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Abstract: In recent years, the use of massive multiple-input multiple-output (MIMO) systems
and higher frequency bands for next-generation urban rail transportation systems has emerged
as an intriguing research topic due to its potential to significantly increase network capacity by
utilizing available narrowband and broadband spectrums. In metro and mining applications, the
high-reliability wireless sensor network (WSN) plays a vital role in providing personal safety, channel
optimization, and improving operational performance. Through the duration of 1921–2023, this
paper provides the survey on the progress of fifth-generation (5G) and beyond-fifth-generation
(B5G) wireless communication systems in underground environments such as tunnels and mines,
the evolution of the earliest technologies, development in channel modeling for vehicle-to-vehicle
(V2V) communications, and realization of different wireless propagation channels in high-speed
train (HST) environments. In addition, the most recent advanced channel modeling methods are
examined, including the development of new algorithms and their use in intelligent transportation
systems (ITS); mathematical, analytical, and experimental techniques for propagation design; and
the significance of the radiation characteristics, antenna placing, and physical environment effect on
wireless communications. Leaky coaxial cable (LCX) and distributed antenna system (DAS) designs
are introduced in the demonstrated systems for improving the channel capacity of narrowband and
wideband channels as well as the spatial characteristics of various MIMO systems. The review article
concludes by figuring out open research directions for future technologies.

Keywords: long-term evolution for metro (LTE-M); leaky coaxial cable (LCX); massive multi-input
multi-output (MIMO) systems; vehicle-to-vehicle (V2V) communications; high-speed train (HST);
wireless sensor network (WSN); channel modeling

1. Introduction

Recently, the short-range wireless communication has gained popularity among the
underground communications community as an integral component of a strategy to in-
crease labor productivity and safety. Leaky coaxial cables (LCXs), which employ multipath
propagations, have recently emerged as a key tool for improving wireless local area net-
work (WLANs) capacity in communication-based train control (CBTC) systems, high-speed
trains, automatic highways, and underground conveyance applications [1,2]. The amount
of user traffic on mobile networks is dramatically rising as a result of the growing use of
smartphones, laptops, tablets, and countless other application services. The initial contribu-
tion to deploy the wireless technology in underground environment and tunnels belongs
to the 1920s [3]; however, the majority of this research lacked theoretical modeling and
depended exclusively on experimental data. Moreover, the given research was conducted
at a comparatively lower frequency band and only achieved a small number of objectives
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due to the frequently encountered path loss issues [4]. Therefore, the safety boards and
government authorities in North America and Europe in the 1960s and 1970s supported the
use of very high frequency-frequency modulation (VHFFM) moveable radio channels for
enhancing communications quality with underground workers due to safety concerns [3].
At very high frequency (VHF), the wireless system performance in underground carriage
tunnels and mines is found to be very poor because of the inner structure of propagating
medium and the waveguide effect. Although conventional antenna-based channels have
played a significant role in underground communications over the past five decades, they
are not flexible enough to accommodate recently developed technologies and wireless stan-
dards that offer much higher efficiency and better capabilities, such as integrated data and
voice. In the vehicle-to-vehicle (V2V) environment, the intelligent reconfigurable surface
(IRS) has recently gained a lot of attention and is emerging as a viable paradigm for beyond-
fifth-generation (B5G) communication systems [5]. IRS is a passive beamforming device
that uses an artificial programmable structure with multiple passive reflecting parts to
manipulate incident electromagnetic waves in desired directions. Due to the passive nature
of IRS, current studies mostly focus on IRS design with perfect channel state information
(CSI), which is challenging for channel acquisition [6]. Recent interest in the deployment of
next-generation intelligent transport systems (ITS) in underground tunnels has stemmed
from the potential to enhance the tunnel environment productivity and efficiency through
efficient voice communication, from a better approach towards the management of data
systems and automatic dispatch [7,8], from recent models for wireless personal area net-
work (WPAN) devices, and from short-distance millimeter-wave (mmWave)-based wireless
communication networks.

In the literature, numerous studies have been perceived to improve the data rates and
capacity of a channel for long-term evolution for metro (LTE-M) systems. Passengers need
to acquire the statistics of the train environment and location with the access of dynamical
applications via their mobile phones [9]. In underground tunnels, the electromagnetic ray
attenuation becomes crucial after many times of scattering and reflections from the walls, floor,
and ground when the conventional antenna systems are installed. The radiation characteristics
and antenna parameters have substantial effects on field coverage [10,11]. Radiated leaky
coaxial cables (LCX), generally known as the leaky feeders, were established in the late
1950s to prolong the transmission of VHF channels into relatively shorter underground
conveyance tunnels, and such structures can be mostly found in urban areas [12]. The
typical LCX is a linear slot-structured array with stable phase delays between the two
adjacent slots. These slots are thought to break into infinite metallic planes that have a
substantial impact on the electromagnetic field [13]. In recent years, radiating cables, which
operate in the ultra-high frequency range, have been widely used as a crucial component
of wireless communication channels in underground environments. Examples of such
applications include radio detection systems, distributed antenna systems for indoor
cellular environments, and wireless indoor positioning systems [14,15]. Consequently,
the development of optimal propagation model is a tough task. Compared to single-
input single-output (SISO) channels, the multiple-input multiple-output (MIMO), which
utilizes hundreds or even more antennas, has grasped immense attention recently due
to its potential of providing higher data rates. The MIMO system performance is greatly
sensitive to the LCX array orientation due to the lower angular spread induced by the
waveguide effect inside different tunnels. The separating distance between antennas and
the leaky cable has a reasonable impact on the outcome of the MIMO channel; thus, by
properly adjusting this distance and other factors, a reliable and stable performance can be
acquired, which is important for the underground radio communications.

1.1. Motivation and Contributions

All the aforementioned papers did not consider the modeling requirements of LCX
and distributed antenna system (DAS)–based massive MIMO channels in mine and tunnel
environments. In this review, we propose not only the latest technologies significance
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but also at the same time review the efficient developed models for channel propagation
in underground mines and tunnels. This could be an obstacle for readers who desire to
obtain expertise in this research field or intend to perceive more knowledge about wireless
communications. In this review, we propose a thorough guidance for the massive MIMO
system characteristics and different techniques to improve the channel capacity. More
precisely, the major objectives are as follows:

• LCX-based Enhanced Channel Performance and Classification: Our intention is to
bring earlier research into consideration, classify gaps and directions, and summarize
achievements. To assist researchers in determining of a specific study gain in their
upcoming research problems regarding wireless communication field, we first review
the LCX-based wireless communication incentives by comparing it with the traditional
communication techniques. Then, we look into the factors which have greater influ-
ence on channel performance such as antenna types, channel modeling schemes, the
tunnel or mine geometries, fading characteristics, Doppler effects, wave classification,
diffraction, reflection, different challenges to deal with antenna configurations, etc.

• Massive MIMO Channel Modeling and Challenges: To meet the need for service
stability and enhancement, we summarize the important aspects of massive MIMO
channels and latest developments of channel modeling schemes in V2V and high-
speed train (HST) scenarios. After examining the conventional, LCX, and IRS-based
mmWave MIMO channels, we move on to discuss how to deal with challenges related
to spatial characteristics, channel correlation, channel capacity, etc.

• Specifying Potential and Research Recommendations: In order to specify the potential
techniques to lift the performance of massive MIMO systems, we propose suggestions
and emerging ideas for future research directions in wireless communication field.

1.2. Article Structure

The rest of the paper is structured as follows. In Section 2, a concise review about
evolution of wireless communications and factors influencing propagation characteristics
in confined environments is demonstrated. In Section 3, different parameters which have a
large effect on the radiated field are explained thoroughly. In Section 4, we present different
channel modeling schemes in tunnel environment. In Section 5, we focus on HST and
mmWave channel performance. The future trends and challenges for upcoming research
problems are discussed in Section 6. Finally, Section 7 concludes this survey. The acronyms
are listed in Table 1. Moreover, the paper schematic representation is given in Figure 1.

Table 1. Glossary.

Sr. No Acronym Full Name

1 AAoA Azimuth Angle of Arrival
2 AAoD Azimuth Angle of Departure
3 CBTC Communication-Based Train Control
4 CL Coupling Loss
5 CPML Convolutional Perfectly Matched Layer
6 CDM Code-Division Multiplexing
7 CSI Channel Status Information
8 CFL Courant–Friedrichs–Lewy
9 CAPEX Capital Expenditure
10 DAS Distributed Antenna System
11 DMCs Dense Multipath Components
12 DPA Dual Polarized Antenna
13 D2D Device-to-Device
14 DSPN Deterministic and Stochastic Petri Net
15 EAoA Elevation Angle of Arrival
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Table 1. Cont.

Sr. No Acronym Full Name

16 EAoD Elevation Angle of Departure
17 ELF Extremely Low Frequency
18 EoD Elevation of Departure
19 ERTMS European Railway Traffic Management System
20 EP Equal Power
21 FDTD Finite Difference Time Domain
22 FDM Frequency-Division Multiplexing
23 FM Frequency Modulation
24 GBSB Geometrically-Based Single-Bounce
25 HSR High-Speed Railway
26 HFSS High-Frequency Structure Simulator
27 ISM Industrial, Scientific, and Medical
28 IRS Intelligent Reconfigurable Surface
29 LTE-M Long-Term Evolution for Metro
30 LCX Leaky Coaxial Cable
31 LAS Likelihood Ascent Search
32 LSF Large Scale Fading
33 LoS Line of Sight
34 MIMO Multi-Input Multi-Output
35 MMSE Minimum Mean Squared Error
36 mmWave MillimeterWave
37 NLoS Non-Line of Sight
38 NFV Network Function Virtualization
39 ODA Omnidirectional Array
40 OPEX Operational Expenditure
41 OFDM Orthogonal Frequency-Division Multiplexing
42 PL Path Loss
43 PAS Power Azimuth Spectrum
44 PAP Power Angular Profile
45 PDP Power Delay Profile
46 PED Personal Emergency Device
47 QoS Quality of Service
48 RAT Radio Access Technology
49 RF Radio Frequency
50 SISO Single-Input Single-Output
51 SD Sphere Decoding
52 SIC Soft Interference Cancellation
53 SMCs Specular Multipath Components
54 STF Space–Time Frequency
55 SDN Software Defined Networking
56 TDM Time-Division-Multiplexing
57 TTA Through-the-Air
58 TTE Through-the-Earth
59 TTW Through-the-Wire
60 TS Tabu Search
61 TCF Temporal Correlation Function
62 UAV Unmanned Aerial Vehicle
63 UCA Uniform Cylindrical Array
64 ULA Uniform Linear Array
65 UHF Ultra-High Frequency
66 UPA Uniform-Planar Array
67 VHF Very High Frequency
68 VHFFM Very High Frequency-Frequency Modulation
69 VPE Vector Parabolic Equation
70 WLAN Wireless Local Area Network
71 WSN Wireless Sensor Network
72 WPAN Wireless Personal Area Network
73 XPD Cross-Polarization Discrimination
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Figure 1. A schematic representation of massive MIMO systems in HST environments. Initially,
we explain the evolution in wireless communications from 1920–2022, which includes through-the-
Earth, through-the-wire, and through-the-air communications, and it further develops mmWave and
massive MIMO channels with the help of various “channel modeling” schemes and different antenna
types such as leaky cables, distributed antenna systems, etc. Afterwards, a precise overview of
propagation characteristics and their practical applications can lead us towards the “next-generation
communication systems”.

2. Establishment of Wireless Communications in Underground Environments
2.1. Wireless Communication’s History and Evolution

In the early days of wireless communication in confined environments such as under-
ground tunnels and mines, the communication system was relying on experimental study
without any empirical understanding and theoretical modeling efforts. The initial incentive
for underground communication was focusing to facilitate the safety purpose in mines or
tunnels by executing man-to-man communication. As underground communication sys-
tems have progressed, man-to-machine and further machine-to-machine communications
have been accomplished to meet the productivity and effective goals. The wireless signals,
when they travel from transmitting antenna (Tx) to a receiving antenna (Rx), practice
various propagation phenomena such as diffraction, reflection, refraction, and scattering,
as shown in Figure 2. Therefore, the interaction of signals through surroundings may cause
disturbance and follow many paths between Tx and Rx. As the replicas come to the Rx after
various delays, the signals go through the time dispersion (delay spread). As they take
place from multiple directions, the incoming signals go through the angular dispersion [16].
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Figure 2. Basic wireless propagation phenomena in confined environment.

In 1899, N. Tesla proposed to practice extremely-low-frequency (ELF) signals and
Earth was used as a transmitting medium in order to deliver messages throughout the
world [17]. Interest in wireless communications in underground environments evolved in
the late 1920s after the first pioneer of radio was attracted towards the potentials of through-
the-earth (TTE) wireless communication. It was continued until the 1940s, when different
systems such as TTE signaling systems and current carrier radios were offered by the U.S.
Mines Bureau commercially for the emergency operations and ordinary communications
in mines [18,19]. To send and receive magnetic waves through the rocks for TTE communi-
cations, a ferrite rod antenna or extended loop antenna with a range of a few kilometers is
commonly utilized (see Figure 3). In the 1940s, because of the limitations of bulky mobile
equipment and low data rates, the initial research on wireless communication in mines
and tunnels was ceased [20,21]. The personal emergency device (PED) has been recognized
as an emergency cautionary TTE system [22] which practices very-low-frequency (VLF)
signals in order to deliver text messages. In the beginning, this was used for one-way
communication, but recently it has developed the capability of two-way communications
via text messaging [22].

As we all know, under different indoor environments, lower frequencies in the range
of 10 MHz (normally cutoff frequency for key modes under various indoor environments)
can only cover distances up to 30 m in a vacant tunnel or mine [23]. However, it was also
observed that the conductors for example, pipes, electronic wires, and so on, operating
in different tunnels, enhance the electromagnetic (EM) propagation by small attenuation
and consequently improve the span [17]. Such statistics were not directly acknowledged
through experiments, but this resulted in improvement of monofilar techniques in the late
1960s. The monofilar scheme turned out to be a rough guide for the leaky cable system
that was broadly used afterwards. Generally, through-the-wire (TTW) signals go through
all over the twisted pair, coaxial cable, trolley, and optical fiber against the outer surface
or within the tunnel and arrive at the movable apparatus. In the 1950s to 1960s period,
scattered antenna systems and leaky feeders were established to boost the coverage range
of VHF radio communication schemes for comparatively shorter underground transport
tunnels observed in different metropolitan areas for the public benefit and safety [12]. Leaky
feeder or leaky coaxial cable (LCX) widely used TTW methodology for communications in
underground environments. The cable is named as leaky’ due to carrying slots or gaps on
its external conducting sheath, permitting signals to flow out or into the cable beside its full
length (see Figure 4). Due to the outflow of signals, line amplifiers need to be injected at
fixed intervals, usually after every 250 to 450 m. The main drawbacks of LCX systems are
fixed infrastructure, challenging maintenance, short coverage close to the face, and limited
capacity, i.e., the area of a mine from where the minerals need to be extracted [18].
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Figure 3. Surface antenna deployment for TTE communications.

Figure 4. Leaky coaxial cable inner structure with slots and insulating and conducting sheets.

The through-the-air (TTA) at ultra-high frequency (UHF)/super-high-frequency tech-
nique is one widely used wireless communication technique in underground mines and
tunnels. It is proficient in offering numerous applications such as tracking of mineworkers,
two-way data and voice communications, video surveillance, remote sensing, and so on.
In the early 2000s, the mine industry was fascinated with low data rates technology, for
example, passive radio-frequency identification (RFID), active, RFID (about 10 m), zonal
intercommunication global-standard (ZigBee), and systems for high data rates (ultra wide-
band), because they deal with low power, short-range, and positioning competencies. These
techniques can support different applications of wireless sensor networks (WSNs). Up to
now, WLAN mesh systems are self-healing, self-learning, and redundant, which looks like
the ultimate consistent wireless network. If some portion of the system is damaged, the rest
proceeds with the functioning, and thus it is particularly required in dynamic environments
where link busts are common (mine galleries) [7,24].

Unlike the previous fourth-generation (4G) communication systems, the high trans-
mission data rate is not the exclusive aspect of the 5G communication system. Actually, the
5G systems execute more advanced features such as low power consumption, low latency,
and low cost compared to earlier generations (1G–4G) [25,26]. Future wireless communica-
tion systems should be IP-based, heterogeneous, and ubiquitous; thus, 5G networks are
required to resolve such issues and the integration of various radio access technologies
must be fulfilled in 5G [27]. In another way, the 5G systems need to endorse the latest
5G standards and must be consistent with the earlier cellular systems, device-to-device
(D2D) communication, and WiFi [28]. For that, the 5G networks need to endorse D2D
communication along rapid evolution of the Internet of Things (IoT’s). The objective for
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D2D communications is to deliver direct communications, low rate in online connections
and low power [29].

To deal with the requirements of 5G systems, a growing number of investigations are
in progress. As for increasing the transmission data rates within MIMO solutions, another
attractive technique is introduced, which is reliant on the expansion of densification to
use the spectrum proficiently. There are basically two important techniques for higher
densification. The initial one is based on installing large number of base stations (BS)
which push cells to shrink into smaller sizes. The objective of using this technique is to
enhance the OPEX and CAPEX, which turns this technique into a limited scope. The
second technique pursues the multiple RAT’s in a suitable way, which provides guidance
for the coexistence of multiple RAT’s and heterogeneous networks. However, the highest
speed limit, up to 500 km/h, of the aforementioned techniques is even hard to attain,
whereas the vacuum tube ultra-high speed train (vactrain) can achieve a higher speed,
up to 1000 km/h [30,31]. In regard to 5G systems, the standardized article 3GPP TR
38.913 [32] specifies that 5G NR can achieve the highest speed, up to 500 km/h. Moreover,
the current railway communication systems such as LTE cannot endorse the train-to-ground
(T-G) communications for vacuum tube trains. Similar to the current high-speed railways
(HSR’s) [33] and maglev trains [34], the T-G wireless communications are critical for the
secure operations of vacuum tube trains. The communication systems are responsible
for optimizing the reliable and bidirectional data transmission between the ground and
train to fulfill the specific requirements of integrated service transmissions [35]. Because
of the two distinctive features of vacuum tube trains such as ultra-high speed and closed
metallic vacuum tube, the T-G wireless communications for vacuum tube trains will
be extra challenging compared to the maglev train and existing HSR [36]. Thus, the
wireless communication systems of high performance and high reliability dedicated to the
condition of speed approaching up to 1000 km/h need to be explored for the efficient T-G
communication requirements of vacuum tube trains.

2.2. Antenna Characteristics

Antennas are considered as the interface between the electric current propagating in
metallic conductor and the broadcasted radio waves through space. Antenna design is a
key factor in the applications of unmanned aerial vehicles (UAVs) over continued range and
obstructed scenarios. However, this is not precisely related to antenna autopilots/tracking.
Radiating particles of wire normally radiate power when linked to a supply of RF (Tx or
Rx). How nicely it radiates depends upon two factors, as follows:

• While the antenna and applied radio signal are resonant at the similar frequency.
• While the feeding point of antenna is paired with the impedance of transmitting

power source.

In MIMO systems, the power distribution becomes more evenly distributed as the
angular spread (AS) increases, which further assists in reduction of spatial correlation
coefficient under the condition of same antenna spacing. The numerous radiated waves
expand the AS boundary, which is actually useful to assist in decorrelation of the spatial
channels [37,38]. According to the measurement campaign in Massif Central tunnel, the
results determine that horizontally polarized leaky cable has lower correlation coefficient
values when compared with the vertically polarized one, and it was established that
correlation coefficients decrease nearly to zero at 2.9λ for horizontally polarized LCX and
at 3.4λ for vertically polarized LCX, as given in Figure 5. The spatial correlation between
different antennas is basically dependent on antenna spacing and the mean AoA. Therefore,
the separating distance between antenna elements should be high enough to decrease
the correlation.
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Figure 5. Correlation coefficents for vertically and horizontally polarized LCX’s in France central
tunnel [39].

2.3. Channel Measurement Environment

MIMO systems in tunnels can be classified into two different scenarios: tunnels and
stations. Thus, a channel measurement is based on the following scenarios.

2.3.1. Tunnel Environment

The tunnel environment depicts a situation in which train travels through tunnels [40,41]
ranging in length from a few hundred meters to many kilometers. The communication
channel is significantly influenced by the length, size, and form of the tunnels (rectangular,
arched, circular, etc.) as well as the waveguide phenomena encountered. Signal propagation
characteristics in tunnels are significantly different from other circumstances due to the
long confined space, tunnel boundaries, and roughness of the inner wall. To address the
limited vision problem in tunnels, distributed antenna systems (DAS) and leaky cables are
frequently used to design an optimum wireless communication system. However, as high-
speed trains may need lengthy tunnels, the LCX’s consideration is somehow expensive and
difficult to maintain, especially at the high operating frequencies. Therefore, the DAS is
more practicable [42]. It can provide improved coverage gains as well as spatial diversity
against fading, by placing antenna elements in diverse locations. It also offers advantages
in the modern applications, such as ease of maintenance once it is opened and a long
distance between repeaters.

2.3.2. Station Environment

The station scenario portrays a railway section where different trains stop to load
and unload people on a regular basis [43]. Train stations are divided into categories
based on architecture and their sizes. Station scenarios can be classified as marshalling
stations, small/medium-size stations, and large stations based on the station configuration,
which represents the expected communication traffic. Based on the size perspective, which
influences the propagation characteristic of a channel, the train station can be classified
into three different scenarios, i.e., closed station, semi-closed station, and open station, as
shown in Figure 6.
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Figure 6. Different measurement environments used for train-based communications in tunnel scenario.

2.3.3. Tunnel Geometry

Since the prediction of field strength is a crucial factor in the designing of cellular
mobile radio systems, many experimental and theoretical methodologies have been estab-
lished for the terrain profiles and urban environments. However, it is critical not only to
study the scenario when the receiver is moving in complex environments such as moun-
tains or towns with multiple diffractions and reflections, the consideration of radio links
among different objects (car, train, etc.) standing in the road tunnel is also highly vital. To
guarantee the communications within the tunnel, the first solution contains the fixing of
LCX besides the tunnel wall. The given principle has been demonstrated in many research
articles for different kinds of LCX polarizations, working either below or above the tunnels
cut-off frequencies. Though, at higher frequency, normally above few hundreds of MHz
for the road tunnels, the actual propagation does not consider the extortionate attenuation
and one can presume it at least for shorter tunnels. However, the most crucial point for
this kind of telecommunication is the field variations beside the tunnel entryway, and
therefore the coupling from outside or inside occurs when the outer incident waves hit the
tunnel entry gate or when the transmitter goes inside the tunnel vicinity and radiates in
the direction of free space. The uniform theory of diffraction appears well suitable to solve
such kinds of problems. Characterization of high-order frequency-based electromagnetic
wave propagation in tunnel has many important applications in mobile communications.
In lengthy tunnels or mines, the amplitude of electric field emitting through the retrans-
mitted antenna system can be simply estimated by a ray theory. For shorter tunnels, the
most crucial point is either the radiations from the free space of mobile station are falling
within the tunnel vicinity or, contrariwise, the diffusion of external waves exist within the
tunnel. The coupling between outside and inside is handled through a uniform theory of
diffraction [44].

In [45], the analytical results in the presence of experimental campaign for both
the NLoS and LoS constituents were compared in Nantong tunnel, where the NLoS path
consisted of the reflection from the roof, floor, and walls of the tunnel. The tunnel comprises
two parts: the first one is a 50 m long rectangular tunnel and the second one is a 50 m
long arched tunnel. The tunnel inner view is shown in Figure 7. As anticipated, the Tx
correlation rises as the separating distance among the Tx and the Rx arrays rises and vice
versa. In spite of LoS propagation environment in the tunnel, the degree of correlation is
comparatively higher. According to [46], the better performance in terms of capacity and
correlation can be accomplished when the given antennas are placed perpendicular with
the tunnel central line, and it happens because of the large number of multipath channels.
Thus, on the basis of greater separating distance from the central line of the given tunnel,
the correlation likewise fluctuates.
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Figure 7. The 100 m long Nantong tunnel inner view and geometry [45].

2.4. Channel Sounding

It is worth noticing that propagation scenario may be considered as a superposition of
several propagation paths and the Rx senses the combined radiated field produced by all
of them. Moreover, the Rx can identify emitting antennas using one of three methods:

1. By considering the time-division-multiplexing (TDM) technique to transmit single
element at a given time.

2. By utilizing the frequency-division-multiplexing (FDM) technique to transmit signals
at different frequencies.

3. By using the distinctive code-word for each element, named as code-division multi-
plexing (CDM).

The decision of which multiplexing approach is suitable can be decided by the feasi-
bility of hardware as well as the required precision of channel measurements. Here, we go
through the most common sounding approaches and evaluate their benefits and drawbacks
in terms of the characteristics they may provide.

2.4.1. Fully Switched Channels

Fully switched channels have a certain attraction in MIMO characterization since only
one set of RF front-end needs to be characterized. This technique might be well-known
for another reason—it is basically a SISO sounder with a multiple switches on the Tx side
and one switch on the Rx side. As a result, current sounder can be easily modified to
accommodate more complicated antenna designs. This category includes the broadband
channel sounder developed by Helsinki University of Technology (HUT) [47], which
operates at frequencies of 2.1 GHz and 5.3 GHz. In MIMO systems, this sounder utilizes a
pseudo-random noise sequence for a broadband excitation and fast microwave switching
at both the transmitting and receiving sides. The switches have the ability to switch
up to 32 components, allowing for a high level of MIMO complexity. Because the time
required to complete one full measurement cycle determines the maximum rate of change
in environment, the sum of the antenna numbers can seriously limit the conditions in which
a channel sounder can be used. Moreover, if the MIMO system has few components, a large
Doppler frequency can be accommodated. As a result of the low impulse response length,
only the channels with a low response can be accurately monitored. Another difficulty that
emerges with completely switched systems is the large amount of data that must be stored
in a short period of time. During the sounding period, the MEDAV RUSK, for example, is
capable of data storage rate up to 320 Mb/s. Given the volume of data, it is not unexpected
when huge arrays are analyzed that this might create a bottleneck in the sounding process.

2.4.2. Semi-Switched Channels

A semi-switched system with parallel Rx channels and a switched Tx was built by the
University of Durham [48]. As the Rx is activated in parallel, the amount of time it takes
for all sounding channels is limited by the time it takes to switch between the Tx antennas,
rather than the sum of the Tx and Rx antennas. As a result, a better understanding between
the delay spread and higher Doppler frequency is possible. In [13], a chirp waveform with
a bandwidth of 60 MHz is employed instead of a pseudo-random noise code, as is common
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in numerous radar applications. The sample rate is quite low, which is a key advantage
of this method. In [49], the underlying method, as well as the difficulties of producing an
accurate depiction of the environment, is briefly discussed. It should be noted that both the
Tx and the Rx are related to downlink and uplink chirps. The sounder can measure two
frequencies at the same time, which correspond to the downlink and uplink of a paired
channel spectrum like UMTS. Because the Rx hardware is replicated rather than shared
among numerous antennae elements, it is feasible to connect two Rx blocks to a single
antenna element and measure both downlink and uplink at the same time.

2.4.3. Fully Parallel Channels

In [50], an intriguing approach is provided for practicing the whole frequency range to
differentiate transmitting antenna elements. The method works by splitting the frequency
range into M sub-bands, which are then separated into N frequencies and allocated to each
transmitting device in a cyclic manner. As illustrated in Figure 8, a time-domain parallel
channel sounder for MIMO systems is capable to send and receive signals to all Tx and
Rx channels simultaneously. To distinguish numerous Tx channels, a set of orthogonal
sequences must be properly chosen. This sounder’s major roles include calibration, syn-
chronization, and data streaming. The frequency difference among antenna elements is
∆ f = ∆F/N, and the frequency spacing of tones in a particular transmitting antenna is
∆ f = B/M; however, in practical cases, a lesser shift was used to prevent the effect of a
direct current offset. The maximum delay spread that may be measured using this approach
is set by 1/∆F, while the length of sounding for each snapshot of channel is determined
by 1/∆ f . A discrete Fourier transform (DFT) operation is used at the Rx to demultiplex
the signal, resulting in an interleaved channel transfer functions (CTF) averaged over the
time of 1/∆ f . As a result, the time duration intended for a measurement campaign is not
much different from the semi-switched system, and has the drawback of requiring several
RF transmitters.

Figure 8. Systematic architecture of parallel channel sounder for MIMO systems.

2.4.4. Hybrid Channels

A hybrid system may be created by combining methods such as the semi-switched
technique with the completely parallel approach. A MIMO system for estimating the
transfer functions of a 16 × 32 broadband MIMO sounder is described in [51]. In this
system, the transmitting antennas are arranged in parallel, and the receiving antennas are
switched in four simultaneous measurements. The Tx antennas are organized in a 4 × 4
grid, while the receiving antennae are arranged in an 8 × 4 grid with a dummy antenna
configuration to overcome mutual coupling effect at the grid boundaries. To handle the
enormous volume of data achieved by this operation, the receiver system utilizes several
disks, one for each receiver.
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2.5. Bandwidth and Carrier Frequency

In GSM-R systems, the majority of measurement campaigns were carried out at the
carrier frequency of 930 MHz and a bandwidth of 200 kHz [52,53]. In high-speed train
scenarios, the shadow fading and Ricean K factor characteristics were investigated by using
directional antennas. In addition, all of the above measurement campaigns were conducted
for narrowband channels. Broadband channel measurement campaigns with higher carrier
frequencies, i.e., 2–5 GHz, and bandwidth, i.e., 10–20 MHz, were analyzed in [54,55]. On
the basis of transceiver distance, fundamental propagation characteristics and waveguide
effects were examined in the tunnel environment.

3. Parametric Effect of Propagation Characteristics

For antenna deployment and design of SISO system in indoor or outdoor environ-
ments, the key focus is interference and coverage. Antenna radiation configuration (direc-
tional or omni-directional) plays a main role in interference and coverage. Consideration
of directional antennas is well-recognized for an indoor and outdoor environments to
reduce interference and enhance coverage. However, the efficiency of directional antennas
is highly reliant on the antenna placement, and the optimal placement itself is dependent
on the propagation scenario and layout of environment, which is regarded as a drawback
of directional antennas.

3.1. Diffraction and Reflection

The ever-emerging demand for extended capabilities, improved operating character-
istics, and advanced functions of current microwave instruments are the key parameters
for the complex materials in advanced microwave technology. There exist so-called meta-
materials, which are capable of establishing anomalous refraction under one negative
constituent parameter (permeability or permittivity) and both negative real-value param-
eters (permeability and permittivity) at a certain frequency because of their frequency
dispersion. Although, the periodic structure, for example, the diffraction grating, has an
old history, its resonant performance with composite medium is rather theoretically excited
as well as interesting and novel for technology improvement. A current study [56] has
proved that the energy of incident wave can be efficiently absorbed in a resonant way
through the structure containing diffraction gratings and absorbing media with one of the
constitutive parameter as negative. The leaky cable is also known as continuous antenna
because of the periodic or non-periodic slot structure at the outer conducting sheet of the
cable. Every slot along the LCX is normally a radiating source when the signals are passing
through the cable. So, the LCX has both the transmitting as well as the radiated charac-
teristics, and lately it is commonly used to solve transmission difficulties in such areas
where wireless communication cannot work quite well. In the beginning, LCX was used
in tunnel [57], railway [58], and mining industries. Now, along the 3G mobile technology,
the frequency spectrum of former LCX cannot fulfill the needs of preferable efficiency for
transmission, so this is basically the trend of extending the frequency spectrum of leaky
cables [59]. It is acknowledged that the addition of slots of any period might enlarge the
frequency spectrum of cable, but under such a scenario where the slot number is large
enough, resonance points at particular frequencies are evolved, the reflection coefficients
grow into quite high value, and the interference among consecutive slots escalates. So, it is
essential to minimize resonant points, reduce the reflection coefficients and interference
among consecutive slots, and increase frequency spectrum of LCX to fulfill the needs of
advanced mobile communications in confined environments.

3.2. Coupling Loss

For lower frequencies and within small tunnels, the dimensions of tunnels are merely a
few times the wavelength for radio signals. In this case, the modal phenomena is simple and
more accurate [60,61]. For longer distances along straight tunnels, the modal phenomena is
suitable even if the mine or tunnel dimensions are considerably greater than its wavelength.
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In reality, there are actually three significant performance parameters for LCX: propagation
loss, coupling loss, and a frequency band. Coupling loss (CL) is a basic indicator that
differentiates LCX from further type of cables. It characterizes the emission competency of
the LCX and decides the coverage range of electromagnetic waves. Thus, coupling loss is a
key factor in the study of LCX theoretical modeling. Coupling loss is demonstrated through
the ratio of received power from a dipole antenna (half wavelength) positioned at some
distance far from the LCX and the transmitted power of a cable. Moreover, coupling loss is
a substantial parameter for evaluation of field fluctuations and coverage through confined
environments, and thus it is very important to investigate the propagation properties of
coupling loss from leaky rectangular waveguides in tunnel atmospheres. So far, many
studies on coupling loss for LCX’s have been explored; mostly they are focusing on the LCX
structure, but precise analysis of radiated theory of leaky cables was anticipated merely
in a tunnel environment. The influence of the environment and structural parameters
such as the slot period of LCX and tunnel size on coupling loss in the tunnel environment
are studied in [62], whereas antenna positioning impact on coupling loss under tunnel
environment is discussed in [63], and the relationship of coupling loss with the length of
LCX is explained comprehensively in [64].

In order to investigate the dependency of the tunnel geometry or structural parameters
on coupling loss, a novel approach was proposed in [64]. In this method, the corresponding
source of rectangular leaky waveguides is considered as periodic, and the radiations of
waveguides are basically the summation of all magnetic current radiations. For every
single magnetic current section, radiations reflect various times in the tunnel. The full-wave
approach is applied to compute the phases and amplitudes of the corresponding sources.
In order to estimate the phase distributions of magnetic current, the leaky waveguide phase
constant βz is deduced through the field distribution of the phase curve. It was proved that
coupling loss over the rectangular waveguides in a tunnel scenario first rapidly increases,
afterwards oscillates, and finally turns relatively stable, initiating from a source point which
is 25 m aside from the starting point of the leaky waveguide. Moreover, the average value
of coupling loss as the function of slots period and size of the tunnel is investigated. It
is verified that the mean value of coupling loss oscillates between −64 dB and −66 dB
once the tunnel size is increased and reduces when the slot period is increased in tunnel
environment as well as in free space.

3.3. Antenna Polarization

Despite of extensive research on LCX, a small number of studies have considered
the polarization properties. Most of the conventional LCX’s are manufactured for special
communication networks and in the direction of linear polarization. Working under critical
environments, the LCX’s with circular polarization properties are desirable since a slight
polarization incompatibility with the terminal antennas will cause an extra unfavorable
fading in the receiving signals. Though most of the existing studies are established on
the assumptions of linear polarization of radiated field, few studies have considered the
polarization properties of the LCX. To overcome the deficiencies of the traditional LCX
as stated above, perception of changing the LCX with a circular waveguide in order to
build a leaky waveguide is given in [65]. Compared to the LCX, there is no inner conductor
in a circular waveguide, so it can minimize the communication loss because of the inner
conducting sheet and it can be utilized for radio signal coverage at large frequency spectrum.
However, as the polarization characteristics of main mode TE11 in circular waveguides have
the tendency to rotate circumferentially, so the polarization schemes should be considered
to maintain the polarization condition of the wave when it propagates through an extended
circular waveguide. In a novel configuration of leaky circular waveguides, a wire is
introduced to the internal surface of waveguide boundary, and thus it inserts a ridge leaky
circular waveguide.

However, the understanding of the polarization properties of leaky cable is very im-
portant because of the variations of polarization along the LCX and it can considerably



Electronics 2023, 12, 2014 15 of 42

affect the variations of the receiving signals. In fact, the LCX with circumferential asym-
metry slots has the ability to emit elliptical polarized waves, and the axial proportion of
polarized ellipse is decided by the fundamental parameters of the slot. So, for achiev-
ing the maximum received power, the antenna needs to be fixed along the major axis of
polarized ellipse. Through aiming at mobile transmission where different and multiple
alignments of portable terminals occur simultaneously, the LCX’s with lower polarization
axial proportion of the radiated field seem to be highly desirable. There exist different
kinds of polarization schemes for LCX slots, such as horizontally polarized LCX, vertically
polarized LCX, U-Shaped slot structure, L-shaped slot structure, inclined slot structure,
diamond shaped slot structure, etc. In [66], it was shown that horizontally polarized leaky
cables perform exceptionally well compared to vertically polarized leaky cables in Nantong
tunnel scenario at 1.8 GHz and the channel capacity is not strictly reliant on the LCX’s
spacing.

3.4. Path Losses

As is familiar, one of the most important parameters for leaky waveguides is the
coupling loss (CL); it is decided by the proportion of the transmitted and received powers
through 1/2λ dipole antennas situated probably 2 m aside from the leaky cable axis.
The given power is acquired by multiplying the Poynting vector through effective areas
of dipole antennas. Additionally, the CL is an important parameter for radiated field
coverage assessment in confined environments, and thus it is very significant to analyze
the propagation characteristics of CL for rectangular leaky waveguides in tunnel scenarios.
Graded LCX is capable of controlling the CL from further increment because of the changes
in cable length. Therefore, it can enlarge the laying distance of the individual cable and
decreases the amount of relays in order to facilitate the energy-based applications.

Communication networks provide a precise description of propagation channels. Path
loss (PL) is the decline in power density of the electromagnetic signal as it is transmitted
through the space. The PL may occur because of many aspects such as the diffraction,
refraction, reflection, medium-aperture coupling loss, free-space loss, and absorption.
Most PL models have numerous breakpoints which decide the points where radio signals
experience different PL exponents. The breakpoint position is determined by the signal
wavelength, the tunnel cross-section dimensions, and radiation patterns of antennas. In
Table 2, the PL exponents in tunnels with different antenna configurations of SISO and
MIMO systems are given [67–76]. It delivers the performance assessment of underground
tunnels with other scenarios. The PL is a vital constituent in the design and analysis of
the budget link of telecommunication systems [77,78]. The PL is decided from different
models, and a few of them are given as follows [79,80]:

• Two-ray ground model: The two-ray ground model is also recognized as the two-path
model, which is usually practiced for the path loss model. In this model, the signals
approach the Rx through two different paths, one through an LoS path and the other
through an NLoS path. Moreover, the PL (in dB) increases linearly with the increase
of distance in mine tunnels.

• Smooth transition model: The smooth transition model is typically the upgrading of
the basic power–distance relationship.

• Propagation model: The propagation model is the simplest PL modeln in which
a direct-path of signals exist between the Tx and Rx without the consideration of
substantial multipath components or atmospheric attenuation.
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Table 2. Path-loss exponent for different tunnel environments and antenna constraints.

Environment Dimensions in Meter Measurement Frequency Antenna Polarization Antenna Configuration Antenna Bandwidth Scenarios Path Loss Exponent Ref.

Free Space 2
In Building, LoS 1.6–1.8

In Building, Obstructed
—- —- —- —- —-

4–6
[67]

7.5 × 4 × 2000 3.87–4.44
7 × 3.7 × 120 2.9–3.7Straight Tunnel
4.2 × 3 × 10,000

900 MHz Linear SISO Omni-directional LoS
1.87–2.37

[68]

900 MHz 4.2–4.49
Straight Tunnel (3.34 × 2.6 × 259) 1.8 GHz Linear SISO Omni-directional LoS 2.12–2.46 [68]

LoS 2.03
2.3–2.5 GHz NLoS 4.62

LoS 2.22CANMET Level 70 m (2.5 × 4 × 70)
5.7–5.9 GHz

Linear SISO Omni-directional

NLoS 3.52

[69,70]

LoS
CANMET Level 40 m (5 × 5 × 75) 2.3–2.5 GHz Linear SISO Omni-directional NLoS 2.13–2.33 [71]

Horn–Horn 1.82
CANMET Level 40 m (4 × 5 × 8) Omni–Horn 1.28

Horn–Horn 1.45
CANMET Level 70 m (2.5 × 4 × 8)

57.24–59.4 GHz Linear SISO

Omni–Horn

Omni-directional and
Horn LoS

1.41

[72]

LoS 2.11
Omni-directional NLoS 3.00

LoS 2.01CANMET Level 70 m (2.5 × 4 × 10) 3–10 GHz Linear SISO
Directional NLoS 6.16

[73]

LoS 1.73
CANMET Level 40 m (5 × 5 × 25) 2.3–2.5 GHz Linear 2 × 2 MIMO Directional Patch NLoS 3.03 [73]

LoS 1.48
CANMET Level 4 m (5 × 5 × 10) 57–64 GHz Linear 2 × 2 MIMO Patch Directional NLoS 2.40 [74]

CANMET Level 70 m (2.5 × 4 × 10) 5.7–5.9 GHz Linear 2 × 2 MIMO Vivaldi LoS 2.1 [75]

LoS 1.18
4 × 4 MIMO CMPA NLoS 2.56

LoS 1.29CANMET Level 40 m (3.4 × 4.6 × 30) 2.35–2.55 GHz Linear
4 × 4 MIMO PMPA

Directional

NLoS 3.8

[76]

3.5. Doppler Effect

The Doppler effects were proposed initially by Christian Doppler (Austrian physicist)
in late 1842, and normally they are specified through the change in frequency or wavelength
of signals for any observer when it is moving in proportion with the source of given signals.
This phenomena are observed for different types of waves such as water waves, light waves,
or sound waves. It may be observed clearly for sound waves particularly at subway stations
when the metro is passing, approaching, or moving away. When the observer and frequency
source are static, the frequency noticed by an observer is equivalent to the real frequency
value, but under such conditions when the source is still and the observer is moving, as
well as when they are both moving away or towards each other at a certain relative velocity,
the estimated frequency is dissimilar for the observer. Moreover, the Doppler shifts are
perceived directly proportional with the frequency of transmitted signals [81,82].

The Doppler effect becomes more crucial in such cases where the objects are moving
at high speed. The signals approaching from the moving paths cause a higher shift, and
the signals approaching from the other paths cause a lower shift [83]. Such effects can be
moderated by means of baseband signals of broader bandwidths larger than the highest
Doppler shift. Figure 9 indicates the environment for a train moving along a parallel
direction to the radiating cable. It should be noted that each slot imparts a separate
source for the received signal; therefore, each one contributes as a beam through different
propagation angles. The tunnel assumptions are affected by diffraction and multipath
effects because of several reflections from the tunnel side walls, roof, and ground, which
contributes towards the substantial fading phenomena. By deploying radiating cables, it is
easy to exclude the penetration losses from the tunnel floor, walls, and ground. However,
small-scale fading (SSF) can further causes in reduction of quality of service and a great
number of errors for the transmitted signals. High-speed trains go through various fast
fading channels and vast Doppler shifts. These issues can further lead to the substantial
bit error rate decrement in LTE systems. The frequency shift originated from the Doppler
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effects can cause shifts in sub-carrier frequencies of the OFDM channel, and it further
introduces synchronization errors.

Figure 9. The mobile movement along equivalent magnetic dipole or the leaky coaxial cable.

4. Propagation Channel Models in Tunnel Environments

The existing tunnel models may be categorized as deterministic or stochastic channel
models based on various characteristics. The precise classification of channel models in
tunnel environment is illustrated in Figure 10.

Figure 10. Classification of different propagation models in tunnel environment.

4.1. Deterministic Channel Modeling

For the radiating mode, the leaky cable is considered as the line of coherent point
sources, where each exhibits radiation pattern from the slots excited through the traveling
wave. These sources field patterns are given by

E = S(θ)/r , S(θ) = S1(θ)S0(θ) (1)

where S0(θ) is a pattern of an individual slot and S1(θ) is the array element for an individual
periodic slot. A rigorous computation of field pattern for a finite-sized slot is much more
difficult. It may be claimed that when the LCX outer conducting sheet radius is shorter
than the free space wavelength, the angle-reliant proportion is confined with the direct
neighborhood of a slot and the far field is circularly symmetric. The dependency limit of a
far field on the location is similar to the dependency of a field for the whole circumferential
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gap [84]. Let b denote the external radius of an outer conductor, λ be the wavelength, κ be
the dielectric constant of a sheath, and t be the thickness of dielectric sheath. By assuming
a systematic approach of the spherical coordinates (r, θ, ϕ) along the polar axis so the slot in
equatorial plane is θ = π/2 . ; also, let

k = 2π/λ , ∆ = k2bt
[
1 −

(
cos2θ

)
/κ
]
, x = kbsinθ (2)

The electric field at larger distances is

E(θ) = S0(θ)exp(−ikr)/r (3)

where
S0(θ) =

C0

xH0
2(x) + ∆H1

2(x)
(4)

In the given Equation (4), the C0 is constant which is proportional with the radiated field
of an incident ray in LCX and H’ is the Hankel function. Technically, the proportionality
element can be decided either experimentally or numerically. The total field emitting
from the radiating-mode cable is a combination of Goubau-mode field and radiated field.
The Goubau-mode field exists only in the radial direction analogous with the wavelength
(λ). However, it may be scattered through some nearby entities. Generally, in practical
conditions, the scattering from a Goubau-mode field is the most significant mechanism
through which the radiating-mode cables operate. Deterministic modeling is further
divided into following types as given below:

4.1.1. Fdtd-Based Channel Modeling

With the development of wireless communications into confined environments, it
is essential to predict the field coverage and wave propagation of the wireless links in
confined environments. The finite difference time domain (FDTD) model provides not
only the accurate results of the field coverage but also assists in the precise insights of
environment and antenna/LCX for the field distribution, particularly in cases of complex
confined environments. Of course, the increment in computational resources and storage
capacity also makes it conceivable for FDTD technique to estimate the large-scale issues [85].
Moreover, if the antenna design is deliberated through the FDTD along the complex
tunnel atmosphere, much greater spatial resolution is required to perfectly calculate the
geometrical aspects of antennas. Therefore, the memory requirement and the computation
time rise significantly when uniform mesh grid technique is conceived. Although, the
consideration of a subgridding scheme and a nonuniform mesh in FDTD could be practiced,
it may induce false results or even need to bear instability for a given subgridding scheme.

In [86], a hybrid vector parabolic equation VPE/FDTD technique was anticipated to
understand the radio waves propagation under rectangular tunnel environments. The
FDTD method was practiced in different areas with antennas or obstacles. By utilizing the
properties of the given two techniques, the numerical effectiveness was increased. The
hybrid VPE/FDTD technique is generally comprised of two parts: FDTD to VPE and VPE
to FDTD. Both of the parts have an interface and there exists a problem in anticipation of
field properties. For the initial part, the initial radiated field for the VPE was estimated and
deduced through FDTD results. The radiated field in the interface was articulated through
time steps and amplitude of FDTD, respectively. Through expressing the time processing
from a time domain to the phase domain, the radiated field for the VPE can be obtained
easily. Moreover, one dimensional finite difference time domain (S-LOD-FDTD technique
was proposed in [87] for calculating the electromagnetic wave propagations within the
long tunnels. In the anticipated S-LOD-FDTD technique, the greater time step shape can
be considered for handling the Courant–Friedrichs–Lewy (CFL) stability limitations. The
computational space was broken into segments and the convolutional perfectly matched
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layer (CPML) and LOD-FDTD boundary conditions for all segments were considered, and
afterwards it was solved sequentially.

4.1.2. Full-Wave Channel Modeling

Full-wave channel model may be conceived as a substitute method, competent for
solving the Maxwell’s equation solutions through different boundary conditions by adopt-
ing various numerical methods, i.e., the finite element method (FEM) and FDTD meth-
ods [88,89]. The FDTD technique is deliberated as a precise model which can entirely
explain the characteristics of diffraction, refraction, reflection, etc., and delivers a com-
prehensive solution for the signals coverage through a distinct space problem. For that
reason, it is highly suited for a precise study of electromagnetic propagation in different
complex scenarios. The FDTD method is useful in finding out the solution of the partial
differential equation for discrete points and in discrete time and first splits space into
a regular/irregular grid and then estimates space and time approximations of the EM
field strength in the same grid. This approach offer solutions in time domain which is
appropriate for the software implementation [90]. On the other hand, the FDTD obliges
memory to keep the backup of basic unit components of given model and further estimates
the iterations in time domain to deduce the EM propagation. Given the high operational
frequency (greater than UHF) and the large dimensions of tunnel, the computational li-
ability of traditional FDTD surpasses far away from the capability of existing electronic
devices, such as computers. Therefore, it has been practiced recently in tunnels to improve
the efficiency of different wireless applications by considering different methodologies to
decrease the computational cost and runtime [91,92]. For most of the wireless propagation
channel models in tunnels, the transmitting and receiving antennas are supposed to deploy
beside the tunnel’s central axis. Since it is not the representative of most of the WSN
applications in which the sensor nodes are attached on the tunnel walls, it is essential to
accurately notice the performance decay resulting due to the antenna placement using
full-wave channel model.

4.1.3. Ray-Tracing Channel Modeling

The ray-tracing (RT) approach is normally useful for precise prediction of a radio
channel near-field computations in confined environments [93]. In the tunnel scenario, the
wall material has a high impact on the radiated field patterns emitting from the transmitting
antennas. The root mean square (RMS) delay spread due to the diffuse scattering can be
significantly reduced in the RT simulations. Ray tracing approach provides significant
results when precise channel configurations are considered. In [94], the propagation
environment was approximated by intensive RT simulations, and a suitable paradigm
was achieved for the practical high-speed train channels at the 5G mmWave band. RT
simulations are used to estimate vehicle-to-vehicle (V2V) communications at 5 GHz for the
LOS scenario between the transmitting and receiving antennas in different environments
such as buildings, road traffic, etc., and it was proved that under obstructed vehicle
environment, the higher antenna elements can achieve better coverage with lower path loss
than the smaller antenna elements [95]. Recent research based on the ray-tracing approach
is given in Table 3 [96–106].
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Table 3. Recent research based on ray tracing in tunnel environment.

Carrier Frequency Tunnel Type Research Method Main Content Ref.

400 MHz Rectangular concrete subway tunnel Ray Tracing
FDTD method was used to estimate the

path gain
[96]

900 MHz Straight rectangular tunnel Ray Tracing
RMS-DS for vertically and horizontally

receiving antennas
[97]

28 GHz Nantong subway tunnel Ray Tracing
MIMO system performance under LoS

condition
[98]

25 GHz Subway tunnel, Line 8 in Seoul, Korea
Use of ray tracing after

comparing with measurement
results

Study the millimeter wave, propagation
characteristics of straight tunnels and
curved tunnels, like PL, AoA, AoD by

ray tracing

[99,100]

32.5 GHz Subway tunnel in Korea Ray Tracing
Study the PL and Shadowing fading
under arched tunnel environment by

ray tracing
[101]

24 GHz Subway tunnel Ray Tracing
Study the effect of tunnel structure
and roughness on millimeter wave

propagation
[102]

32.5 GHz High-speed train tunnel Ray Tracing
Study the propagation characteristics
under arched tunnel environment by

ray tracing
[62,103]

60 GHz Highway tunnel Ray Tracing
Study the effect of vehicles of on
millimeter wave propagation by

ray tracing
[104]

75 GHz Railway tunnel Ray Tracing PL and RMS-DS [101]

38 GHz Shanghai subway tunnel, Line 9 Ray Tracing
PL, RMS-DS of straight and curved

tunnels
[105,106]

4.2. Stochastic Channel Modeling

A stochastic model is used for predicting the probability distribution of prospective
outcomes by accounting random irregularities in time domain. A vast number of simula-
tions are used to generate distributions of possible outcomes which represent the random
variations in the input value. Stochastic modeling is further divided into following types
as given below:

4.2.1. Markov Channel Modeling

From the wireless propagation perspective, the communication scenario is separated
into five different categories, such as intra-train, train to infrastructure, inter-train, infras-
tructure to infrastructure, and within the train stations. On the basis of given scenarios,
various measurement campaigns have been carried out for high speed train communica-
tions. Different cellular architectures, for example, CoMP, MRS, and distributed antenna
system (DAS), are required to be deliberated in future train communication technolo-
gies. Moreover, the encouraging 5G technique including massive MIMO and mmWave
need to be introduced. By adopting different solutions, some HST channel models can be
established which contain large-scale fading (LSF) and small-scale fading (SSF) models.
Additionally, the intra-wagon channel physical characteristics resembles with the indoor
scenario, and thus it can be modeled with some existing indoor channel models of THz and
mmWave. Because of the relatively confined space of high speed train indoor scenarios,
the ray tracing (RT) channel modeling can be practiced efficiently [107]. The finite-state
Markov channel model (FSMC) has been used to characterize different fading channels.
However, recently it is not accessible in high speed train scenarios because of the swiftly
time-varying characteristics. In [108], an innovative FSMC channel modeling for HST was
proposed. It has the capability to manifest the time-dependent process and to capture the
variations of high-speed train channels. In this model, the impact of the train speed on
the temporal features was demonstrated. The states of the channel were characterized by
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using the SNR. The given model is capable to deliver an accurate sketch of time-dependent
channel statistics for high speed train scenarios and is mathematically tractable. To ensure
the certainty of the proposed model, Markov chain of higher order is required to charac-
terize the time-varying channel [108,109]. According to the graph theory, the propagation
graph models can be realized with a series of edges and vertices. The vertices signify the
transmitter, receiver, and scatterers, whereas the edges signify the propagation assumptions
along the vertices.

4.2.2. GBSM Channel Modeling

A geometry-based stochastic model (GBSM) is characterized through the specific
transceiver and the geometries of scatterers which are expected to adopt the conclusive
probability distributions. For RS-GBSM, the effective scatterers are supposed to be placed
on a regular shape such as ellipse, elliptic-cylinder, 2D one-ring, and 3D one-sphere models.
On the basis of geometrical shape, the channel statistics and CIR can be designed. An
accurate modeling of a MIMO channel, including its inter-user correlation and fundamental
propagation characteristics, is essential for designing of wireless systems. The specular mul-
tipath components (SMCs or reflected waves) are substantially well described in channel
propagation models but are not strictly the only contributors. The dense multipath compo-
nents (DMCs), which include weak SMCs and diffuse scattering, were initially reported
in [110] and are now universally acknowledged as important radio channel components
for indoor environments [111]. The DMCs can be extracted from the channel impulse
response (CIR) as declining exponential residual power-delay profiles after the SMCs are
extracted. In general, it is recognized that the impact of dense multipath components
to the overall received power is quite significant at higher frequency bands for confined
environments and reduces as the frequency of a channel is increased. To quantitatively
study DMC characteristics across larger distances in a real-time tunnel environment, the
RIMAX algorithm [110] is extensively employed for joint estimate of DMC propagation
parameters in the polarization, angular, and frequency domains. The systematic structure
of RIMAX algorithm in flowchart diagram is shown in Figure 11. Only the first-order partial
derivatives are assessed in the ML-Gauss/Newton method, which involves linearizing the
model equation via a Taylor series expansion around a set of initial parameter values, also
known as preliminary estimates [110].

In [112], a stochastic scattering method is discussed to overcome the scattering phe-
nomena from rough surfaces based on the combination of Kirchhoff and ray-optical formu-
lations. This stochastic method is established on the tangential plane approximations of
rough surfaces; for example, it is appropriate for surfaces whose horizontal dimensions are
considerably large if compared with the incident rays wavelength. However, if compared
to the Kirchhoff method that is only effective for either highly rough or slightly rough
surfaces, this method simultaneously contains both. In [113,114], a 3D non-stationary
model was considered based on Saleh–Valenzuela (SV) and WINNER II channel models in
the presence of the array time clustering property. The GBSM is established on the basis
of concentric multi-ellipse channel model under the time-variant property for all model
parameters. Spherical wavefronts and the presence or absence of clusters are assumed to
support the mmWave massive MIMO characteristics. It has been demonstrated that the
time-varying geometries have large influence on the time-varying space, ACF, CCF, and
Doppler PSD. It should be noted that Doppler PSD is usually symmetric in isotropic cases
and different for angular parameters, i.e., the mean AoA and the angle of motion for HST
have a high influence in PSDs.
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Figure 11. The flowchart of RIMAX Algorithm, deduced by [110].

In [115], a 3D GBSM model was investigated to evaluate the non-stationarity of
different channels in a rectangular tunnel environment. Due to the narrow and long
space of a tunnel scenario, the complex geometry of tunnel interior walls can induce
more scatterers. As the scatterers substantially concentrate at the bottom, top, and tunnel
sidewalls, the geometrical distribution of these scatterers is quite dissimilar from the others
in different HST environments. In [116], a 3D GBSM channel model for roadway tunnel
was anticipated and some significant statistical characteristics were analyzed. However,
the given GBSM model is considering the wide-range stationary presumptions which are
unreasonable, and further, it excludes the non-stationary characteristics because of the
fast moving transmitting or receiving antennas. More efficient 3D non-stationary channel
models for wideband scenarios are required which can evaluate different parameters
affecting the train geometry such as elevation angles, tunnel roof, and tunnel ground.
Incorporating the tunnel propagation characteristics with the WINNER model, the tunnel
surroundings for HST cannel can be distinguished in a 3D form such as the circular or
cuboid model [117]. The channel modeling in tunnel environment can be expanded under
the cluster-based framework. It presumes that the cluster is randomly distributed over
the tunnel interior surfaces. Moreover, on the behalf of tunnel geometrical relationship of
AoDs and AoAs, the channel impulse response can be deduced.
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5. Channel Propagation Characteristics and Fundamentals
5.1. Channel Fading Characteristics

The ray-tracing (RT) approach is perceived as computationally expensive, especially
when the high degree of accuracy or detail is required. This RT method is useful for
perpendicular-parallel environment, but there exists a common issue in tracing rays for
a curved surface. The other drawback of the RT method is the complication in analyzing
the diffraction under complex scenarios, and this does not provide exact results due to
an inaccurate database and inherent approximations. The RT is computationally rigorous
and the results are very explicit with the topography of the tunnel. On the basis of mine
location, an LoS constituent is supposed to be present mostly. It is familiar that Rayleigh
distribution governs the area where no LoS components exist and Rice distribution prevails
otherwise. Rician and Rayleigh distributions fit well with the small-scale fading under
room and corridor scenarios. The radio propagation channel in an outdoor environment
at 1.4 GHz is considered in [118,119]. A main distinction explains the small-scale fading
(SSF) follows the Lognormal property, which is frequently practiced for fitting of large-scale
fading (LSF). The study in [120] is concentrated on a radio channel inside tunnel and mines
at different frequencies. Results disclose that the decaying rate of receiving power upsurges
with the increment of frequency range and the Lognormal distribution suits the LSF well.
Nevertheless, the channel propagation executes differently in almost every scenario, even if
it is functioning at the similar frequency. For instance, the decaying coefficient of the receiv-
ing power in a metro tunnel at 2.4 GHz (5.51 dB/100 m) [2] is nearly half when compared
with the mine (11.8 dB/100 m) [121] and the corridor environment (12 dB/100 m) [122].
Moreover, the decaying coefficient in open space at 1.4 GHz (3.9 dB/100 m) [120] is usually
smaller when estimated in a mine environment (5.9 dB/100 m) [121] functioning at a
smaller frequency (900 MHz).

Temporal autocorrelation for fast fading or small-scale fading is a vital property, and it
is practiced to estimate the variation trend of different channels. Additionally, the coherence
time is usually a quantitative degree of how far in the time domain the channel stats remain
unchanged and has a great bearing on defining the time interval of the pilot signals. On
the basis of criteria as reported in [123], the measured data were compared with different
sliding windows such as (5–50λ) in order to find out an appropriate window to distinguish
LSF from the SSF. Through the AIC test, it was inferred that generalized extreme value is a
best fitting to LSF. According to Figure 12, the two different fading impressions (small scale
and large scale fadings) that describe the wireless communication channels are listed in
blocks 4 and 1, respectively. The large-scale fading is established if the distance among the
transmitting and receiving antennas is extended related to the signal wavelength (block 2)
and the dissimilarities in the mean value (block 3). In contrast, the small-scale fading (block
4) is generated when there exist small changes in locations (block 5) and the time variations
of the channel (block 6). The expressions of small-scale fading can be characterized in two
different domains and they are denoted by blocks 7, 10, 13, and 16. The signal deterioration
due to small-scale fading is given in blocks 8, 9, 11, 12, 14, 15, 17, and 18. The given study
contributes a thorough explanation of the fading channels in the presence of different
blocks.
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Figure 12. A schematic diagram of small-scale and large-scale fading characteristics.

5.2. IRS Channel Characteristics

IRS is a newly proposed concept that goes beyond massive MIMO systems and
anticipates future human-made structures which are technologically active for wireless
communication, thereby making the entire environment “intelligent”. With the use of
machine learning and artificial intelligence, IRS can be deployed with large antenna arrays
and managed by reconfigurable processing network. Note that, the prior IRS-assisted
downlink transmission research has primarily focused on multiple-input single-output
(MISO) systems [124]. In contrast to a multi-antenna relay, IRS acts as a signal scatterer and
does not require a specific energy supply for signal decoding or channel estimation, as given
in Figure 13a. By carefully adjusting the phase shifts of unit cells, IRS are planner surfaces
that can tune the incoming electromagnetic (EM) waves to the desired directions. Despite
the potential benefits of IRS-based mmWave massive MIMO, several challenges need to be
addressed. One of the main challenges is the optimization of the IRS configuration. The
optimal configuration of the IRS depends on the propagation environment, antenna array
configuration, and the quality of the signal. The desired voltage is sent to the FPGA in
order to steer the beam in the desired direction by turning ON/OFF the appropriate PIN
didoes of the unit cells. Figure 13b provides an explanation of the zoomed-in unit cell view
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together with an illustration of the common time domain digitally coded IRS surface [125].
It comprises a spacer layer on top of a copper ground with slots and two pairs of rectangular
patches. The junction capacitance is significantly impacted by the external biasing voltage in
each pair, which is bridged by a PIN or varactor diode. The reflection phases in Figure 13c
display a sizable phase range when the biasing voltage is adjusted from 0 to 19V, which
provides the required phase range for the QPSK system. For reconfigurable transmission
characteristics, the IRS can be used for intelligent transportation systems (ITS), autonomous
driving, and beam-steering applications. We summarized the most recent technologies on
IRS for ITS’s technologies in Table 4 [126–135].

Table 4. Validation of recent works using IRS elements.

Communication Networks Design Parameters Aims Applications Limitations Ref.

Multi-Stream MIMO
IRS elements and the transmitted

signal’s covariance matrix
Improvement in feasible rate Gradient Method

Smaller IRS unit cells and

indoor communications
[126]

MISO Beamforming at ITS and BS Minimize transmitted power
Particle swarm optimization

algorithm

Improve SNR without CSI

knowledge
[127]

Single-User MIMO Optimization of IRS elements Rank improvement Water-filling algorithm
Power allocation and LoS

scenario
[128]

Downlink THz-MIMO
Pre-coded and phase shift

matrix of IRS
Spectral efficiency

Cross entropy, water filling,

and SVD models
Substantial transmission loss [129]

Downlink multi-user

MISO-mmWave

Phase shift matrix of IRS and

transmitted power

Improve energy efficiency and

sum-rate
Sequential fractional programming

Smaller outage and coverage

probability
[130]

IRS-based ITS
Array reflector of the

Van-Atta type
QoS and RF sensing REITS method Increased mobility [131]

Multi-antenna system
Spectral phase shift and source

transmitted covariance
Strengthen secrecy

Optimization at the

variable-level
Source transmitted power [132]

IRS-based vehicular IRS-based resources allocation Probability of secrecy outage
IRS as receiving antenna in V2I and

relay for V2V scenario
High number of IRS elements [133]

Vehicular network IEEE 802.11p transmission samples
Received signal power and

channel prediction
Deep learning method Various environments [134]

IRS for communications

with UAVs
OFDMA networks Optimized sum-rate Variable-level optimization Phase shift of IRS [135]

However, the greatest barrier to future research on IRS-based wireless communications
is the lack of precise electromagnetic and physical model for the IRS. The IRS is viewed as a
diagonal matrix with phase-shift values in the majority of currently research works. From
an electromagnetic and physics perspective, the response of the IRS to radio waves has
not yet been thoroughly investigated, which could result in relatively simple performance
predictions and algorithmic designs. In addition, there is no IRS-based V2V channel model
available at this moment that can study the effects of traffic density on channel statisti-
cal properties as well as simultaneously represent space-time frequency non-stationary
characteristics and high delay resolution. In high-mobility environments, adjustment of
IRS reflecting coefficients with immediate CSI is prohibitive due to the continuous and
frequent change of IRS parameters in a short coherence time. As a result, there will be
high power consumption and signaling overheads from the smart controller (which helps
modify biasing voltages), and the IRS will be difficult to tune in practice [136]. However,
due to limited channel training, frequency, and/or duration, estimation error in IRS is
unavoidable. Despite its many advantages, IRS-assisted wireless communication systems
have both passive and active components, making them more complex than standard
wireless communication systems which simply have active devices. Active IRSs are being
investigated in numerous existing studies to overcome hardware complexity and energy
expenditure, where the signals can be amplified to break the “double-fading” effect and
therefore improve transmission efficiency. However, a fully active IRS could result in
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high power depletion. Thus, there exists a tradeoff between energy consumption and
transmission efficiency for passive and active IRS. Active IRS can also reduce the beam split
effect, which needs to be investigated further. As the wireless channel turns reconfigurable
and more intelligent, IRS can offer a lot of potential to fulfill the stable and high data
rate requirements.

5.3. HST Channel Characteristics

High-speed train (HST) channel models are precisely characterized through non-
stationary characteristics because of the fast speed of trains. HST scenarios are supposed as
one of the distinctive scenarios in the 5G and B5G communication networks. Considering
the excessive speed of trains, such as 500 km/h, the channel modeling of future HST needs
to tackle the advanced level challenges, i.e., high Doppler shift, non-stationarity [137],
rapid handover features [138], and adjustment to different HST propagation scenarios [139],
including tunnel, station, etc. Therefore, HST scenarios might be the utmost challenging
scenarios in 5G channel models. Some important channel modeling schemes for HST
in tunnel environment are given in Table 5 [140–151]. Recently, most of the HST chan-
nels are established based on the GBSM model. In [152], a measurement campaign was
carried out using LCX to characterize the PL, received signal power, PDP, RMS-DS, and
system non-stationarity in the HSR tunnel environment with a quite large accuracy rate.
A novel geometry-based random-cluster model was proposed for HST channel in [153].
The time variant nature of Doppler spread and delay of clusters was demonstrated on the
basis of geometrical characteristics between the BS, railways, and HST carriages. Clus-
ter characteristics containing per-cluster PL, Doppler spread, delay, and shadow fading
can be inferred through the measurement results. The channel models for example, the
IMT-Advanced [154] and WINNER II [155] presents the corresponding channel models
under the condition of fast-moving vehicle scenarios. By applying the similar HST model
structure in other environments, the IMT-Advanced and WINNER II models can assist in
speed increments up to 350 km/h. Moreover, the IMT-Advanced model can be expanded to
the 2D non-stationary model for HST by introducing the movement of clusters in different
propagation scenarios in [156]. The appearance of multiple clusters was modeled through
the birth-death technique. Moreover, various constraints such as power, angle, and delays
were updated relative to their geometrical structure. The massive MIMO HST channel
performance is dependent on many factors; a few of them are given below:

Table 5. Different channel models for HST in tunnel environment.

Channel Model Operating Frequency Antenna Configuration Scenario Channel Characteristics Ref.

Multimode model 450 MHz, 900 MHz SISO Rectangular subway tunnel PDP, Field distribution [140]

GBSB model 900 MHz MIMO Rectangular tunnel Rice factor, PDP, Correlation function of space-time [141]

Path loss model 2.4 GHz, 5 GHz SISO Subway tunnel RMS-DS, PL, Channel capacity, Channel stationarity [142]

WINNER model 5.8 GHz MIMO Subway tunnel AoA, AoD, PL, Delays, Fast fading [143]

Deterministic Physics-based UWB 5.8 GHz SISO Rectangular tunnel CIR, RMS-DS, Received power [144]

Multimode waveguide 2.4 GHz MIMO Underground mine, Subway tunnel PAS, Correlation, Angular properties [145]

Theory of propagation-graph 1.8 GHz MIMO Arched tunnel Channel capacity, Correlation coefficient, CIR, Channel coefficients [146]

Geometrical optics model 900 MHz SISO Underground mine SSF,LSF [147]

FSMM 2.412 GHz SISO Subway tunnel SNR, Distance interval, States number [148]

Propagation model 2.4 GHz SISO Subway tunnel Fast fading, PL, SF, AFD, LCF [149]

Bartlett model 3.5 GHz MIMO Subway tunnel PDP. Angular spread, Condition number [150]

Path loss model 2.49–4 GHz MIMO Rectangular tunnel Delay spread, PL [151]

5.3.1. Cluster Evolution in Stf Channel

A novel 3D mmWave massive MIMO high-speed train channel model has been intro-
duced in [157], which considered the STF (space-time-frequency) non-stationarity. Charac-
teristics of spherical wavefronts of massive MIMO channels induce the non-stationarity of
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a channel in the space domain. Moreover, the relative modifications between the size of
scatterer elements and the wavelength have a higher influence on the channel statistical
data among different operating frequencies, which leads towards the non-stationarity in
a frequency domain. By assuming the Saleh–Valenzuela (SV) and WINNER II channel
modeling schemes, a 3D double-cluster HST channel model can be acquired [158]. The
proposed channel transfer function is a combination of number of antennas, frequency,
and time, which further comprises other channel parameters for example, the Doppler
frequency, the elevation and azimuth angles, velocity of receivers, powers, and delays. All
these mentioned constraints can be revised continuously by the geometrical configuration
of cluster, Tx, and Rx. The clustering approach provides a more concise channel description
by using the inter- and intra-cluster distributions, and therefore it has been assumed in
channel model such as COST 2100 [159]. Normally, the non-stationarity is mostly assumed
in frequency domain in many research studies. Moreover, the 2 GHz bandwidth was
separated into four different sub-bands in [159]. In every sub-band period, the channel is
considered as constant. However, among various sub-bands, the frequency axis evolution
was conceived and denoted through the birth and death approach [160]. All clusters have
their own durable probability, and the frequency related factors are introduced to adjust
their enduring probabilities. In the HST scenario, the clusters remain for a specific time
period [161]. Throughout this time period, the total number of certain clusters remains as
consistent. When the period is over, some initial clusters may disappear and additional
clusters appear. The cluster evolution in STF domain for HST communications is developed
in the following way:

Figure 13. IRS−based wireless communications. (a) Schematic diagram of V2V system in presence
of IRS. (b) Zoomed−in image of the element shown in the inset together with an illustration of the
digitally coded IRS surface. (c) The element’s phase and amplitude of its reflection spectra at different
biasing voltages [125].

In the first step, a chain of preliminary clusters is introduced at specific time t [162].
Some parameters for example, the virtual link delay (VLD), total sum of rays, angular
parameters, delay, and power of rays are required to be allocated. These parameters
can be assigned through different distributions. The number of rays follows the Poisson
distribution. The delay of ray and VLD of clusters are supposed to adopt exponential
distribution. Furthermore, in angular parameters, for example, AAoD’s, AAoA’s, EAoD’s,
and EAoA’s, the wrapped Gaussian distribution is followed.

In the second step, to express the clustering technique more precisely, two kinds of
sampling intervals are used. The first one is based on the sampling interval of a channel,
i.e., ∆ f , ∆t, and ∆i in frequency, time, and space domains, respectively. The parameters of a
channel need to be updated repeatedly during given periods. The second kind deals with
the period in order to update the status of clusters. The intervals can be characterized by



Electronics 2023, 12, 2014 28 of 42

∆ fe, ∆te, and ∆ie, and the birth and death process of cluster initiates during these intervals.
The clustering parameters need to be updated repeatedly during the time period. All
clusters have their own surviving probability.

In the third step, the surviving and newly originated clusters are required to up-
date their status. In newly originated clusters, few parameters, i.e., angular parameters,
power, and delays, are allocated randomly, similarly as followed in the first step. In sur-
viving clusters, the angular parameters, power, and delays are updated against their past
time instant.

5.3.2. Waveguide Effect

Considering the conductivity and geometrical structure of a tunnel scenario, the
propagation of electromagnetic waves in a tunnel can be demonstrated in the same manner
as propagating in a waveguide. In [163], it was proved that if the operating frequency is
greater than few hundred megahertz, the waveguide effects appear. Moreover, because of
the unique physical structure of a tunnel, there exist numerous scattering and reflecting
components which induce the waveguide effect in the tunnel. In [164,165], the waveguide
models were proposed which follow the modal theory in describing the electromagnetic
waves propagation phenomena inside the tunnel environment, and it is equivalent to the
rectangular waveguide. The transverse mode is widely used in describing the radiated
field distribution of a waveguide. There exist two types of modes which propagate within
a waveguide material such as transverse magnetic (TM) and transverse electric (TE) modes.
Both of these modes have their own cutoff frequencies and they are dependent on the mode
parametric values and tunnel size. In such scenarios, where the operating frequency is
greater than the cutoff frequency, the given modes may exist within the tunnel environment.
The distribution of radiated field can be estimated as the sum of entire modes field. In the
near region, the electromagnetic field contains numerous modes (traverse mode, plane
wave, hybrid electromagnetic mode, etc.) that quickly attenuate signals. In tunnel, many
factors contribute in the attenuation, etc., the tunnel size, operating frequency, propagation
modes, and permittivity of the tunnel walls. Therefore, a waveguide effect needs to be
linked with other models, which can facilitate the modeling of a multimode scenario for an
HST channel. In such scenarios, where the operating frequency is a few GHz, the distance
for near regions becomes longer, and, as a result, the time duration in near regions turns
into a higher value. Moreover, the train itself affects the field distribution when it moves
within the tunnel environment. Hence, the influence of a train on field distribution and
the multimode propagation at higher frequencies is required to be considered for further
investigations.

5.3.3. Near and Far Regions in the Tunnel

When the electromagnetic waves propagate within a tunnel environment, the tunnel
is generally categorized into two sides along the breakpoint, i.e., the far region and near
region [166,167]. The statistical characteristics of a tunnel channel, including SF, PL, and SSF
characteristics, are significantly different in both regions. Therefore, a precise determination
of a given breakpoint is very vital for future models and tunnel measurements. From the
perception of a modal theory, the propagation of electromagnetic waves can be divided
into various waveguide modes, and the rectangular tunnel geometry can be conceived
as an outsized waveguide. The propagation modes can be estimated by considering the
cutoff and operating frequencies in tunnels. When the cutoff frequency is smaller than
the operating frequency, the radio signals propagate inside the tunnel. In near regions,
the field generally consists of different modes. However, due to the increment in distance
among the transmitting and receiving antennas, the high-order modes of signals experience
quite large attenuation, and a large number of high-order modes are lost before reaching
the breakpoint. In far regions, i.e., after reaching the breakpoint, the low-order modes are
dominant. According to the statistical perspective, the received signals can be represented
as the summation of LoS components and the reflected components from the tunnel ceiling,
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ground, and sidewalls [168]. In near regions, there exist strong LoS components of received
power signals, and, as a result, the Ricean K-factor value is comparatively large. Moreover,
the Rayleigh channel distribution can be introduced in far region due to the absence of LoS
components and the relatively smaller Ricean K-factor value.

5.4. Millimeter Wave Mimo Channel Characteristics

For the distribution of multiple antenna arrays, the massive MIMO channel exhibits
some particular characteristics, containing the elevation characteristic, satisfactory propaga-
tion condition, spatial non-stationary condition, and circular wave-front assumptions. As
demonstrated in Figure 14, the massive MIMO provides a unique option for realizing the
concept of heterogeneous networks. In future B5G technologies, a heterogeneous network
can allow numerous small networks to coexist in one huge network. The coexistence of var-
ious networks can cause significant interference, which can degrade the power of received
signals. Moreover, the massive MIMO technology can assist in improving the throughput
of heterogeneous networks by employing the beamforming technique. In massive MIMO
channels, a serious question is exactly how the vast quantity of antennas influence the
basic channel in real-world environment and multiple frequency bands. Extensive research
on the development of different multiple-antenna measurement channels under various
scenarios has been found to understand the characteristics of different MIMO systems. For
a given purpose, a complete review is demonstrated in [169,170] to provide a broad insight
into the latest measurement campaigns. Table 6 gives the detailed structure of the latest
developments in massive MIMO measurement campaigns, including the channel charac-
teristics and measurement settings [171–179]. The combination of massive MIMO and the
mmWave channels has many advantages regarding flexibility, adaptivity, and compact
dimensions. However, this combination also introduces new challenges in channel model-
ing. In [180], the MIMO channel was studied in a tunnel scenario for the millimeter-wave
(mmWave) at 28 GHz frequency band. The performance of the given channel was studied
on the basis of 2 × 2 and 4 × 4 MIMO channels and the impact of antenna separation
on channel capacity. Figure 15 shows the capacity of 2 × 2 and 4 × 4 MIMO systems in
terms of cumulative distribution function for different receiving locations in the tunnel
environment. The antenna grids were placed at different locations such as A1, A2 A3, A4,
and A5. It can be noticed that the capacity varies within a lower range as the Tx–Rx distance
rises in the tunnel. Additionally, the 4 × 4 MIMO channel capacity was more influenced
from the transceiver distance variations than the 2 × 2 MIMO, and when the distance rises,
the 4 × 4 MIMO channel capacity changes significantly. Moreover, the results revealed that
MIMO is regarded as an efficient strategy for improving the signal quality of mmWave
communications in confined environments, and 4 × 4 MIMO channel capacity is remark-
ably reliant on the transceiver distance. In addition, the tunnel cross sectional mutations
develop rich reflection environments to assist in capacity increments. With the increase of
antenna space, the capacity escalates generally. The current results have useful applications
in mmWave MIMO system design dedicated for the metro communication-based train
control (CBTC) systems, while in [181], mathematical configuration was considered in the
model of the uniform theory of diffraction (UTD) to formulate a deterministic RT model
due to LoS conditions. The given theoretical approach is then endorsed experimentally in
the time domain (TD) and frequency domain (FD). Remley’s UTD model is observed as
the best fit for acquiring relevant outcomes as it is reported for a dielectric constant from
diffracting edges and providing good approximations when the Rx is placed in some deep
shadow areas. In reality, this model is practiced as proficient for calculating the complex
multipath’s for underground mine or tunnel channels because of a ray-optical performance
at the mmWave band.
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Table 6. A brief overview of massive MIMO channel characteristics in underground tunnels.

Channel Sounder Scenario Antenna Array Configuration Carrier Frequency Channel Characteristics Ref.

RUSK-Hyeff O2I
Tx ULA/Rx DPA

(16 × 24)
2.53 GHz

Capacity, elevations, angles,
AS

[171]

PropSound CS O2I, outdoor
Tx UPA/Rx ODA

(32 × 56)
3.5 GHz

Capacity, spatial correlation,
eigenvalues, AS, PAS

[172]

VNA and RUSK-LUND Outdoor
Tx UCA and ULA

(64 and 128)
2.6 GHz Capacity, SVS [173]

PropSound CS O2I, outdoor
Tx UPA/Rx ODA

(256 × 16)
3.5, 6 GHz

PDP, AS, PAS,
eigenvalue spread,

capacity
[174]

VNA Indoor
Tx Horn /Rx Biconical

(51 × 51, 76 × 76, 91 × 91,
121 × 121)

11, 16, 28, 38 GHz
DS, Power, AS, AoA,

EoA, spatial correlation
[175]

VNA Outdoor Tx ULA (128) 2.6 GHz
K-factor, spatial correlation,

power, PAS, eigenvalue
[176]

Medav sliding-correlator Indoor
Tx ODA/Rx UPA

(1 × 121)
9.5 GHz AoD, AoA, EoA, EoD [177]

Constructed Outdoor
Tx ULA/Rx ULA

(144 × 144)
1.4725 GHz Path loss, PAS [178]

VNA Indoor
Tx ODA/Rx UPA

(1 × 1600)
15 GHz

K-factor, AOA, power, AS,
cluster number, EoA

[179]

Figure 14. Massive MIMO channel spatial characteristics in heterogeneous network.

Figure 15. The 2 × 2 and 4 × 4 MIMO channel capacities for various positions of antenna arrays [180].
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6. Future Challenges and Trends

Some contributions for designing wireless communication channels which are de-
duced from the literature have been deliberated in this review. The open research directions
for the future investigations contain characterizations of frequency above 15 GHz for the
mmWave MIMO channels, incorporation of high complicated tunnel structures, geome-
tries in actual ray-tracing and waveguide models, design of optimal wireless mesh setups,
antenna configurations, and design of channel models for the LCX- and DAS-based MIMO
systems. It would be quite useful to find out whether it is compulsory to consider the
surface roughness and diffraction in modeling, but it is favorable to keep them advanced as
much as possible. Furthermore, the diffraction and reflection impact on the radiated field
and the interference between the antennas in LCX-based MIMO systems can be included
for the future studies. The results of given study promote the functioning of advanced
technologies which ultimately expand work safety, efficiency, and productivity in tunnel
and mine environments. The significance of bit error rate for the mmWave MIMO systems
in tunnel environments can be considered for future research, and more parameters, for
example, the train speed, throughput, influence of actual delays, and sensing, can be con-
sidered in the measurement campaign of performance flexibility. The possible precoding
methods can be explored for non-uniform antenna arrays topologies. In addition, for the
mmWave communications in non-uniform MIMO systems, the significant non-uniform
multibeam training schemes and pattern can be encouraged for further evaluation of
various applications such as secure communications, low-latency communications, and
UAV-based communications, where the detailed numerical and analytical results need to
be presented.

To the greatest of our observations and knowledge, there are few open studies on
radio propagation by considering LCXs for ultra-deep tunnel and underground mine
vertical shafts. The experimental study for the performance assessment of different antenna
polarizations is also inadequate. Open research areas contain the performance comparison
of ultra-deep tunnels and underground mines for the consideration of directivity and
different antenna polarization schemes. There is a further requirement to characterize
different mine environments with antennas acquiring beam-width equivalent to the angular
spread (AS). To overcome the safety and health issues, the transmitting antenna power
levels need to be considered, especially in coal mines. The comparison of the DSPN model
along additional train control functions could also be analyzed for upcoming research
directions to handle the reliability measures of train control systems. The ERTMS and
CBTC are the most distinguished railway signaling systems for radio communications that
exist at the moment. However, the given systems are incompatible when we deal with
their wayside infrastructure and technologies for radio communications. Mass-transit is
usually characterized through the line capacity and short distances, and therefore the CBTC
turns into a suitable preference. In comparison, a mainline is described through the high
speed, complex networks and long distances, and therefore ERTMS turns into as signaling
standard [182]. Radio technology which operates at extremely high mmWave frequency
range (60 GHz) presents immense potentials for radio communications. The frequency
band of 60 GHz is considerably less crowded when compared with the 2.4 GHz frequency
band and provides extremely improved data rates [183]. The mmWave technology has
gained the extra momentum after the approval of IEEE 802.11ad standards that proceeds
at 60 GHz ISM band and enables improved data rates (7Gbps) [184]. Though the range
provided at such frequency is relatively short due to different propagation phenomena
which induce serious attenuations in high frequency signals, this issue can nonetheless be
solved by considering the high-gain antenna and high transmitted power.

Currently, various measurement and simulation results are based on virtual transmit-
ting and receiving antenna arrays. In order to acquire advanced realistic channel features,
large numbers of physical antenna arrays are needed. In this state, the coupling effects
between the transmitting and receiving antennas can be observed. Additionally, the clus-
ter performance along the array axis demands further investigation. Though the cluster
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presence/absence and AoA variations have been perceived in the measurement results of
previous studies, the birth and death rate of cluster and rate of AoA variations still need
to be studied. In addition, the elevation properties of massive MIMO systems are less
explored in the previous studies. The influence of receiving antenna placement within
the confined environments is yet an open question to investigate [185]. Another future
challenge will be the consideration of measurement campaigns regarding massive MIMO
channels in HST, V2V, mmWave, and M2M scenarios. Since HST, V2V, mmWave, and M2M
communications are the basic technologies in the fifth generation wireless channels, the
massive MIMO will be quite useful to improve the efficiency of a channel. In this situation,
the characteristics of massive MIMO system with these advanced features will be vital in
channel designing. Even though there are a few developments in modeling of massive
MIMO channels, there are yet many problems to be determined [186]. The mmWave
channel, which is competent to make use of quite high bandwidth (1 GHz), appears as
a main component of the 5G communication channels [187]. The consideration of extra
spectrum can be developed based on a three-fold technique. Firstly, the collaboration of
massive MIMO with the mmWave technique can be proved as an effective approach in
compensating the atmospheric absorptions along the substantial beamforming gain and the
large path loss. The optimization and design of future massive MIMO channels are highly
determined by the wireless channel characteristics. Although the resolution of time domain
is quite large (1ns) in mmWave massive MIMO channels, the channel modeling of IMT-A,
which is capable of providing the resolution up to 5 ns, yet fails to fulfill the requirements
of mmWave massive MIMO channels. Therefore, an efficient time resolution channel model
is required in 5G technology evolution. Secondly, the array-time development of different
clusters can be modeled through the birth–death process [188]. Exerting other stochastic
approaches for the array-time modeling would be quite challenging. Simultaneously, it is
worth investigating the replacement of stochastic process with other emerging techniques
in order to model the array-time method. Finally, there exists a prominent trade-off among
the complexity and the accuracy of channel model. In certain cases, a mathematically
tractable and low-complexity of MIMO channel can be perceived as an ideal case when the
high system performance is required. How to determine this ideal trade-off remains an
open question.

Different solutions have been suggested to overcome the obstacles in modeling massive
MIMO radio channels. These contain the composition of Saleh–Valenzuela (SV) modeling
of massive MIMO channels [189], the map-based channel modeling for the massive MIMO,
the modeling of massive MIMO channels for advanced B5G special scenarios, and the
channel modeling for THz communications. However, the SV channel model can deliver
quite different solutions for the massive MIMO channels in mmWave band. The modeling
of massive MIMO channels for the advanced 5G set-ups is used to facilitate different 5G
applications, for example, M2M and HST communications. Finally, the THz communica-
tions are capable of fulfilling the demands of HST communications by exploiting the THz
spectrums.

1. Saleh-Valenzuela Channel Modeling: The SV model is widely used to assess the sys-
tem performance under the assumption of channel bandwidth when it is quite large
(500 MHz). In the SV model, the total numbers of signals are assumed to pursue
the Poisson distribution, and the signals with certain delays inside the cluster can
be determined due to the large time resolution [190]. The IEEE WPAN has already
appraised the SV model in its standards [190,191]. To practice the massive MIMO
and mmWave scenarios in 5G systems, the on-going SV model needs to be upgraded.
By consuming the large number of antenna arrays along the array axis, the cluster
evolution which is established through the birth–death process can be introduced in
the SV channel model for the massive MIMO systems [192]. In the meantime, the
information of geometrical correspondence of a channel model is also required when
the non-stationary characteristics along the time axis are perceived. Consequently,
the cluster formation algorithm in [192] needs to be upgraded in order to consider
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the generation of parameters for signals within different clusters. In addition, the
directional antenna systems can be extensively used in the mmWave communication
channels to overcome the atmospheric absorption and path loss [193]. As a result,
different channels based on directional antennas should be integrated in the given SV
model. Moreover, the 3-D channels can be conceived to model new clusters against
their vertical planes [194].

2. MBCM Channel Modeling: The GBSM and METIS projects have proposed a new
modeling technique for the massive MIMO networks known as map-based channel
modeling (MBCM) [195]. The METIS-based MBCM model is demonstrated based on
an RT approach. It is focusing at the tracking of each ray approaching from trans-
mitting antenna to receiving antenna. Moreover, the interactions between signals
and the scattering/shadowing objects, i.e., blocking, diffraction, diffuse scattering,
and specular reflection, have been carefully deliberated in few studies. These scatter-
ing/shadowing objects need to be introduced randomly in given scenarios. Since each
signal is tracked through the MBCM, therefore the massive MIMO system properties,
i.e., non-stationary characteristics of different clusters and spherical wavefronts are
incorporated in this model. By considering the Doppler effects at both the transmitting
and receiving antenna sides, the METIS-based MBCM is capable to facilitate such
environments where M2M communications for massive MIMO channels are required.
However, the RT nature of the MBCM causes for a quite high complexity in channel
modeling [195]. The practicability of MBCM needs to be explored further.

3. Deployment o f Massive MIMO in Advanced 5G Environments: It was demonstrated
in [196] that machine-to-machine communications can play a vital role in future 5G
communication networks, where the devices are all interlinked. Different channel
models for the M2M communications along conventional MIMO systems can be
found in [197], where Doppler effect was considered at both the transmitting and
receiving antennas. Having the capability to boost the channel performance, the M2M
and massive MIMO systems need to be integrated. The evolving applications of HST
channel in 5G communication systems appeal to researchers to consider the HST
channels in their future research [198]. Massive MIMO channels can be anticipated
to enhance the system performance if they are equipped at the HST or at the base
station. Conversely, the high velocity of HST communication channels introduces
different challenges in channel modeling. Therefore, the channel can be considered
as a non-stationary. In [192], the array-time algorithm has been proposed and can be
possibly extended to justify the HST massive MIMO channel. To collectively model the
massive MIMO system characteristics for other advanced 5G scenarios (HST or M2M),
a general channel model would be constructive if it includes the array-time evolution
and Doppler effects at both the transmitting and receiving antenna arrays. These can
be acquired through a GBSM framework introduced in [199] by incorporating the SV
and WINNER II models. Additionally, the polarized arrays and the 3-D features can
be further investigated. Finally, it can be proved that each signal has its own complex
gain and delay in the GBSM framework due to the involvement of the SV model [199].

4. THz Communications: The spectrum of THz communications, ranging between 0.3
and 10 THz, stands between the infrared lightwave and mmWave in the electromag-
netic spectrums. The THz spectrum can be regarded as the novel spectrum resource
and has been not completely explored so far [200]. However, due to the growing
demands of wireless access in HST and the evolution of different semiconductor
devices, the THz communication networks have gained the considerable attentions of
researchers. Because of the vast bandwidth, the THz communications are expected to
deliver improve data rates (100 Gbps or even more) [201]. On the other hand, because
of the higher frequency bands, the signals at THz band encounter atmospheric attenu-
ation and much higher free space PL than those working at the microwave frequency
band [202]. Thus, the THz communications are most likely to be useful in confined
scenarios combined with the beam-steering systems. The channel modeling of THz
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communications is yet in its initial phase and quite a few models of THz communi-
cations have been investigated so far. The authors in [203] aimed at a GBSM model
for THz communications which can be used to estimate the system-level through-
put and to explore the THz channel physical characteristics. In [204], the multi-ray
THz communication channel model using an RT technique has been considered to
explore the diffracted, scattered, LoS, and NLoS component interactions. Intelligent
reconfigurable surface (IRS) and THz are two promising candidate technologies for
fulfilling the aforesaid requirements. THz communication can achieve exceptionally
high transmission rates by providing ultra-wide bandwidth. However, due to diffrac-
tion and high path loss issues, THz signal coverage is limited. To accomplish this, an
IRS made up of a high number of reconfigurable passive elements can be utilized to
change the signal strength and propagation direction by modifying the amplitude or
phase of the IRS elements, hence increasing THz signal coverage [205]. IRS is capable
of dynamically modifying wireless channels to improve communication performance
by smartly tuning signal reflection via a large number of low-cost passive reflecting
devices. As a result, the new IRS-assisted hybrid wireless network, which includes
both passive and active components, is predicted to be highly promising in terms of
capacity and cost reduction in future.

Another significant upcoming research trend involves the transmission design of
MIMO systems with the massive-connectivity of finite transmitted signals. The interference
caused by a large number of user transmissions in a limited spatial environment is a highly
challenging condition for 5G and B5G wireless networks. Driven through the evolving
applications of machine-type communication and Internet of Things, the assistance of the
massive connectivity has turned into a key constraint for the advanced cellular networks.
Now, a few studies on massive-connectivity networks by considering the ideal Gaussian
signals have been found [206,207], but a lot of work needs to be performed on massive
connectivity of MIMO systems with the limited input signals. Moreover, the possible
challenges consist of a fundamental study of random accessible users with limited input
signals, security attributes for massive users, prohibitive computation complexity required
for the evaluation of system performance, and so on.

7. Conclusions

The demand for wireless communications in underground the tunnel and mining
industries has emerged from the basic signaling scheme to human-to-human voice com-
munications and to real-time transmissions of high speed data rates. Correspondingly,
the encouraging technologies have been developed from through-the-earth (TTE) trans-
missions to through-the-air (TTA) communications. Different applications adopting these
technologies can introduce voice communications, wireless sensor networks (WSNs), video
surveillance, and geo-location tracking of any organization or personnel. In order to
promote and assess these technologies properly, the propagation of wireless channels
and modeling are crucial. Theoretical and measurement tactics for channel modeling are
perceived as complementary.

On the one hand, mathematical and analytical models such as stochastic and deter-
ministic models are established on the basis of propagation characteristics. To fulfill this
perception, the reflected and LoS paths are considered for both the horizontally and verti-
cally polarized waves, radiating from the LCXs and distributed antenna systems (DAS).
The main attention is devoted to the understanding of factors influencing the channel field,
IRS, mmWave, HST scenarios, and parametric adjustment to enhance the massive MIMO
system performance for ITS applications. Moreover, it is concluded that tunnel geometry,
coupling loss, path loss, and polarization schemes have greater impact on the realization of
MIMO systems. The analysis of measurement results discloses that MIMO systems have
prominent performance, precisely under the horizontal polarization scenario.

Experimental frameworks provide promptly practical findings; however, they are
subjected to site restrictions and their numerical generalizations are obliged for comprehen-
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sive measurement campaigns in underground tunnels. We explained thoroughly that the
angular dispersion of signals considerably disturb the performance of a channel, which
can be accurately anticipated through a multimode waveguide in near- and far-fields for
underground scenarios. Finally, we have provided some suggestions for the future work
directions in massive MIMO systems to optimize their performance in HST tunnel and
mine scenarios.
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