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Abstract: The high reliability of the communica-
tion system is critical in metro and mining applications
for personal safety, channel optimization, and improv-
ing operational performance. This paper surveys the
progress of wireless communication systems in under-
ground environments such as tunnels and mines from
1920 to 2022, including the evolution of primitive
technology, advancements in channel modelling, and
realization of various wireless propagation channels.
In addition, the existing and advanced channel model-
ing strategies, which include the evolution of different
technologies and their applications; mathematical, an-
alytical, and experimental techniques for radio prop-
agation; and significance of the radiation character-
istics, antenna placement, and physical environment
of multiple-input multiple-output (MIMO) communi-
cation systems, are analyzed. The given study intro-
duces leaky coaxial cable (LCX) and distributed an-
tenna system (DAS) designs for improving narrow-
band and wideband channel capacity. The paper con-
cludes by figuring out open research areas for the fu-
ture technologies.
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I. INTRODUCTION

In recent decades, the underground communication
community has begun to embrace short-range wire-
less communication technology as an important ele-
ment of their strategy for improving the productivity
and safety. Through the use of multipath propagations,
leaky coaxial cables (LCXs) have lately emerged as
crucial technique for boosting the capacity of wire-
less local area networks (WLANSs) in conventional do-
mestic, industrial, and commercial applications. The
consideration of LCX both as transmitting and receiv-
ing antenna has many valuable applications in wire-
less communication networks, such as for the high-
speed railways, exact location of train, automatic high-
way, underground conveyance, and communication-
based-train-control (CBTC) systems [1-3]. Usually,
one LCX is used as one antenna. Therefore it requires
more than one LCX to configure a MIMO system. [4]
proposes a single LCX-based MIMO system which
can function as two antennas when different radio fre-
quency signals are fed to each end of LCX. Therefore,
the single LCX-based MIMO can reduce the system
cost and space requirements to configure MIMO sys-
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tem.

At very high frequency (VHF), the wireless sys-
tem performance in underground carriage tunnels and
mines is found to be very poor because their in-
ner structures induce the waveguide effect. Tradi-
tional distributed antenna system (DAS)-based chan-
nels have played a significant role in underground
communications over the last five decades, but they are
no longer compatible with newly evolved technolo-
gies and wireless standards that provide much higher
efficiency and better capabilities, such as integrated
data and voice. In literature, numerous studies have
been perceived to improve the data rates and capacity
of a channel for long-term evolution in metro (LTE-
M) systems. Recent interests in deployment of next
generation wireless communication systems in under-
ground tunnels has stemmed from: (1) the potential to
enhance the tunnel environment productivity and ef-
ficiency through efficient voice communication, better
approach towards the management of data system, and
automatic dispatch [5-9], (2) recent models for wire-
less personal area network (WPAN) devices and for
the short distance wireless communication networks.
The separating distance between antennas has a rea-
sonable impact on the outcome of MIMO channel,
thus by properly adjusting this distance and other fac-
tors, a reliable and stable performance can be acquired
which is important for the underground radio commu-
nications.

1.1 Main Contributions

None of the aforementioned publications tackled the
modeling requirements of LCX- and DAS-based mas-
sive MIMO channels in mine and tunnel environ-
ments. In this review, we discuss not only the impor-
tance of new technology, but also the efficient devel-
oped models for channel propagation in underground
mines and tunnels. More precisely, the major contri-
butions are as follows:

1. Introducing a New LCX-based Channel Classifi-
cation: Our intention is to bring earlier research
into consideration, classify gaps and directions,
and summarize achievements. We interrogate the
factors which have greater influence on channel
performance and introduce different models used
to explain propagation characteristics of a MIMO
channel.

2. Performance Analysis single-input single-output
(SISO) and Massive MIMO Channel Applica-
tions: We consider the extension of SISO chan-
nels to high-speed train (HST) massive MIMO
channel applications to fulfill the urge of service
stability and improvement. To examine the po-
tentials of massive MIMO systems, we provide
some modern developments regarding its applica-
tions in real time-mine and tunnel environments,
such as Metro.

3. Specifying Potential and Research Recommenda-
tions: In order to specify the potential techniques
to lift the performance of massive MIMO sys-
tems, we propose suggestions and emerging ideas
for future research directions in wireless commu-
nication field.

The rest of the paper is structured as follows. In
Section II, a concise review about evolution in wire-
less communications and factors which has signifi-
cant influence on wireless propagation characteristics
is demonstrated. In Section III, we present determin-
istic and stochastic channel modeling schemes. The
future trends and challenges for upcoming research
problems are discussed in Section IV. Finally, Sec-
tion V concludes this survey.

II. DEVELOPMENT OF WIRELESS COM-
MUNICATION IN CONFINED ENVI-
RONMENTS

2.1 Background and Evolution of Wireless
Communication

In the early days of wireless communication in con-
fined environments such as underground tunnels and
mines, the communication system was relying on ex-
perimental study without any empirical understanding
and theoretical modeling efforts. The initial incen-
tive for underground communication was focused on
facilitating safety purpose in mines or tunnels by ex-
ecuting human-to-human communication. As under-
ground communication system has progressed, men-
to-machines and further machines-to-machines com-
munications have been accomplished to meet the pro-
ductivity and effective goals. The wireless signals
when they travel from transmitting antenna (Tx) to a
receiving antenna (Rx), they undergo various propaga-
tion phenomena such as diffraction, reflection, refrac-
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Figure 1. Basic wireless propagation phenomena in con-
fined environment.
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Figure 2. Leaky coaxial cable inner structure with slots,
insulating and conducting sheets.

tion, and scattering, as shown in Figure 1. Therefore,
the interaction of signals through surroundings may
cause disturbance and follow many paths between Tx
to Rx.

In 1899s, extremely low-frequency (ELF) signals
were investigated by N. Tesla, and the earth was ex-
ploited as a transmitting medium to deliver worldwide
messages [10]. Interest about wireless communica-
tions in underground environments has evolved in the
late 1920s after the first pioneer of radio propagation
was attracted towards the potentials of Through-The-
Earth (TTE) wireless communication. It lasted until
the 1940s, when the US Mines Bureau started offering
various services, including as TTE signaling systems
and current radio carriers for emergency operations
and routine communications in mines [11]. In 1940s,
because of the limitations of bulky mobile equipments
and low data rates, the initial research of wireless
communication in mines and tunnels was temporarily
ceased.

Generally, Through-The-Wire (TTW) signals go all
the way through the twisted pair, coaxial cable, trolley,
and optical fiber against the outer surface or within the

tunnel to reach the mobile apparatus, emergency op-
erations, and routine communications in mines. Since
one aspect of TTW signaling scheme is wireless and
the other one is wired, it is mostly recognized as semi-
wireless or hybrid system. For the public benefit and
safety, distributed antenna systems and leaky feeders
were designed in the 1950s and 1960s to increase the
coverage range of very-high-frequency (VHF) radio
communications for considerably shorter subterranean
transport tunnels observed in various metropolitan ar-
eas [10]. In 1960s, the Government and safety panels
in North America and Europe sparked security con-
cerns in order to promote the mining industry and
build better communications with the people work-
ing there by implementing wireless systems based
on leaky feeder and VHF-FM portable radio systems
[11]. The leaky feeder or leaky coaxial cable (LCX) is
a widely utilized TTW technique for communications
in underground environments. The cable is named as
leaky due to carrying slots or gaps on its external con-
ducting sheath, permitting signals to flow out or into
the cable beside its full length, as shown in Figure 2.
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 cover-
age, and limited capacity, i.e., the area of a mine from
where the minerals need to be extracted [11].
Through-The-Air (TTA) at UHF/super-high-
frequency 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 early 2000s, the mine industry was
fascinated with low data rates technology, for exam-
ple, passive-RFID (about 1 m), active-RFID (about
10 m), ZigBee, and systems for high data rates (ultra
wideband) because they deal with low power, short
range, and positioning competency. These techniques
can support different applications of sensor networks.
The objective for device-to-device (D2D) communi-
cations is to deliver direct communications, low rate
in online connections, and low power [12]. A large
number of studies are underway to address the latest
requirements of the fifth generation (5G) networks.
Table 1 provides a complete performance evaluation
of the listed wireless technologies under different
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Table 1. Functional wireless technologies for underground railway systems.

Technology Type Data Rate Speed Limit  Operating Frequency Maturity
LTE-R 50 Mbps/12 Mbps <500 km/h 450/800/1400 MHz Evolving
GSM-R 170 Kbps <500 km/h 930 -934 MHz (DL) Life ending 2025

885 - 889 MHz (UL)
LTE-M 50 Mbps/10M bps <500 km/h 1.785 - 1.805 GHz Evolving
WLAN 12 Mbps/12 Mbps <1000 km/h 2.5/5 GHz Widely practiced
28 GHz mmWave 2000 Mbps <400 km/h 27 GHz Evolving
38 GHz mmWave 8 Mbps/4 Mbps <500 km/h 37.1-38.5 GHz Matured

high-speed environments. However, the highest speed
limit up to 500 km/h of aforementioned techniques
is even hard to attain, whereas the vacuum tube
high-speed flying train (vactrain) can achieve a higher
speed up to 1000 km/h. In order to tackle 5G MIMO
system requirements, the standardized article 3GPP
TR 38.913 [13] specifies that 5G NR can achieve a
highest speed up to 500 km/h.

2.2 Antenna Setup and Challenges

In traditional systems, the base station (BS) cannot ac-
complish beamforming gain until it secures a trans-
mission link across the terminals. To begin, the BS
broadcast pilots, which the terminals use to assess
their channel responses. Afterwards, the BS receives
terminal estimation, which is quantized and transmit-
ted back to it. In addition, the frequency-division
duplexing (FDD) has limited applications in massive
MIMO radio channels due to the time-frequency re-
sources required for pilot broadcasting in the down-
link (DL) scale with the number of antennas and the
number of channel responses that must be predicted
on each terminal. The time required for pilot broad-
casting can improve channel coherence time in large
antenna arrays [14, 15]. Allowing terminals to trans-
mit pilots to the BS through time-division duplexing
(TDD) is a substitute for massive MIMO channels.
TDD works on the principle of channel reciprocity,
in which uplink (UL) channels are used to estimate
downlink (DL) channels. This removes the involve-
ment of channel state information (CSI) in decision
making. Pilot contamination and reciprocity calibra-
tion are two drawbacks of TDD: the former arises in
multi-user setups when a non-orthogonal pilot tech-
nique is used, causing the reserved user’s channel es-

Figure 3. A standard diagram of massive MIMO channel
spatial characteristics.

timate to be contaminated by other users who are con-
suming the same pilot; the latter is required for various
transfer characteristics in UL/DL. Pilot decontamina-
tion and reciprocity calibrations are analyzed in [6, 7],
but no ideal solution has been discovered so far. At
the Tx side, multi-user interference can be reduced
by adapting typical single-stream beamforming algo-
rithms to handle multiple streams. For a small number
of antennas, precoding using Minimum Mean Square
Error (MMSE) or Zero-Forcing (ZF) is quite useful.
On the other hand, the dependence on channel inver-
sions may increase the power load resulting in com-
plexity within extremely large arrays [8].

The simplest approach known as matched filtering
(MF), includes Maximum-Ratio-Combining (MRC)
in the UL and Maximum-Ratio-Transmission (MRT)
in the DL [15]. Tomlinson-Harashima-Precoding
(THP) [16], Vector-Perturbation (VP) [17], and Dirty-
Paper-Coding (DPC) [18], all have attractive features,
but they are either too expensive to implement in
practical applications or deliver gain that is difficult
to justify due to higher computational complexity.
By considering MF, the array size intended to attain
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Signal-to-Interference-Ratio (SIR) which is quite high
in magnitude (at-least double) than that of ZF pre-
coding [19], more research into cost-efficient solu-
tions is further required. This is also illustrated in
[20] for Block Diagonalization (BD) case. Maximum
Likelihood (ML) approach is the best option for han-
dling data streams in a conventional system, but it’s
complexity rises exponentially along the number of
streams. This is the actual reason, why detection and
parameters estimation are two major issues in massive
MIMO channels. Figure 3 represents a generic struc-
ture of these novel characteristics from the antenna
arrays and multipath components. Suboptimal MF,
MMSE, and ZF have low cost, but they cannot achieve
the complete receive-diversity gain of maximum
likelihood approach [8]. MMSE with Successive-
Interference-Cancellation (SIC), Tabu-Search (TS)
[21], Block-iterative Generalized-Decision-Feedback-
Equalization (BI-GDFE) [22], Fixed-Complexity-
Sphere-Decoding (FCSD) [23], and Likelihood-
Ascent-Search (LAS) [24] were developed as a result
of such performance complications tradeoff. For large
arrays, matrix inversion in BI-GDFE and MMSE-SIC
is computationally expensive, and MMSE-SIC outper-
forms matrix-inversion techniques like LAS and TS
[8]. This suggests that further investigation is required,
maybe in the direction of low-density-parity-check
(LDPC) codes or turbo-codes in decoding settings and
iterative detection [8, 19]. It is aimed in [14, 25] that,
due to the law of large numbers, the MIMO channel
becomes more difficult to offer each subcarrier with
similar channel gain. The same findings have been
also stated in [6] under the perspective of FBMC, and
the authors named it as self-equalization, and it can
further contribute towards the reduction of the number
of subcarriers. Another advantage of a massive MIMO
system is having a higher spatial degree of freedom
and can employ the same frequency band. Table 2 de-
fines such shortcomings, their existing solutions, and
moreover each one is explored along their side effects.
The majority of massive MIMO channel research is
based on the assumption that the MIMO channel is in-
dependent. However, in the reality, the above supposi-
tion is quite hard to comprehend when the number of
antennas are quite large.

2.3 Channel Sounding

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

1. by considering the time-division-multiplexing

(TDM) technique to transmit a single element at a
given time,

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

3. or by using the distinctive code word to each
element, named as code-division-multiplexing
(CDM).

The decision of which multiplexing approach is suit-
able, can be decided by the feasibility of hardware
as well as the required precision of channel measure-
ments. Here, we go through the most common sound-
ing approaches and evaluate their benefits and draw-
backs in terms of the characteristics they may provide.

2.3.1 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 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) [32], which operates
at frequencies of 2.1 GHz and 5.3 GHz. In MIMO sys-
tems, this sounder utilizes a pseudo-random noise se-
quence for a broadband excitation and fast microwave
switching at both the transmitting and receiving sides.
The switches may switch up to 32 components simul-
taneously, allowing a high level of MIMO complex-
ity. Because the time required to complete one full
measurement cycle determines the maximum rate of
change in environment, the sum of the antenna num-
bers can seriously limit the condition in which a chan-
nel sounder can be used. Moreover, if the MIMO sys-
tem 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
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Table 2. Different challenges and solutions for multiple antenna channels in 5G.

Research Aspect Issue

Solution

Drawback and Side Effect Ref.

a). Restricted to indoor environments

Front-Back Ambiguities Dense Multidimensional Executions b). Increases coupling effect [5, 6]
¢). 3D-array have limited effectiveness
a). Causes ohmic losses
Antenna features . Multi-ports Impedence Matching RF
Antenna Coupling b). Reduces bandwidth [5-7]
Networks
¢). Not entirely understood for higher M
Clusters Resolution No precise solution investigated so far Open question for future research [8]
Propagation i a). Sophisticated Analytical Method
Channel Modeling Recently under development [9]
b). A Realistic Empirical Method
. . . Restricted via coherence time of
BS transfers Pilots to given Terminals by FDD [7, 15]
channel
CSI Acquirement Channel cooperative calibration [26]
Terminals sends Pilot to BS via TDD
Pilot contamination problems [27]
MMSE a). Higher average transmitted power (8. 19]
ZF b). Computationally substantial for large M |

Linear Precoding Techniques

Precoding (in DL}

a). Higher M mandatory for a given SIR
MF [8]
b).Having error floor as M escalates

BD Cost-competent strategies are required [20]

DPC Enormously costly for concrete developments [18]

Non-linear Precoding Techniques — THp

Expanded Complication is tough to rationalize ~ [16, 17]
VP
Transceiver
Bi-GDFE
Structure and Random Step Search Method Computationally heavy for higher M [22]
MMSE-SIC
Design
LAS .
Random Step Search Method Much complicated than the MMSE-SIC [24, 21]
TS
L a). Best fit for the M = K case
Detection (in UL) FCSD [23]
. b). 1000x more complicated than TS
Tree-based Algorithm
SD Complication is exponential in M [28]
. Dedicated, Parallel Baseband Signal .
Power Deplition Open question for future research [29]
Processing
Phase Noise Smart PHY Transceiver Algorithms Efficiency yet to be verified [29]
Hardware
. Experimental Evaluation, Tested & .
Proof-of-Concepts (POC’s) Merely basic competency demonstrated [30]

Prototype

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 [32].

2.3.2 Semi Switched Channels

A semi-switched system with parallel Rx channels and
a switched Tx was built by the University of Durham

[33]. 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. The underlying
method, as well as the challenges of creating an accu-
rate portrayal of the environment, are briefly explored
in [31]. It should be noted that both the Tx and the Rx
are related to downlink and uplink chirps as shown in
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Figure 4. Semi switched channel sounding block diagram, reorganized from [31].

Figure 4. The sounder can measure two frequencies at
the same time, which correspond to the downlink and
uplink of a paired channel spectrum, i.e., UMTS. Be-
cause 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.

2.3.3 Fully Parallel Channels

In [34], an intriguing approach is provided for practic-
ing the whole frequency range to differentiate trans-
mitting antenna elements. The method works by split-
ting the frequency range into M sub-bands, which
are then separated into N frequencies and allocated to

each transmitting device in a cyclic manner. The fre-
quency difference among antenna elements is Af =
AF/N, and the frequency spacing of tones in a par-
ticular transmitting antenna is Af = B/M, however
in practical cases, a lesser shift is 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/AF, while the length of sounding for each
snapshot of channel is determined by 1/Af. A dis-
crete Fourier transform (DFT) operation is used at
the Rx to demultiplex the signal, resulting in an in-
terleaved channel transfer functions (CTF) averaged
over the time of 1/Af. As a result, the time dura-
tion intended for a measurement campaign is not much
different from the semi-switched system, and has the
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drawback of requiring several RF transmitters.

2.3.4 Hybrid Channels

A hybrid system may be created by combining meth-
ods such as the semi switched technique with the com-
pletely parallel approach. A MIMO system for esti-
mating the transfer functions of a 16 x 32 broadband
MIMO sounder is described in [35]. In this system,
the transmitting antennas are arranged in parallel, and
the receiving antennas are switched in four simulta-
neous measurements. The Tx antennas are organized
in a 4 x 4 grid, while the receiving antennae are ar-
ranged in an 8 X 4 grid, with a dummy antenna config-
uration to overcome mutual coupling effect at the grid
boundaries. To handle the enormous volume of data
achieved by this operation, the channel utilizes several
disks, one for each receiver.

2.4 High-Speed Train (HST) Channels

High-speed train (HST) channels are precisely char-
acterized through their non-stationary characteristics,
because of the fast speed of trains. HST scenarios
are supposed as one of the distinctive scenarios in
the 5G communication networks. Considering the ex-
cessive speed of trains such as 500 km/h, the chan-
nel modeling of future HST needs to tackle the ad-
vanced level challenges, i.e., high Doppler shift, non-
stationarity, rapid handover features, and adjustment
to different HST propagation scenarios, including tun-
nel, station, etc. The channel models, for example,
the IMT-Advanced [36] and WINNER II [37] present
the corresponding channel models under the condi-
tion of fast-moving vehicle scenarios. By applying the
similar HST model structure in other environments,
the IMT-Advanced and WINNER II models can as-
sist in speed increment up to 350 km/h. Moreover, the
IMT-Advanced model can be expanded to the 2D non-
stationary model for HST by introducing the move-
ment of clusters in different propagation scenarios
[38]. The massive MIMO HST channel performance
is dependent on many factors; few of them are given
below:

2.4.1 Cluster Evolution
(STF) Channels

in Space-time-frequency

Initialization

'

f-=f+4f

'

t—>t+At

'

i—>1+Ai

i is divisible by
Ai,

Yes

\

Cluster evolution in space domain
based on a birth-death process
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Update cluster
information <

t is divisible by
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Cluster evolution in time domain
based on a birth-death process

) J

Update cluster
information

f is divisible by
Afé’
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Cluster evolution in frequency domain
based on a birth-death process

\ 4

Update cluster
information -

y

Figure 5. The flowchart of a cluster evolution in STF do-
main for HST channels.

A novel three dimensional (3D) mmWave massive
MIMO high-speed train channel model has been in-
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troduced in [39], which considers the space-time-
frequency (STF) non-stationarity. Characteristics of
spherical wavefronts of massive MIMO channels in-
duce the non-stationarity of a channel in space do-
main. 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 lead to-
wards 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 [40]. All clusters
have their own durable probability, and the frequency-
related factors are introduced to adjust their enduring
probabilities. In HST scenario, the clusters remain for
a specific time period [40]. Throughout this time pe-
riod, the total number of certain clusters remains con-
sistent. When the period is over, some initial clusters
may disappear and new clusters appear. The cluster
evolution in STF domain for HST communications is
developed in the following way: In the first step, a
chain of preliminary clusters is introduced at specific
time ¢ [41]. Some parameters such as, 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. Further-
more, in angular parameters such as, arrival/departure
angles in azimuth/elevation planes, the wrapped Gaus-
sian 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., Af,
At, and Ai in frequency, time and space domains, re-
spectively [41]. The parameters of a channel need to
be updated repeatedly during given periods. The sec-
ond kind deals with the period in order to update the
status of clusters. The intervals can be characterized
by Af., At., and Ai,, and the birth and death process
of cluster initiates during these intervals. The cluster-
ing 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 update their status.
In newly originated clusters, few parameters, i.e., an-
gular parameters, power, and delays are allocated ran-

domly, similarly as followed in the first step. For sur-
viving clusters, the angular parameters, power, and de-
lays are updated against their past time instants. The
cluster evolution in STF domain is shown in Figure 5.
By following the aforementioned steps, the STF non-
stationary characteristics of a channel model could be
guaranteed.

2.4.2 Waveguide Effect

Considering the conductivity and geometrical struc-
ture of a tunnel scenario, the propagation of electro-
magnetic waves in a tunnel can be demonstrated in
the same manner as propagating in a waveguide. In
[42], it is proved that if the operating frequency is
greater than a few hundred of megahertz, the waveg-
uide effect will appear. Moreover, because of the
unique physical structure of a tunnel, there exist nu-
merous scattering and reflecting components which in-
duce the waveguide effect in the tunnel. In [43, 44],
the waveguide models are 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 ra-
diated field distribution of a waveguide. There exist
two types of modes which propagate within a waveg-
uide material such as transverse magnetic (TM) and
transverse electric (TE) modes. Both of these modes
have their own cutoff frequencies and they are depen-
dent 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. In such scenar-
10s, where the operating frequency is in 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 environ-
ment. As a result, the impact of a train on field distri-
bution and multi-mode propagation at higher frequen-
cies must be examined in future research. The combi-
nation of massive MIMO and the mmWave channels
have many advantages regarding flexibility, adaptiv-
ity, and compact dimensions. However, this combina-
tion also introduces new challenges in channel model-
ing. Table 3 provides the comparison of conventional
wireless channel characteristics with mmWave mas-
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sive MIMO channel in tunnel environment.

III. CHANNEL MODELS USED FOR
PROPAGATION ENVIRONMENT

The existing tunnel models may be categorized as de-
terministic or stochastic channel models based on var-
ious propagation characteristics.

3.1 Deterministic Model

The leaky cable is regarded as a line of coherent point
sources in the radiating mode, with each emitting a
radiation pattern from the slots triggered by the travel-
ing wave. A rigorous computation of field pattern for
a finite-sized slot is much difficult. Though it may be
claimed, when the LCX outer conducting sheet radius
is shorter than the free space wavelength, the angle-
reliant proportion is confined with the direct neigh-
borhood of a slot, and the far field will be circularly
symmetric. The dependency limit of a far field on
the location is similar to the dependency of a field
for the whole circumferential gap [45, 46]. The to-
tal 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 direc-
tion analogous to the wavelength (). However, it may
be scattered through some nearby entities. Generally
in practical conditions, the scattering from a Goubau-
mode field is a most significant mechanism through
which the radiating-mode cables operate. Determinis-
tic modeling is further divided into following types as
given below:

3.1.1 Finite Difference Time Domain Model

With the development of wireless communications in
confined environments, it is essential to predict the
field coverage and wave propagation of the wireless
links in confined environments. The Finite Differ-
ence Time Domain Model (FDTD) model not only
gives correct field coverage results, but it also con-
tributes in gaining precise insights into the environ-
ment and antenna for field distribution, which is very
useful in confined environments. Of course, as com-
puter capabilities and storage capacity increase, the
FDTD technique can be used to estimate high diffi-
culties [47]. Moreover, if the antenna design is delib-
erated through the FDTD along the complex tunnel at-

mosphere, much greater spatial resolution is required
to perfectly calculate the geometrical aspects of an-
tennas. Therefore, the memory requirement and the
computation time will rise significantly when uniform
mesh grid technique is conceived. Although, the con-
sideration of a subgriding scheme and a non-uniform
mesh in FDTD could be practice, it may induce false
results or even need to bear instability for a given sub-
griding scheme. In [48], a hybrid vector parabolic
equation VPE/FDTD technique is anticipated to un-
derstand the radio waves propagation under rectangu-
lar tunnel environments. The FDTD method is prac-
ticed in different areas with antennas or obstacles. By
utilizing the properties of the given two techniques,
the numerical effectiveness can be increased. The hy-
brid VPE/FDTD technique is generally comprised of
two parts: FDTD to VPE and VPE to FDTD. Both of
the specified components have an interface, and there
exists a problem with field property anticipation. For
the initial part, the initial radiated field for the VPE
can be estimated and deduced through FDTD results.
The radiated field in the interface can be articulated
through time steps and amplitude of FDTD, respec-
tively. Through expressing the time processing from
a time domain to the phase domain, the radiated field
for the VPE can be obtained easily.

3.1.2 Full-Wave Channel Model

Full-wave channel model may be conceived as a sub-
stitute method, competent for solving the Maxwell’s
equation solutions through different boundary con-
ditions by adopting various numerical methods, i.e.,
Finite Element Method (FEM) and FDTD methods
[49, 50]. The FDTD technique is deliberated as a pre-
cise model which can entirely explains the character-
istics of diffraction, refraction, reflection, etc., and de-
livers a comprehensive solution for the signals cover-
age through a distinct space problem. For that reason,
it is highly suited for a precise study of electromag-
netic propagation in different complex scenarios. The
FDTD approach divides space into a regular/irregular
grid and then estimates space and time approximations
of the electromagnetic (EM) field strength in the same
grid to discover the solution of a partial differential
equation for discrete points and discrete time. This
approach offers solutions in time domain which is ap-
propriate for the software implementation [51]. On
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Table 3. Comparison between traditional wireless channel and millimeter wave massive MIMO channel.

Property Traditional Wireless Channel mmWave Massive MIMO Channel
Bandwidth Below 100 MHz In the range of GHz
Frequency Range Smaller than 6 GHz 6-100 GHz

Wavefront

Plane wavefront

Spherical wavefront

Antenna Elements

Normally smaller than 10

Fit for thousands

Stationarity

Web Security Service (WSS)

Non-stationary

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 opera-
tional frequency (greater than UHF) and the large di-
mensions of tunnel, the computational liability of tra-
ditional FDTD surpasses far away from the capability
of existing electronic devices, such as computers. As a
result, it has been experimenting in tunnels recently to
increase the efficiency of various wireless applications
by examining various techniques to reduce computing
cost and runtime [52].

3.1.3 Ray-Tracing Channel Model

In a limited context, the ray tracing (RT) technique is
beneficial for precise prediction of radio channel near-
field computations. In the tunnel scenario, the wall
material has a high impact on the radiated field pat-
terns emitting from the transmitting antennas. The
root mean square (RMS) prediction error can be sig-
nificantly reduced in the RT simulations due to the
diffuse scattering. In [53], the propagation environ-
ment is approximated by intensive RT simulations,
and a suitable paradigm is achieved for the practi-
cal high-speed train channels at 5G mmWave band.
RT simulations are used to estimate vehicle-to-vehicle
(V2V) communications at 5 GHz for the line-of-sight
(LoS) scenario between the transmitting and receiv-
ing antennas in different environments such as build-
ings, road traffic, etc., and it is proved that under ob-
structed vehicle environment, the higher antenna dis-
tribution can achieve better coverage with lower path
loss than the smaller antenna distribution [54]. How-
ever in [55], different experiments are conducted by
moving a horn antenna (used as Rx) with 30° half
power beamwidth in azimuthal direction under vari-

= Measurement data
Ray-tracing

— Measurement data
- Ray-tracing

180°
(a)

Figure 6. The PAP’s comparison between the ray tracing
simulations and measurements in a Nantong tunnel, (a) Co-
polarized, (b) Cross-polarized [55].

ous transmitter-receiver distances at 1.8 GHz in tun-
nel environment. The cross-polarization discrimina-
tion (XPD) is considered and it is concluded that max-
imum number of depolarized waves are originating
from the sidewalls. Ray tracing approach is practiced
to explore the azimuth angle of arrival (AoA) for mul-
tipath propagations. As shown in Figure 6, multipath
components (MPCs) in co-polarized composition are
often available at 0° (LoS direction) and 180° (reverse
wireless energy transfer, abbreviated as RWET, which
is effectively the reflected beam from the opposite end
of the tunnel).

3.2 Stochastic Modeling

A stochastic model is used for predicting the probabil-
ity distribution of prospective outcomes by accounting
for random irregularities in time domain. A vast num-
ber of simulations are used to generate distributions of
possible outcomes, which represent the random varia-
tions in the input value. Stochastic modeling is further
divided into following types as given below:
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Table 4. Recent evolutions in high-speed train channel modeling.

Channel Modeling Bandwidth  Speed of Train  Stochastic/Deterministic Channel State Ref.
. L Coherence time, Doppler
Ray Tracing mmWave 295-305 km/h Deterministic [56]
shift
QuaDRiGa-based CIR, RMS-DS, SNR,
mmWave 495-505 km/h Stochastic [45]
Modeling Angular spread
RMS-DS, K-factor, PDP,
GBSM mmWave 495-505 km/h Stochastic [46]
Angular spread
Dynamic ) )
Sub-6 GHz 295-305 km/h Stochastic RMS-DS, power gain [57]
Modeling
Propagation . PDP, RMS-DS, Doppler
Sub-6 GHz 195-205 km/h Stochastic [58]
Graph Modeling PSD, Doppler spread
. State transition probability,
FSMC Sub-6 GHz 345-355 km/h Stochastic [59]

Correlation coefficients

3.2.1 Markov Channel Model

From the wireless propagation perspective, the com-
munication scenario is separated into five different
categories, which are intra-train, train to infrastruc-
ture, inter-train, infrastructure to infrastructure, and
within the train stations. On the basis of given scenar-
ios, various measurement campaigns have been car-
ried out for high-speed train communications. Differ-
ent cellular architectures, for example CoMP, Markov
regime-switching (MRS), and distributed antenna sys-
tem (DAS) are required to be deliberated in future train
communication technologies [56]. Moreover, the en-
couraging 5G technique including massive MIMO and
mmWave need to be introduced. By adopting differ-
ent solutions, some HST channel models can be es-
tablished, which contain large-scale fading (LSF) and
small-scale fading (SSF) models. By considering the
modeling methods, channel statistics, and frequency
bands, the development in HST channel modeling is
summarized in Table 4. Additionally, the intra-wagon
channel physical characteristics resemble the indoor
scenario and thus it can be modeled with some exist-
ing indoor channel models of THz and mmWave. Be-
cause of the relatively confined space of high-speed
train indoor scenarios, the ray tracing (RT) channel
modeling can be practiced efficiently [56]. The finite-
state Markov channel model (FSMC) has been used to
characterize different fading channels. However, re-

cently it is not accessible in high-speed train scenarios
because of the swiftly time-varying characteristics. In
[59], an innovative FSMC channel modeling for HST
is proposed. It has the capability to manifest the time-
dependent process and to capture the changes of high-
speed train channels. In this model, the impact of the
train speed on the temporal features is demonstrated.
The states of the channel are characterized by using
the signal-to-noise ratio (SNR). The given model is ca-
pable 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 characterize the time-varying channel
[58, 59]. According to the graph theory, the propa-
gation graph models can be realized with a series of
edges and vertices. The vertices signify the transmit-
ter, receiver, and scatterer, whereas the edges signify
the propagation assumptions along the vertices.

3.2.2 GBSM Channel Model

A geometry-based stochastic model (GBSM) is char-
acterized through the specific transceiver and the ge-
ometric structure of scatterers which are expected to
adopt the conclusive probability distributions. For reg-
ular shaped GBSM model, the effective scatterers are
supposed to be placed on a regular shape, such as
ellipse, elliptic-cylinder, 2D one-ring, and 3D one-
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sphere models. On the basis of geometrical shape,
the channel statistics and channel impulse resource
(CIR) can be designed. In [60], a stochastic scattering
method is discussed to overcome the scattering phe-
nomena from rough surfaces based on the combina-
tion of Kirchhoff and ray-optical formulations. This
stochastic approach is based on tangential plane ap-
proximations of rough surfaces and it is suitable for
surfaces with horizontal dimensions that are signif-
icantly larger than the wavelength of incident rays.
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 [61, 62], the 3D non-stationary models were
considered based on Saleh-Valenzuela (SV) and WIN-
NER II channel models in the presence of cluster-
ing property. The GBSM is established on the ba-
sis of concentric multi-ellipse channel model under
the time-variant property for all model parameters.
Spherical wavefronts and the presence or absence of
clusters is assumed to support the mmWave massive
MIMO characteristics. It should be noted that Doppler
power spectral density (PSD) is usually symmetric in
isotropic cases and different for angular parameters,
i.e., the mean angle-of-arrival (AoA) and the angle
of motion for HST have a significant influence on
PSDs. Incorporating the tunnel propagation character-
istics with the WINNER model, the tunnel surround-
ings for HST cannel can be distinguished in a 3D form
such as the circular or cuboid model [63].

IV. FUTURE TRENDS AND CHALLENGES

Some contributions for designing of wireless commu-
nication channels have been deliberated in this review,
which are deduced from the literature work. In addi-
tion, for the mmWave communications in non-uniform
MIMO systems, the significant non-uniform multi-
beams training schemes and patterns can be encour-
aged for further evaluation of secure and low-latency
communications. In this section, different solutions
are suggested to overcome the obstacles in model-
ing of massive MIMO radio channels. These contain
the composition of Saleh-Valenzuela (SV) modeling
of massive MIMO channel [64], the map-based chan-
nel modeling for the massive MIMO, the modeling of
massive MIMO channels for advanced 5G special sce-
narios, and the channel modeling for THz communi-

cations.

1. SV Channel Model: The SV model is widely
used to assess the system performance under the
assumption of channel bandwidth when it is quite
large (500 MHz). In the SV model, the total num-
bers of signals are assumed to pursue the Pois-
son distribution, and the signals with certain de-
lays inside the cluster can be determined due to
the large time resolution [65]. The IEEE WPAN
has already appraised the SV model in its stan-
dards [65]. To practice the massive MIMO and
mmWave scenarios in 5G systems, the ongoing
SV model needs to be upgraded. By consum-
ing the large number of antenna arrays along the
array axis, the cluster evolution which is estab-
lished through the birth-death process, can be in-
troduced in the SV channel model for the mas-
sive MIMO systems [66]. 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 [66] needs to be upgraded in order
to consider the generation of parameters for sig-
nals within different clusters. In addition, the di-
rectional antenna systems can be extensively used
in the mmWave communication channels to over-
come the atmospheric absorption and path loss
[67]. 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 [68].

2. Map-Based Channel Model: The GBSM and
METIS projects have proposed a new model-
ing technique for the massive MIMO networks
known as map-based channel modeling (MBCM)
[69]. The METIS-based MBCM model can be
demonstrated based on a RT approach. It is fo-
cusing at the tracking of each ray approaching
from transmitting antenna to receiving antenna.
Moreover, the interactions between signals and
the scattering/shadowing objects, i.e., blocking,
diffraction, diffuse scattering, and specular reflec-
tion has been carefully deliberated in few studies.
These scattering/shadowing objects need to be in-
troduced randomly in given scenarios. Since each
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signal is tracked through the MBCM, therefore
the massive MIMO system properties, i.e., non-
stationary characteristics of different clusters and
spherical wavefronts can be incorporated in these
models. By considering the Doppler effects at
both the transmitting and receiving antenna sides,
the METIS-based MBCM is capable to facilitate
such environments where V2V communications
for massive MIMO channels are required. How-
ever, the RT nature of the MBCM causes for a
quite high complexity in channel modeling [69].
The practicability of MBCM needs to be explored
further.

. Massive MIMO Channels for Advanced

5G Scenarios: It is demonstrated in [70] that
machine-to-machine (M2M) communications can
play a vital role in future 5G communication net-
works, where the devices are all interlinked. The
evolving applications of HST channel in 5G com-
munication systems appeal the researchers to con-
sider the HST channels in their future research
[71]. Massive MIMO channels can be antici-
pated to enhance the system performance, if they
are equipped at the HST or at the base station.
Conversely, the high velocity of HST communi-
cation channels introduces different challenges in
channel modeling. The key parameter is the pres-
ence of small stationary intervals [71]. Therefore,
the channel can be considered as non-stationary.
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 is including the array-time
evolution and Doppler effects at both the transmit-
ting and receiving antenna arrays. These can be
acquired through a GBSM framework introduced
in [72] by incorporating the SV and WINNER II
models. Additionally, the polarized arrays and the
3D features can be further investigated. Finally, it
can be proved that each signal has its own com-
plex gain and delay in the GBSM framework due
to the involvement of SV model [72].

. Channel Model for THz Communications:

The spectrum of THz communications, ranging
between 0.3 to 10 THz, stands between the in-
frared lightwave and mmWave in the electromag-
netic spectrums. The THz spectrum can be re-

garded as the novel spectrum resource that has yet
to be fully exploited [73]. 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 improved data rates (100
Gbps or even more) [74]. On the other hand, be-
cause of the higher frequency bands, the signals at
THz band encounter atmospheric attenuation and
much higher free space path loss (PL) than those
working at the microwave frequency band [75].
Thus, the THz communications are most likely to
be useful in confined scenarios combined with the
beam-steering systems. The channel modeling of
THz communications is yet in its initial phase
and quite few models of THz communications
have been investigated so far. In [76], the multi-
ray THz communication channel model by using
a RT technique has been considered to explore
the diffracted, scattered, LoS, and NLoS compo-
nents interaction. The intelligent reflecting sur-
face (IRS) is an advanced technology that allows
wireless networks to design radio signal propaga-
tion in THz communications [77]. 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 elements. 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 ca-
pacity growth and cost-effective in future.

V. CONCLUSION

The demand for wireless communications in the un-
derground tunnel and mining industries has evolved
from simple signalling to human-to-human voice com-
munications and real-time high-speed data rates. Cor-
respondingly, the encouraging technologies have been
developed from through-the-earth (TTE) transmis-
sions to through-the-air (TTA) communications. In or-
der to promote and assess these technologies properly,
the propagation of wireless channel and modeling are
crucial. On the one hand, mathematical and analyti-
cal models such as stochastic and deterministic mod-
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els are established on the basis of different propaga-
tion characteristics. Main attention is devoted towards
the understanding of factors influencing the channel
field, mmWave, HST scenarios, and parametric ad-
justment to enhance the massive MIMO system per-
formance. We thoroughly explained how angular dis-
persion of signals has a significant impact on channel
performance, which can be properly predicted using
a multimode waveguide in near- and far-field regions
for underground scenarios. Finally, we have provided
some suggestions for the massive MIMO systems to
optimize their performance in HST tunnel and mine
scenarios.

References

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

A. Aziminejad and H. Yan, “Radio communication in
curved tunnels: Mimo channel capacity for rail transit ap-
plications,” IEEE Vehicular Technology Magazine, vol. 15,
no. 1, pp. 99-106, 2020.

S. Banerjee, M. Hempel, et al., “A survey of wireless com-
munication technologies & their performance for high speed
railways,” Journal of Transportation Technologies, vol. 6,
no. 1, pp. 15-29, 2016.

J. Zhang, L. Liu, et al., “Concepts on train-to-ground wire-
less communication system for hyperloop: Channel, net-
work architecture, and resource management,” Energies,
vol. 13, no. 17, pp. 1038-1041, 2020.

Y. Hou, T. Satoshi, et al., “2 by 2 mimo system using single
leaky coaxial cable for linear-cells,” in IEEE 25th Annual
International Symposium on Personal, Indoor, and Mobile
Radio Communication (PIMRC), pp. 327-331, 2014.

R. Janaswamy, “Effect of element mutual coupling on the
capacity of fixed length linear arrays,” IEEE Antennas and
Wireless Propagation Letters, vol. 1, pp. 157-160, 2002.

A. Moustakas, H. Baranger, et al., “Communication through
a diffusive medium: Coherence and capacity,” Science, vol.
287, no. 5451, pp. 287-290, 2000.

N. Mukit, M. Islam, et al., “Designing large-scale antenna
array using sub-array,” Bulletin of Electrical Engineering
and Informatics, vol. §, no. 3, pp. 906-915, 2019.

F. Rusek, D. Persson, et al., “Scaling up mimo: Opportu-
nities and challenges with very large arrays,” IEEE Signal
Processing Magazine, vol. 30, no. 1, pp. 40-60, 2012.

X. Gao, O. Edfors, et al., “Massive mimo in real propa-
gation environments: Do all antennas contribute equally?”
IEEE Transactions on Communications, vol. 63, no. 11, pp.
3917-3928, 2015.

D. Martin, “Leaky-feeder radio communication: A histori-
cal review,” in IEEE 34th Vehicular Technology Conference
(VIC), pp. 25-30, 1984.

P. Delogne, “Em propagation in tunnels,” IEEE Transac-
tions on Antennas and Propagation, vol. 39, no. 3, pp. 401-
406, 1991.

C. Garrocho, M. Silva, et al., “D2d pervasive communi-
cation system with out-of-band control autonomous to 5g

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

(21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

networks,” Wireless Networks, vol. 26, no. 1, pp. 373-386,
2020.

F. Hasegawa, A. Taira, et al., “High-speed train communica-
tions standardization in 3gpp 5g nr,” IEEE Communications
Standards Magazine, vol. 2, no. 1, pp. 44-52, 2018.

D. Zala and D. Vyas, “A review on challenges and ex-
pected solutions for green communication,” Advances in
Power Generation from Renewable Energy Sources (AP-
GRES), 2019.

T. Marzetta, “Noncooperative cellular wireless with unlim-
ited numbers of base station antennas,” IEEE Vehicular
Technology Magazine, vol. 9, no. 11, pp. 3590-3600, 2010.
C. Windpassinger, L. Lampe, et al., “A performance study
of mimo detectors,” IEEE Transactions on Wireless Com-
munications, vol. 5, no. 8, pp. 2004-2008, 2006.

C. Peel, B. Hochwald, et al., “A vector-perturbation
technique for near-capacity multiantenna multiuser
communication-part i: Channel inversion and regulariza-
tion,” IEEE Transactions on Communications, vol. 53,
no. 1, pp. 195-202, 2002.

G. Caire and S. Shamai, “On the achievable throughput of
a multiantenna gaussian broadcast channel,” IEEE Transac-
tions on Information Theory, vol. 49, no. 7, pp. 1691-1706,
2003.

F. Gao, Z. Tian, et al., “Introduction to the special issue on
array signal processing for angular models in massive mimo
communications,” vol. 13, no. 5, pp. 882-885, 2019.

K. Zu, R. Lamare, et al., “Generalized design of low-
complexity block diagonalization type precoding algo-
rithms for multiuser mimo systems,” IEEE Transactions on
Communications, vol. 11, no. 10, pp. 42324310, 2013.

Y. Sun, “A family of likelihood ascent search multiuser de-
tectors: An upper bound of bit error rate and a lower bound
of asymptotic multiuser efficiency,” IEEE Transactions on
Communications, vol. 57, no. 6, pp. 1743-1752, 2009.

Y. Liang, E. Cheu, et al., “On the relationship between
mmse-sic and bi-gdfe receivers for large multiple-input
multiple-output channels,” IEEE Transactions on Commu-
nications, vol. 56, no. 8, pp. 3627-3637, 2008.

L. Barbero and J. Thompson, “Fixing the complexity of
the sphere decoder for mimo detection,” IEEE Transactions
on Wireless communications, vol. 7, no. 6, pp. 2131-2142,
2008.

H. Zhao, H. Long, et al., “Tabu search detection for mimo
systems,” in IEEE 18th International Symposium on Per-
sonal, Indoor and Mobile Radio Communications (PIMRC),
pp.- 1-5. 1IEEE, 2007.

W. Guo, W. Zhang, et al., “High-mobility wideband mas-
sive mimo communications: Doppler compensation, analy-
sis and scaling laws,” IEEE Transactions on Wireless Com-
munications, vol. 18, no. 6, pp. 3177-3191, 2019.

J. Jose, A. Ashikhmin, et al., “Pilot contamination and pre-
coding in multi-cell tdd systems,” IEEE Transactions on
Wireless Communications, vol. 10, no. 8, pp. 2640-2651,
2011.

W. Chang, H. Chan, et al., “Weighted graph coloring based
softer pilot reuse for tdd massive mimo systems,” IEEE
Transactions on Vehicular Technology, vol. 67, no. 7, pp.
6272-6285, 2018.

J. Jaldén and B. Ottersten, “On the complexity of sphere

© China Communications Magazine Co., Ltd. - August 2023

117

Authorized licensed use limited to: SHENZHEN UNIVERSITY. Downloaded on September 23,2023 at 16:23:07 UTC from IEEE Xplore. Restrictions apply.



decoding in digital communications,” IEEE Transactions on
Signal Processing, vol. 53, no. 4, pp. 1474-1484, 2005.

for wireless communication networks in underground mine
environments,” Measurement, vol. 149, 2020.

[29] E. Larsson, O. Edfors, et al., “Massive mimo for next gener- [45] J. Kim, M. Schmieder, et al., “A comprehensive study on
ation wireless systems,” IEEE Communications Magazine, mmwave-based mobile hotspot network system for high-
vol. 52, no. 2, pp. 186-195, 2014. speed train communications,” IEEE Transactions on Vehic-

[30] C. Shepard, H. Yu, et al., “Argos: Practical many-antenna ular Technology, vol. 68, no. 3, pp. 2087-2101, 2018.
base stations,” in /EEE 18th Annual International Confer- [46] J. Yang, B. Ai, et al., “A geometry-based stochastic channel
ence on Mobile Computing and Networking (MobiCom), pp. model for the millimeter-wave band in a 3gpp high-speed
53-64, 2012. train scenario,” IEEE Transactions on Vehicular Technol-

[31] H. Safer, G. Berger, et al., “Wideband propagation mea- 0gy, vol. 67, no. 5, pp. 3853-3865, 2018.
surements of the vhf-mobile radio channel in differ- [47] X. Zheng, T. Jiang, et al., “Improving passive radar tar-
ent areas of austria,” in [EEE 5th International Sympo- get recognition using a convolution composite wifi pream-
sium on Spread Spectrum Techniques and Applications- ble,” IEEE Sensors Journal, vol. 20, no. 12, pp. 6470-6477,
Proceedings. Spread Technology to Africa (Cat. No. 2020.
98TH8333), pp. 502-506, 1998. [48] D. Dudley, M. Lienard, et al., “Wireless propagation in tun-

[32] J. Kivinen, T. Korhonen, et al., “Wideband radio channel nels,” IEEE Antennas and Propagation Magazine, vol. 49,
measurement system at 2 ghz,” IEEE Transactions on In- no. 2, pp. 11-26, 2007.
strumentation and Measurement, vol. 48, no. 1, pp. 39-44, [49] D. Peponis, G. Latsas, et al., “Dispersion properties of
1999. rectangularly-corrugated waveguide structures by the in-

[33] S. Salous, P. Filippidis, et al., “Parallel receiver channel house 3d fdtd code cochlea in cylindrical coordinates,” IET
sounder for spatial and mimo characterisation of the mobile Microwaves, Antennas & Propagation, vol. 13, no. 1, pp.
radio channel,” IEEE Proceedings-Communications, vol. 28-34, 2019.

152, no. 6, pp. 912-918, 2005. [50] M. Yang, H. Fang, et al., “The conformal finite-difference

[34] J. Takada, K. Sakaguchi, et al., “Development of high reso- time-domain simulation of gpr wave propagation in com-
Iution mimo channel sounder for the advanced modeling of plex geoelectric structures,” Geofluids, 2020.
wireless channels,” in IEEE Asia-Pacific Microwave Con- [51] A. Hrovat, G. Kandus, et al., “A survey of radio propaga-
ference (Cat. No. 0ITH8577), pp. 563-568, 2001. tion modeling for tunnels,” IEEE Communications Surveys

[35] H. Safer, G. Berger, et al., “Measurements of indoor 16x2 & Tutorials, vol. 16, no. 2, pp. 658-669, 2013.
wideband mimo channels at 5.8 ghz,” in International Sym- [52] N. Morunov and D. Golovashkin, “Implementation of the
posium on Spread Spectrum Techniques and Applications, fdtd method block algorithm in the matlab language using a
pp- 864-868, 2004. graphics processing unit. 2d-decomposition case,” Journal

[36] J. Zelalem, W. Jung, et al., “Mobile broadband perfor- of Physics: Conference Series, vol. 1368, no. 5, 2019.
mance evaluation: Analysis of national reports,” Electron- [53] B.lJijo, S. Zeebaree, et al., “A comprehensive survey of 5g
ics, vol. 11, no. 3, 2022. mm-wave technology design challenges,” Asian Journal of

[37] W. Li, Y. Liu, et al., “Three-dimensional cooperative lo- Research in Computer Science, vol. 8, no. 1, pp. 1-20, 2021.
calization via space-air-ground integrated networks,” China [54] K. Guan, D. He, et al., “5-ghz obstructed vehicle-to-vehicle
Communications, vol. 19, no. 1, pp. 253-263, 2022. channel characterization for internet of intelligent vehicles,”

[38] A. Ghazal, Y. Yuan, et al., “A non-stationary imt-advanced IEEE Internet of Things Journal, vol. 6, no. 1, pp. 100-110,
mimo channel model for high-mobility wireless communi- 2018.
cation systems,” IEEE Transactions on Wireless Communi- [55] X. Yin and G. Zheng, “Experimental investigation of space
cations, vol. 16, no. 4, pp. 2057-2068, 2016. and polarization characteristics of a subway-like tunnel

[39] C. Briso-Rodriguez, K. Guan, et al., “Guest editorial special channel,” Progress in Electromagnetics Research C, vol. 83,
section on smart rail mobility: Communications, signaling, pp- 205-216, 2018.
and emerging technologies,” IEEE Transactions on Vehicu- [56] D. He, B. Ai, et al., “Channel measurement, simulation,
lar Technology, vol. 68, no. 3, pp. 2021-2023, 2019. and analysis for high-speed railway communications in 5g

[40] Z.Huang, X. Cheng, et al., “A general 3d non-stationary 6g millimeter-wave band,” vol. 19, no. 10, pp. 3144-3158,
channel model with time-space consistency,” IEEE Trans- 2017.
actions on Communications, 2022. [57] L. Zhou, Z. Yang, et al., “Dynamic channel model with

[41] J. Bian, J. Sun, ef al., “A winner+ based 3-d non-stationary overhead line poles for high-speed railway communica-
wideband mimo channel model,” IEEE Transactions on tions,” IEEE Antennas and Wireless Propagation Letters,
Wireless Communications, vol. 17, no. 3, pp. 1755-1767, vol. 17, no. 5, pp. 903-906, 2018.

2017. [58] T. Zhou, C. Tao, et al., “Graph-based stochastic model for

[42] A. Ranjan, H. Sahu, et al., “Modeling and measurements high-speed railway cutting scenarios,” IET Microwaves, An-
for wireless communication networks in underground mine tennas & Propagation, vol. 9, no. 15, pp. 1691-1697, 2015.
environments,” Measurement, vol. 149, 2020. [59] S. Lin, L. Kong, et al., “Finite-state markov modeling for

[43] C. Rizzo, F. Lera, et al., “3-d fadings structure analysis high-speed railway fading channels,” IEEE Antennas and
in straight tunnels toward communication, localization, and Wireless Propagation Letters, vol. 14, pp. 954-957, 2015.
navigation,” IEEE Transactions on Antennas and Propaga- [60] A. Forooshani, S. Bashir, et al., “A survey of wireless
tion, vol. 67, no. 9, pp. 6123-6137, 2019. communications and propagation modeling in underground

[44] A. Ranjan, H. Sahu, et al., “Modeling and measurements mines,” IEEE Communications Surveys & Tutorials, vol. 15,

118 © China Communications Magazine Co., Ltd. - August 2023

Authorized licensed use limited to: SHENZHEN UNIVERSITY. Downloaded on September 23,2023 at 16:23:07 UTC from IEEE Xplore. Restrictions apply.



no. 4, pp. 1524-1545, 2013.

[61] C. Qi, W. Ci, et al., “Hybrid beamforming for millimeter
wave mimo integrated sensing and communications,” [EEE
Communications Letters, 2022.

[62] S. Wu, C. Wang, et al., “A general 3-d non-stationary 5g
wireless channel model,” IEEE Transactions on Communi-
cations, vol. 66, no. 7, pp. 3065-3078, 2017.

[63] Y.Liu, C. Wang, et al., “D non-stationary wideband circular
tunnel channel models for high-speed train wireless com-
munication systems,” Science China Information Sciences,
vol. 60, no. 8, pp. 1-3, 2017.

[64] W.Ma, C. Qi, et al., “Sparse channel estimation and hybrid
precoding using deep learning for millimeter wave massive
mimo,” IEEE Transactions on Communications, vol. 68,
no. 5, pp. 2838-2849, 2020.

[65] M. Roy, S. Paquelet, et al., “Degrees of freedom of ray-
based models for mm-wave wideband mimo-ofdm,” in
IEEE Global Communications Conference (GLOBECOM),
pp. 1-6, 2019.

[66] Y. Liu, C. Wang, et al., “3d non-stationary wideband tunnel
channel models for 5g high-speed train wireless communi-
cations,” IEEE Transactions on Intelligent Transportation
Systems, vol. 21, no. 1, pp. 259-272, 2019.

[67] G. MacCartney and T. Rappaport, “Millimeter-wave base
station diversity for 5g coordinated multipoint (comp) appli-
cations,” IEEE Transactions on Wireless Communications,
vol. 18, no. 7, pp. 3395-3410, 2019.

[68] A. Kammoun and M. Alouini, “Elevation beamforming
with full dimension mimo architectures in 5g systems: A
tutorial,” vol. 21, no. 4, pp. 3238-3273, 2019.

[69] Z.Fu, H. Cui, et al., “5g millimeter wave channel modeling
and simulations for a high-voltage substation,” in /[EEE Sus-
tainable Power and Energy Conference (iSPEC), pp. 1822—
1826, 2019.

[70] Z. Zhou, X. Chen, et al., “Blockchain-empowered secure
spectrum sharing for 5g heterogeneous networks,” IEEE
Networks, vol. 34, no. 1, pp. 24-31, 2020.

[71] J. Gutiérrez-Mena, C. Gutiérrez, et al., “A novel geometri-
cal model for non-stationary mimo vehicle-to-vehicle chan-
nels,” IETE Technical Review, vol. 36, no. 1, pp. 27-38,
2019.

[72] S. Wu, C. Wang, et al., “A novel kronecker-based stochas-
tic model for massive mimo channels,” in IEEE/CIC Inter-
national Conference on Communications in China (ICCC),
pp. 1-6, 2015.

[73] B. Peng, K. Guan, et al., “Channel modeling and sys-
tem concepts for future terahertz communications: Getting
ready for advances beyond 5g,” IEEE Vehicular Technology
Magazine, vol. 15, no. 2, pp. 136-143, 2020.

[74] Z. Chen, X. Ma, et al., “A survey on terahertz communi-
cations,” China Communications, vol. 16, no. 2, pp. 1-35,
2019.

[75] J. Fu, P. Juyal, et al., “Thz channel characterization of chip-
to-chip communication in desktop size metal enclosure,”
IEEE Transactions on Antennas and Propagation, vol. 67,
no. 12, pp. 7550-7560, 2019.

[76] C. Han, A. Bicen, et al., “Multi-ray channel modeling and
wideband characterization for wireless communications in
the terahertz band,” IEEE Transactions on Wireless Com-
munications, vol. 14, no. 5, pp. 2402-2412, 2014.

[77] P. Zeng, D. Qiao, et al., “Throughput maximization for
active intelligent reflecting surface aided wireless powered
communications,” IEEE Wireless Communications Letters,
2022.

Biographies

Asad Saleem received the Ph.D. degree from
School of Communication and Information
Engineering, Shanghai University, Shanghai,
China, in 2019. He was a Postdoctoral Fel-
low with College of Electronics and Informa-
tion Engineering, Shenzhen University, Shen-
zhen, China. His research interests are focus-
ing on wireless communications, 5G, mm-
wave channel and MIMO systems.

Yejun He received the Ph.D. degree in infor-
mation and communication engineering from
Huazhong University of Science and Tech-
nology (HUST), Wuhan, China, in 2005.
Since 2006, he has been a Faculty Member
with the College of Electronics and Informa-
ﬂ /| tion Engineering, Shenzhen University, Shen-
‘U””::m ((K( zhen, China, where he is currently a full pro-
fessor of Shenzhen University, the Director of Guangdong Engi-
neering Research Center of Base Station Antennas and Propaga-
tion, and the Director of Shenzhen Key Laboratory of Antennas
and Propagation, Shenzhen, China. He was nominated as a Fellow
of IET in 2016 and the Chair of IEEE Antennas and Propagation
Society-Shenzhen Chapter in 2018. He was selected as Pengcheng
Scholar Distinguished Professor, Shenzhen, and Minjiang Scholar
Chair Professor of Fujian, China, in 2020 and 2022, respectively.
His research interests include wireless communications, antennas
and radio frequency.

Guoxin Zheng received the B. Eng. degree
and M. Eng. from the Taiyuan University of
Technology, China, in 1982 and 1987, respec-
tively. He worked in the area of wireless chan-
nel modeling and mobile communications. He
joined the Shanghai University as a full profes-
sor since 2000.

Zhining Chen received his BEng, MEng,
and PhD degrees all in Electrical Engineer-
ing from the Institute of Communications
Engineering (ICE), China and his second
PhD degree from the University of Tsukuba,
Japan, respectively. Dr. Chen was elevated
to a Fellow of the IEEE and a Fellow of
the Academy of Engineering Singapore, in
2007 and 2019, respectively.

© China Communications Magazine Co., Ltd. - August 2023

119

Authorized licensed use limited to: SHENZHEN UNIVERSITY. Downloaded on September 23,2023 at 16:23:07 UTC from IEEE Xplore. Restrictions apply.



