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Abstract—The curvature of tunnels introduces an extra loss in
the wave propagation. A simulation and measurement study are
performed on the straight and the curved tunnels to investigate
the extra loss in the curved tunnels in comparison with the
straight tunnels at a frequency of 2.4 GHz. This study suggests the
existence of two wave propagation mechanisms in the curved tunnel; enhanced waveguiding mechanism induced by rich multipath
components from the curved tunnels and degraded waveguiding
mechanism due to the blockage from the curved tunnel walls. For
efficient radio planning, a new propagation model with curvature
dependent break point is proposed. The proposed break point
indicates the end of the enhanced waveguiding mechanism and
the beginning of the degraded waveguiding mechanism. A twoslope radio wave propagation model is then proposed for radio
communications inside curved tunnels by using the determined
break point, with performance evaluation.
Index Terms—Channel models, tunnel propagation, path loss
measurement, curved tunnel, two-slope model, waveguiding effect.

I. INTRODUCTION
The current railway industry is facing three challenges; to
increase capacity, to lower costs and to improve customer
satisfaction. Communications-Based Train Control (CBTC)
is a promising railway technology that can address these
challenges by providing an accurate location of the train
and reduce the time interval between the trains. The benefits
of CBTC can be achieved by providing a reliable radio
communication along the rail route. Nearly all the CBTC
systems around the world use ISM band frequencies for train
signaling. Among the 900 MHz, 2.4 GHz and 5.8 GHz in
the ISM band, 2.4 GHz frequency band is most widely used
because of availability of large vendor market and industrial
support for the radio equipment [1]. The train communication
can be established by using leaky cables, discrete antenna and
free space optical (FSO) communication system [2]–[4]. It
should be noted that the current progress in technology to
5G systems for example for sub-7GHz is in the range for 3.5
GHz in Singapore. Therefore, the results presented here are
applicable and will be applicable for future system upgrading.
The discrete antenna-based communication system is often
used because it is less expensive and easier to install [2].
The tunnels are recognized as one of the most complex radio
propagation environment with rich multipath propagation [1],
[5].
Proper modeling of radio wave propagation in a tunnel environment plays a crucial role in deploying Access Points and is
essential for the installation of radio communication systems.
The developed channel models can help in determining the
number and position of base stations, and also allowing for

the radio system optimization. The waveguide-like structure of
tunnels and the electrical properties of tunnel walls have motivated many researchers to develop a waveguide-based channel
model for mines and railway tunnels [6], [7]. It is noted that the
attenuation rate in tunnels is much lower than that of free space
and will decrease when the operating frequency increases. This
unique feature of tunnels can be utilized to improve radio
communications in tunnels through developing proper channel
models and thereby reducing network infrastructure costs.
In the literature, Mahmoud and Wait [8] proposed a
waveguide-based channel model for tunnel propagation and
discussed the characteristics of multimode propagation. The
received signal in the tunnels is a result of the combination of
different order modes. The analytical expressions for calculating the received signal power along the tunnel are presented
by Sun and Akyildiz [9].
In addition, ray tracing is also popular in studying the
propagation of radio waves in the tunnel environments. Several
channel modeling approaches were proposed based on ray
tracing techniques [10]–[12]. The ray tracing tools represent
a possible satisfactory solution in theory, but in practice
their actual reliability strongly depends on the accuracy of
the environment description and the available computational
capacity [6], [12].
From the literature, empirical models can provide better
accuracy, although they are site-specific and require heavy
manpower resources for model developments. Over the years,
researchers have been working on the understanding of key
parameters which can affect the radio wave propagation in
tunnels by performing extensive channel soundings and measurements.
The electromagnetic field distribution along the tunnel is
sensitive to the position of a transmitter antenna and the radio
wave polarization. The optimal polarization of the transmitted
radio wave should be decided by considering the cross-section
and the geometry of the tunnels. For wide but low tunnels, the
horizontally polarized wave experiences much lower attenuation than the vertically polarized wave, and vice versa [13].
Placing the transmitter antenna with suitable polarization at the
optimal location will reduce the propagation loss. The middle
of the tunnel is considered as the optimal location for both
vertical polarization and horizontal polarization, and the field
distribution has the least effect of strong reflected signals from
sidewalls compared to other locations inside the tunnel [14].
However, placing the transmitter antenna in the middle of the
tunnel is impractical in many cases. The antenna should be
placed at the location where the antenna radiations are least
blocked by the tunnel walls. In case of vertical polarization,

2

the optimal antenna position is at the upper middle of the
wall, while for horizontal polarization, the optimal position is
in the middle of the sidewall [14]. It is also reported that the
effect of humidity on the electrical parameters of the tunnels
is negligible, and the conductivity and permittivity of tunnel
walls can be treated as a constant [15] [16].
Moreover, it is found that most of the tunnel propagation
models were developed for a straight tunnel that cannot be
used for a curved tunnel directly since the curvature of the tunnel can introduce extra attenuation/loss [17] which may cause
unexpected breakdown of communication links. Therefore, in
this paper, we attempt to accurately determine the distance
from the transmitter in a curved tunnel at which the tunnel will
start to introduce extra loss. We have proposed a new approach
to calculate this distance by using the antenna position and the
radius of curvature (ROC) of the tunnel. This distance can be
treated as the break point between the enhanced waveguiding
mechanism and the degraded waveguiding mechanism which
will be discussed later. A two-slope propagation loss model
is then proposed to address the curved-tunnel radio wave
propagation.
In the rest of the paper, Section II presents a review and
summary of those experimental works and empirical models
published in the literature. In Section III, the measurement
site, setup, and methodology are described. Comparison study
of the straight-tunnel and the curved-tunnel radio wave propagation is reported in Section IV. The proposed method for
break point calculation and the justification for the existence
of both the enhanced and degraded waveguiding mechanisms
are given in Section V, where a two-slope propagation loss
model is proposed for curved tunnels. Finally, the concluding
remarks are drawn in Section VI.
II. R EVIEW ON E MPIRICAL P ROPAGATION M ODELS IN
T UNNELS
A. Empirical Models for Straight Tunnels
Many empirical models were proposed in the literature
to predict radio wave propagation in tunnels. The two-slope
model is the most popular approach which separates the
propagation regions into the near zone and the far zone [18],
[19]. The region adjacent to the transmitter antenna where
the first Fresnel zone is not wide enough to reach any of the
tunnel walls is considered as the near zone. The effect of the
reflected and diffracted signals is negligible in the near zone.
The far zone is the region where the reflected and diffracted
signals have a significant impact on the received signal. It
is noted that the near-zone propagation can be approximated
by a free space channel and the far-zone propagation can be
approximated by a waveguiding channel (e.g., presented as the
waveguide model). Recently a four-slope model [20]–[22] was
introduced by dividing the propagation regions in sequence
further as free space propagation, multimode propagation,
fundamental-mode propagation, and free space propagation.
The detailed propagation mechanisms along the tunnel are
determined based on the dimensions of the tunnel and the
wavelength of the radio signal. In [23] a five-zone propagation
model was also proposed to consider the impact of largesized vehicles inside the tunnel. The region close to the

transmitting antenna in the presence of a large-sized vehicle
can be considered as a near shadowing zone. However, it is
observed that most of the reported models were developed to
address the challenges in straight tunnels which may not be
applicable to a curved tunnel.
B. Empirical Models for Curved Tunnels
Measurements have been carried out to study the effects of
cross-section, operating frequency, polarization and ROC on
radio wave propagation in tunnels [13], [17]. Both the studies
concluded that curved tunnels can reduce the waveguiding
effect, and hence the propagation loss in curved tunnels are
higher than that in straight tunnels. Moreover, an extra loss
introduced by the tunnel curvature was reported to be directly
proportional to the ROC. When the operating frequency increases, the waveguiding effect will increase but this extra
loss introduced by the tunnel curvature can nullify it.
In [17], a study on polarization shows that horizontally
polarized wave propagation is influenced by the change in
reflection coefficients on the sidewalls of the tunnel, while the
vertically polarized wave propagation is mainly influenced by
the reflected signals from the roof and floor of the tunnels.
The horizontally polarized wave experiences relatively higher
attenuation from tunnel curvature, compared with vertical
polarization. Since most of the tunnels include straight and
curved segments, vertically polarized wave is preferred due
to its lower attenuation rate as compared to that of the
horizontally polarized wave.
In their studies, it is concluded that the extra loss due to
the tunnels curvature can range from (0.8 − 6.7) dB/100 m
[17] which varies with the dimensions of the tunnel and the
ROC. This extra loss is reported to be consistent for all the
frequencies within the ISM band in [13]. By adding the value
of extra loss (ELcurve , in dB/100 m) to the straight tunnel
path loss Lstraight in dB, a curved-tunnel path loss Lcurved
in dB can be determined as


d(m)
(1)
Lcurved = Lstraight + ELcurve ·
100 m
However, the location from which the extra loss shall be
considered has not been addressed.
This motivates us to perform an in-deep study to investigate
in detail those different radio wave propagation mechanisms
in a curved tunnel through a comparative study with a straight
tunnel. The extra loss in curved tunnels is found to be
caused by the degraded waveguiding mechanism. A breakpoint model is therefore proposed to calculate the point within
the curved tunnel at which the waveguiding effect starts to
degrade. By using the proposed break point, a two-slope model
is developed to predict the propagation loss by considering the
enhanced waveguiding mechanism and the degraded waveguiding mechanism in curved tunnels. Details will be discussed
below.
III. M EASUREMENT M ETHODOLOGY
A. Tunnel Under Investigation
The measurements were performed along arched subway
tunnels in Singapore. The tunnel segment has a modern arch-
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shaped structure with a maximum width of 5.8 m and a radius
of 2.9 m. The distance from the floor to the center of the arch
is 1.6 m as illustrated in Fig. 1. These tunnels have a pathway
along the track for maintenance workers. Additionally, these
tunnels are made of concrete and consist of rail tracks, pipes,
cables and some metallic objects which can introduce multiple
reflection and scatterings.

continuous wave (CW) signal at 2.485 GHz which is radiated
through an omnidirectional antenna with a gain of 0 dBi. The
transmitted power is fixed at 20 dBm. At the receiver side,
a signal analyzer is used to capture the received CW signal
from another identical antenna. Through the pre-screening of
the environment without channel sounding, a noise floor of
-120 dBm is observed at the receiver side. Both the antennas
are kept vertically polarized during the measurement campaign
and installed on plastic pipes to minimize the radiation pattern
distortion. The data logging of the received signal is performed
by interfacing the signal analyzer with a laptop using LabView
software. The block diagram of measurement configuration
and the actual measurement setup on-site is shown in Fig. 3

Fig. 1: Dimensions of Tunnel’s cross section and antenna
locations.
The measured route in tunnels can be categorized into two
main segments, a straight segment, and a curved segment.
The straight segment under investigation is about 226 m, and
after this distance, the tunnel starts curving for 363 m with an
ROC of 300 m. The measurement route in the tunnel under
investigation is presented in Fig. 2.
Fig. 3: Measurement configuration with setup on site

C. Measurement Campaign
The main goal of this measurement campaign is to study
the radio wave propagation within both the straight and curved
tunnels. To achieve this, the transmitter is fixed at a position
in-between a straight tunnel and a curved tunnel as shown in
Fig. 2. The transmitter antenna is fixed at 4.1 m from the floor
of the tunnel. The receiver is moved along the tunnel to capture
the propagating characteristics of radio signals. The receiving
antenna is placed at 3.7 m from the floor of the tunnel.
It is noted that the height of 3.7 m of the receiving antenna
is to simulate the height of the antenna mounted on the train
in Singapore. The location of the transmitter and receiver
antennas in the tunnel are chosen based on realistic scenarios.
Fig. 2: The measured route in tunnels.

B. Measurement Hardware and Setup
The measurement setup consists of a transmitter and a
receiver. At the transmitter side, a signal generator outputs a

IV. C OMPARISON S TUDY: S TRAIGHT & C URVED T UNNELS
In this section, comparative study of measurement results
with the simulation results using ray-tracing approach and
the calculated results using analytical model (i.e., waveguide
model [9] and free space loss (FSL) model [24], [25]) will be
performed for the tunnel route as shown in Fig. 2.
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A. Benchmark Methods for Comparison
The summarized information of ray tracing approach,
waveguide model and FSL model for benchmark comparison
can be found below;
1) Ray Tracing Approach: In our work, Wireless Insite software [26] is used to perform the ray-tracing simulations. The
tunnel dimensions, measurement route, and related material
properties as discussed in the above section are taken into
consideration in simulation. In the straight tunnel and curved
tunnel scenario, the received power is simulated for every 1 m
distance of separation.
2) Waveguide Model: The measurements are performed in
an arched tunnel. To use a rectangular waveguide model,
the arched tunnel dimensions are mapped to a rectangular
tunnel by using the surrogate model [27], [28]. The procedure
followed to calculate the corresponding rectangular waveguide
dimensions for the arched tunnel are given below.
The width (w) and height (h) of the corresponding rectangular waveguide are calculated as,
s
2s
[(π − θ)ra2 + h2a tanθ],
(2)
w=
1 + cos(θ)
r
s(1 + cosθ)
[(π − θ)ra2 + h2a tanθ],
(3)
h=
2
where ha is the distance from the center of the tunnel to
its flat base, ra is the radius, s and θ are the cross-sectional
area ratio of a square model to a circular model which can be
calculated through,
q
s = 3 (xo1 )4 /16π),
(4)
θ = arccos(ha /ra ),

(5)

with xo1 , the first zero of bessels function Jo (x). The calculated
w and h values are used in the waveguide model to predict
the received power along the tunnel. The predicted received
power at any given point (x, y, z) inside the tunnel can be
calculated by using the following equation;
Pr (x, y, z) = Pt Gt Gr

2
∞ ∞
1 XX
eign
−(αmn +jβmn ).z
Cmn Em,n (x, y)e
, (6)
Eo m=1 n=1
where E0 is the field intensity at the transmitter, Pt is the
transmitted power, Gt and Gr are the antenna gains of the
eign
transmitter and receiver, Em,n
is the eigen function of field
distribution of each mode, αm,n and βm,n are the attenuation
coefficient and phase-shift coefficient of each mode (m and
n indicate wave modes). The mode intensity Cmn on the
excitation plane is defined as
4Eo π
p
nπ 2
2
wh 1 − ( mπ
wk ) − ( hk )
mπ
nπ
sin(
xo + φx )cos( yo + φy ), (7)
w
h
where k is the wave number which is given as k =
√
2πfo µo o a . The permeability of vertical/horizontal walls
Cmn =

and the air in the tunnel is assumed to be the same and
as µo . o and a are the permittivity of free space and the
eign
relative permittivity of air in the tunnel. The Em,n
is the field
distribution of each mode in the form of eigen function,
nπ
mπ
x + φx )cos( y + φy ),
(8)
w
h
where φx = 0 if m is even and φx = π if m is odd, φy = π
if n is even and φy = 0 if n is odd.
The attenuation coefficient αmn and phase coefficient βmn
are defined as,
eign
Em,n
' sin(

αmn =

¯v
2 nπ
1
2 mπ 2
(
) Re √
+ ( )2 Im √
, (9)
w wk
w
hk
¯v − 1
¯h − 1
r
mπ 2
nπ
) − ( )2 .
(10)
βmn = k 2 − (
w
h

σh
σv
and ¯h = h + j2πf
, where v
The ¯v = v + j2πf
o o
o o
and h are the relative permittivity of vertical walls and the
horizontal walls of the tunnel. Similarly, the σv , σh and σa
are the conductivity of vertical walls, horizontal walls and the
air. Here fo is the center frequency of the signal.
3) FSL Model: The FSL model [24], [25] can be used for
determining the signal strength in a free space environment
(an ideal case), as presented below

LF SL = −27.56 + 20 log10 (f ) + 20 log10 (d),

(11)

where LF SL is the free space loss in dB, f is the frequency
in MHz, and d is the propagation distance in meter.
B. Comparison and Validation of Measurement Results
1) Propagation in Straight Tunnel Route: Fig. 4 presents
a comparative study of the measurement results with the
simulation results using the ray-tracing approach and the
calculated results using the FSL model and the waveguide
model for the straight tunnel route. In a tunnel environment,
the free space propagation mechanism exists until the first
reflected component reaches the receiver antenna according
to the Fresnel zone [21]. By considering the location of
the transmitter antenna, receiver antenna and the operating
frequency of this measurement scenario, at a distance of 12 m
(approx.) from the transmitter antenna, the first Fresnel zone
touches the tunnel walls [21]. This location is represented
using a vertical dashed line in Fig. 4. The region in which
the effect of reflected signals is negligible is referred as the
near zone as discussed in [18]–[22]. In Fig. 4 the near zone
propagation region is on the left of the vertical dashed line,
adjacent to the transmitter antenna. From Fig. 4, it is observed
that up to a separation distance of about 12 m from the
transmitter, the measured signal strength (large scale) follows
the FSL model as well as the ray-tracing simulation.
Radio-wave propagation is influenced by the presence of
multi-reflected signals above 12 m (approx.) from the transmitter antenna. The rich multipath phenomena in tunnels can
be treated as the multimode propagation of the waveguide
model [23]. It is observed that the existence of the waveguiding
effect enhances the radio wave propagation in the tunnel, and
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a shorter distance, the calculated ADE values in this study
also suggests that ray tracing can give better performance
than the waveguide model in near-zone propagation. The
waveguide model is preferred for far-zone channel modeling
when compared to the ray tracing approach [21].
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Fig. 4: Comparison and validation of measurement results in
straight tunnel, where near zone and far zone are separated by
vertical dashed line.

Received power (dBm)

Received power (dBm)

-20

-40
-60
-80
FSL model
Waveguide (multimode) model
Ray tracing simulation
Measurement results

-100
-120
0

thereby the measured received power exceeds that of free
space propagation as shown in Fig. 4. The region in which the
effect of multipath propagation shall be considered is referred
as the far zone [18], [19].
As introduced in literature [6], two different radio wave
propagation mechanisms exist in a straight tunnel; free space
propagation mechanism in the near zone, and multimode or
fundamental mode propagation mechanism in the far zone.
Our measurement results as discussed above further validate
the existence of both the propagation mechanisms, which can
be observed in Fig. 4 (generally before and after the dashed
line). To evaluate the agreement of simulated/calculated results
with measured ones, average deviation error, ADE as presented
in (12) is used [29] ;
v
u
Nz
u 1 X
ADE = t
|Psimu/calcu − Pmeasured |2
(12)
Nz
k=1

where Psimu/calcu and Pmeasured are the simulated/calculated
and measured received power, and Nz is the total number of
sampling points and 226 for this straight tunnel. From the analysis, the ray-tracing model gives an ADE of 13.60 dB when
compared to the measurement data. This could be because
the simulation parameters in the ray tracing algorithm may
deviate from the realistic scenarios, and then cause possible
over-consideration of multipath components and their related
strength enhancement of radio wave propagation inside the
tunnel, and possible misalignment of multipath introduced by
constructive/destructive signal summation. It is also noted that
the waveguide model developed by Sun and Akyildiz [9],
reported better performance with an ADE of 11.12 dB.
Additionally, our analysis found that the ray-tracing model
gives an ADE of 7.51 dB in the near zone and 12.38 dB in
the far zone, while the waveguide model has an ADE of 8.02
dB in the near zone and 11.42 dB in the far zone. Same as
those reported in [30] where the ray tracing is found to work
better for modeling the complex propagation environment at
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Fig. 5: Comparison and validation of measurement results in
curved tunnel, where near zone and far zone are separated by
vertical dashed line.
2) Propagation in Curved Tunnel Route: Similar to the
comparison results shown in Fig. 4 for the straight tunnel,
Fig. 5 presents the results for the curved tunnel route under
this investigation. The radio wave propagation in the curved
tunnel follows free space propagation firstly until a distance
of about 12 m (vertical dashed line) and then is dominated by
the waveguiding effect. However, the enhancement of signal
strength by the waveguiding effect in the curved tunnel is
different from that observed for the straight tunnel. The change
in the enhancement of the waveguiding effect can be noticed in
curved tunnel ray tracing results and measurement results. To
validate the change in waveguiding effect, the curved-tunnel
ray tracing and measurement results are compared with FSL
and straight-tunnel waveguide model results in Fig. 5.
By this comparison study, we can observe that the change
in wave propagation phenomena starts at a distance of about
100 m from the transmitter, where the propagating signal starts
to be blocked by tunnel curvature and thereby degrades the
received signal strength (even with waveguiding introduced
enhancement effect). Through this analysis and observation, it
can be concluded that the waveguiding effect in the curved
tunnel can be split into enhanced waveguiding effect and
degraded waveguiding effect generally. The enhanced waveguiding effect keeps the signal strength higher than that in a
free space environment. However, the tunnels curvature could
block the rich multipath propagation from farther transmission
and then decreases the signal strength much more compared to
free space propagation (referred to as degraded waveguiding
effect).
Similar to the straight-tunnel case, we have also evaluated
the ADE of simulated/calculated results with the measurement results. The ray-tracing simulation result has an ADE
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Received power (dBm)

of 14.01 dB when compared with measured data. Using the
straight-tunnel waveguide model, an ADE error of 18.74 dB
is observed when compared with curved-tunnel measurement
data. In this evaluation, Nz = 363 for the 363 m long curved
tunnel.
Similar to the straight tunnel results, the ADE of ray tracing
model in the near zone is 3.9 dB which is less than ADE of
the waveguide model which is 5 dB. The far zone ADE of the
straight tunnel waveguide model is 19 dB which very high
compared to the ADE of the ray tracing model (14.23 dB).

Measurement data straight tunnel
log normal model straight tunnel
Measurement data curved tunnel
log normal model curved tunnel

-20
-40
-60
-80

Tunnel
Straight Tunnel
Curved Tunnel

n0
1.61
1.93

σ (dB)
5.02
9.81

TABLE I: Empirical values determined for the parameters of
log-normal path loss model.

in [31]. From Fig. 6, it is also observed that starting from
around 100 m in the curved tunnel, the attenuation rate per
distance increases as compared to short-distance transmission.
The change is due to the appearance of tunnel curvature which
starts to block the direct path between the transmitter and
the receiver, and then the enhanced waveguiding effect as
discussed previously starts to degrade correspondingly. This
suggests that the log-normal model with only one attenuation
rate (or slope) may not be good enough to represent the radio
wave propagation inside the curved tunnel. The location where
the direct path is blocked by the tunnel curvature becomes
important to predict the signal strength accurately. In the
following section, the methodology used to determine the
location at which the direct path is blocked by the tunnel
curvature and an improved path loss modeling inside the
curved tunnel will be discussed.

-100
0
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200

300

Distance (m)
Fig. 6: Measured data with best fitted log-normal models in
straight and curved tunnel.

V. D ETERMINATION OF B REAK P OINT FOR T WO - SLOPE
PATH L OSS M ODEL
A. Calculation of Break Point

3) Comparison of Straight- and Curved-Tunnel Propagation: Fig. 6 presents the measured received power in both the
straight and curved tunnels. Log-normal model as shown in
(13) is also used to study their difference, such as the existing
of signal blockage due to tunnel curvature in the curved
tunnel. The empirical values determined for the parameters
of log-normal path loss model in (13), with d0 = 1 m, are
summarized in Table I. It is noted that the log-normal path
loss model parameters (no , σ) are calculated by performing
linear regression onto the measured data, to derive the best
fitted curve with a minimum deviation from the raw field data.
P LLogN orm = K + 10n0 log10 (d/d0 ) + Xσ ,

(13)

where K is the path loss at a reference distance d0 , n0 is the
path loss exponent (n0 = 2 for a free space channel), and Xσ
is the Gaussian random variable with standard deviation of σ.
From Table I, it is found that the path loss exponent n0 = 1.93
in the curved tunnel is higher than that (1.61) in the straight
tunnel. This suggests that the signal enhancement is degraded
and thereby attenuation rate increases in the curved tunnel.
This is highly likely introduced by the tunnel curvature which
starts to block the signal after a certain transmission distance.
The σ which represents the signal variation (e.g., caused
by shadowing) around the general signal trend in the curved
tunnel (9.81 dB) is significantly higher (nearly twice) than
that (5.02 dB) in the straight tunnel. This means the shadow
fading in the curved tunnel is severe in comparison to the
straight tunnel, and a similar observation was also reported

Fig. 7: Graphical representation of the location for break point.
In this study, the distance from the transmitter antenna at
which the enhanced radio wave propagation in a curved tunnel
starts to be degraded is defined as the break point. More
specifically, the break point that separates the enhanced waveguiding mechanism and the degraded waveguiding mechanism
in a curved tunnel. The location of the break point can be
calculated using the circle and tangent theory for a given ROC
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and the transmitter and receiver locations with respect to the
tunnel inner wall.
In the following, the determination of break point will be
explained using the graphical representation of the location
for break point as shown in Fig. 7. Clearly, the distance from
tunnel curve origin O to transmitter and receiver is (roc +
dwt ) and (roc + dwr ), where dwt is the distance between the
transmitter and the inner wall of the curved tunnel, dwr is the
distance between the receiver and the inner wall of the tunnel,
and roc is the radius of curvature. The distance between the
transmitter and receiver at which the direct path will touch the
tunnel wall at the point C is dBP .
The direct path AB is a tangent to the curved tunnel. The
line joining the point of tangency C and origin O of the curve
is at right angle with the AC and BC. By using this condition,
Pythagorean theorem can be applied to calculate dBP which
is AB here.
AB = AC + BC
p
AC = (roc + dwt )2 − roc2
p
BC = (roc + dwr )2 − roc2

dBP = AB =

p

(roc + dwt )2 − roc2
p
+ (roc + dwr )2 − roc2

(14)
(15)
(16)

(17)

It is clear that the calculated break point will rely on the ROC
and the location of the transmitter and receiver within the
curved tunnel.
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Fig. 8: The relationship between the break point and the ROC.
Fig. 8 shows the relationship between the ROC and the
break point for the tunnels of cross-sectional dimensions of
3 m × 3 m, 5 m × 5 m, 8 m × 8 m and 12 m ×
12 m. The transmitter and receiver are assumed to be at the
center of the tunnel in this comparison. From Fig. 8, it can
be seen that for a larger ROC, the break point exists at a
longer distance. Similarly, for a smaller ROC, the break point
exists at a shorter distance. The location of the break point is
directly proportional to the ROC. As the dimensions of tunnel
increase, the break point will be extended to a farther distance.

For a large tunnel dimension with a higher ROC, the effect of
curvature can be negligible.
The derived break point can be used to model the curvedtunnel radio wave propagation, to distinguish the enhanced
waveguiding effect and the degraded waveguiding effect. A
two-slope path loss model seems to be more suitable to address
these two propagation mechanisms, and the break point is the
point where a different attenuation rate per distance (i.e., the
slope) starts to play its role. Further details and validation of
the two-slope path loss model will be discussed in the next
subsection.
B. Two-slope Path Loss Model for Curved Tunnel
A two-slope path loss model in (18) is proposed to better
model the radio wave propagation in curved tunnel,
(
K1 + 10n1 log10 (d/dref ) + Xσ1 , if d ≤ dBP ;
P L(d) =
K2 + 10n2 log10 (d/dBP ) + Xσ2 , otherwise.
(18)
where K1 is the free space path loss at a reference distance
dref , K2 is the free space path loss at dBP , n1 and n2
are the path loss exponents, Xσ1 and Xσ2 are the Gaussian
random variables with standard deviation of σ1 and σ2 . It is
noted that this two-slope path loss model could better describe
the transition from the enhanced waveguiding effect to the
degraded waveguiding effect, and then offers a more certain
path loss for radio planner with a smaller signal variation
determined by σ.
1) Empirical Two-slope Model for Curved Tunnel in Singapore with roc = 300 m: With the tunnel dimensions and
the antenna locations, the break point for our measurement
scenarios in a typical curved tunnel in Singapore is calculated
using the proposed method (17). The calculated break point
dBP is found to be at around 83 m from the transmitter. With
dBP , empirical values for two-slope path loss model (18) were
then determined.
Fig. 9 presents the measured data with the best fitted twoslope path loss model with dBP = 83 m which is shown as
a dashed line. From Fig. 9, it is observed that the attenuation
rate per distance increases multiple times after the break point.
The results also suggest the enriched multipath propagation
(n1 = 1.16) in the curved tunnel before the break point. After
the break point the dominant multipath components started to
be blocked due to the curvature of tunnel. The blockage of
tunnel curvature degrades the signal strength, with shadowing
introduced (σ2 = 6.76 dB which is larger than σ1 = 4.31 dB)
2) Empirical Two-slope Model for Curved Tunnel in Spain
with roc = 300 m and 500 m: The proposed break point
dBP with two-slope path loss model are applied to the
measurements results for curved tunnels with roc = 300 m
and roc = 500 m as reported in [17]. The tunnel investigated
in their measurement campaign are arched tunnel (8.41 m ×
6.87 m). The break point is then calculated by using (17),
with the provided locations for their transmitter and receiver.
The measured data with the best fitted two-slope path
loss models for the curved tunnels with roc = 300 m and
roc = 500 m are presented in Fig. 10 and Fig. 11 respectively.
It is noted that similar enhanced waveguiding effect and
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Fig. 9: Measured data vs best fitted two-slope path loss model
with dBP = 83 m for a typical curved tunnel in Singapore,
roc = 300 m.

0
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Fig. 11: Measured data vs best fitted two-slope path loss model
with dBP = 124 m for a typical curved tunnel in Spain [17],
roc = 500 m.
less fit of the two-slope path loss model in Fig. 12 compared
to the results in Fig. 9.
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Fig. 10: data vs best fitted two-slope path loss model with
dBP = 96 m for a typical curved tunnel in Spain [17], roc =
300 m.

degraded waveguiding effect due to the blockage from tunnel
curvature (before and after the dashed lines which represent
the break point locations) are observed, as comparing to the
curved tunnel in Singapore. The measurement data shown in
Fig. 10 and Fig. 11 is extracted from [17], the data has a
sampling interval of around 5 m (approx). Compared to Fig. 9,
the lack of adequate number of data samples before the break
point might result in degraded fit of the two-slope path loss
model.
3) Empirical Two-slope Model for Curved Tunnel in Italy
with roc = 780 m: The proposed break point dBP with twoslope path loss model are applied to the data measured from
the tunnel with approximately rectangular cross-section (8.4
m × 5.1 m) in [12]. The test case B data of curved tunnel
with roc = 780 m is used in this study. The calculated break
point is around 217 m from the transmitter, for the reported
locations of the antennas. Similar findings as shown in Fig. 9,
Fig. 10, and Fig. 11 are observed. It is noted that the lack
of sufficient samples of measurement data results in a slightly

d BP

-60
-70
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-90
101.4 101.6 101.8

102

102.2 102.4 102.6

Distance (m)

Fig. 12: Measured data vs best fitted two-slope path loss model
with dBP = 217 m for a typical curved tunnel in Italy [12],
roc = 780 m.

To have a comparative discussion, empirical values for
two-slope path loss model with the proposed break point
in different tunnels as presented in Fig. 9 to Fig. 12 are
summarised in Table. II. It is noted that, n1 in all the four
cases is far less than 2 which suggests the existence of
enhanced waveguiding effect before the break point, and n2
value ranges from 3.88 to 5.51 which are significantly high
due to the degraded waveguiding effect introduced by the
blockage/shadowing from the curvature of tunnel. By this
comparison table, it can be concluded that the attenuation
increases by 3 to 6 times after the break point from the
transmitter.
With the similar reason, shadow fading parameter σ1 before
the break point is less than σ2 after the break point. This is
because the shadowing from the curvature of tunnel blocks the
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Location
Singapore
Spain
Spain
Italy

w x h (m)
5.8 × 4.5
8.4 × 6.87
8.4 × 6.87
8.4 × 5.1

roc (m)
300
300
500
780

dBP (m) (approx)
83
96
124
217

n1
1.16
0.82
0.83
1.68

σ1 (dB)
4.31
5.64
5.26
3.96

ADE1
4.31
5.94
5.3
3.93

n2
5.09
3.88
4.58
5.51

σ2 (dB)
6.76
6.35
6.97
4.42

ADE2
6.87
6.5
6.9
4.47

ADEc
6.09
6.37
6.52
4.19

TABLE II: Empirical values for two-slope path loss model with the proposed break point in different tunnels.

strong direct-path signal and weaker multiple-reflected signals
reaching the receiver after the break point. Similar findings
are also presented in [32].
In addition, the ADE values for the proposed two-slope
path loss model are included in Table II as compared to the
measurement data. The ADE calculated before the breakpoint
(dBP ) is represented as ADE1 and after the breakpoint (dBP )
as ADE2 . The ADE for the entire two-slope path loss model is
represented as ADEc . Except for modeling of the curved tunnels in Italy, modeling of all the remaining tunnels presented
in Table II results in an ADEc of about 6 dBm with respect
to the two-slope path loss model. The proposed model results
in a minimum ADE1 of 3.93 dB and a maximum ADE1 of
5.94 dB in modeling the enhanced waveguiding mechanism,
and a minimum ADE2 of 4.47 dB and a maximum ADE2
of 6.9 dB in modeling the degraded waveguiding mechanism
respectively.
VI. C ONCLUSION
In this paper, we reported a recent experimental study
to understand the radiowave propagation along a straight
tunnel and a curved tunnel at 2.4 GHz. Ray tracing results
and waveguide model have been used for comparison with
the measurement results. It is found that simulation results
have low accuracy due to the limited (or less accurate) site
information available. This study also indicated that the curved
tunnel has an enriched waveguiding effect which is similar
to that in the straight tunnel, before the direct path is being
blocked by the tunnel curvature. The waveguiding effect will
be degraded once the tunnel curvature starts blocking the direct
path.
Our investigation shows that this phenomenon can be wellmodeled by introducing the concept of "break point", which
can be determined using circle and tangent theory with the
ROC of the tunnel and the distance of the transmitter and
the receiver from the tunnel wall. It is found that two-slope
path loss model could better describe the transition from the
enhanced waveguiding effect to the degraded waveguiding
effect in curved tunnels with the calculated break point, and
then offers a more certain path loss for radio planner. The
proposed methodology in calculating curved-tunnel path loss
was applied onto different tunnels with the ROC of 300 m,
500 m and 780 m. The results suggested that the attenuation
rate in the curved tunnels can increase by 3 to 6 times after
the break point.
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