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ABSTRACT The prediction of radio signal transmission in tunnels is important for wireless communication
link design as it enables the delivery of optimum power to the intended receiver inside the tunnel. Several
techniques have been proposed to estimate path loss for wireless communication inside tunnels. The radio
coverage range and where base stations need to be installed can be figured out with the help of propagation
models. At the time of developing these models, modeling complexity and environmental attributes, such
as the tunnel geometry and the electrical and magnetic properties of its walls and interior materials are
considered. A limited amount of literature currently overviews howwaves transmits through tunnels and how
electromagnetic wave transmission has recently changed. This survey, which examines current advancements
in the propagation of waves in tunnels, aims to address this gap. In this review, thirty wave propagation
models were analyzed and grouped into distinct categories for the first time. The detailed specifications of
eachmodel were omitted tomake the survey easy to comprehend. This comparative researchwill help service
providers adopt an appropriate propagation model and plan efficient transmitter and receiver placement and
link management for a specific tunnel environment.

INDEX TERMS Artificial neural network, radio wave propagation, ray tracing, scaling, tunnel.

I. INTRODUCTION
AS societies develop, and the use of tunnels for trans-
portation, mining natural fossils, minerals, or military
operations has increased. In addition, we use various
telecommunications-based services in our everyday life. Con-
sequently, reliable telecommunication knowledge and radio
frequency (RF) propagation prediction inside various types
of tunnels are necessary when using tunnels. While com-
muting through tunnels, commuters desire an uninterrupted
telecommunications service. This perspective is critical for
mobile-operator services. In addition, a surveillance system
connected to the outside through a telecommunications net-
work must be established inside the tunnels for security
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purposes. Network infrastructures can also be destroyed, par-
ticularly after vehicle accidents and tunnel fires, which force
public safety users to interact directly without physical com-
munication. In such instances, it is vital to know the features
of the wireless channel at distances beyond the range of the
usual tunnel base station. In contrast to wave propagation in
an open space, electromagnetic wave propagation in tunnels
uses modal decomposition and ray tracing mechanisms as the
spaces are closed environments [1].

As an alternative towireless communication inside tunnels,
a leaky feeder technique can be used. Such a type of cable is
called leaky because the exterior conductor includes holes or
slots that allow radio signals to enter and exit along its length.
Consequently, the cable is prone to signal loss. To compen-
sate for the loss of signal, line amplifiers need to be placed
at regular intervals, often every 350 to 500 m, to amplify
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the signal to an acceptable level. A typical frequency band
ranges from 150 MHz to approximately 1 GHz because the
attenuation per unit length exceeds this frequency. As a result,
to maintain the loss in the feeder cable, the diameters of the
cables must be increased, significantly increasing the weight
and cost of these cables [2]. In addition, there is a reasonable
likelihood that the leaky feeder can be destroyed due to vehi-
cle accidents and tunnel fires, which may cause the failure
of wireless telecommunication data transmission. Therefore,
a leaky feeder is typically not used in telecommunications
to establish telecommunication networks within tunnels [3].
Understanding the flow mechanism of radio waves through
the tunnel is essential to appropriately install transmitters and
receivers to meet the system’s requirements. The statistical
properties of the wireless channel must be considered when
determining the transmitter and receiver characteristics, and
calculating the budget link. Various models have been pro-
posed to determine these statistical properties. These models
often forecast the path loss and power delay characteristics
between a certain source and the terminal device wireless
access point [4].

As previously stated, radio wave propagation inside the
tunnel differs from other propagation environments such as
in outside open air, outside confined establishments, or only
inside confined establishments. The main difference is that
the radio wave in the tunnel cannot reach the receiver directly
because of the surrounding surface. Consequently, the trans-
mission of radio signals within the tunnel must be managed
differently from typical scenarios. Furthermore, tunnel struc-
tures vary widely in length, surface materials, moving objects
inside the tunnel, surface roughness, electrical properties of
objects inside the tunnel, antenna height, and tunnel shapes.
These factors significantly affect the wave propagationmodel
resulting in substantial diversity, making the propagation
modeling more complex.

A comprehensive survey about propagation of waves in
tunnels lacks in the literature, including the recent develop-
ment of electromagnetic wave transmission in tunnels. The
survey in [4] was conducted a few years ago; new literature
has been added to the domain of expertise, making the survey
outdated. In [5] and [6], different types of ray tracing meth-
ods for radio-wave propagation in tunnels were discussed.
In Table 1, the main focus of all related existing surveys and
their content, such as the classification employed, inclusion
of intelligent models, and comparative studies, are discussed.
Notably, some items in the survey were ignored or were
not proposed in the literature during that time, as shown
in Table 1. In [7], a survey of wave propagation models
is presented but it is a generic survey containing most of
the models related to the indoor environment. This study
includes all the missing items, including the recent literature.
Consequently, this study provides state-of-the-art knowledge
on wave propagation inside tunnels.

In this study, wave propagation models for tunnels
were analyzed in depth and evaluated qualitatively with
regard to their notable features, characteristics, competitive

advantages, and limits. The primary contributions of this
study are as follows:
• A complete and up-to-date analysis of the mechanism of
wave transmission through tunnels is given.

• The models for wave propagation inside tunnels are
sorted into groups based on their underlying approxima-
tion processes.

• The wave propagation models examined for tunnel inte-
riors are qualitatively evaluated in terms of exceptional
features, characteristics, competitive advantages, and
limits. This comparison can help researchers and engi-
neers choose, based on their needs, the wave propagation
model that works best for them.

• Important unsolved research problems and the compli-
cations faced in developing wave propagation models
are also discussed.

The remaining parts of the article are organized as follows.
In the following section (Section II), we present a short
overview of the fundamental factors associated with tunnel
electromagnetic wave transmission techniques. In Section III,
the wave propagation models for applications inside tun-
nels are evaluated thoroughly. The distinctive qualities, pos-
sible benefits, and drawbacks of the model are discussed.
In Section IV, the wave propagation models for the interior
of the tunnel are qualitatively examined with respect to their
notable features, characteristics, competitive advantages, and
limitations. In Section V, open research questions and prob-
lems related to the wave propagation models for tunnels
are explored. The conclusion of this paper is presented in
Section VI.

II. BACKGROUND
In this section, the essential aspects of issues related to wave
propagation techniques inside tunnel are discussed, such as
the geometric structure of the tunnel, regularity of the shape
of the tunnel, objects inside the tunnel, and effects of the
tunnel wall.

A. GEOMETRIC SHAPES OF TUNNEL
This section discusses the different reported geometric shapes
of tunnels, as per the literature. We reviewed a wide range of
tunnels in the literature to determine the wave propagation
models. In [10] and [11], circular tunnels were discussed,
where the tunnel environment was a subway. In [12], cylin-
drical tunnels were considered, and the study concentrated
on the scattering of a plane wave. Radio communication in
curved tunnels was discussed in [13], [14], and [15] analyzed
electromagnetic wave transmission in arch-shaped tunnels
for transportation operations. A discussion on arch-shaped
rough wall tunnels is provided in [16]. Propagation in tun-
nels in which the tunnel shape is a periodic jointed tunnel
was explained in [17]. Low-frequency propagation in ideal-
istic rectangular-shaped tunnels was discussed in [1], [18],
[19], and [20]. In [21], the propagation of radio waves was
analyzed; the considered tunnels contained curved roads.
Because the walls of the tunnels are not smooth in many
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TABLE 1. Summary of existing related surveys. [C=classification, S=scaling-based, I=intelligent model, CA=computation advantage, CL=computational
limitations, CS=comparative study].

cases, an additional amount of power loss is required to
consider rough wall tunnels. In [22], such rigorous numerical
modeling of wave transmission with a rough wall surface was
considered. Because not all tunnels are straight or regular,
the joining or cross-sections are different. A comprehen-
sive statistical analysis of propagation in tunnels consist-
ing of rough surface walls was performed in [23]. In [24],
a discussion on different structural shapes and typologies
is provided [1]. In [25], propagation modeling in complex
utility tunnel environments, which considers different struc-
tural changes because of utility. In addition, in [26], it was
shown how the existence of different objects (vehicles) inside
the tunnel can affects the propagated wave. Geometric-based
MIMO analytical channel model for vehicle communication
was proposed in [27] and [28] to calculate important channel
parameters such as power delay profile, and Doppler spec-
tral density. These analytic studies may aid future vehicular
communication channel development.

B. RELATED TOOLS
Some ready-to-use tools may be beneficial for locating
transmitter and receiver sites to determine propagation char-
acteristics, such as the power delay profile, propagation
loss, multipath fading, and Doppler shift whereas installing
telecommunication equipment within the tunnel. Under many
circumstances, ready-to-use tools may be helpful for net-
work management. A few of these tools are described in this
section.

Tunnel visualization tool (TVT): It supports the
following tunnel and radio parameters: conductivity,
dielectric constant, antenna gains for transmission and
reception, transmitted power, frequency, radio receiver
sensitivity, and a path selected by the user [1].
Ray optics simulation: In order to use this virtual lab,
the user must generate the necessary components, such
as mirrors, lenses, and rays or beams. This virtual lab
can conduct a wide range of optical geometry investi-
gations. The virtual laboratory has been used to refract
light, reflect light, and converge and diverge light from
a mirror and lens [29].

Wireless Insite software: This software [30] has been
used to simulate propagation scenarios with wave prop-
agation parameters such as transmitting power and
antenna height, and the results agreed with the mea-
sured results in [24].
Cloud-based ray tracing simulator (CloudRT): As a
deterministic modeling tool, CloudRT simulations may
provide complete information on multi-track effects in
a variety of domains and generate realistic site-specific
channel models. CloudRT simulations can also give
a wide range of domain-specific information. It was
implemented by Beijing Jiaotong University and the
Technische Universität. It can track rays, such as direct,
reflected, and scattered rays, using various means of
propagation, and can make multiple measurements in
the sub-6 GHz and terahertz (THz) band to verify and
quantify the results of these tracking. In addition, users
have the ability to construct their own channel in rela-
tion to the environment by rebuilding the 3D scenario
model and setting simulation parameters (such as the
frequency and antenna layout) [31], [32], [33], [34].

C. WAVE PROPAGATION TECHNIQUES
For tunnels, radio-wave propagation techniques are different
from those for other non-confined spaces, as tunnel prop-
agation models are limited by many internal reflections,
refraction, and direct links. As a result, generally, the ray
tracing technique, waveguide analysis, measurement-based
empirical modeling, numerical modeling, and some hybrid
techniques, which contain a combination of two techniques,
such as (for example) numerical and ray tracing techniques,
are employed.

III. TAXONOMY OF PROPAGATION TECHNIQUES IN
TUNNEL
This section reviews the literature on the electromagnetic
wave transmission mechanism inside tunnels. It develops a
taxonomy of wave propagation, as shown in Fig. 1, that can be
classified into three types: core, hybrid, and empirical model.
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FIGURE 1. Taxonomy of wave propagation for the tunnels. Table 2 contains the abbreviations that are not included in this figure.

In the core model, wave propagation techniques are examined
based on fundamental techniques that can be further classi-
fied as the numerical solution technique of Maxwell’s equa-
tion, ray tracing, waveguide, scaling, and recently emerged

neural network-based model. In certain instances, these stan-
dalone techniques cannot correctly represent the wave inside
the tunnel; another type of model called a hybrid, composed
of multiple primary techniques, has been proposed in the
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TABLE 2. List of abbreviations.

literature. The empirical models mathematically interpret the
overall characteristics of radio wave propagation and are
based on measurement-based data. The empirical model can
be further classified as breakpoint and use-case models. In the
breakpoint model, multiple slopes are observed from the
measurement data. The use-case models are based on specific
application areas of wave propagation that consider different
infrastructural elements and vehicle movement. All the mod-
els from the taxonomy are discussed in the next section.

IV. PROPAGATION MODELS IN TUNNELS
This section provides a detailed survey of the propaga-
tion techniques inside tunnels based on their essential

characteristics and differentiating aspects. A taxonomy based
on the wave propagationmodels in the tunnel (WPMT) is first
developed, and the models included in the taxonomy are dis-
cussed subsequently in terms of their principles, application
specifications, advantages, and disadvantages.

A. CORE MODELS
Finite-difference time-domain (FDTD) is a well-known
method for solving partial differential equations at a discrete
time and distance, and that has been used in propagation
techniques in tunnels. The solving procedure is done by
dividing a space into grids and then determining the electric
andmagnetic field strengths of the grid in time and space. The
problem with the FDTD method is that it needs a significant
amount of computer processing power, which limits where it
can be used for electromagnetic wave propagation in a tunnel
when using a standard computer setup. The technique pro-
vides a software-implementable solution in the time domain.
However, this only applies if the spatial grid is sufficiently
precise to discern the model’s shortest electromagnetic wave-
length and the minor geometric features [4].

To reduce the computational difficulty, a hybrid FDTD
approach comprising the ray tracing technique, which facil-
itates analysis of a wide area, and the FDTD, which was
utilized to analyze regions adjacent to complicated discon-
tinuities because ray tracing methods applied to regions with
discontinuities generate extra complexities in such areas, was
proposed in [35].

In [36], another type of hybrid technique that could be
used to reduce computational complexity was proposed. This
technique uses the vector parabolic equation (VPE) method
for long distances and the FDTD method in areas with obsta-
cles or antennas. Therefore, the model has a structure that
is analogous to that of the FDTD-VPE-FDTD model. The
FDTD method’s amplitude value, as well as the time steps,
are taken into consideration as the input of the VPE model.
However, transferring the time steps to the frequency domain
is necessary. Moreover, the VPEmodel imposes an additional
constraint, which states that the propagation angle must be
constrained to 30 degrees or less at all times. An in-depth
error analysis is presented in [37].

Maxwell’s equations are a set of correlated partial differ-
ential equations that form the foundation of electromagnetic
theory. These partial differential equations can be put together
to show how the electromagnetic field propagates at the speed
of light. Maxwell’s equations are approximated by parabolic
equations under the assumption that most electromagnetic
energy travels down a tunnel and that changes in the electric
field along the tunnel are negligible compared to changes in
the electric and magnetic fields that travel over the tunnel.
Scalar parabolic equations are satisfied when the transverse
electric and magnetic fields move in opposite directions, such
as in a tunnel with conducting walls. In reality, tunnel walls
do not conduct electricity efficiently; therefore, a relationship
exists between the magnetic and electric forces. Using vector

VOLUME 11, 2023 2203



M. A. Samad et al.: Wave Propagation Modeling Techniques in Tunnel Environments: A Survey

parabolic equations in combination with the Crank-Nicolson
(CN) method may effectively resolve this problem [4].

Subsequently, the parabolic equation-based tunnel propa-
gation problem was satisfactorily modeled using the alternat-
ing direction implicit (ADI) technique [38], [39]. Whereas
the ADI approach retains the same degree of accuracy as the
CN system, it is much quicker and unconditionally stable in
terms of cell size throughout the propagation path. Another
change made by ADI itself may be corrected by utilizing an
innovative technique devised byMitchell and Fairweather in
order to improve accuracy significantly [40].

1) NUMERICAL METHODS
The high-accuracy ADI technique for the vector parabolic
equation is addressed in [41]. It has been suggested that
the hybrid vector parabolic equation and waveguide mode
theory should be used [16]. The hybrid vector parabolic
equation was discussed in [42] as a method for modeling
propagation in railway environments. In [43], a novel form
of the ADI-VPE method with precision to the fourth order
was presented for predicting the wireless transmission of
electromagnetic waves in tunnels. Radio wave propagation in
tunnels was predicted using a wide-angle three-dimensional
ADI-VPE technique, as described in [44]. Numerical meth-
ods for solving the vector parabolic equation in a tunnel were
discussed in [45]. In addition, [46] presented an alternative
method for solving three-dimensional parabolic vector equa-
tions. In [47], a contrast between the vector parabolic equa-
tion and ray tracing solutions was shown. Modeling wave
propagation in tunnels using the Noye–Hayman implicit
finite difference approach was the focus of the research
presented in [48], which presents an effective way to do
so. To simplify the FDTD methodology, [49] suggested
using a modified version termed the segmented-locally one-
dimensional FDTD approach. The FDTD approach can be
used to model regions that include obstructions or antennae,
and the VPE technique can be used to represent hollow
tunnels that extend for a larger distance [36].

a: ALTERNATE DIRECTION IMPLICIT-VECTOR PARABOLIC
EQUATION (ADI-VPE)
The parabolic equation was utilized in [38] and [50] as part
of a strategy known as the alternate direction implicit (ADI)
approach to analyze the transmission of radio waves through
tunnels. The equivalent surface impedance determines the
electrical quality of the walls that conduct the electricity.
Another acceptable scenario for employing a VPE is that of
a tunnel with lossy walls. However, using the VPE makes
modeling the boundary conditions very difficult. Because the
boundary conditions of the ADI intermediate planes are equal
to those of the real plane, the overall accuracy of the model
is degraded. Furthermore, when ADI is used in tunnels with
circular cross-sections, the process of breaking down lines
one at a time becomes critical. Furthermore, the ADI-VPE
was utilized to mimic actual tunnels to compare the exper-
imental data with simulation outcomes. When lower-order

modes prevail over longer distances, the VPE model offers
the most accurate estimates of electric fields in real
tunnels.
Advantage: The VPE can predict low-order modes for

electrically large tunnels with high accuracy [38], [50].
Disadvantage: The conventional VPE is an approximation

of the Helmholtz equation, which makes the assumption that
the fields move within 30◦ in the direction of propagation.
The VPE makes a rapid adjustment to the numerical trans-
form; however, this adjustment does not consider backscat-
tered fields [39].
Application: The model is as efficient as the radius or

complete wave methods, although arbitrary cross-sectional
tunnels and soil height changes are considered [51].

b: UNIFORM THEORY OF DIFFRACTION (UTD)
In [52], diffraction by a right-angle wedge under various
surface boundary conditions was calculated. A functional
transformation was used to simplify the complexity of the
boundary conditions. The incident field on the edge multi-
plied by the accompanying uniform impedance diffraction
coefficient yielded a diffracted field. A surface wave may
be derived from the common problem of a locally infinite
surface when the impedance surface supports a surface wave.
A wedge impedance model based on UTDwas constructed to
evaluate the propagation of ultrahigh-frequency (UHF) radio
waves in tunnels [53], [54] that compared the experimentally
measured path loss with the theoretical path loss. In an empty
straight tube, the attenuation rates varied before and after the
breakpoint. The propagation had a small delay spread and
a broad coherent bandwidth under ideal conditions. Curved
or branching tunnels limit coverage. In tunnels, transmission
and reception are poor, as tunnel vehicles hinder propaga-
tion. The presence of a vehicle causes signal oscillations,
losses, and RMS delay spread. Earlier tunnel propagation
studies focused on narrow-band transmission rather than
wide-band propagation. Frequency increases cause greater
RMS delay spread, limiting the coherent channel bandwidth.
These results match those obtained with the narrow-band
tunnel simulations. The calculated and observed RMS delay
spreads of the wideband multipath components are also
similar.
Advantage: This model can predict the loss of radio cou-

pling from a straight tunnel to a cross-section. The model was
validated using measurements obtained from actual concrete
tunnels. It can help optimize the deployment of wireless
sensor nodes in underground mines [54].
Disadvantage: The model demonstrated simulated and

measured received power for four frequencies with horizontal
polarization for a junction crossed perpendicularly. Thus, this
demonstration cannot be used for junctions where the tunnels
do not cross perpendicularly.
Application: The UTD is an advanced approach used

to resolve electromagnetic dispersion problems in more
than one dimension at the same point by electrically tiny
discontinuities.
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c: SEGMENTED LOCALLY ONE DIMENSIONAL FINITE
DIFFERENCE TIME DOMAIN (SLOD-FDTD)
In [49], a segmentation procedure was proposed to divide the
one-dimensional FDTD processed signals of tunnel lengths.
This procedure reduced the computational complexity of the
FDTD method. The lengths of the segmented tunnels can be
connected cumulatively.
Advantage: This model enhances the computation effi-

ciency of the SLOD-FDTD technique by decomposing the
computation space into smaller parts where a convolution
perfectly matched layer (CPML) is then used to recombine
the decomposed parts.
Disadvantage: It is not suitable for small-sized tunnels as

they can generate smaller time step sizes that may not be used
to overcome the stability condition of Courant-Friedrichs-
Lewy (CFL) numbers. The CFL is a necessary condition
that needs to be satisfied for convergence when numerically
solving certain partial differential equations.
Application: The proposed segmentation technique can

be applied to long-path propagation modeling to reduce the
complexity of the FDTD technique.

d: SPLIT-STEP-VPE
In [55], an alternative method of FDTD called split-step
Fourier transform (SSFS) is proposed to solve the vector
parabolic equation, which can be expressed as (1):

u(x, y, z±1z) = F−1
{
P (qx)P

(
qy
)
F{u(x, y, z)}

}
(1)

where F and F−1 are the Fourier transform pair; qx and qz
are the spectral variables, and P

(
qζ
)
is given by (2).

P(kζ ) = e−jq
2
ζ
1z/2q0 (2)

where ζ is either x or y. The+ and− symbols in (1) represent
forward and backward propagating waves.
Advantage: It provides the application feasibility of the

parabolic equation method through a split-step (vector)
parabolic equation (SSPE) mechanism.
Disadvantage: The computed attenuation was not com-

pared with other methods of computation-aiding mecha-
nisms.
Application: The method showed promising performance

in modeling radio wave propagation in a pedestrian tunnel
environment.

2) RAY TRACING
The notion of rays is evident based on our daily experiences
with sunlight. More strictly, a high-frequency approach to
Maxwell’s equations can describe ray notions. It is assumed
that (i) a ray moves in a straight line in a homogeneous
medium; (ii) a ray obeys the laws of reflection, refraction,
and diffraction; and (iii) a ray carries energy. It makes more
sense to think of a ray as a tube (that wraps around the
central ray) in which energy is held and spread. Ray tracing
can be used to show how transmitter-to-receiver techniques
work and to find all of the possible ray paths between the

used point-to-point pairs [6]. In the ray tracing method, it is
impossible to consider all the possible paths to the receiver,
because the original transmitter-generated rays are reflected
and diffracted before they reach the receiver. The problem
worsens as the path length of the source ray increases, the
wavefront side of the ray tube expands, and the object’s size
becomes less important. The ray model is useful when the
antenna is small in comparison to the waveguide dimensions
and runs at a frequency that is much higher than the cut-off
for low-order modes. Note that the wavelength cut-off point
for the lowest-order mode is [1]

λ < 2a (3)

where the symbol a is the largest dimension of the tunnel
cross-section. The ray model is particularly useful in situ-
ations in which the use of modal decomposition presents
difficulties. According to [1], one of the advantages of the
ray model is that it provides a natural approach for dealing
with antenna layouts and tunnel junctions. However, with the
ray model, extensive record-keeping is required to monitor
all the essential reflections [1]. The ray can be classified
into direct rays, reflected rays, diffracted rays, and scattered
rays [56]. The ray tracing methods consist of ray generation,
ray transmission, and ray reception techniques.

a: TAPPED-DELAY LINES (TDL)
TDL models need the best hardware requirements to be used
in emulators [57]. The proposed model characterizes the
power-delay profile (PDP), Doppler spectrum, and fading
properties.
Advantage: This tunnel model includes the effect of the

rolling stock, as the model is composed of snapshots of the
tunnel environments, which include the number of rays, ray
energy, and the delay of the ray.
Disadvantage: The time-domain analysis of TDL signals

is very restricted if the smallest delay is smaller than 8 ns
(in this case, it will require enormous bandwidth (BW); for
instance, analysis of a 1 ns TDL will require a 1 GHz BW).
Application:With a minimum 8 ns time delay due to mul-

tipath fading, the TDL model combines the multipath with a
minimum of 60 dB power of a ray.

b: ASYMPTOTIC METHODS (RAY TRACING) (AM)
Asymptotic methods such as ray tracing, ray launching, and
tesselation of the tunnel arch sectionwere used to construct an
electromagnetic wave propagation model in [58]. This model
was used to simulate the transmission of radio waves using
data collected from straight arch-shaped tunnels. In addition,
an interpolation technique for the normals of facets was
developed to alleviate the inaccuracy generated by tessela-
tion. The collected findings were validated by comparing
them to those in relevant literature and measurement data.
Advantage:Asymptotic techniques, such as ray tracing and

ray launch, are used to construct a model for transmit-
ting radio waves via straight arch-shaped tunnels. It was
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believed that interpolating the facets’ normals would reduce
the inaccuracy.
Disadvantage: It lacks adequate analytical analysis.
Application: This technique makes use of interpolation of

the normals of facets in order to reduce the amount of inaccu-
racy that is caused by tessellation. This technique enables us
to obtain findings using a convergent approach by considering
a large number of different variables.

3) WAVE-GUIDE-BASED METHODS
There is a resemblance between the microwave waveguide
and tunnel wall in terms of their shape and ability to conduct
electromagnetic waves. However, the tunnel wall is not as
conductive as a real waveguide, which results in the loss of
the propagated wave. As a result, the tunnel can be treated
as a microwave guide as long as it enables electromagnetic
wave propagation. Otherwise, in the tunnel, modal mode
propagation can not be considered, as the tunnel can violate
the boundary condition. For example, for frequencies less
than the cut of frequency fmn inside the tunnel, where m
and n are the TE and TM modes, respectively, the operating
frequency decays and attenuates completely. Instead of the
TE and TM modes, in tunnels, hybrid modes (HE) appear
to be the normal modes, where the electric and magnetic
fields need not be restricted to be confined within the tra-
verse plane. Because modal theory understands the tunnel
as a lossy waveguide with a regular cross-section structure,
finding the Eigen function for the arch-shaped tunnel’s cross-
section is challenging [36]. In [59], modal methods were used
to describe the electromagnetic wave transmission in lossy
rectangular tunnels, and it was shown that, in the distant zone
of an electrically large tunnel, both the modal and ray tracing
techniques might be equal using the approximation (4):

Er (x, y, z) = Et
+∞∑

m=−∞

+∞∑
n=−∞

e−jkrm,n

rm,n
ρ
|m|
⊥
ρ
|n|
//

≈
−j2πEt
ab

+∞∑
p=1

+∞∑
q=1

Ap,q
e−(αp,q+jβp,q)z

βp,q
(4)

whereEr (x, y, z) is the electric field at pointR(x, y, z) within a
rectangular waveguide that is obtained by summing the scalar
electric fields of the rays from all the images of the point
source, Et is the magnitude of the transmitted electric field, k
is the wavenumber in the waveguide, and rm,n is the distance
between the receiver; ρ⊥ and ρ// are reflection coefficients
corresponding to the perpendicular and parallel polarization,
and the other symbols are indicated in Fig. 2.

The left side of (4) is the ray representation of the electric
field and the right side represents the modal representation.

The multimode waveguide model provides an analytical
equation for calculating the route loss and delay spread at any
point in a tunnel [60]. This reveals that the attenuationmode is
determined mainly by the diameter and operating frequency
of the tunnel, whereas the distribution of power among the

FIGURE 2. Geometry of the rectangular dielectric waveguide.

paths in various modes is determined by the location of the
transmission antenna.

In [61], the modal analysis inside the tunnel was proposed.
When the wall is assumed to be rough, the roughness should
be within a certain limit such that it is smaller than the
wavelength, as in equation (5), which was derived based on
the assumption of a small roughness value.

ρs = exp

{
−8

(
πσh cos θ⊥,//

λ

)2
}

(5)

where ρs is an attenuation factor independent of the polariza-
tion status of the incident waves, σh is the roughness of the
surface, and λ is the wavelength.
A unique simulation tool based on the modal transmission

line matrix approach was specifically adapted to the context
of tunnel wave propagation. Surface impedance boundary
conditions were used to represent tunnel walls. The esti-
mated modes for various tunnel cross-sections were then
analyzed [62].

This technique is advantageous because it is proven and
can immediately manage terminations and reflections [1].

The downside of modal decomposition in this application
is that the transmitting and receiving antennas stimulate a
wide range of modes. Additionally, tunnel junctions and other
discontinuities introduce difficult-to-test mode interconnec-
tions. Modal decomposition can also involve a complex tun-
nel topology [1].

a: LOSSY RECTANGULAR TUNNEL (LRT)
Modal and ray tracing techniques are commonly utilized
to simulate RF propagation in tunnels. Mathematically, the
two procedures are equal and give the same outcomes. The
comparative results of these two models with theoretical
predictions from both techniques and field observations at
frequencies of 455, 915, 2450, and 5800 MHz exhibited
excellent agreement [59].
Advantage: This study analytically showed that the ray

tracing method and the RT methods could show similar ana-
lytical behaviors under certain restrictions such as (i) the Tx
and Rx are far enough, and (ii) the direction of the E-field
remains almost unchanged after each reflection that leads to
use as scalar summation.
Disadvantage: The RT and waveguide model exhibited

similar performances under some specific conditions, such
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as at a high frequency, in a long tunnel, and in a concrete
structure tunnel. The equivalence behavior was not tested
in other cases, and the limiting values of the frequency and
length were not determined.
Application: Some standard configurations, like a square

or circle for the cross-section of the wavelength, are used
to study constants such as the cut-off frequency and wave
impedance. This contribution can be helpful in the analysis of
different types of tunnels, either through ray tracing or modal
methods.

b: WAVEGUIDE FOR METROPOLITAN RAILWAY TUNNEL
(WGMRT)
The millimeter-wave (mmWave) bands in urban railway tun-
nels were the subject of this study [63]. The findings of a
propagation measurement effort in the 24 GHz band with
a passenger aboard in a realistic subway environment were
combined with ad hoc tunnel simulations and a theoreti-
cal modal propagation model. In receiving and transmitting
antennas with horizontal and vertical polarization, narrow-
band and wideband research has been conducted to esti-
mate the link loss, fading, power-delay profile, and angle of
arrival. This validation can be used to design and implement
mmwave-based wideband mobile communication networks
in train environments.
Advantage: The measured result and the simulated

modal-based received power inside tunnels agreed on most
of the length of observed tunnels.
Disadvantage: The path loss exponent values were not

justified considering the tunnel environment.
Application: The results of this study inform the deploy-

ment of wireless communication links in the mmWave fre-
quency band in a metropolitan tunnel.

4) SCALING-BASED METHODS
Reliable measurements in actual tunnels are challenging and
costly to perform owing to instrumentation and access diffi-
culties. Therefore, implementing scale-modeling methodolo-
gies for tunnels made of widely available materials may be a
suitable option.

The scaling approach was theoretically validated in a
waveguide with dielectric boundaries using image theory and
in a perfectly conducting corrugated circular waveguide using
the fast mode decomposition technique [64].

a: GERASIMOV, JACOB MODEL (GJM)
This investigation [65] uses of the ray tracing approach,
which may be applied to structures with many orders of
magnitude larger than the operational wavelength. Using
image theory, the authors developed a multi-ray model
to demonstrate non-dimensional properties. The multi-ray
model helped to collect measurements in reduced trials.
The results of a field experiment that was conducted in a
small concrete pedestrian tunnel with smooth walls at 1, 2,
4, and 10 GHz, as well as in a scaled-down model utiliz-
ing millimeter waves (mmwave), revealed how frequency,

polarization, tunnel size, and dielectric properties affect wave
propagation. Ray tracing was successful when applied to both
the experimental data from the tunnel and a scaled-down
model of the tunnel.
Advantage: This approach could be used to study the scal-

ing property of a tunnel through a dimension of the tunnel.
The validated results revealed that the wave propagation in a
tunnel could be scaled down to study it at the laboratory level
experimentally.
Disadvantage: Even though the predicted received power

through the scaled mechanism follows the measured power,
there is scope for improving the scaled model. The perfor-
mance worsens when the operating frequency is close to the
W-band, where the wavelength is approximately 3 mm.
Application: It can be helpful to perform practical wave

propagation modeling. In [64], a novel method for ray tracing
using geometrical optics (GO) is presented. This method
differs from the traditional ray tracing method in that it can
create measured data in a lab setting that is identical to the
measured data in an actual tunnel.

b: RAY-DENSITY NORMALIZATION (RDN)
RDN is a single ray representing a locally flat wavefront, and
this novel approach requires several representations of each
actual electromagnetic wave (EM) wave [64]. The proposed
RDN specifies the contribution of each ray to the overall
receiver field. The inability to play caustics is one of the most
important disadvantages of GO, which is eliminated by this
procedure. Unlike conventional methods, this unique tech-
nique does not use ray tubes or adaptive reception spheres.
Therefore, the limits on the planar geometries do not affect
them. Consequently, high-frequency EM wave propagation
can be accurately predicted in enclosed tunnels.
Advantage: The method requires several representatives of

every physical EM wave simultaneously. The contribution
of each ray to the total area of the receiver is based on the
RDN. As a result, it does not suffer from planar geometry
limits. In addition, it allows the spread of high-frequency
electromagnetic waves in confined places with curved limits,
such as tunnels, to be predicted with appropriate precision.
Disadvantage:The assumption that, in a confined place, all

rays will be reflected with the same group velocity and delay
profile may not be valid for a tunnel with a rough surface.
Application: The use of normalization was shown to be

effective for RT modeling in arch-shaped tunnels in [58].
Here, the same normalization technique is used to model the
RT for scaling wave propagation in a tunnel.

5) NEURAL NETWORK
In recent years, AI and deep learning algorithms have demon-
strated superior performance in different prediction systems
consisting of adequate datasets. Typically, machine learning
algorithms are used in nonphysical systems to study their
behavior and yield a specific output. However, in recent
years, it has been noted that these types of algorithms have
been used in physical systems and, more specifically, for
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modeling propagation waves. In [66], the authors propose
a machine learning method for extracting radio wave prop-
agation models in tunnels. They offer a framework for an
artificial neural network, a suitable generalization of different
geometries. The intended output might be the values of the
electromagnetic field components throughout the channel or
the path loss model.

a: ELECTROMAGNETIC VISION (EV)
In [67], the path loss inside a tunnel was proposed through the
robustness of physics-based methods and real-time channel
models usable by wireless networks through machine learn-
ing and intelligence (MI) using tunnel geometric informa-
tion and the parameters generated through synthetic means
either through VPE or ray tracing techniques. The path loss
exponent (n) predicted by deploying the developed MI model
demonstrates a high degree of agreement between the model
predictions, actual measurements, and computer simulations.
Advantage: Machine intelligence models can be trained

using ray tracing or parabolic equation methods to finally
create an ‘‘electronic vision’’ to supply channel propagation
based on a picture or sequence with the geometric specifi-
cations of the channel. Subsequently, using this vision, the
path loss exponent of the tunnel was determined and showed
satisfactory performance.
Disadvantage: The demonstrated scenario was simple in

shape (rectangular tunnel)and showed a higher prediction
error near the transmitter.
Application: The intelligent model feeds the scalar func-

tions with the maximum and minimum values of the tunnel
width, height, frequency, and permittivity to a three-layer
artificial neural network, which can develop the path loss esti-
mation. The sum-of-squares difference between the predicted
path loss and themeasured path lossmodel is the loss function
that must be reduced to achieve the overall loss. Because the
mechanism works for predicting path loss, it paves the way
for deploying artificial neural networks to model path loss
inside tunnels.

b: UNCERTAINTY QUANTIFICATION (UQ)
In [68], the VPE technique was used to generate a reasonable
number of configuration parameters for wave propagation
in a tunnel. The parameters generated by the VPE method
showed nonzero standard deviation, which means that there
is variance in the input dataset generated through such means.
Therefore, an artificial neural network (ANN) was proposed
to reduce such inconsistencies in the data used to develop a
realistic wave propagation model inside a tunnel.
Advantage: The results reveal that, with a sufficient num-

ber of input datasets, the uncertainty of fidelity measured data
can be solved by applying this technique.
Disadvantage: The presented results were obtained at a

frequency less than 1 GHz, showing that a further test is
required at a higher frequency.
Application: A deep ANN was utilized to evaluate

uncertainty in VPE-based channel propagation model input

parameters. The ANN, which had six layers, was trained
using a variety of input combinations, and a VPE-based
process was used to create the input dataset.

c: ARTIFICIAL NEURAL NETWORK (ANN)
In [66], the ML-based wave propagation model inside the
tunnel comprised several parts: a set of input parameters, the
ML model, and the desired output. The input model com-
prised several microwave-link-based parameters, such as the
transmitter and receiver specifications, antenna pattern, tun-
nel geometry, operated frequency bands, and wall materials.
An extended part of the physics-based solver was responsible
for determining all the parameters related to the physics that
was supposed to follow. It connected all the input parameters
to the input model to generate a dataset that fed the ML
model (x) and parameter model (x̃). The feeding parameters
generated through such means are significant because if a
particular parameter can be neglected in the MLmodel, it can
be necessary for the parameter model. Finally, the parameters
x and x̃ were used to train the ML model to determine the
desired power level at the receiver end.
Advantage: This model has found some possible major

problems with the application of ANN for tunnel wave propa-
gation modeling: input, output, and ML model specification.
The demonstrated results reveal that the ANN model outper-
forms the VPE model in terms of accuracy, scalability, and
interpretation of the ‘‘physical rule.’’
Disadvantage: The accuracy of this approach is close to

that of the VPE method; however, according to the graphs
in [66], it is evident that the predicted propagation signal
power does not match well with the measured power.
Application: A comparison of the ANN data and both the

VPE-generated and measured data revealed that the inference
capabilities of the ANN model for unknown tunnel geome-
tries were solid. Furthermore, the network’s scalability was
excellent, allowing the ANN to maintain its precision, even
when the number of input features increased.

d: MULTI-LAYER NEURAL NETWORK (MLNN)
The model is [69] considered nine input variables to pre-
dict the path loss, root square mean of the delay, and angle
spread. The k-hidden layered backpropagation algorithm ini-
tializes with initial weights, initial biases of the neurons,
and expected error rate. The hyperbolic activation function
was used as the activation function in the neural network.
The path loss was considered as Pt −

∑L
l=1 pl , where Pt is

transmitted power and P1 is received power of the l-th path.
The RMS is an important second-order statistic to describe
channel dispersion in the delay domain; it is calculated as
√
(
∑L

l=1 t
2
l pl/

∑L
l=1 pl − t̄

2, where tl is the delay of the l-th mul-
tipath. t̄ is the average additional delay, which can be defined
as
√
(
∑N

i=1 pl(θl−θ̄)
2
/
∑L

l=1 pl), where θl is the arrival angle of
the l-th multipath. θ̄ is the average arrival angle, which can
be defined as

∑N
i=1 plθl/

∑L
l=1 pl .
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Advantage: This multi-layer neural network can predict
large-scale and small-scale fading in metro tunnels.
Disadvantage: The training data set needs to be carefully

collected as the relationship among the parameters is com-
paratively complex, and the change in one parameter can
affect the change in other parameter output [16], [60], [70],
[71], [72].
Application: The proposed technique can be applied to a

metropolitan train tunnel environment to predict the path loss,
root square mean of the delay spread, and angle spread.

B. HYBRID MODELS
Various techniques have been used to represent propagation
channels in tunnel settings. Each method has its own benefits
and drawbacks. Hybrid channel modeling methods have been
investigated to obtain complementary benefits.

1) NUMERICAL-NUMERICAL
The FDTD method and VPE method were integrated in [36]
to benefit from an analysis technique that reflects the real
propagation mechanism. In this hybrid technique, the FDTD
method is applied to the transmitter end and in spaces where
there are more obstacles in propagating the radio wave. How-
ever, in the vacant part, the ADI variable of the VPE method
is applied, and both methods are combined at a particular
interface point that needs to be fixed appropriately.

a: FINITE-DIFFERENCE TIME-DOMAIN-VECTOR PARABOLIC
EQUATION (FDTD-VPE)
A hybrid FDTD/vector parabolic equation (VPE) approach
was presented in this paper [36] to explain the propaga-
tion of radio waves within rectangular tunnels. Whereas
the FDTD technique is used to model regions, including
barriers or antennae, the VPE method is used to represent
long empty tunnels. The benefits of the two techniques may
be used to improve the numerical efficiency of the inves-
tigation and evaluate the influence of the antennas. The
results of the comprehensive FDTD simulation, as well as
the measurement data collected in a corridor, were com-
pared with the outcome of the hybrid strategy that was used.
This method works well for simulating the propagation of
radio waves via tunnels that contain antenna relays and other
obstructions.
Advantage: In this hybrid method, the advantages of the

FDTD method are deployed in areas with obstacles or anten-
nas, whereas the easy computational benefits of the VPE
method are deployed to model the empty tunnels along with
the distance. This is a hybrid technique that is effective in
tunnels with antenna relays and obstacles.
Disadvantage: Instead of a real tunnel, a typical indoor

corridor was used in the experiment, which is a very strong
limitation of this technique.
Application: The starting region for VPE is calculated

based on the FDTD result, and the data are separated. The
FDTD employs amplitudes and time steps to represent the
interface field.

b: SEGMENTED ALTERNATING DIRECTION IMPLICIT FINITE
DIFFERENCE TIME DOMAIN (SADI-FDTD)
For wave propagation within a long tunnel, this study [73]
proposed a unique SADI-FDTD method. The proposed
method lowers computational redundancy by segmenting the
problem space. It also enables the use of larger cells in each
section. The approach was tested by simulating the propaga-
tion in real tunnels and comparing the results with the existing
experimental data. Comparisons revealed that the proposed
method predicts the fields most accurately in long-distance
tunnels.
Advantage: By segmenting the problem space, the pro-

posed S-ADI-FDTD approach that was presented may reduce
the amount of unnecessary computational work. It also makes
it possible to use cells of a bigger size in each section.
Disadvantage: This method’s applicability has not been

tested for curved and branching tunnels with rough wall
surfaces.
Application: The SADI-FDTD method does not offer any

mechanism to improve the prediction ability of the propa-
gated wave in the tunnel; rather, it just provides a mechanism
that permits the central processing unit (CPU) to execute
time linearly, whereas the convention ADI-FDTD exhibits
exponential behavior in this case.

c: VECTOR PARABOLIC EQUATION-WAVEGUIDE (VPE-WG)
In this study, [16] combined the vector parabolic equation
(VPE) with waveguide mode theory to simulate propagation
accurately and efficiently. The VPE method analyzes propa-
gation near the transmitter, allowing fast analytical field cal-
culations across long distances using VPE fields. This hybrid
model considers the tunnel geometry and antenna radiation
patternswhile reducing computing costs. A comparison of the
measurements and simulation models for road and subway
tunnels revealed the precision and efficiency of the proposed
hybrid model.
Advantage: The use of VPE to estimate the dimensions of

the rectangular waveguide that is utilized in this approach
enhances its durability and adaptability with regard to the
geometry of the tunnel.
Disadvantage: The overall execution time is reduced, but

the mean absolute error (MAE) does not improve signifi-
cantly.
Application: The performance of this method has not been

verified at frequencies higher than 2 GHz.

2) NUMERICAL-RAY TRACING
Ray tracing model provides reliable means of wave propa-
gation modeling in many studies [56], [74]. However, due to
the huge complexity, this technique suffer from some disad-
vantages and huge computation problems [75]. However, the
use of numerical techniques with the ray tracing methods can
solve the complexity of computation issues and thus can help
to develop a well-performing wave propagation model.
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a: VECTOR PARABOLIC EQUATION-RAY TRACING (VPE-RT)
This paper provides a hybrid channel modeling approach that
combines ray tracing with vector parabolic equation model-
ing [42], [76]. VPE advantages are utilized to compensate for
RT restrictions and vice versa. The proposed technique allows
for themodeling of realistic railway conditionswithin a single
simulation framework. Stations and long guideway tunnels
are two examples of such situations. An accurate deployment
location for communication-based train control systems is
selected to confirm these findings.
Advantage: This technique reduces the complexity of RT

by using VPE.
Disadvantage: The drawback of this technique is that no

definite rules are specified for the interface grid to combine
the RT and the VPE.
Application: The vector parabolic equation is used for

lengthy tunnel sections that are reasonably uniform, whereas
ray tracing method is utilized for regions that have com-
plicated geometries and discontinuities. In this model, the
interface space between the RT and VPE is represented by
the Huygens surface. This surface aids in the prediction and
explanation of the classical wave propagation of light [77].

b: RAY TRACING-FINITE-DIFFERENCE TIME-DOMAIN
(RT-FDTD)
In [35], ray tracing was used to analyze a wide area that was
realized by using the virtual box, in which the RT mechanism
of wave propagation is assumed to follow, and the FDTD
was used to study areas close to complex discontinuities
where ray-based solutions are not sufficiently accurate. This
hybrid technique ensures improved accuracy and practicality
in terms of computational resources.
Advantage: Ray tracing is used to analyze a wide area that

is realized by using the ‘‘virtual box’’, inside which the RT
mechanism of wave propagation is assumed, and the FDTD
is used to examine regions around complicated discontinu-
ities when ray-based solutions are insufficiently precise. This
hybrid method guarantees increased precision and computing
resource practicability.
Disadvantage: The consideration of the virtual box makes

it too difficult to apply this approach to a general case. This is
because, in this model, the virtual box needs to be used where
any discontinuity type surface exists.

c: RAY TRACING (RT)-GRAPH
Hybrid mmWave propagation by integrating the ray tracing
and propagation graph theory inside metro environments
was presented in this study [78]. By monitoring channels at
26.5-40 GHz and adjusting the parameters of the ray tracing
models, electromagnetic wave propagation principles, object
interactions, and specularly reflected rays are identified. This
mmWave propagation model with scattered locations around
RT’s major RT pathways is presented to simulate diffuse
scattering. The received power levels at different locations
validated the proposed hybrid propagation mechanism. The

hybrid model is ideal for simulating multipath propagation in
a closed metro train scenario, where multiple objects exist in
close locations and the echo is a normal phenomenon.
Advantage: In this technique, ray tracing and graph theory

are combined to consider the scattered points around the
principal paths vigorously representing the diffuse scattering
components.
Application: According to the findings, significant

reflected elements are determined, and a maximum of two
reflection hops are acceptable for RT capture of primary
multipath components (MPCs). Two to eleven times as much
power comes from diffuse components such as specular
components.

C. EMPIRICAL METHODS
The empirical models are based on experimental data obser-
vations interpreted into mathematical relationships [79]. This
type of model normally have some coefficient that are varied
according to the tunnel type, tunnel shape, internal struc-
ture and operational frequency bands [70], [80], [81], [82].
Due to curvature structure in the tunnel there normally hap-
pens breakpoints [15], and the number of breakpoints also
varies [83].

1) BREAKPOINT
In [84], it was observed that a single-slope regression fit
yielded a much higher standard deviation.

It was found that the RT model can yield good propagation
estimations in the near field, whereas the waveguide model
is suitable for the far field. Thus, to take advantage of this,
in [85], an analytical ray optical (waveguide) model was
proposed, which is a tunnel propagation model where both
of these RT and waveguide models can be used before and
after a point called the breakpoint. In [59], it was shown that
the RT and waveguide models exhibit equivalent behavior
in rectangles, which can be extended to other regular-shaped
tunnels.

In [15], the experimental results of radio wave propagation
in a straight arch-shaped tunnel were presented. The results
were compared with simulation findings obtained using the
ray-launching technique applied to the tunnel. Two frequen-
cies were used: 2.4 and 5.8 GHz. The rapid fading distribution
fit the Weibull distribution for both observations and simula-
tions.

a: 2-BREAKPOINT (BP)
Wireless propagation in a tunnel has discrete near-and-distant
zones with diverse propagation characteristics. In [85] a
2-point break technique was used to split the propagation
areas to determine propagation losses according to (6).

PLn[ dB] = PL f [ dB] (6)

where PLn and PLf respectively denote the path loss devel-
oped by the analytical ray tracing model and single ray
optical model. The analysis demonstrates that the location of
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FIGURE 3. Graphical representation of the location for breakpoint [86].

the breakpoint is significantly influenced by the frequency,
antenna position, and tunnel transversal dimensions.
However, in [86], a different approach is proposed for a
curved tunnel. In this approach, the breakpoint is defined on
the radius of curvature of the tunnel as shown in Fig. 3.
where the breakpoint was determined by (7).

dBP =
√
(R+ xr )2 − R2 (7)

where R is the radius of curvature, and xr is the distance
indicated in the Fig. 3.
Advantage: The model offers an analytical approach for

finding the breakpoint, which helps in the deployment of RT
and the waveguide model in the tunnel.
Disadvantage: The model needs further improvements as

the measurements and the slope-based resulted signal did not
match accurately.
Application: Themodel is helpful in finding the breakpoint

in a curvature tunnel, where the antenna gain does not affect
the breakpoint.

b: SLOW/FAST FADING (SFF)
In [15], the slow and fast fading effects of wave propagation
inside a tunnel were investigated, and the results were val-
idated through measured datasets in arched cross-sectional
straight tunnels using tesselation in multiple facets. The anal-
ysis was based on a ray tracing-based imaging technique,
and it was shown that the number of facets varied with the
operating frequency and tunnel dimensions.
Advantage:When the arch is represented by planar facets,

the ray launching technique may be paired with interpo-
lation of the facets’ normal, resulting in an effective way
of describing electromagnetic wave transmission in straight
arch-shaped tunnels.
Disadvantage: The model used a modified ray launching

model where the facets approximated the arch-shaped tunnel,
and a method of interpolation of the facets’ normal was
implemented by the Phong algorithm [87]. However, they did
not include a detailed mathematical analysis.
Application: This model, which is mainly based on the

modification of the deployed RTmodel by the ‘‘identification
of multiple rays’’ at the receiver (Rx) end, can be used in
rectangular or arch-shaped communication tunnels.

c: 4-SLOPE
It offers [83] a path loss model with four parts based on field
measurements: the high path loss segment, the Fresnel zone
area, the waveguide segment, and the most distant area. The
division points of the segments were described analytically.
Propagation in free space is typical near antennas. Only a
large percentage of the reflected rays from the near area reach
the receiver in the following region, resulting in significant
path loss. In distant areas, the waveguide effect is caused
by a group of waves that are reflected off the tunnel walls,
resulting in decreased path loss. Owing to the attenuation of
the reflected photons in a very distant area, the waveguide
effect was eliminated.
Advantage: The model can be applied to long tunnels

depending on the carrier frequency, obstacles in the tunnel,
and the transmitter, and or receiver position.
Disadvantage: The proposed model was based on a heuris-

tic approach, and it has not been analyzed with the established
theories of wave propagation, such as the waveguide propa-
gation theory, ray optical models, and Maxwell’s equations.
Application: Applicable inside road and railway tun-

nels where the operating frequency is 400 MHz using the
EU standard-based Terrestrial trunked radio (TETRA). This
study examined radio propagation in road and railway tunnels
at 400 MHz in a 2 km tunnel. In the vicinity of an antenna,
free-space propagation is standard. In the subsequent region,
only a few scattered rays reach the receiver, resulting in high
path loss. The channel route loss is divided into four parts
by three breakpoints for a straight road tunnel: a space loss
region, close area, distant area, and extremely far area. This
four-slope path-loss channel model can be used to quickly
predict the direct mode coverage in TETRA systems. The
wave-guide effect disappears in the extremely far region
owing to the attenuation of the reflected rays.

2) LARGE-SCALE MODELS (LS)
Wave propagation models consider detailed propagation phe-
nomena such as reflection, refraction, absorption in the wall,
and surface smoothness. Instead, the LS model considers the
overall behavior of propagated waves and results on some
statistical parameter [88] depending on the structure of the
tunnel, obstacle probability, and operating frequency factors.

a: MULTIPLE INPUT AND MULTIPLE OUTPUT (MIMO)
In [89] the authors analyzed 32 × 64 massive MIMO radio
channel and mathematical expression of power delay pro-
file, path loss, angular spread, inter-user spatial correlation,
and capacity. This research outcome can help analyze the
huge antenna-based measured data in tunnel environment
for yielding huge capacity to deploy machine-to-machine
communication or other purposes.
Advantage: It adds spatial information to the models of 5G

massive MIMO systems and suggests ways to improve the
accuracy of mobile networks underground.

VOLUME 11, 2023 2211



M. A. Samad et al.: Wave Propagation Modeling Techniques in Tunnel Environments: A Survey

FIGURE 4. Cascaded straight and curved tunnel and Tx and Rx locations.
All the distance units are in m [90].

Disadvantage: No mechanism was added to mitigate the
near-end and the far-end disparity.
Application: This contribution extensively analyzes the

measured path loss in the tunnel with the MIMO system.

b: WAVEGUIDE-SHOOTING AND BOUNCING RAYS
(WG-SBR)
When the waveguidemode theory and themethod of shooting
and bouncing rays (SBR) are used together, it is found that
both straight and curved tunnels lose power in the far-field
region when they are stacked together. So, the authors came
up with a method that takes an extra loss coefficient into
account in the propagation model [90].

Ltotal (d + d ′) = L(d + d ′)+ ELC(R)× d ′d ≥ dBP (8)

where dBP is the breakpoint that can be determined using (9),
and extra loss coefficient (ELC) can be determined using (10).
The symbols d and d ′ are illustrated in Fig. 4.

dBP = max
(√

2s
1+cos θ [(π−θ )r2+h2 tan θ]

2

/λ,

×

√
s(1+cos θ )

2 [(π−θ )r2+h2 tan θ]
2

/λ
)

(9)

where r is the radius of tunnel, h is the distance from center
to bottom of the tunnel, s and θ denotes the cross-sectional
area ratio of a rectangular to a circular area.

ELC = 20Ks log |0s| + 20Kc
(
log

∣∣ε∗r − 1
∣∣

−
(
2 ln(−
√
ε∗r−1

)
/ln 10

))
+ 20Kc×

∑N
i=1 yi/ln 10×N×

√
ε∗r−1× R

−1 (10)

where 0s denotes the reflection coefficients along the vertical
walls in the section of straight tunnels, and The letters Ks and
Kc stand for the number of reflections per meter in the straight
and curved tunnel walls. It is assumed that the fundamental
mode is reflected N times on the vertical wall of the curved
tunnel with a length of d ′.
Advantage: It is asserted that the suggested model has low

complexity and can accurately predict path loss in cascaded
train tunnels.
Disadvantage: Themodel requires comparatively complex

3D-RT techniques, which is comparatively complicated.
Application: They found the excess loss in the far-field

region, which has a linear function of the path length of the
tunnel curvature section.

c: LARGE-SCALE MODELS
In the literature, many large-scale models are proposed to
model the measured path loss using empirical formulae such
as Close-In (CI), Floating intercept (FI), CI model with a
frequency-weighted path loss exponent (CIF), and alpha-
beta-gamma (ABG) models [3]. Equations (11), (12) are the
models used for single-frequency operation whereas (13),
(14) are the models for the multi-frequency operation.

L(f , d)
∣∣
CI = F(f )+ 10n log10(d)+ Xσ

∣∣
CI (11)

L(d)
∣∣
FI = α + 10 · β log10(d)+ Xσ

∣∣
FI (12)

L(f , d)
∣∣
CIF = F(f )+ n

(
1− n+

bf
f0

)
10 · log(d)+ Xσ

∣∣
CIF

(13)

L(f , d)
∣∣
ABG = 10α log10(d)+ β + 10γ log10(f )+ Xσ

∣∣
ABG

(14)

where L denotes the path loss, F is the free space path loss
with reference distance is 1 m, n is the path loss exponent, α is
the floating-intercept in dB and this parameter is equivalent
to free space path loss, and β is the slope of the line, b is
the optimization parameter that presents the path loss slope
of the linear frequency dependence, fc is the center frequency
F( dB) = 32.4+20 log fc(GHz), f (GHz) is the operating car-
rier frequency and f0 is the minimum investigated frequency
of operating frequencies.

In [91] and [92], it was that from a viaduct to a tunnel, the
path loss exponent varies in different sections, which can be
defined along the distance in the CI and AB models.
Advantage: This study gives the propagation parameters in

HST environment.
Disadvantage: The effect of passengers on the train was

not considered.
Application: It finds out that the statistical propagation

parameters vary in rural, viaducts, or straight sections.

d: IMPROVED SEAGULL OPTIMIZATION ALGORITHM (ISOA)
In this technique [93] the standard propagationmodels (SPM)
are enhanced by deploying the ISOA algorithm. RT prop-
agation mechanisms were used to develop the basis of this
technique. The position of the light wave was determined
using helix radius r as in (15).

x ′ = R× cos(θ )
y′ = R× sin(θ)
z′ = R× θ
R = ux × eθvy

(15)

where ux , vv are the parameters used to determine the helix
shape, and θ is the random angle between [0, 2π ].
Finally, the ISOA updated the position according to (16).

−→
Ps (t) =

(
−→
Ds × x × y× z

)
+
−−→
Pbest (t) (16)

where
−→
Ps (t) is the position of the population after an iteration,

−→
Ds is the best search agent in the direction of convergence,
and
−−→
Pbest (t) indicates the best position of seagulls.
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TABLE 3. Innovative features of existing wave propagation models in tunnels.

The ISOA technique employs a random location equation
to maximize the global optimization and periodic disturbance
to avoid any possible premature convergence and enhance-
ment of convergence speed.
Advantage: This model showed better performance than

the simple standard propagation model. In addition, it can
mitigate the unwanted disparity waveguide effect at the far
end and the near end.
Disadvantage: The technique is tested at a frequency of

1.8 GHz. Therefore, to support a 5G network, it needs to
test in the mmWave band. In addition to the ISOA algorithm
described but how to relate the algorithm related variables to
the wave propagation inside tunnel are not presented well.
Application: The model can correct several parameters of

the RT propagation mechanism.

e: MULTI-FREQUENCY CURVED TUNNEL (MFCT)
In [71] it was established that the path loss exponent (n) of
large-scale models could be accurately presented as (17).

n = c1 + c2d + c3d2 + c4d3 + c5d4 + c6d5 + c7 ln f

+ c8(ln f )2 + c9(ln f )3 + c10(ln f )4 + c11(ln f )5 (17)

where d and f represent arc heights and frequency, respec-
tively. c1, c2, c3, . . . , c11 represent different coefficients.
In this study, it was found that the root-mean-square (RMS)

of the delay spread (DS) can be expressed as (18).

DS = −0.004(R−
√
R2 − 40000)− 8.446; for (R ≥ 200)

(18)

where R is the radius of the curvature in m, and DS is the
delay spread in ns.

Advantage: Multi-frequency supporting capacity and
defining the path loss in terms of the delay spread, frequency,
and tunnel curvature.
Disadvantage: There may be additional parameters that

can affect the path loss, but those were not considered in the
proposal.
Application: This neural network-based network can help

design future-generation V2V channels.

3) USE-CASE (UC)
Tunnels have several applications, particularly in transporta-
tion. Each day, the train’s speed surpasses its previous best,
which impedes the appropriate modeling of wave propa-
gation. This section examines some current literature on
propagation modeling, particularly regarding high-speed or
train-to-infrastructure communication.

a: TRAIN-TO-INFRASTRUCTURE (TTI)
Modern subway stations and their entry tunnels were
investigated in [94] to describe wireless channels. The train
maintained a consistent speed of 18 km/h from the tun-
nel entry point to the point at which it exited the station.
The wireless channel response for both connections was
characterized by multipath space-alternating generalized
expectation-maximization (SAGE) using the parameter delay
profile, root mean square delay spread, Doppler power spec-
tral density, small-scale fading distribution, and K-factor.
Advantage: This experiment uses the transmitter and

receiver to demonstrate the train-to-infrastructure communi-
cation while the train is on the move.
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TABLE 4. Advantages and limitations of different propagation models.
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TABLE 4. (Continued.) Advantages and limitations of different propagation models.
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TABLE 4. (Continued.) Advantages and limitations of different propagation models.

2216 VOLUME 11, 2023



M. A. Samad et al.: Wave Propagation Modeling Techniques in Tunnel Environments: A Survey

TABLE 4. (Continued.) Advantages and limitations of different propagation models.
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TABLE 4. (Continued.) Advantages and limitations of different propagation models.

Disadvantage: Antenna location inside the train plays an
important role in TTI communication.
Application: This model can be used in tunnels to commu-

nicate between moving vehicles and infrastructure.

b: HIGH SPEED TRAIN (HST)
This study [95] examined 5G mmWave channel characteris-
tics for urban, rural, and tunnel high-speed rail (HSR) situ-
ations with straight and curved path configurations. Based
on wideband tunnel measurements using the ‘‘mobile hotspot
network’’ technology, 3D-RT parameters were calibrated by
selecting the best results by feeding the simulation and mea-
surement datasets. To iteratively minimize costs, a sophis-
ticated calibration process based on a simulated annealing
approach was used.

A(s) =
τmax∑
τ=0

abs
(
|hrt (s, τ )|2 − |hm(s, τ )|2

)
(19)

cost = Ā (20)

where s is the evaluated snapshots, τ is the excess delay
and hrt and hm are the ray tracing simulation results and
measurement channel impulse responses, respectively.

Advantage: The deployment of mmWave has been inves-
tigated, including different shapes of the tunnel (straight and
curved) for high-speed train communication by updating the
3D-RT propagation modeling parameters with the measured
data. The results indicate that the 3D-RT [31] calibrated
model can generate a satisfactory attenuation level compared
to the measured attenuation.
Disadvantage: The analytical insights of the proposed cal-

ibrated technique were not available, making its reliability in
other systems difficult to determine or its implementation by
other means challenging.
Application: To develop 5G infrastructure inside a tunnel

for a high-speed train.

V. COMPARATIVE STUDY
This section compares the wave spreading model for indoor
tunnels in terms of exceptional properties, characteristics,
competitive advantages, and limitations. In Table 3, all the
innovative procedures for determining propagation within the
tunnel are listed. In Table 4, the benefits and drawbacks
of different propagation techniques are listed. In Table 5,
the existing models for wave propagation inside of tunnels
are extensively compared in terms of various features, and
characteristics.
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TABLE 5. Characteristics of different propagation models. [M=measurement, S=simulation, B=measurement and simulation, U=unavailable, NF=not
found].
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TABLE 5. (Continued.) Characteristics of different propagation models. [M=measurement, S=simulation, B=measurement and simulation, U=unavailable,
NF=not found].
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TABLE 5. (Continued.) Characteristics of different propagation models. [M=measurement, S=simulation, B=measurement and simulation, U=unavailable,
NF=not found].

VI. RESEARCH SCOPE AND CHALLENGES
Even though there is extensive research on propagation inside
a tunnel, there is still scope for further research. The main
problems with developing a wave propagation model inside a
tunnel are the different roughness of the side tunnels, which
cause different penetration loss and scattering, wave propaga-
tion at mm wave frequency bands, and the lack of a localiza-
tion system inside tunnels. This section gives a brief overview
of six difficult issues that if solved will help researchers

and engineers in the field develop wave propagation models
inside tunnels and other related areas.

A. CHARACTERIZATION OF PENETRATION LOSS
Defining the penetration loss induced by different materi-
als inside the tunnels is essential. By calculating the loss
caused by different layer materials, the penetration loss val-
ues in a particular obstruction layer between the transmitter
and receiver may be determined. Because the amount of
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electricity absorbed by the tunnel depends on the material,
in this technique, the model determines the total route loss
by adding the free-space path loss and the individual barrier
penetration losses [97].

B. CHARACTERIZATION OF WAVE PROPAGATION AT HIGH
FREQUENCY
As the lower frequency bands for radio communication are
almost exhausted, we need tomove to higher frequency bands
for the proper operation of wireless communication networks.
In [15], it was found that the dimension of the tunnel and the
operating frequency are correlated.

C. CHARACTERIZATION OF INDOOR LOCALIZATION
There is a need to accurately predict the received power
inside the tunnel for indoor localization service; the GPS
system does not work as satellite signals cannot reach inside
the tunnel. The necessity of localization inside the tunnel
is also required for localizing robot or other purposes [98],
[99]. The technology to develop indoor localization can be
different data sources, but among these data sources, the
received signal strength indicator signal is one of the impor-
tant and easily usable techniques to create indoor localization
facilities. A radio wave propagation prediction model can
help develop the proper indoor localization system inside
tunnels.

D. PROSPECTS OF APPLICATION OF GRAPH THEORY
In [100], electromagnetic wave propagation is modeled
using graph theory. The fundamental concept of this graph
theory-based propagation is established on the idea that in the
tunnel, each node acts as the transmitter or the receiver and
the edge of the graph indicates different propagation-related
path loss or gain depending on what the case may be [101].

E. EFFECT OF HUMAN MOVEMENT INSIDE THE TUNNEL
ON WAVE PROPAGATION
In [102], path loss was measured by considering humans, and
in [103], the movement of humans along the aisle of a pas-
senger train was considered on the path loss. Although [102],
[103] extends the application of RT-graph theory including
crowd and the non-crowded situation in the train.

F. USE OF AI TO MODEL WAVE PROPAGATION INSIDE
TUNNEL
In the recent literature AI and deep learning are playing an
important role to model different multi-variable and com-
plicated systems outputs. In recent years, the possibility of
deployment of an artificial neural network (ANN) has been
expanded in diverse areas of interest. The natural phenom-
ena and the rules of physics remain intact and govern the
propagation of radio waves inside the tunnels. Although the
usage of ANN to model radio wave propagation has been
initiated [66], [67], [68], these contributions are not sufficient.
To develop a well-optimized model by using ANN, we need
to find the parameters that do not have an influence on the

propagated wave. Thus, a considerable number of proba-
ble parameters and a considerable real recorded database
are required. Unfortunately, in an in-operation tunnel used
for transportation such type of data collection is expensive.
Therefore it is challenging to deploy ANN for modeling radio
waves inside tunnels.

VII. CONCLUSION
In this study, we examined well-known and current academic
resources of wave propagation for tunnels. Existing models
have been categorized based on their development and for-
mulation. We distinguish between this contribution and all
previous surveys in Table 1. The propagation mechanisms
were categorized based on the intrinsic wave propagation
mechanism within tunnels. In our investigation, we analyzed
thirty propagation mechanisms inside tunnels, ranging from
the most basic to the most advanced ANN-based mecha-
nisms. The results showed that tunnel structures and wall
materials are different (since electrical properties have a big
effect on how waves move). Owing to the scarcity of fre-
quency bands for 5G and next-generation wireless mobile
communication, the operational frequency should be moved
to millimeter wave channels, where large bands are accessi-
ble. However, the deployment of this band inside tunnels has
not been thoroughly investigated. The speed of the vehicles,
the tunnels inside, and the building materials also have a big
effect on how waves move through a transportation tunnel.
The number of passengers in a vehicle can affect the nature
of wave propagation. Considering all these aspects, certain
models operate well under the conditions for which they were
designed, but may not work well in other tunnel environ-
ments. Because of this, it is very important to define the wave
propagation model for each tunnel through experimentation.
We hope that this survey will inspire researchers to make a
new tunnel propagation model, or that the study’s compar-
isons will help them figure out which method is best for an
empirical investigation.
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