ray-tracer accuracy and deriving multiple values
for filling the measurement gaps. The researchers presented a set
of mm-wave radio propagation parameters based on the values
and ray-tracing. The resultant channel model, based on the 3GPP
Spatial Channel Model (SCM) methodology, was also described.
In another study, Yan et al. (2016)[39], conducted 28 GHz and 73
GHz outdoor campaigns at NYU University and the 38 GHz and
60 GHz outdoor measurement campaigns at the University of
Texas, Austin (UTA) in this study. They included the measure-
ment parameter list, measurement environment description, and
measurement results for every campaign, and provided the esti-
mated PL data and map coordinates.

Tang et al. (2017) [40], determined the mm-wave channel charac-
teristics, in an UMi communication scenario at 28 GHz. The re-
searchers analyzed the path number, RMSDS and the mean excess
delay. They noted that the path number showed a normal distribu-
tion fit, while the RMSDS and mean excess delay showed a good
Lognormal distribution fit. They compared these values with other
methods and discussed the effect of distance on the path number.
Park et al. (2017)[41], used an mm-wave channel measurement
system for investigating the Vehicle-to- Vehicle (V2V) environ-
ment at 28 GHz, by installing an omnidirectional antenna for de-
termining the PL and a steerable directional antenna for the multi-
path characteristics on the Rx side. The campaigns were conduct-
ed in open areas for understanding the blockage effects of the
vehicles. They analysed the blockage loss characteristics with
regards to the different Rx positions and measured the delay and
angular spreads, using a correlogram-based multipath component
extraction algorithm.

Khatun et al. (2017)[42], presented the simulation results of vari-
ous 3-D statistical channel models for the mm-wave NLOS com-
munication in Boise. They simulated the power lobe angle of arri-
val/angle of departure (AOA/AOD) spectra, PDPs, and the PL
models for the 28 GHz and 73 GHz bands. They described the
directional and omnidirectional PL models for a random sample of
10-500 m distances. The PL models with the 28 GHz and 73 GHz
omnidirectional transmissions showed a similar exponential value.
Also, the researchers believed that by 2020, the 28 GHz and 73
GHz frequency bands would be used in 5G technology for im-
proving the data rates and spectral efficiency.

Bas et al. (2017)[43], summarised the results from the 3, 28 GHz
channel measurement campaigns, i.e., microcellular in a residen-
tial area, stationarity region and a dynamic scattering in urban
environments, which were carried out using a real-time channel
sounder, which performed directionally-resolved channel meas-
urements in dynamic environments.

Zhong et al. (2017)[44], used a channel sounder system with om-
nidirectional antennas and high gain power amplifiers for analys-
ing the propagation characteristics at 28 GHz and 38.6 GHz. The
base station, height-dependent, PL model was derived after chan-
nel measurement in NLOS urban outdoor scenarios. They com-
pared the PL models at 28 and 38.6 GHz with the PL model at 3.5
GHz and also compared the PL model with the 3GPP 38.900
model and noted that since the 3GPP had a low PL, it overestimat-
ed the system performance.

Azhari et al. (2017)[45], in a separate study, proposed various
propagation models for approximating the network’s coverage in
the areas near Malaysian roads, which were on flat and elevated
topographies. The researchers conducted simulation studies for
determining the effect of the topography gradient on the PL for
different mm-wave bands, using the 3 outdoor PL models, i.e., the
Cl, Fl and ABG models. They investigated 5 mm-wave frequency
bands at 28, 32, 38, 46 and 73 GHz, with different gradients and
LOS scenarios. Their PL computation, based on the selected mod-
els, showed that the topography elevation along the roads caused a
< 2 dB deviation than the flat terrain values. However, the model
selection affected the precision of the PL model.

Zhou et al. (2017)[46], described a 28 GHz PL model based on the
values of the channel measurement campaigns with rotating plat-
forms and directional antennas in indoor and outdoor environ-
ments. They noted that the Tx and Rx cover a large range of an-

gles in the azimuth and elevation planes for determining the major
propagation paths and measuring burden. With increasing cluster
numbers, the PL Exponents (PLEs) increased, while the shadow
factors showed an increasing tendency. All clusters showed a low
PLE due to their multi propagation paths, while the narrow and
long corridors showed a low LOS PLEs compared to the office.
Their model considered the cluster characteristics and combined
the directional and omnidirectional models within one framework,
which improved the 5G model.

Wei et al. (2017)[47], used a ray tracing simulator for analyzing
the channel characteristics in the radio wave propagating envi-
ronment. Here, the researchers calibrated the reflection coeffi-
cients of the ray-tracing simulator, based on the values measured
in the NYU Manhattan campus at 28 GHz, and also optimized the
dielectric constant and loss tangent parameters.

Han et al. (2017)[48], presented the wideband channel characteris-
tics of 28 GHz in an UMi scenario in Beijing. They conducted the
omnidirectional-antenna and horn-antenna-based measurements
for 800 MHz They determined the shadow fading (¢SF) and com-
pared the value to the standard protocol. Unlike the conventional
techniques, the oSF was calculated for every value in the single
routes. The standard model largely overestimated the SF of the
frequency band in the LOS and NLOS environments. Additional-
ly, the researchers determined the 3D data using the Space Alter-
nating Generalized Expectation-maximization (SAGE) algorithm
and estimated the Angle Spread of Arrival (ASA) and Angle
Spread of Departure (ASD) at various rotation sites. They noted
that the parameter space dimension used in a clustering algorithm
affected the results of the recognizable multipath.

Hindia et al. (2017) [49], stated that a majority of the existing
channel models could not be applied directly to mm-wave systems
due to different band characteristics. Here, the researchers pro-
posed a novel PL model for various mm-wave bands and present-
ed popular channel models and their authentication for the outdoor
environments using the 26, 28, 36, and 38 GHz bands. They
measured the outdoor LOS and NLOS scenarios at a distance with
a separation distance of 114 m between the Tx and Rx antenna
locations for comparing the popular and novel PL models. The
outdoor channel characterization and modelling were conducted in
Malaysian tropical environments, and the results of the models
were tested for the single- and multi-frequency schemes. Their
proposed model was accurate and straightforward regarding fre-
quency and environment signal attenuation. The PL exponent
values were 1.54 and 3.05 for the 20 GHz and 30 GHz bands,
respectively.

Lodro et al. (2018)[50], simulated a statistical channel model for
the 5G systems, using the statistical channel modelling software,
developed by NYUSIM. This simulator handled a wideband of
carrier frequencies from 500 MHz-100 GHz for different envi-
ronments like the UM, urban macro cell and rural macro cell. It
also supported the RF bandwidth from 0-800 MHz, which made it
suitable for statistical channel modelling of the 5G systems. Here,
the researchers used the operating carrier frequency of 28 GHz
and an UMi performance in LOS, based on the directional, omni-
directional and small-scale PDPs.

Jarndal and Alnajjar (2018)[51], proposed an efficient mm-wave
propagation model, which displayed better reliability and accuracy
for simulating the environment, unlike the popular 2-ray and sta-
tistical models. The researchers used the diffraction theory for
calculating the multi-reflection—diffraction signals received for the
linear and circular polarization. They also derived mathematical
formulae for each ray contribution with regards to the building
dimensions and distances between the building, mobile and Tx.
This model was used for evaluating the performance of the com-
munication systems at 28 and 73 GHz, using the signal fading
characteristics and PDP.

Junghoon et al. (2018)[52], conducted 28 GHz outdoor NLOS
channel measurements in Pyeongchang, using a synchronous
channel sounder system. This model helped in deriving the chan-
nel parameters like PL, delay distribution and spread, and the an-
gle distributions and spread. This analysis offered better statistics
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for the 28 GHz Omnidirectional channel model. Additional meas-
urement campaigns and analyses have to be performed for deriv-
ing a better channel model at 28 GHz.

Lee et al. (2018)[53], studied the channel characteristics and cell
coverage of the 28 GHz mm-wave band by developing a 3D ray
tracing simulation. They verified the simulation accuracy by com-
paring the results with actual measurements. They noted a similar
PL in the LOS and NLOS regions, while the shadowing factor was
different in the NLOS regions. They carried out simulations in
downtown Gangnam, a high-rise urban area in Seoul, South Ko-
rea. They compared the results derived from the simulated 300
base stations operating in a 900 MHz LTE band. The LOS regions
showed that the PL of 28 GHz was 30 dB higher due to the free-
space PL gaps, while the PL varied in the NLOS regions because
of multipath fading. They also determined the outage probability
for understanding the validity of mm-wave cell deployment and
coverage for the UMi environments. Lee et al. (2018)[54], studied
the propagation of PL characteristics related to the application of
high-gain directional beam forming in the mm-wave process, us-
ing two aspects. The first aspect involved the beam width effects.
Due to the multipath nature of the mobile environments, it was
believed that a narrower beam width antenna could capture few
multipath signals and increase the directivity gain. The researchers
normalized the directivity gain and noted that the narrow beam
width reception incurred an additional PL compared to the omni-
directional-antenna power reception. They collected the data for
28 GHz and 38 GHz in urban regions and noted that this addition-
al propagation PL was a function of the HPBW. They also ob-
served that significant PL occurred due to a small angle misalign-
ment.

Karttunen et al. (2018)[55], parameterized an excess loss-based
MPC cross-Polarization Ratio (XPR) model in indoor and outdoor
environments for frequency bands > 6 GHz. They carried out
measurement campaigns at 28 GHz. They stated that the conven-
tional MPC-XPR model, which assumed a constant mean value,
did not fit their data and overestimated the depolarization effect.
They noted that the MPC-XPR was inversely proportional to the
excess loss in the free-space PL. This model was better since a
high excess loss led to more lossy interactions or an increased
interaction with objects, leading to higher depolarization. The
MPC XPR was not frequency or environment-dependent and
showed a 0 dB excess loss and a mean XPR of 28 dB. This model
can be applied to the current models for producing more realistic
MPC XPRs for a 6-GHz radio link.

Sheikh and Lempiainen (2018)[56] carried out a multidimensional
analysis of the multipath propagation in indoor and outdoor envi-
ronments at high frequencies, i.e., 15 GHz, 28 GHz and 60 GHz,
using 3D ray tracing tool in Yokosuka, Japan. Their 3D ray trac-
ing tool provided the data for the received signal strength, power
angular spectrum and PDP. Their simulation results indicated a
propagation difference in indoor and outdoor environments at high
frequencies and highlighted the diffuse scattering effects at 28 and
60 GHz. In simple outdoor UMi environments, the researchers
noted a LOS connection between the Tx and Rx, where the aver-
age received signal at 28 GHz and 60 GHz was 5.7 dB and 13 dB
less than the signal at 15 GHz. These differences, in the received
signals at higher frequencies, were extended in indoor environ-
ments due to high building penetration loss. However, this propa-
gation and penetration loss at higher frequency was compensated
by using an antenna with a narrow beam width and a large gain.

Table 1: Comparison of Channel Characteristics Path Loss Model Approaches for WB Systems

Researchers Approach PL Model Remark
Hinidia 2017 narrow band system LOS model _for the outdoor tropi- Fl and ABG are compared for individual Experiments carried out by the re-
and NOLS cal region 5 "
searchers in outdoor urban Environment. These
This paper presents simulation studies on the impact of topography gradient
towards PL for different millimeter wave frequency bands based on available
Simulation outdoor wide- Comparison between ABG, outdoor PL models. Three outdoor PL models were compared, namely close-
Azhari 2017 Cland FI PL models at 28 in (CI) free space reference distance model, floating intercept model (F1), as

Al-samman 2016

band system LOS and 73 GHz,

well as alpha-beta- gamma (ABG) model. Five-millimeter frequency bands at
28, 32, 38, 46 and 73 GHz with different gradients and line-of-sight (LOS)
scenarios were investigated in the simulation.

This paper presents path loss models and time dispersion parameters for dif-
ferent candidate frequencies above 6 GHz for fifth-generation (5G) wireless
communications. Three well- known path loss models are compared for sin-
gle- frequency and multi-frequency schemes: the close-in (CI) free space
reference distance model, the floating intercept model (FI), and the alpha-
beta-gamma (ABG) model. This paper also proposes a new path loss model to
account for frequency attenuation (FA) with distance,

To investigated the propaga-
tion characteristics of mm-w
5G the PL and Time disper-

sion ClI, FI, ABG.

Measurement outdoor
wideband system LOS

2.8. Research gap

The previous works in tropical region (Table 2) have shown that
the wideband channel characterization for outdoor environment in
Malaysia at 28 GHz is limited. This proposal will cover this field
by studying the radio wave propagation at 28 GHz in tropical
region, e.g. Malaysia. It will be devoted to the work of measuring,
characterizing and modelling wideband channels for 5G wireless
communications at 28 GHz band. Extensive wideband channel
measurement campaigns will conduct, to cover outdoor environ-
ment in line-of-sight and non-line-of-sight scenarios. The post
processing will be performed using SystemVue and Matlab soft-
ware to extract the power delay profile, path loss, angle of arrival
AOA and root mean square delay spread for every considered
scenario to characterize the 5G channel. Due to heavy rain in trop-
ical region, i.e. Malaysia, the wireless channel at high frequency
band needs to more investigation in high rain rate region. This
work will conduct measurement campaigns with different rain rate
to investigate the signal degradation, power delay profile and de-
lay spread with rain and compare it with clear air. To make more
reliable and easier 5G-channel characterization, the powerful
propagation simulation, Wireless In Site software will use to study

and investigate all 5G channel parameters and compare the simu-
lation results with the measurement results. Based on measure-
ment and simulation results, this work will develop the general
model for 5G channel in Malaysia at 28 GHz band for 5G system.

3. Methodology

3.1. Introduction

In this Chapter, Section 3.2 describes the general framework for
this proposal and Section 3.3 presents the research methodology.
Sections 3.4 and 3.5 describe the measurement equipment and
environment, respectively. The WI software discussion is present-
ed in Section 3.6, followed by presenting the channel parameters
in Section 3.7.

3.2. General framework

The general framework for this work is shown in Figure 5. It in-
cludes all the steps that will be. Used in this study
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Fig. 6: Research framework.
3.3. Research methodology

This section presents the methodology used in performing this
work that consisted of three phases as shown in Figure 4 (a), Fig-
ure 5 (b) and Figure 6 (c). The channel measurement and envi-
ronment setup were conducted based on Phase (a). Phase (b) rep-
resented the data collection, post-processing, channel characteriza-
tions parameters and data analysis. The proposed prediction model
for the 5G channel at 28 GHz in the tropical region was performed
in Phase (c). This phase included the 5G channel model using
Wireless In Site (WI) software and the comparison with the real
measurements and the previous models from different research
areas.

Phase (a)
Channel Measurements
1GHz BW 28GHz Carrier Frequency

LOS NLOS

I

Without
Rain

Fig. 7: Flow chart of research methodology - Phase (A).

—
Phase (b
Collected Data from Different
‘Test bed Environments.

Post processing.

Using SystemVue and Matlab
software

5G Channel model
Parameters

AOD
AOA

30

Fig. 8: Flow chart of research methodology - Phase (B).

Phase (c)
Proposed Predication Model
For 5G Channel at 28GHz

Validate Proposed Model

Compare with real
Measurements and
Previous Models

Using Wireless InSite
Software (WI)

Fig. 9: Flow Chart of Research Methodology - Phase (C).
3.4. Measurement equipment

In this work, a wideband channel sounder system (CSS) was used
to conduct the measurement. The measurement equipment is
shown in Figure 10. CSS Tx consisted of an Arbitrary Waveform
Generator (AWG) (M8190A), up-converter (E8267D) and rubidi-
um clock (FS725). M8190A generated the wideband differential
In-phase Quadrature (1Q), i.e., Arbitrary Waveform Channel
Sounding (AWCS) signals, which provided 1 ns multipath resolu-
tion from a 1000 Mcps Pseudo Random Binary Sequence (PRBS).
E8267D up- converted the 1Q into RF (up to 40 GHz), and its
output was adjusted by E8267D’s Automatic Line Controller
(ALC) circuit. FS725 synchronized the Tx and Rx, with a 10 MHz

reference (< Ie'11 accuracy; < 3e'11 stability) [31]. The signals
were derived from FS725 or 33500B Function Generation. The
AWCS Chip Rate was 1000 Mcps, which generated an AWCS
signal of | GHz. Tx antennas were placed at a 1.7 m height for
emulating the hotspot location, while Rx was placed at the height
of 1.5m.

M9362AD01 Rx down-converted the RF (up to 40 GHz) to an
Intermediate Frequency

(IF) that was amplified by M9352A and acquired by a 12-bit
M9703A digitizer with a 1 GHz bandwidth. EXG N5173B Ana-
logue signal was the Local Oscillator (LO) of M9362A-DO01,
while M9300A was a Frequency Reference mode, with external
10 and 100 MHz references. Rx FS725 offered a 10 MHz refer-
ence, and the signal was loaded by a 33500B. Horn and Omni
direction antennas were used for this work.

Channel Sounding Solution for 5G SISO upto 40GHz
Tx side Rx side
v\/
-

Monitor

signal generator
i waveform

Rubidum clock

Digitizer
Down convertor
to 40GHz

Local Oscillator

Fig. 11: 5G channel sounder system (CSS).

Table 3: CSS-SISO Components for MM-Waves > 6 GHZ
System
part
AWG M8190A Tx

PGS E8267D Tx

Component Description

Ultra-wideband AWG sounding signal

5G band (> 6 GHz) signal generator, as Up-
converter

5G (> 6 GHz) signal generator, as LO for
down-converter

5G band (> 6 GHz) down-converter, interme-

EXGN5173B  Rx
PXIM9362A, Rx
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M9352A and diate frequency amplifier and 100 MHz refer-
M9300A ences to M9703A

AXI M9505A Rx s"}\t;,;IndEband 8-channel digitizer for CSS acqui-
FWG 335008 Tx & RX ;/i\é;v;form generator for acquisition triggering

Rubidium clock for Tx-Rx synchronization. 10
MHz reference offers a 1 pps I/0 with GPS
synchronization so that Tx and Rx share a GPS
standard time

FS725 Tx & Rx

3.5. Measurement environments

The measurement was carried out at different outdoor environ-
ments at the UTM KL campus with the following scenarios:
Scenario 1: Dense LOS without rain. Scenario 2: Open
LOS/NLOS without rain. Scenario 3: LOS with rain.

One of the test bed environments for the LOS scenario is shown in
Figure 12.

W >< LOS
R>c LOS

LEVEL 1

| RA= A<

I NMIENIARA

SRAND FLOOR=

) = e

Fig. 13: Measurement environment with A fixed Tx location at 5 M height
and different Rx locations with 1.5 height of Rx antenna.

Some of the measurements were conducted in the LOS scenario as
shown in Figure 14. The measurements were accrued from the
outdoor environment at UTM KL campus. The Tx was fixed with
a 5 m antenna height, and the horn antenna was used with a gain
of 11.6 dB. The power amplifier was also used with a gain of 24.5
dB. The transmitted power was set to 25 dBm. At the Rx, the horn
antenna was used with a gain of 11.6 dB. Moreover, to receive the
weak signal from a multipath and far distance, the low noise am-
plifier (LNA) was used with a gain of 39 dB. The Rx locations are
shown in Fig. 3.4. The Rx locations with 3D Tx- Rx separation
distance are listed in Table 4

Table 5: Tx-Rx Locations and Distance.

Rx Location 3D Tx-Rx separation distance
Rx 1 245 m
Rx 2 22m
Rx 3 17m
Rx 4 16.5m
Rx 5 20m
Rx 6 30m
Rx 7 40m
Rx 8 45m
Rx 9 50 m
Rx 10 60 m
Rx 11 70m

3.6. Wireless in site software

WI is a simulation tool used to predict the effect of terrain/ build-
ings on wave propagation and signal strength. WI models the ter-
rain/ building characteristics used to calculate wave propagation
and evaluate the signal characteristics. This was achieved through
the following steps:
e ldentify System Parameters

Define the parameters for the system such as Antenna specifica-
tion, Frequency, Waveform, Bandwidth.

e  Build system Environment
Build the system Environment and import the environment plan
followed by setting the Tx and Rx locations.

e Run Simulation
Before running the simulation, the following parameters need to
be defined such as path gain and path loss, Propagation delay,
power delay profile and Angle of Arrival.

3.7. 5G channel model parameters

The following parameters were used to investigate PL as a wire-
less channel characteristic.

e Path Loss
PL represents the inverse of path gain, i.e., amount of signal re-
ceived. In any narrowband system, PL refers to the decay amount
of received power at a specific frequency. For the wideband sys-
tem, the PL was derived from PDPs by aggregating the MPCs.

e  Power Delay Profile
The PDP helps in extracting other parameters such as RMSDS,
propagation time delay, number of MPCs.

e RMSDS
The delay characteristics show the distribution of the power rela-
tive to the first arriving component. These characteristics are typi-
cally quantified regarding root mean square delay spread (RMSD).
The RMSD represents the standard deviation value of the delay of
reflections and weighted proportionally to the energy in the re-
flected waves.

e Rain Attenuation
During rainfall, the mm-waves from Tx to Rx get absorbed, scat-
tered, depolarized, and diffracted affecting the mm-wave propaga-
tion regarding the attenuation loss, number of PDP multipath pro-
file and their delay.

4. Preliminary results

4.1. Introduction

In this chapter, the preliminary results are presented. The initial
results for path loss models, PDPs, MPCs and RMSDS are also
discussed.

4.2. Measurement campaign

The measurements were conducted along the road at the back of
the Menara Tun Razak Building at the Universiti Teknologi Ma-
laysia (UTM) campus, Kuala Lumpur, Malaysia. The Menara Tun
Razak Building is a 17-story building with discussion rooms and

faculty offices. The Tx antenna was fixed on the an floor with a
height of 5 m from the ground. Two high directional horn anten-
nas were used at Tx and Rx with half power beam width (HPBW)

of 39°. The measurement details and figures were previously dis-
cussed in Chapter 3 Section 3.5. In the Rx side, some cars were
parked beside the road as shown in Figure 15in Chapter 3. The

rotator was used at the RX side to rotate the Rx antenna 360° with

a 45° step to collect all paths from all directions. This setup was
used to emulate the omnidirectional antenna or beam forming
technique. In this initial result, the findings were calculated based
on the omnidirectional antenna emulator. More investigations
based on the beam forming emulator should be undertaken in fu-
ture.

4.3. Preliminary findings

The path-loss, power delay profile and root mean square (RMS)
delay spread analysis were calculated and analyzed. The path loss
models, PDP, MPCs and RMS delay spread results and analysis,
are discussed in the following subsections.
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4.4. Path loss models, results and analysis

In this study, different path loss models were used to investigate
the path loss at 28 GHz for the 5G system. The close-in (ClI) free
space path loss model is a physically based model that uses the
free space path loss (FSPL) at 1 m as the reference point to esti-
mate the path loss at different distances and spatial locations. The
Cl model can be calculated as [57]:

P,E1(f,d)[dB] = B, (f.dg) + 10nlog;, (<) + X, 4.2)

Where 2,(f,d) is the path loss at different frequencies with vari-
ous Tx-Rx separation distances; n is the path-loss exponent (PLE),
P,(f.d,) is the path loss in dB at a close-in (CI) distance, do, of 1
m, and X, is a zero-mean Gaussian-distributed random variable

with standard deviation o dB (shadowing effect) [58]. The PLE
and minimum standard deviation are derived by the minimum
mean square error (MMSE).

Figure 9 shows the scatter plots of the path loss and the CI model
for the LOS scenario at 28 GHz. It is shown that the path loss
increases as the separation distance increases. The PLE value of
2.9 is found to be more than those of the theoretical free space
PLE (n = 2). For the CI model fit as shown in Figure 9, it is noted
that the Cl model does not fit the measurement data. Hence, the
standard deviation value o is large (21.9 dB).

To make the CI physical based model feasible for this measure-
ment, the modified ClI model was proposed with a breakpoint.
This proposed model is termed as the close in breakpoint (CIB)
model, defined in Eq. 2:

. FSPL(f,dy) + 10n, log,, {:—D] +X,,d<bp
P.CB(f, d)[dB] = -
FSPL(f,dy) + 10, log,, (d—n) +X,d> b‘p(4 2

Where, n1 and n2 represent the PLEs value for measurement data
before and after breakpoint (bp), respectively. Figure 10 shows the
path loss and the CIB model. It can be seen that the CIB path loss
model fits the measurement data with PLEs of 0.9 and 3.9 before
and after bp (25 m), respectively and the standard deviation values
are 1.4 and 5.2 dB for a distance below and above 25 m, respec-
tively. The results from the CIB path loss model indicate that the
signal degradation is low until 25 m, then rapid fluctuation in the
received signal after 25 m makes the signal drop high; referring to
the FSPL at 1 m.

140
Measurement
— = .Cl Model {(n=2.9,7=21.9 dB)
130 - ——FSPL n=2

Path Loss (dB)
\
1

15 20 25 30 35 40 45
Tx-Rx 3D distance (m)

Fig. 16: FSPL and CI (DO = 1 M) path-loss model for the LOS scenario.
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Fig. 17: CIB (DO = 1 M) Proposed Path-Loss Model for the LOS Scenario.
4.4.1. Power delay profile and delay spread analysis

The received power with different delay along the Tx-Rx separa-
tion distance is shown in Figure 11. For all spatial locations along
the road, most of the received power arrived at the early excess
delay (less than 20 ns). The maximum excess delay is less the 500
ns for all received paths with received power greater than -140
dBm. The received power greater than -80 dBm appears in the
directed path (LOS path) that represents the first path in the LOS
scenario for the distance less than 30 m. This implies that, when
the high directional antenna is used, most power falls in the LOS
path. For the MPCs with an excess delay less than 100 ns, the
received power in the first five Rx locations is more than -130
dBm. The Rx locations with a distance more than 30 m (Rx 6 to
Rx 11), the power is less than -120 dBm; many paths fall in the
excess delay of more than 100 ns.
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Fig. 18: Received power at different delays in all Tx-Rx separation dis-
tances considered for the LOS scenario.

The power delay profiles at some spatial locations are shown in
Figure 12, Figure 13 and Figure 14. Figure 12 shows the PDP at
the Rx 1 (d = 24.5 m). It can be seen that all MPCs received an
excess delay less than 50 ns with a power greater than -120 dBm.
The received MPCs at excess delay less than 5 ns have power
more than 95 dBm. The PDP at the Rx 5 is shown in Figure 13. It
can be seen that all MPCs are received in the excess delay less
than 100 ns with received power greater than -140 dBm. The
greatest power values are received in the first 5 MPCs with an
excess delay less than 5 ns and power greater than -80 dBm.

It is further noted from Figure 13 that most of the MPCs fall in the
excess delay range between 30 to 70 ns with received power more
than -110 dBm. Figure 12 and Figure 13 present the PDPs for Rx
1 and Rx 2 that have a distance less than a bp of 25 m. The PDPs
sample for the Rx location at a distance greater than bp is shown
in Figure 14. The PDP for Rx 9 at a distance of 50 m is shown in
Figure 14. Here it can be seen that the excess delay reaches until
400 ns; implying that many paths reach with a long propagation
time delay. The received power is low compared to the power of
Rx 1 and Rx 5. Maximum received power at this location is -143
dB. Moreover, it can be noticed that there was a misalignment of
LOS at a direct angle to the Rx, since there are some paths greater
than the first path.
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Fig. 19: PDP at Rx 1.
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Fig. 13: PDP at Rx 5.
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Fig. 14: PDP at Rx 9.

Power delay profiles (PDPs) for different Rx locations.

The RMSDS with Tx-Rx separation distance is shown in Figure
13. It can be seen that the delay spread for all locations less than
the proposed bp is less than 10 ns. This implies that most of the
MPCs fall in the early bins. For the Rx locations at the bp, it is
shown that the delay spread values are in the range between 25 ns
and 300 ns.

300
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150 |- 7 1
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100
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I'x-Rx 3D distance (m)

Fig. 15: RMS delay spread (RMSDS) for all Rx locations.
5. Conclusion

In this proposal, the relevant studies for 5G channel studies are
reviewed, along with presenting the problem statement and the
main aim of the study. The general framework including the
measurement and simulation set up were extensively discussed
along with presenting the preliminary results based on a number of
conducted measurements. The results of this work found that the
path loss, power delay profile (PDP), delay and angular spreads

from the measurements were found to provide the channel propa-
gation characteristics for 5G wireless networks. Accordingly, the
investigation of the rain effect will help to provide useful
knowledge and insight for 5G channel behavior with different rain
rates. This study successfully produced an accurate 5G channel
model for an outdoor environment, which is considered to ade-
quate for the challenges associated with 5G in tropical regions. To
validate the proposed model, extensive comparisons of the pro-
posed model, stochastic channel model (performed from meas-
urement and analysis), and simulation (using WI software) were
successfully performed. It is proposed that extensive 5G channel
measurements and analysis in mobile scenarios at outdoor envi-
ronments LOS/NLOS be investigated. Based on these measure-
ments and analysis the trend-based model for prediction should be
defined. It is proposed that the prediction method be modified
based on the comparison with previous models using measure-
ment and WI software.
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