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A Survey of Radio Propagation
Modeling for Tunnels

Andrej Hrovat, Member, IEEE, Gorazd Kandus, Senior Member, IEEE, and Tomaž Javornik, Member, IEEE

Abstract—Radio signal propagation modeling plays an im-
portant role in designing wireless communication systems. The
propagation models are used to calculate the number and position
of base stations and predict the radio coverage. Different models
have been developed to predict radio propagation behavior for
wireless communication systems in different operating environ-
ments. In this paper we shall limit our discussion to the latest
achievements in radio propagation modeling related to tunnels.
The main modeling approaches used for propagation in tunnels
are reviewed, namely, numerical methods for solving Maxwell
equations, waveguide or modal approach, ray tracing based
methods and two-slope path loss modeling. They are discussed
in terms of modeling complexity and required information on
the environment including tunnel geometry and electric as well
as magnetic properties of walls.

Index Terms—Channel models, indoor radio communication,
Maxwell equations, path loss measurements, propagation, ray
tracing.

I. INTRODUCTION

THE CHANGE of lifestyle in the last century with daily
commuting within the city as well as frequent travelling

between cities led to enormous growth of transport flows
and increased use of underground traffic infrastructure, such
as tunnels, corridors and underground passages. People use
this infrastructure while commuting by metro, train, car or
even walking. For safety reasons and also to meet the public
demand to deliver services anytime and anywhere, mobile
operators had to face the challenge to provide services in
underground environments with the same level of experience
for end users as in usual operating environments.

In order to estimate the number of required base stations
and their positions, engineers usually calculate radio coverage
using radio propagation models. There are many such models
available for indoor and outdoor environments implemented in
commercial radio planning tools [1], but only a few models
refers to radio propagation in tunnels. There are several rea-
sons for this, the most important being (i) the main objective
of mobile operators has been to cover places where people
live, (ii) a leaky feeder was seen as a viable technology
for enabling radio communication in tunnels, which does
not need complicated channel models for system design, and
(iii) measurement campaigns in tunnels that are needed for
channel characterization are difficult to organize and carry out,
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because they hinder normal traffic flow. Leaky feeders proved
to be unreliable, because of possible cuts in the case of fire,
which consequently causes breakdown of communication in
the entire tunnel. This fact pushes mobile operators to install
base stations in tunnels and motivates research on propagation
modeling for tunnels.

Radio services in tunnels are of vital importance not only
for mobile operators but also for audio and video broadcasters,
public protection and disaster relief forces, mine companies
and companies responsible for management and maintenance
of road and railway tunnels [2], [3]. Particularly during car
accidents and fires in tunnels the network infrastructure can
be damaged and public safety users are forced to communicate
directly with each other without using communication infras-
tructure. In such cases, it is important to know the wireless
channel characteristics at distances, exceeding the range of
typical base station in tunnel.

There have been several theoretical and experimental studies
analyzing propagation of VHF and UHF radio signals in
tunnels. Many of them have been carried out for shorter
distances and at frequencies allocated to public wireless
communication systems, such as GSM, UMTS, WiFi, LTE
and WiMAX. In the tunnel, the attenuation in the far field
has been shown in [4]–[11] to be generally smaller than in
free space. Channel models describing these phenomena are
divided into deterministic and empirical channel models. The
deterministic channel models include waveguide models [11]–
[13], models based on ray tracing approach [5], [14]–[19]
and models based on numerical methods for solving Maxwell
equations for tunnel environment. Typical representatives of
empirical channel models are two-slope channel models [13],
[20], [21].

The aim of this paper is to survey channel modeling
approaches for frequency bands allocated for personal mobile
communications in tunnels. The paper is organized as follows.
In Section II, the main approaches in the radio propagation
models for tunnels are described and their limitations, advan-
tages and disadvantages are discussed. The tunnel parameters
that affect the path loss and delay spread in the tunnel are
presented in Section III. Finally, concluding remarks are given
in Section IV.

II. RADIO PROPAGATION MODELS FOR TUNNELS

The knowledge of radio propagation environment is essen-
tial for specification and installation of wireless communica-
tion systems. The statistical properties of wireless channel,
for example probability density function of received signal
strength, fade durations, level-crossing rate, etc., taken into
consideration by statistical channel models, are relevant for
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specifying transmitter and receiver characteristics and link
budget calculation. For the installation of wireless commu-
nication systems the radio wave propagation models are ap-
plied, characterized by the radio environment as a function
of frequency and distance between transmitter and receiver.
These radio propagation models typically predict path loss,
power delay profile or delay spread for specific transmitter
and receiver location.

We distinguish between empirical and deterministic channel
models [22]. The former comprise closed form mathematical
expressions with a set of environmental and communication
system dependent parameters. Parameters and mathematical
expressions are obtained from measurements of received sig-
nal strength and delay spread so that the expressions follow the
level of measured signal. The accuracy of empirical models
depends on the degree of similarity between the environment
in which model parameters are estimated and the environment
to which the model is applied. Typical representatives of
empirical channel models are two-slope channel models.

In deterministic channel models, radio wave propagation
mechanisms such as reflection, absorption, diffraction and
refraction, are applied to determine the received signal strength
and the power delay profile. Large computational complexity
and incomplete data describing the propagation environment
are the main drawbacks of deterministic channel models.
The deterministic channel models are further divided into
numerical methods for solving Maxwell equations, waveguide
based models and ray tracing channel models.

In general, radio wave propagation can be described by
Maxwell equations. In a real environment consisting of count-
less number of elements and made of materials with various
electromagnetic properties, precise consideration of Maxwell
equations leads to extremely complex propagation models.
However, straight and empty tunnels present rather simple
propagation environments, similar to that in a waveguide,
suitable for using the Maxwell equations to determine the
value of time-dependent electric and magnetic fields.

The time dependent electric and magnetic fields in a tunnel
can be calculated, applying the first and second Maxwell
equations, also known as Faraday’s Law of induction [23]. In
the far field the antenna produces approximately plane waves
that propagate in a direction perpendicular to the electric and
magnetic fields so that electromagnetic propagation can be
approximated by a radio wave. When a plane radio wave hits
a facet, it partially reflects and partially penetrates the wall.
The energy of radio wave reflected from the facet is calculated
using reflection coefficient Γi, while the energy transmitted
through the wall is estimated using transmission coefficient
Ti. Assuming a typical radio propagation environment in
tunnels, where one medium is air and the other is thick
concrete wall, the reflection coefficient depends on the signal
wavelength λ, angle of incidence Θi, relative permittivity εr,
conductivity σ and relative permeability μr of the wall [24]
and polarization of the radio wave. The effect of radio wave
transmission through the tunnel walls on the radio signal level
in the tunnel is typically negligible.

The described reflection mechanism and the assumption
that the angle of incidence is equal to the reflection angle
(Snell’s law), provide the basis for the Geometrical Optics

(GO) approach to path loss prediction. However, radio waves
spreading behind obstacles cannot be described precisely just
by reflection, therefore radio wave diffraction is introduced
into the propagation model. Radio wave diffraction obeys
Huygens’s principle, which says that each point on a primary
wave front can be considered as a new source of a secondary
spherical wave. The details on diffraction modeling can be
found in [23] and [24]. An alternative approach to diffrac-
tion, based on Geometrical Theory of Diffraction (GTD), is
described in [25].

A. Numerical Methods for Solving Maxwell Equations

In general, the Maxwell equations in differential form can
be solved by applying different numerical methods. The most
often applied for tunnels are: the Finite Difference Time
Domain method (FDTD), Vector Parabolic Equation method
(VPE), Method of Moments (MoM) and Finite Element
Method (FEM).

The FDTD, a well-known method for solving partial differ-
ential equations in discrete time and for discrete points [26],
first divides space into a regular or irregular grid and then
calculates time and space approximations of the electric and
magnetic field strength in this grid. The method provides a
solution in time domain suitable for software implementation.
However, it is applicable only if the spatial grid is sufficiently
fine to resolve both the smallest electromagnetic wavelength
and the smallest geometrical feature in the model. Given the
dimension of the road and railway tunnels and the operating
frequencies of existing and emerging wireless communication
systems, i.e. UHF radio frequencies and beyond, the FDTD
method is memory demanding, which prevents its application
on commonly available computers. In railway and road tun-
nels, a common approach to reduce the complexity of FDTD
is to predict electric and magnetic field only in two instead
of in standard three dimensional space [27], [28]. For further
reduction of the calculation complexity a hybrid approach is
proposed, where the FDTD method is applied to calculate
electric and magnetic field close to antennas, and ray tracing
method is used to estimate electromagnetic field in farther
regions [29].

A computationally efficient method to calculate the electric
and magnetic field in straight and curved tunnels is Vec-
tor Parabolic Equation (VEP) method [19], [30]–[33]. The
Maxwell equations are approximated by parabolic equations
assuming that the electromagnetic energy travels predomi-
nately along the tunnel and that the electric field variation
along the tunnel is slow compared to the transverse electric and
magnetic field variations. The scalar parabolic equations are
valid when transverse electric and magnetic fields propagate
independently of each other, i.e. in the tunnel with perfectly
conducting walls. However, the realistic tunnel walls are not
perfectly conducting and thus there exists a coupling between
magnetic and electric fields. In such case the vector parabolic
equations can be applied and consequently solved by Crank
Nicolson method [34]. Measurements of the diffracted field
were performed for various tunnel cross sections in straight
or curved tunnels and found good agreement with analytical
results obtained by vector parabolic method.
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Another frequently used technique to solve scattering, elec-
tromagnetic boundary and volume integral equation prob-
lems is the Method of Moments (MoM) [35]. The MoM
method converts the operator equations into a system of
linear equations, which is written in a matrix form. The
electric and magnetic fields are obtained by solving matrix
equation numerically. The method is widely implemented in
commercial antenna and electromagnetic simulation tools. In
order to solve the problem with elements lager than the signal
wavelength, which is the case for predicting electromagnetic
field in tunnels, the MoM method is usually complemented
by modules based on unified theory of diffraction [36].

The Finite Element Method (FEM), a numerical technique
for finding approximate solutions to partial differential equa-
tions, finds its application also in electromagnetics [37], [38].
The FEM approach is very useful for the arbitrarily shaped
tunnels but it requires a large computer memory and long
computation time to solve the final matrix equation. The
method is implemented in several electromagnetic software
tools to calculate electromagnetic field within the tunnel.
The method could be also applied for theoretical analysis
of electromagnetic field distribution in railway tunnels with
trains [39], [40]. The computational efficiency of the FEM
method can be improved using the mode matching procedure
in tunnels [41].

B. Waveguide Based Channel Models or the Modal Approach

The tunnel geometry and the conductivity of the construc-
tion materials lead to the idea that radio propagation in tunnels
can be modeled in the same way as the propagation of radio
waves in a waveguide. In fact, at frequencies of a few hundred
MHz and above, the guiding wave phenomenon emerges [42],
[43]. Early research showed, however, that the guided radio
wave phenomenon appears only in tunnels with transverse
dimensions that are several times larger than the wavelength
of the signal [20], [21], [44]. Due to the waveguide effect,
the radio signal attenuation in tunnels is usually much lower
than in free space and decreases with increasing frequency.
Therefore, in the UHF and upper VHF bands, the tunnel can
be modeled as a waveguide with losses caused mainly by
imperfections in the conducting walls.

In a waveguide with metallic walls, the electromagnetic
field must comply with the boundary conditions, which allow
transverse electric (TE) and transverse magnetic (TM) modes
to propagate through the waveguide. The electric and magnetic
fields can have several peaks in the transverse plane, denoted
by indices m and n. The basic mode in a waveguide is
TE10, with one peak of electric field in the transverse plane
and none in the magnetic field. The TE and TM waveguide
modes propagate when the frequencies are higher than the
cutoff frequency fmn, where m and n denote the TE and TM
waveguide modes. For frequencies below cutoff frequency,
the waveguide effect is not present and the signal decays
exponentially with distance [44].

Indeed, tunnel walls are not made of materials showing
perfect conductivity, so the signal is attenuated along the
tunnel. Hybrid modes (HE), in which the magnetic or electric
field is not restricted to the transverse plane, are found to

TABLE I
THE ATTENUATION OF 21 MODES; f = 1 GHz, r = 2 m, εr = 12,

σ = 0.02 S/m [4]

Mode Attenuation Mode Attenuation
[dB/m] [dB/m]

TE01 1.10 TE04 13.9
HE11 2.77 HE24 16.9
TE02 3.72 HE15 18.2
HE21 7.16 EH11 20.2
HE13 7.45 HE41 20.7
TE03 7.94 HE33 21.1
HE12 8.59 HE22 21.8
HE14 11.6 TE05 21.9
HE31 13.1 HE34 23.2
TM01 13.3 HE25 23.7
HE23 13.7

be the natural modes. In tunnels with the rectangular cross
sections and walls made of lossy material the electric field
can be expressed as the sum of modes [45]
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∑
m
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n
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Attenuation in a rectangular tunnel depends on the signal
carrier frequency f , the width and height (a, b) of the tunnel,
the permittivity of its walls ε, and their roughness and, in
particular, on the propagation mode. The field magnitude in
rectangular and circular tunnels as a function of axial distance
can be divided into a near field region and a far field region.
In the near field region, the electromagnetic field consists
of many modes which interact and produce wide and rapid
variations. In the far field region, low order modes determine
the electromagnetic field. In addition, the measurements prove
the trend of decreasing overall attenuation as a function of
increasing frequency [4].

In [46] it is shown, that the TM type of mode presents
good approximation for transmission of the low order modes
in a rectangular tunnel model even when all four walls are
imperfectly conducting.

The multimode waveguide model gives an analytical ex-
pression for a path loss and delay spread calculation at any
position in the tunnel [47]. It confirms that the mode of
attenuation depends mainly on tunnel dimension and operating
frequency, while the power distribution among individual
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modes is governed by the transmitting antenna position. In the
vicinity of the transmitter, signal attenuation is high and varies.
Since the higher modes of attenuation decrease rapidly, their
contribution to the received signal power level is negligible.
Signal attenuation and its variation are reduced as the distance
from the transmitter increases. In Table I, referred to in [4], the
attenuation values for different modes are given for a tunnel of
circular cross section with a radius of 2 meters and frequency
of 1 GHz. The number of modes propagating in rectangular
and circular multimode waveguides can be estimated as a
function of excitation frequency and waveguide cross sectional
dimensions [48].

In tunnels, radio signal propagation can be divided into
near field and far field propagation regions. In the former,
the propagation is affected by several modes. Attenuation in
the far region depends only on the few lower order modes,
typically only on one. The frequency of the propagation
signal does not affect the power distribution among modes,
but strongly influences the propagation constant [4], [47],
[49]. Humidity, pressure, air temperature inside the tunnel,
and the construction materials have negligible impact on
signal propagation inside tunnels. Similar findings are noted
in [50], where a radio signal propagation model for railway
tunnels, combining the ray tracing model and mode analysis, is
proposed. Two radio signal propagation regions are identified.
The boundary between them is calculated using the ray
tracing model, while mode analysis is applied to compute
the propagation attenuation in both regions. The combination
of the modal approach and ray tracing is introduced in [51]
as a sort of mixed rays-modes approach. The propagation
field description is based on the superposition of appropriate
characteristic modes whose amplitudes are effectively evalu-
ated by preliminary ray tracing procedure. In order to extend
prediction capabilities to real tunnel environments including
possible route curvatures, the possibility of associating each
mode with proper optical bouncing on the tunnel walls is
included.

In [49], the propagation of electromagnetic waves through
different media is analyzed, and the channel model is de-
scribed for underground mines and road and subway tunnels
for GHz frequencies. Some of the experimental research on
radio wave propagation in tunnels is focused on searching
for the frequency band with the lowest attenuation rate. The
results reveal that the optimal frequency window is between
1 and 2 GHz [11].

Imperfect waveguide models are proposed for empty curved
tunnels in [52]. Modal analyses are applied to tunnels with
rectangular and circular cross section and propagation con-
stants are deduced in [53] for curved tunnels and different
polarizations. An extensive analysis of attenuation using modal
analysis in tunnels with circular cross section at frequencies
between 1 GHz and 4 GHz is presented in [54]. The results
confirm the existence of near and far regions. A mode based
model is proposed for analysis of radio signal propagation
in circular pipes up to 1.3 meters in diameter in [55]. The
accuracy of the model depends on the distance between the
transmitter and receiver and on the number of considered
modes. The propagation characteristics show that the effect
of higher order modes is strengthened with increased fre-

quency [56]. Furthermore, the path loss due to wall roughness
and tilt is also increased. Compared with traditional mode
theory, that takes into account only fundamental modes, the
theoretical results show good agreement with the published
experimental results and with those, obtained using ray tracing
model.

C. Ray Tracing Based Channel Models

Ray tracing approach, widely used in radars and recently in
computer graphics, has also been applied to predict path loss in
tunnels. Ray tracing models are based on a geometrical optics
approach, where radio wave is approximated by ray. The facets
where radio rays are reflected and diffracted are assumed to
be much larger than the wavelength of the radio ray. The
basic principle of ray modeling is given by the following
equation [14]–[18], [21]
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− 10 log10
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where Gt and Gi are the gains of the transmitting and
receiving antennas, which correspond to the path of direct
and i-th reflected ray respectively, and d and di are the
path lengths of the direct and i-th reflected rays. Ri is the
product of the reflection coefficients of all walls from which
the i-th ray is reflected [21]. The received signal is the sum
of the direct ray and all reflected rays. The difference in
the phases of the received rays results in the rays being
added constructively or destructively. The constructive and
destructive signal summation is presented as a variation of
signal power with distance.

Two basic approaches for calculating ray paths are presented
in [22], namely, (i) the Shooting and Bouncing Ray (SBR)
method and (ii) the image method. In the former, rays or ray
tubes are shot from the transmitter in all directions. The rays
are then reflected from obstacles before they reach the receiver.
The receiver is represented by a reception sphere whose radius
depends on the path length of a particular ray and on the angle
between neighboring shot rays. The method is illustrated in
Fig. 1 for a straight tunnel. The computational complexity of
the SBR method depends on the number of objects in the
environment and the number of shot rays. The tunnels can be
represented by a small number of facets, which makes this
method efficient in tunnel propagation environments.

Image theory forms the basis of the image method. The
reflected ray from the facet is represented as a ray radiated
directly from the virtual source located symmetrically to the
transmitter with respect to the plane that contains the facet.
In tunnels, due to parallel facets, the number of images can
be infinite. In order to keep the calculation complexity at a
reasonable level, the number of images has to be limited.

A basic geometrical ray approach based on image method
is proposed in [57] for a rectangular waveguide with im-
perfectly conducting walls. The method is validated by the
comparison with modal approach. The ray tracing model can
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Fig. 1. Shooting and bouncing (SBR) method in a tunnel - presentation in
two dimensions.

be simplified for rectangular tunnels, by converting the three-
dimensional radio signal propagation model into a simpler,
two-dimensional model [17], [58], which is presented in Fig. 1
and Fig. 2. The approach significantly reduces the complexity
and improves the efficiency. The two-dimensional ray model
is presented in [58] for studying the entrance of a 2.1 GHz
radio signal into a small tunnel. A ray-tracing method based
on image algorithm is applied in [16] for predicting delay
spread in tunnels. The approach takes into account all the
rays that reach the destination after a random number of
reflections, and incorporates the influence of incidence angle,
material dielectric constant, antenna diagram and polarization,
wall roughness and the tunnel cross section shape and size.
The results indicate extremely low delay spread in a straight
rectangular tunnel. The ray tracing method is also used to
analyze signal propagation characteristics in tunnels and at
the tunnel entrance at 900 MHz and 2.1 GHz bands [18].

The ray tracing model, focusing mainly on the reflected
rays, is used in [59] for signal strength calculation in mine
tunnels at a frequency band of 2.4 GHz. The simulation results
obtained with the ray tracing model [60] were compared with
those using a new Cascade Impedance Method (CIM) [61]
and with measurements in an underground mine tunnel at
900 MHz. The analyses confirm that diffraction, reflection, and
multiple paths are dominant phenomena in complex tunnels
with rough surfaces. The ray tracing model using the image
method was used to model radio wave propagation in an
arched cross section tunnel at 1 GHz, 2.4 GHz and 5.8 GHz
frequency bands [62]. The Ray-Density Normalization (RDN)
based ray tracing approach, which allows radio signal path
loss calculation for arbitrary shaped tunnels, can be used in
UHF band with adequate precision as shown in [15]. Quasi-
analytical ray tracing method in conjunction with analytical
surface modeling is proposed for analyzing radio signal propa-
gation inside underground mines and metro rail tunnels in [63].
The propagation model which involves the ray launching, ray
bouncing and adaptive cube for ray reception is developed to
obtain path details inside the tunnel.

A modified Shooting and Bouncing Ray (SBR) method [14]
provides a relatively accurate calculation of the radio signal
propagation, especially for tunnels where reflection is the
dominant phenomenon. The authors observed a focusing effect
that results in greater received power in arched tunnels than
in rectangular tunnels. Modified ray launching technique is

RxDirect ray

Tx

Tx'

Refl
ec

ted
 ra

y

Tx''

Tx'

Tx''

Fig. 2. Image ray tracing method in a tunnel - presentation in two dimensions.

used to model the radio wave propagation in arched-shaped
straight tunnels and rectangular curved tunnels using a recep-
tion sphere. Also minimization of the paths length is done
according to the Fermat principle. In addition, an adaptive
identification of multiple-ray technique has been developed
based on the localization of reflection points [64].

A new three-dimensional model for wave propagation pre-
diction in tunnels, an extension of motif model, is proposed
in [65]. The model takes into account the imperfectly flat
surfaces of obstacles considering diffuse scattering mech-
anism. The reflection, diffuse scattering and absorption of
rays are determined on the basis of probabilistic parameters.
The material parameters are replaced by probability radiation
patterns, which are optimized empirically on the basis of the
measured data. Since the waveguide model is appropriate for
calculating accurate attenuation results only for straight rect-
angular tunnels, a simple geometrical optics extension to the
standard hybrid waveguide solution is developed and proposed
in [66], suitable for calculating attenuation in curved tunnels.
Attenuation measurements, taken in curved road tunnel, and
computer simulation results, based on GO approach, fit well,
which indicates, that the model is reasonably good.

A method for predicting the radio propagation charac-
teristics in round, semi-circular and oval-shaped tunnels is
proposed in [67]. The approach is based on the transformation
of the arbitrary tunnel shape to the rectangular shape, keeping
the same cross section area. Geometric optics - uniform theory
of diffraction (GO-UTD) method is used to predict the high
frequency radio propagation characteristics. After finding the
paths between transmitter and receiver using geometric optics,
the received power is calculated by the uniform theory of
diffraction method. Simulation results proved the accuracy and
efficiency of the proposed method compared to general ray
tracing approach.

The performance of the MIMO (Multiple Input, Multiple
Output) systems in tunnels is analyzed in [68], applying ray
tracing approach. The results reveal that the gain and capacity,
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compared to those obtained with the SISO (Single Input Single
Output) systems, depend mostly on the tunnel dimension and
communication range.

As discussed in previous subsection, the ray tracing ap-
proach can be combined with approaches using numerical
methods for solving Maxwell equations, i.e. FDTD, MoM,
VEP, and FEM, in order to provide detailed estimation of
electromagnetic field near tunnel walls, obstacles in a tunnel,
antennas and structures where antennas are mounted.

Common ray tracing tools represent a satisfactory solution
in theory, but in practice their actual applicability strongly
depends on the accuracy of the environment description and
available computing capacity [51].

D. Two-Slope Path Loss Channel Models

The theory behind two-slope channel models for radio prop-
agation in tunnels originates from the two-ray model proposed
in [69]. This model is suitable for line of sight propagation
conditions when the transmitter and receiver antennas are
positioned several wavelengths above the tunnel floor and
away from the wall. Two-slope channel models are typical
representatives of empirical models based on measurements
of the received signal strength [20], [21], [62], [70], [71]. In
two-slope channel models, the path loss curve is divided into
two regions, typically referred to as near and far region. Linear
approximation of the path loss within the region is the most
commonly used approach in two-slope channel models. In the
near region, the path loss slope is steep. In many models
it is modeled as free space path loss. In the far region, the
waveguide effect appears with few lower order modes and the
path loss slope is reduced significantly. The point of transition
from near to far region is called the break point. An example
of a two-slope channel model [70] is illustrated in Fig. 3.
The signal path loss was measured in a 4 m wide, 5 m high
and 500 m long abandoned railway tunnel, currently used as
pedestrian and bicycle trail. The carrier frequency of the signal
was 400 MHz. The two-slope model is illustrated by two solid
lines, indicating far and near regions, interconnected by the
break point.

The parameters of the two-slope path loss channel models,
namely the break point location and region slopes, have been

estimated for various tunnel shapes from field measurements
at different frequencies, and for digital and analogue commu-
nication systems in empty and occupied tunnels. For example,
measurements performed in a 16 m wide and 7 m high road
tunnel at the carrier frequency of 2.1 GHz show that radio
signal propagation in the empty tunnel follows the two-slope
model described in [72]. The break point, determined by signal
measurements, is in this case at a distance of about 300 m.
For tunnels with smaller cross section, the break point moves
towards the transmitter and the attenuation drops sharply,
because of deep attenuation of higher order modes excited
in the tunnel. In the presence of heavy traffic, the signal
attenuation increases and the one-slope model fits better the
experimental data.

Signal strength measurements at 900 MHz in mine tunnels
are analyzed and a two-slope propagation model based on
these measurements is proposed in [71] which consists of
the free space propagation model and modified waveguide
propagation model. Two-slope signal propagation model for
ultra-wide band in coal mines is presented in [12]. UWB
propagation model consists of multimode model in near region
and waveguide model in far region. The location of the break
point is determined by the distance at which the first Fresnel
zone becomes obstructed. It can be estimated as the ratio
of the square of the largest dimension of the tunnel cross
section to the signal wavelength. Measurements made in a
subway tunnel at 2.4 GHz are presented in [73]. The position
of the transmitter installed on the tunnel wall and the receiver
installed on the train strongly influence the signal propagation.
Three different propagation regions are identified, namely, the
line of sight (LOS), the non-line of sight (NLOS) and the
far line of sight (FLOS). For all three propagation regions,
the authors provided results for delay spread, channel impulse
response, coherent bandwidth and power delay profile (PDP).

Procedures for determining path loss along tunnels using
two-slope models are straightforward. Computation is time
efficient, but rather inaccurate. Estimating break point is the
key issue. The break point position depends mainly on signal
frequency, tunnel dimensions, relative permittivity and on the
antenna excitation and its position in the tunnel [47]. Break
point estimation, using modal analysis, is time consuming.
Typical modal analysis takes into consideration several modes
before the break point and only the dominant mode after
it. The break point is at zbp = a2/λ, where a is the
maximum transverse dimension of the tunnel and λ is the
signal wavelength in free space [13], [50], [74].

Analytical approach for the break point estimation in arched
tunnels with an arbitrary cross section is presented in [75]. The
approach is based on combination of the propagation theory
and three-dimensional solid geometry. An analytical model for
localization of the break point between the free space propa-
gation mechanism and the multimode waveguide propagation
mechanism is presented, where a specified distance is used to
track the interaction of the first Fresnel zone and the walls
of tunnel. The model is valid in different types of tunnels at
different operating frequencies and can be applied in many
realistic situations.

The break point position is estimated in [76] using the
Plane Wave Spectrum (PWS) technique. The approach is based
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on the decomposition of total PWS area inside the tunnel
into a direct PWS area and a dispersive PWS area. The
influence of the dispersive PWS can be interpreted as power
transference of the dispersive area to the direct area, resulting
in two-slope behavior of the received power. The two-slope
model [20] approximates wave propagation in the near region
by double logarithmic regression and by reference power level
at a given position, path length, tunnel cross section and
frequency specific path loss factor in the far region. The break
point, defined as a critical distance, depends on the largest
cross section dimension of the tunnel and on the free space
signal wavelength. This approach also defines the radio system
coverage.

Zhang proposed in [21] a novel model for propagation loss
prediction in tunnels consisting of two regions. In the near
region, defined by the clearance of the first Fresnel zone,
the propagation loss is calculated by the free space model.
In the far region the constructive interference dominates, and
propagation follows the waveguide model. The break point
is defined as the point where propagation losses from both
models are equal. The comparison of the model predictions
with the measurements is done for various frequencies in UHF
band and the location of the break point affected by changes
in frequency, antenna parameters, and tunnel dimensions is
analyzed and discussed.

Propagation model proposed in [77] combines three prop-
agation mechanisms for two types of obstacles, namely rela-
tively small obstacles such as pedestrians and cars and large
size obstacles whose size is close to the tunnel size, e.g. trains
in subway tunnels and large trucks in road tunnels. Along with
the increase of the distance from transmitter to receiver, for
small size obstacles, the free space propagation occurs first
and the multimode waveguide effect follows. For large size
obstacles the free space propagation can be partially or totally
replaced by near shadowing effect, followed by multimode
waveguide propagation model.

Radio propagation in long tunnel at the 400 MHz frequency
band has been analyzed in [70], extending two-slope channel
model to four-slope channel model. The path loss model
consists of four regions, namely the free space region, near
region, far region and extreme far region. Regions were
proposed on the basis of extensive field measurements. The
first region is characterized by free space propagation and is
defined by the first Fresnel zone clearance and transmitter and
receiver height. In the near region only a few reflected rays
reach the receiver, resulting in high path loss. Constructive
interference predominates in the far region and the waveguide
phenomenon is apparent. In the extreme far region, the waveg-
uide effect vanishes because of loosely reflecting media, and
path loss again follows the free space path loss. The model is
particularly suitable for coverage prediction in direct terminal
to terminal communication in TETRA system.

Analytical methods for defining the radio wave propagation
along various tunnels and underground passageways that do
not follow a two-slope model are described in [78]. The
System Identification Method (SIM) defines near and far
region and break point by linear optimization. The Cascade
Impedance Method (CIM) in combination with the Segmental
Statistic Method (SSM) is appropriate for calculating radio

wave propagation in straight and curved coal mines, buildings,
roads, and railway tunnels with rough surfaces [61]. The
basic idea of this approach comes from considering the radio
channel in a tunnel as a transmission line. The method
does not anticipate the two-slope radio signal attenuation
approach and is evaluated with measurements at 900 MHz
and 2.45 GHz [79], identifying two propagation regions.

E. Discussion

The choice of channel modeling approach depends mainly
on the application of the channel model and on the time,
required to calculate the level of electromagnetic field across
the tunnel. The approach based on the numerical solution of
Maxwell equations gives many detailed results of electromag-
netic field propagation with the resolution smaller than the sig-
nal wavelength. However, the calculation of electromagnetic
field in three dimensions with a resolution of few centimeters
for the tunnel whose length exceeds several kilometers, may
take several days. The hybrid approach, discussed in previous
section, can significantly decrease the computational com-
plexity while providing detailed results in transversal tunnel
dimension as well as the path loss along the tunnel. Similarly,
a detailed description of electromagnetic field in transversal
dimension and path loss along the tunnel are obtained using
modal approach. In the case when the tunnel dimensions are
several times larger than the signal wavelength and the interest
is mainly in the signal level several wavelengths away from the
transmitter, the electromagnetic wave can be approximated by
plane waves. The ray tracing approach, complemented by the
general theory of diffraction, gives a good result in reasonable
computation time frame.

Ray tracing channel model, modal approach based channel
model and numerical methods for solving Maxwell equations
are deterministic channel models. They were initially applied
for modeling empty tunnels of different dimensions and cross
sections and later on extended to model propagation in more
realistic conditions, taking into consideration obstacles in tun-
nels, such as trains, cars, vans and trucks. However, close form
expressions for the electromagnetic field along the tunnel,
which take into account actual environment, are complex and
cannot be calculated in acceptable time frame.

Moving obstacles in road and railway tunnels create rapidly
changing propagation conditions resulting in the need for em-
pirical path loss channel model, suitable for planning mobile
communication system coverage in tunnels, which are mostly,
due to difficult propagation conditions in road and railway
tunnels, two-slope models.

Statistical models are considered to be empirical models.
In our paper we have not looked closely at the statistical
variation of the electromagnetic field. However, narrowband
and wideband channel modeling for tunnel environment is dis-
cussed in numerous papers, which are trying to find probability
density function of fading for narrowband [80] and broadband
communication channel, assuming classical single input single
output system (SISO) as well as multiple input multiple output
(MIMO) systems [81].
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III. PARAMETERS AFFECTING RADIO PROPAGATION IN
TUNNELS

Radio wave propagation in tunnels depends on radio signal
frequency, tunnel cross sectional dimensions and shape, curves
in the tunnel, surface roughness, electromagnetic properties of
walls, obstacles and their positions, polarization and radiation
patterns of the transmitter and receiver antennas [82]. The
impact of these parameters on radio wave propagation is
discussed in the following subsections.

A. Tunnel Geometry

Tunnel cross section has an important impact on attenuation
rate. Theoretical analyses typically apply the rectangular and
circular cross sections, shown in Fig. 4. However, modern road
tunnel cross sections differ slightly from these two ideal types.
For various forms of tunnel cross section, a general equation
for radio signal attenuation in dB/m is proposed in [83]:

α = κλ2

[
εr

a3
√
εr − 1

+
1

b3
√
εr − 1

]
(5)

where a is the maximum tunnel width, b the maximum height,
and εr is the relative permittivity of the tunnel walls and
floors. The value of coefficient κ varies with the shape of
the tunnel: values κ = 5.09, 4.343, 5.13 and 4.45 are used
for a circular, rectangular, arched and oval tunnels, respec-
tively. It was demonstrated that the radio signal attenuation in
rectangular and elliptical tunnels can be calculated using the
attenuation coefficient for a circular tunnel, with the equivalent
cross section area while for an arched tunnel, the attenuation
coefficient for a circular tunnel can be used only at frequencies
higher than 1.2 GHz [84].

The shape and the dimension of the tunnel cross section
and curves in the tunnel have significant impact on radio
signal propagation [85]–[87]. The influence of cross section
on the attenuation is distinctive, particularly when signal
frequency increases, where also the impact of curves, slopes
and additional branches in tunnel is more emphasized. The
influence of cross section dimensions in a rectangular tunnel
has been studied in [88] and [89]. The simulation results
show that the modification of tunnel height has greater effect
on the vertical polarization mode, while the width impacts
mostly the horizontal polarization mode. Tunnel curves may
prevent direct visibility between the transmitter and receiver,
thus affecting radio signal propagation, since reception of
the direct wave is blocked. The radio signal delay spread
is increased and the received power reduced by the decrease
of the curve radius [87]. In straight tunnels, the radio signal
attenuation decreases with increased frequency while in curved
tunnels it increases. Under NLOS conditions only reflections
and diffractions contribute to the received signal strength. For
reliable communication it is preferable to install additional
antennas and thus maintain the conditions of direct visibility
(LOS) between adjacent antennas [87]. The comparison of
measurements with the simulation results obtained by the ray
tracing approach in a curved arched-shaped tunnels confirm
that tunnel geometry, especially cross sectional shape and the
course, have major impact on signal propagation, while the
electromagnetic properties of materials are less important [80].

a

b

r µr,

µ0

a

b

µ0

r µr,

Fig. 4. Typical tunnel cross sections for road tunnels.

Chiba showed in [90] that the tunnel is a transmission
channel of high-pass type. He proved that the radio signal
attenuation in a straight tunnel decreases when the signal
frequency and the transverse dimensions increase. If the tunnel
is treated as a circular waveguide with the corresponding cross
section, the experimental values of the attenuation constants
correspond to the theoretical values of the TE01 and EH11
modes. When the largest tunnel cross section dimension is
about fifteen times larger than the wavelength, the attenuation
rate no longer depends on the shape and area of cross
section [83]. In this case, the signal propagation is the same
as free space propagation.

B. Electromagnetic Properties of Tunnel Walls

In most tunnels, the influence of conductivity can be ne-
glected, since it is not sufficiently high [91]. As long as the
dielectric constants of side walls, roof and floor are approx-
imately equal, the attenuation rate of the vertically polarized
mode is greater than that of the horizontally polarized mode
as long as the tunnel width is larger than its height. In such
tunnel, the horizontal polarized antenna is more appropriate
than vertical polarized one [47]. The dominant mode attenu-
ation, which is the result of the penetration into lossy tunnel
dielectric walls, can be reduced by metallic strips placed on
the wall surface. The solution is particularly suitable for the
frequencies at which the signal wavelength is comparable
with the tunnel cross section dimension [92]. The humidity
of tunnel walls affects the conductivity and dielectric constant
and consequently also the attenuation of electromagnetic wave
propagation [93]. Measurements show negligible effect of hu-
midity on the dielectric constant, while the effect of humidity
on the conductivity cannot be ignored [47].

C. Antenna Radiation Pattern and Position

Radio wave propagation along the tunnel also depends on
the position, polarization and radiation pattern of transmitting
and receiving antennas [47], [68], [87], [88], [94]. The signal
attenuation can be reduced by using antennas with suitable
radiation pattern at appropriate locations. While the omni-
directional antennas offer better signal coverage in NLOS
tunnel regions, directional antennas perform better in LOS
regions [95]. The optimal transmitter position is in the middle
of the tunnel cross section, whereas the transmitter installed at
the tunnel wall exhibits the worst propagation characteristic.
These findings were confirmed by radio signal propagation
simulations for rectangular mine tunnels [88], [96]. By moving
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the transmitter towards the wall of the tunnel, propagation
becomes more complex, while the signal attenuation and delay
spread increase. In an empty straight rectangular tunnel the
delay spread is greater for horizontally polarized antennas
than it is for vertically polarized antennas if the tunnel width
is greater than the tunnel height [16]. In such tunnels the
horizontal polarized wave attenuates less than the vertical one,
because the attenuation of waveguide mode becomes lower
with larger horizontal cross section dimension. In this case
the number of modes becomes greater, which significantly
contributes to the electromagnetic wave level in far field.
Consequently, the electromagnetic wave attenuation is also
lower for the horizontal polarization than it is for the vertical
one [47]. In addition, the reflection coefficients on the hori-
zontal ceiling and floor are larger than those on vertical walls,
which additionally contribute to higher attenuation of vertical
polarized electromagnetic waves [47]. Measurements show
that this is also true for tunnels with arched cross section [68].
The propagation considering the transmitter outside the tunnel
is analyzed in [97]. In this case the attenuation of radio signal
at the entrance of the tunnel is significant and increases with
the increasing incidence angle.

D. Obstacles

Obstacles and traffic in tunnels cause additional attenuation
and increase the delay spread of the radio signal. Additional
path loss, caused by traffic (about 150 trucks per hour) at the
frequency around 900 MHz in road tunnels can reach up to
50 dB for the same transmitter and receiver position. Mea-
surements of additional attenuation were taken into account
to update the waveguide model and enable more accurate
attenuation calculations in road tunnels in [98]. The impact
of trains in tunnels is analyzed in [88]. Since reflections from
train increase the delay spread, sufficient bandwidth is required
in order to ensure communication quality. Due to the metal
surface, the train has relatively small effect on the received
signal level. When the train is passing the transmitter the near
shadowing effect is created, which causes the attenuation that
lasts up to several seconds. The attenuation value depends
on the ratio between the train and the tunnel cross sectional
dimensions and can reach up to 32 dB for passenger train in
narrow one track tunnels [99].

Analysis of the impact of barriers on the propagation
of a 900 MHz radio signal in a coal mine indicates that
moving trolleys have significant effect on radio propagation,
while the influence of small immobile objects is typically
negligible [71]. Radio signal measurements in tunnels show
that the radio signal propagation path losses caused by vehicles
in tunnels depend mainly on their number and dimension,
rather than on their relative position within the tunnel [86]. The
wirelesss channel in road tunnels with traffic flow is described
by theoretical mode-based analysis [100]. A proposed closed-
form expression accurately predicts the signal propagation and
field distribution at any point in a road tunnel filled with cars.

IV. CONCLUSION

Various empirical and deterministic models for cellular
communication systems, such as GSM, UMTS, WiMAX and

WLAN, are available for signal coverage calculation in urban,
suburban and rural environments and inside buildings. They
differ in calculation speed, accuracy, reliability and in the
selection of model input data. Many contributions dealing
with radio signal propagation models are published in the
international scientific literature. A series of simulation pack-
ages for radio signal coverage calculation are also available.
However, only a few contributions and software packages
deal with calculation of radio signal coverage in tunnels.
The main problem lies in performing measurements in the
tunnel. A detailed literature review reveals that authors are
predominantly interested in signal strength measurements and
propagation properties up to a few hundred meters, which
coincides with the range of base stations in cellular telecom-
munications systems. More recent research work also deals
with radio signal propagation in longer tunnels at frequencies
used in public safety and emergency communication systems
where, in comparison to commercial cellular systems, the
communication range is essential.

Available approaches to radio propagation modeling for
tunnels, such as numerical methods for solving Maxwell
equations, modal or wave guide approach, ray based and
empirical approach, provide designers of wireless commu-
nication system with useful information about radio wave
propagation in tunnels. However, the designers should be
aware of respective model limitations and assumptions. The
waveguide approach gives good analytical solution for empty
road and train tunnels as well as for empty mine tunnels with
smooth walls and ceiling. However, it is not appropriate for
tunnels with obstacles and when tunnel walls contain various
metallic structures, arches preventing collapse, or various
kinds of objects mounted on the walls and ceiling. In this
case the ray tracing approach is a suitable choice. Large
number of obstacles in the tunnel can cause many reflected
and diffracted rays which cannot be processed efficiently with
available computing power in acceptable time frame. The
required computing power is a serious problem, particularly if
the description of the environment is too detailed. The problem
can be partially solved by using a hybrid modeling approach.

The tunnels are usually filled with cars or trains, and the
mine tunnels do not have smooth walls and contains various
kinds of obstacles. Furthermore, the vehicles and people are
moving inside the tunnel occupying the tunnel cross section,
which causes the radio propagation environment in tunnels
time-varying and unpredictable. In such cases empirical chan-
nel models, as for instance the two-slope model, provide
generally adequate information about path loss in a tunnel.
However, the difference between the environment for which
the propagation model was developed and the environment for
which the model will be used, have to be carefully evaluated.

In future, we believe that radio propagation modeling for
tunnels will become even more important, because people,
using contemporary and emerging means of transport, spend
increasing amount of time in an underground transport system.
Users expect the provision of mobile wireless services in
tunnels. In addition, the provision of wireless services is
a must for public protection and disaster relief forces in
underground environments.
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