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Abstract—Wave propagation characteristics in curved tunnels
are of importance for designing reliable communications in subway
systems. This paper presents the extensive propagation measurements conducted in two typical types of subway tunnels—
traditional arched “Type I” tunnel and modern arched “Type II”
tunnel—with 300- and 500-m radii of curvature with different
configurations—horizontal and vertical polarizations at 920, 2400,
and 5705 MHz, respectively. Based on the measurements, statistical metrics of propagation loss and shadow fading (path-loss
exponent, shadow fading distribution, autocorrelation, and crosscorrelation) in all the measurement cases are extracted. Then, the
large-scale fading characteristics in the curved subway tunnels are
compared with the cases of road and railway tunnels, the other
main rail traffic scenarios, and some “typical” scenarios to give a
comprehensive insight into the propagation in various scenarios
where the intelligent transportation systems are deployed. Moreover, for each of the large-scale fading parameters, extensive analysis and discussions are made to reflect the physical laws behind
the observations. The quantitative results and findings are useful
to realize intelligent transportation systems in the subway system.
Index Terms—Propagation loss, propagation measurement,
shadow fading, subway tunnel.
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I. I NTRODUCTION

A

S the world acknowledged low-energy consuming “green
transportation,” rail traffic is widely treated as the fundamental solution for the improvement of the public transportation situations of countries and cities all over the world. Due to a
great deal of urban traffic pressure, improving the efficiency and
capacity of subway system is an increasing demand. In order to
ensure safe operation of the subway, a large number of studies
on intelligent transportation system (ITS) applications have
been conducted [2]–[5]. Various kinds of wireless communication technologies employed for metropolitan subway system
play a significant role to ensure personnel safety, enhance operational efficiency, and process optimization. No matter for
public wireless communication systems or signaling and train
control communication systems deployed in tunnels, 900 MHz,
2.4 GHz, and 5.8 GHz are three “hot” frequency bands. Hence,
the information on propagation characteristics at these three
frequency bands is with high interest for both industry and
academia of ITS. At 900 MHz frequency band, there are GSM
(Global System for Mobile Communications), GSM-R (Global
System for Mobile Communications for Railway) [6], LTE
(Long Term Evolution), TETRA (Terrestrial Trunked Radio)
[7], [8], and LTE-R (Long Term Evolution for Railway) [9].
At 2.4 GHz frequency band, there are Wi-Fi (Wireless Fidelity), UMTS (Universal Mobile Telecommunications System),
LTE, CBTC (Communication Based Train Control System)
[10], and LTE-R (pending). At 5.8 GHz, there are many wireless radio system deployments based on WLAN (wireless local
area network) to realize driverless underground systems, such
as in New-York, line 1 in Paris, Malaga, Marmaray, Singapore,
etc. [11]. All these communication systems are essentially a key
factor for the new generations of ITS [12]–[15].
In order to calculate the number and position of base
stations (access points) and predict the radio coverage of these
wireless communication systems in subway tunnels, there have
been several studies analyzing propagation of UHF (ultra-high
frequency: 300 MHz–3 GHz) and SHF (super high frequency:
3 GHz–30 GHz) radio signals in tunnels in the last decades. For
the measurements, authors of [16]–[19] presented the measurement results of propagation characteristics in circular tunnels
at 450 MHz and 900 MHz, arched railway and road tunnels
at 400 MHz, arched railway tunnels at 900 MHz, subway
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tunnels at 2.4 GHz, respectively. For the modeling approaches,
many researchers proposed modal analysis based on waveguide
theory [20], models based on geometrical optics (GO) approach [21], [22] , numerical models based on vector parabolic
equation (VPE) techniques [23], and empirical and stochastic
models [24] based on measurements (two-slope models [25],
[26], three-slope model [27], four-slope model [17], [28], fivezone models [29]–[31], etc.). Both these experimental and
theoretical studies systemically form the understanding of wave
propagation in tunnels. However, most of these results focus on
the straight tunnels. Comparatively speaking, the research on
the propagation in curved tunnels are still limited. Authors of
[11], [32]–[38] developed simulators based on ray launching
or ray tracing approaches for the radio wave propagation in
curved tunnels with some specific cross sections, respectively.
Authors of [39] simulated the propagation loss in curved
tunnels by the theoretical deduction of modal analysis. Authors
of [40], [41] predicted the loss for curved tunnels by using
the parabolic equation (PE) along with the alternate direction
implicit (ADI) method. Author of [42], [43] simulated the
attenuation in curved tunnels by employing hybrid modeling
approaches.
In summary, most of the existing research on the tunnel curve
make the contributions on modeling methods and simulator
development, the measurement results concentrate in road,
mine, and railway tunnels with specific cross sections at specific
frequencies [44], [45]. The measurement results in curved
subway tunnels (which are with different cross section sizes and
dimensions, wall roughness and materials, and floor structure
from road, railway, and mine tunnels) are still rarely presented.
This limits the validation of the corresponding simulators and
the deployment of wireless communication systems in subway
tunnels.
This paper presents a series of comprehensive propagation
measurements in various subway tunnels with different configurations. The large-scale fading characterization supplies the
first-hand information, and can be used for network planning,
channel modeling, key techniques (such as soft handover,
macro-diversity, link adaptation, etc.) evaluation, and validation
for simulators of different wireless communication systems
deployed in tunnel environment at various frequencies.
The rest of this study is organized as follows. The measurement campaign is introduced in Section II. The measurements
are made in two typical traditional curved arched “Type I” and
modern curved arched “Type II” tunnels. The radii of curvature
are 300 m and 500 m, which are typical values of subway tunnels. Corresponding to the three hot frequency bands, frequencies at 920 MHz, 2400 MHz, and 5705 MHz with horizontal
and vertical polarizations are used in the measurements. In
Section III, the measurement results and large-scale fading
parameters (path loss exponent, shadow fading distribution,
autocorrelation, and cross-correlation) extraction are presented.
Then, in Section IV, based on the parameter extraction from
the measurement results, the large-scale fading characteristics
of wave propagation in curved arched tunnels are quantitatively analyzed, and finally summarized in a series of tables.
Afterwards, corresponding discussions are made in Section V.
Section VI draws conclusions.

Fig. 1. Front view of the measurement setup in the arched “Type I” tunnel.

II. M EASUREMENT C AMPAIGN
A. Test System
The test system is composed of the transmitting part and the
receiving part as follows:
1) Transmitting system: The transmitting system is comprised of a continuous wave (CW) transmitter (Tx) and a
panel antenna. Since three distinguished interesting frequencies are measured, three transmitters and corresponding antennas are utilized. For the measurements at
920 MHz, a Tx with 500 mW (27 dBm) power output, and
a L-COM HG908 panel antenna working at the frequency
band 902–928 MHz, with 8 dBi gain, 75◦ horizontal and
65◦ vertical beam widths are used. In the measurements
at 2400 MHz, a Tx with 250 mW (24 dBm) power output
is employed to be the Tx; a L-COM HG2414P panel
antenna working at the frequency band 2400–2500 MHz,
with 14 dBi gain, 30◦ horizontal and 30◦ vertical beam
widths is utilized. In the cases of 5705 MHz, the Tx is a
transmitter with 160 mW (22 dBm) power output; the antenna is a L-COM HG5419P panel antenna working at the
frequency band 5470–5850 MHz, with 19 dBi gain, 16◦
horizontal and 16◦ vertical beam widths. In order to avoid
possible damage in the measurements, the transmitting
system is attached to a pylon located on land.
2) Receiving system: The receiving system is composed of a
broadband antenna, an amplifier, and a spectrum analyzer,
located on a standard subway train. The receiving antenna is an R&S HL050 Log-Periodic WB antenna, with
8.5 dBi gain, 85◦ horizontal and 70◦ vertical beam widths,
located in the front car of the train (see Figs. 1 and 2). A
Celwritek csa-936327 (teledyne) amplifier working at the
frequency band 500–6000 MHz is used to amplify the
received power. An Agilent N9912A spectrum analyzer
is employed to send the captured received signal power
to a laptop, stored for the later processing.
The measurements are conducted in all the cases. In each
case, three carrier frequencies—920 MHz, 2400 MHz, and
5705 MHz—are tested to get the influence of the frequency.
In order to observe the impact of the antenna polarization,
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III. M EASUREMENT R ESULTS AND
PARAMETER E XTRACTION
A. Received Power in the Curved Arched Tunnels
The received power in all the measurement campaigns are
shown in Figs. 3 and 4, respectively. By analyzing these figures, some preliminary observations on the influences of the
following factors could be summarized:

Fig. 2. Front view of the measurement setup in the arched “Type II” tunnel.

both vertical polarization (V-pol.) and horizontal polarization
(H-pol.) are measured in the arched “Type I” tunnel. In the
arched “Type II” tunnel, the antennas are set to be horizontal polarization. The sampling intervals are shorter than one
wavelength, and repeated measurements are taken to collect
sufficient samples for study of the fading behavior. Since this
study focuses on the large-scale fading property specified in
real curved arched tunnels, the small-scale fading is separated
from the received power by averaging samples at intervals of
40 wavelengths [46]. The lowest average signal-to-noise-ratio
(SNR) measured at a particular location is approximately
30 dB. At most locations, SNR is larger than 30 dB so that an
accurate estimation of channel parameters is possible.
B. Measurement Environment
The measurements are carried out in two types of arched
curved tunnels of Madrid’s subway. As shown in Figs. 1 and
2, there are two types of arched tunnels in the modern subway
systems. In order to keep coherence to our previous publications, such as [27], [47], these two types of tunnels are still
named Arched “Type I” tunnel and Arched “Type II” tunnel, respectively. “Type I” consists of three plane walls and an arched
roof; “Type II” includes arched walls and roof, but a plane floor,
more like a semicircle. The arched “Type I” tunnel is more
common in the subway tunnels built in the 1980s and 1990s,
whereas the arched “Type II” tunnel is more usual in the
newly built subway lines, because of the widespread use of the
shield machines in the constructions of modern tunnels. Relative position and configuration of the transmission system and
receiving system along the train route inside two types of arched
tunnels with dimensions 7.59 m × 5.52 m (“Type I” tunnel) and
8.41 m × 6.87 m (“Type II”) are illustrated in Figs. 1 and 2 as
well. Positions of Tx and Rx as well as the radii of curvature
in these two types of tunnels are given by Table I. Three carrier frequencies—920 MHz, 2400 MHz, and 5705 MHz—are
used in every case of the measurements. In the curved arched
“Type I” tunnel with 500 m radius of curvature, all the measurements are conducted with horizontal and vertical polarizations,
respectively. In the curved arched “Type II” tunnel, two radii of
curvature (300 m and 500 m) are tested at the three frequencies
with horizontal polarization.

1) Frequency: when the other factors (polarization, tunnel,
radius of curvature) are the same, wave propagation at
the three measured frequencies suffers similar loss. In the
straight tunnel, the waveguide theory points out that the
wave at higher frequencies experiences the smaller propagation loss. Hence, the fact that the total losses at various
frequencies are similar in the measurements, virtually
implies that the higher frequencies are more sensitive to
the tunnel curve. In terms of the fading, the case in the
curved tunnel follows the same law in the straight tunnel: higher frequencies have more severe fading.
2) Polarization: from each sub-figure of Fig. 3 [particularly
Fig. 3(a) and (c)], it can be seen that the horizontal polarized wave suffers certain larger propagation loss than
the vertical polarized wave in the curved tunnel. This implies that compared with the vertical polarization, the
horizontal polarization is much more sensitive to the
tunnel curve. Since the width of the measured arched
“Type I” tunnel is larger than its height, by employing
the modal analysis, the propagation loss of horizontal
polarization should be smaller than that of the vertical
polarization if the tunnel was straight. But, the final total
propagation loss in the real curved tunnel for the horizontal polarization is larger than that of the vertical polarization. This reflects that the excess loss for the horizontal
polarization resulting from the tunnel curve could be
larger than that for the vertical polarization.
3) Tunnel type: the wave of horizontal polarization at the
same frequencies experiences smaller loss in the curved
arched “Type I” tunnel than that in the arched “Type II”
tunnel. This may come from the fact that the attenuation
constant of corresponding modes in the rectangular tunnel
(close to the arched “Type I” tunnel) is smaller than that in
the circular tunnel (close to the arched “Type II” tunnel).
4) Radius of curvature: in the arched “Type II” tunnel with
horizontal polarization, the wave suffers larger propagation loss with the 300 m radius of curvature than
that of the 500 m radius of curvature. This follows the
common sense that the sharper curve leads to larger propagation loss. Similar results are reported by [11], [34],
[37], [40].
These observations justify the measurement data, and implies
the factors behind the propagation loss in the curved tunnels
as well.
B. Path Loss Exponent and Shadow Fading Extraction
In the log-distance path loss model, the change of the path
loss along with the distance is depicted by the path loss
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TABLE I
P OSITIONS OF T X AND R X IN THE M EASUREMENTS

Fig. 3. Measured received power (without small-scale fading) in the traditional curved arched “Type I” tunnel with 500 m radius of curvature with both polarizations at (a) 920 MHz, (b) 2400 MHz, and (c) 5705 MHz.

Fig. 4. Measured received power (without small-scale fading) in the modern curved arched “Type II” tunnels with 300 m and 500 m radii of curvature with
horizontal polarization at (a) 920 MHz, (b) 2400 MHz, and (c) 5705 MHz.

exponent. Such exponent and shadow fading are extracted from
the measured results by using the following expression:
 
d
(1)
L(d) = L(d0 ) + 10n lg
+ Xσ
d0
where d is the distance (along the track of the tunnel) between
Tx and Rx. L(d) is the propagation loss (small-scale fading
already filtered out). d0 is the referenced distance. L(d0 ) is
the media path loss at d0 . n is the path loss exponent. Xσ is
the shadow fading. By using the least-square criterion, the path
loss exponent n can be received. Fig. 5 gives an example of
the least-square fitting of n in the arched “Type I” tunnel at
5705 MHz with horizontal polarization. The shadow fading
values can be calculated by using a simple minus to the formula
offered above.
C. Amplitude Distribution of Shadow Fading
In extensive literature, the log-normal distribution has been
empirically confirmed for fitting the amplitude distribution of
shadow fading. In this study, the shadow fading is well fitted by
the log-normal distribution as well, by passing Kolmogorov-

Fig. 5. Path loss and least-square fitting in the arched “Type I” tunnel at
5705 MHz with horizontal polarization.

Smirnov, Anderson-Darling, and Chi-Squared tests in Easy Fit
[48]. The shadow fading standard deviations (σ) based on the
averaging of repeated measurements are given by Tables II and
III. Fig. 6 illustrates probability density (PDF) of shadow fading
in the arched “Type I” tunnel at 5705 MHz with horizontal
polarization.

GUAN et al.: LARGE-SCALE FADING CHARACTERISTICS IN CURVED SUBWAY TUNNELS

2397

TABLE II
PATH L OSS E XPONENT AND S HADOW FADING IN THE C URVED A RCHED “T YPE I” T UNNEL

TABLE III
PATH L OSS E XPONENT AND S HADOW FADING IN THE C URVED A RCHED “T YPE II” T UNNEL

Fig. 6. Probability density of shadow fading in the arched “Type I” tunnel at
5705 MHz with horizontal polarization.

D. Autocorrelation Calculation and Modeling
Besides the distribution, one of the most important characteristics of the shadow fading is the autocorrelation. Autocorrelation of shadow fading is of interest for power control and base
station (or access point) location designing. It is defined as the
correlation of shadow fading in different positions of the signal from the same Tx. The autocorrelation is described by
the correlation coefficient in numerical documents, such as the
Spatial Channel Model (SCM) [49], 802.16J [50], M.2135 [51],
etc. The definition is as follows:
ρ1,2 =

E {S(d1 )S(d2 )}
σ(d1 )σ(d2 )

(2)

where S(d1 ) is the value of shadow fading in the position with
distance d1 ; S(d2 ) is the value of shadow fading in the position
with distance d2 . σ(d1 ) and σ(d2 ) are the standard deviations
of the shadow fading in the positions with distance d1 and d2 ,
respectively.
There are two models widely used for describing the autocorrelation coefficient—the exponential model and 802.16J
model. The former is firstly proposed by [52], and then is accepted by the standard [53], [54]. The latter is presented in
the standard IEEE 802.16J, which is commercialized user the

Fig. 7. Measurement result and theoretical results by using least squares (LS)
fitting of the autocorrelation coefficient of shadow fading in the arched
“Type I” tunnel at 2400 MHz with horizontal polarization.

name “Worldwide Interoperability for Microwave Access
(WiMAX).” These two models are with the same structures and
there is only one coefficient ln 2 difference. The exponential
shadow fading autocorrelation model is expressed below
ρexp (Δd) = e(−|Δd|/dcor ) .

(3)

The 802.16J model is given as following:
ρ802.16J (Δd) = e(−|Δd|/dcor ) ln 2

(4)

where Δd is the distance between the two observed positions. dcor is the decorrelation distance. There are mainly two
definitions for such decorrelation distance. The first one—
dcor (0.5)—is defined as the distance that the correlation is
equal to 0.5 [49]–[51]. The other definition—dcor (e−1 )—is the
distance when the correlation is equal to e−1 [52]. In order to
provide a general reference, both models of autocorrelation coefficient using both definitions of decorrelation distance are calculated by using least squares (LS) fitting based on the repeated
measurement results. Fig. 7 demonstrates the measurement
result and theoretical results by using least squares (LS) fitting
of the autocorrelation coefficient of shadow fading in the arched
“Type I” tunnel at 2400 MHz with horizontal polarization.
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1) Cross-Correlation Calculation: In order to provide a
deep comprehension of the large-scale fading, the crosscorrelation is extracted from the measurement results as well.
This study is of interested in designing handover algorithms,
evaluating performances of macro-diversity schemes, and controlling interference power [55].
The shadow fading cross-correlation coefficient ρ is defined
as the cross-correlation coefficient between shadow fading
components of two sets of received signals, by using the following expression:
n
i=1 (Xi − X)(Yi − Y )


(5)
ρ= 
n
n
2
2
(X
−
X)
i
i=1
i=1 (Yi − Y )
where Xi and Yi denote the shadow fading components of two
separate received power, X and Y are the mean of shadow
fading components, n is the number of the shadow fading component samples. In this study, n ranges from 200 to 400 in different measurement routes. Usually, if the absolute value of the
estimated correlation coefficient lies in [0, 0.1], two random
variables can be treated as uncorrelated. In this study, the crosscorrelation coefficients of shadow fading between different
frequencies, types of tunnels, and polarizations are evaluated
from the measurement results.
IV. L ARGE -S CALE FADING C HARACTERISTICS
AND A NALYSIS
Based on the parameter extraction from the measurement results, the large-scale fading characteristics of wave propagation
in curved arched tunnels are quantitatively analyzed and discussed in this section.
A. Path Loss Exponent and Shadow Fading Distribution in
Curved Arched Tunnels
Tables II and III show the path loss exponents as well as
shadow fading distributions and standard deviations (Std) in
the curved arched “Type I” and “Type II” tunnels with various
frequencies, radii of curvature, and polarizations, respectively.
Following findings can be summarized:
1) Path loss exponents in the curved arched “Type II” tunnel
are from 3.36 to 5.50, larger than the values of the
corresponding cases in the curved arched “Type I” tunnel,
which are from 0.94 to 3.73. This reflects the fact that
even though the arched “Type II” tunnel is more welcome
in the newly built subway lines constructed by the shield
machines, the wave propagation suffers larger loss than
that in the traditional arched “Type I” tunnel.
2) Most of the path loss exponents are larger than 2 (which
equals the case of free-space propagation), and much
larger than the cases of the straight tunnels where the
waveguide effect is established. This implies that the tunnel curve reduces the waveguide effect, and leads to the
excess loss of propagation compared to the cases of the
straight tunnels.
3) In Table III, the path loss exponents of the horizontal
polarized wave propagation in the arched “Type II” tunnel
with 300 m radius of curvature are between 4.61 and

5.50, which are larger than the values (3.36–5.37) with
500 m radius of curvature. This implies that the sharper
the tunnel curve is, the larger the path loss is. Similar
conclusions can be found in [39].
4) No matter which type of the tunnel is, the path loss
exponents at higher frequencies are slightly larger than
those at lower frequencies. Given the fact that the higher
frequencies experience smaller path loss in the straight
tunnels, it could be concluded that the higher frequencies
are more sensitive to the tunnel curve. An even more
extreme case is presented by [56], in which the path loss
could even increase along with the increase of frequency
in curved tunnels.
5) The path loss exponents of the horizontal polarized wave
at various frequencies are from 2.41 to 3.73, which are
8.71%–61.48% larger than those values (0.94–2.20) of
the vertical polarized wave in the arched “Type I” tunnel
with 500 m radius of curvature. This indicates that the
excess loss for the horizontal polarization resulting from
the tunnel curve is larger than that for the vertical polarization, because the original propagation loss of horizontal polarization should be smaller in the measured tunnel
(whose width is larger than its height) if it was straight.
6) The standard deviations of the log-normal distributed
shadow fading are from 2.18 dB to 4.95 dB in the curved
arched “Type I” tunnel, and are from 4.09 dB to 6.52
dB in the curved arched “Type II” tunnel. These values
are larger than the standard deviations of the shadow
fading in the other railway scenarios, such as train station,
cutting, and viaduct.
B. Integration and Comparison of the Path Loss Exponent and
Shadow Fading Distribution of the Curved Arched Tunnel
The path loss exponent and shadow fading in various tunnels
between 900 MHz and 5.7 GHz bands are summarized in
Table IV, where LOS and NLOS denote line-of-sight and nonline-of-sight, respectively. It can be found that no matter of
which type, the straight tunnel always leads to smaller path loss
exponents than the corresponding curved tunnel. In the straight
tunnels, the path loss exponent and standard deviation of
shadow fading in the road tunnel is smaller than the railway
tunnel, whereas the subway tunnel gets the worst propagation
condition. This is because that the dimensions of the road tunnel
are usually larger than the railway tunnel, and the subway
tunnel usually is the smallest type. The same observation can be
found in the curved tunnel groups as well. Table IV is helpful to
give a comprehensive insight into the propagation characteristics and corresponding engineering suggestions inside various
tunnels. For instance, the access points or the transmitters of
ITS should be deployed more densely in the railway tunnel
than the road tunnel; more relays should be used in the network
planning in the subway tunnels.
A complete table (Table V) is made to provide the path loss
exponent and shadow fading distribution of the curved arched
tunnel scenario, the train station scenario, the crossing bridge
scenario, the cutting scenario, and the viaduct scenario. By
filling the gap of the knowledge of the curved arched tunnel
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TABLE IV
PATH L OSS E XPONENT AND S HADOW FADING D ISTRIBUTION C OMPARISON A MONG VARIOUS T UNNELS

TABLE V
PATH L OSS E XPONENT AND S HADOW FADING D ISTRIBUTION OF THE M AIN P ROPAGATION S CENARIOS OF R AIL T RAFFIC

scenario, Table V could be helpful to establish a comprehensive
understanding of the large-scale fading characteristics in the
main propagation scenarios of rail traffic. In general, the path
loss exponent in the curved arched tunnel is obviously larger
than that of the other rail traffic scenarios. This is because that
the tunnel curve leads to the excess loss, so that the path loss
exponent increases. The shadow fading standard deviation in
the curved arched tunnel is larger than that of the train station
and viaduct scenarios, but relatively closer to the crossing
bridge and cutting scenarios. This implies that the shadow
fading in the curved tunnel comes from the extensive reflected,
scattered and diffracted waves generated by the curved tunnel
route and walls, like the steep walls on both sides of the track
in the crossing bridge and cutting scenarios.
In order to show the difference of the channel in the curved
arched tunnel scenario from other “typical” scenarios, ten
standard scenarios in the WINNER model [54] are referred.
Table VI gives the comparisons of path loss exponent and standard deviation of shadow fading. It can be found that most of the
path loss exponents in the curved tunnel scenario are larger than
that of the standard scenarios in WINNER. Moreover, the standard deviations of shadow fading in the curved tunnel scenario

are usually between the values in the outdoor and indoor scenarios of WINNER. Thus, the already existing scenarios cannot
represent the characteristics of large-scale fading in the real
curved tunnels. Given the safety critical requirements of the ITS
communication systems, the propagation characterization presented in this paper is still recommended to be used for the network planning and system design of the curved tunnel scenario.
C. Autocorrelation Characteristics of Shadow Fading in
Curved Arched Tunnels
Tables VII and VIII give the statistics of the decorrelation
distances in the curved arched “Type I” and “Type II” tunnels
with two definitions of the decorrelation distances, various
frequencies, radii of curvature, and polarizations, respectively.
The decorrelation distances defined as dcor (0.5) are shorter
than the values of the definition of dcor (e−1 ). The mean values
of decorrelation distances in the arched “Type I” tunnel with the
500 m radius of curvature are 1.86–4.10 m, 2.26–3.43 m, and
1.79–3.28 m, at 920 MHz, 2400 MHz, and 5705 MHz, respectively. In the arched “Type II” tunnel, when the radius of
curvature is 500 m, the mean values of decorrelation distances
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TABLE VI
C OMPARISONS OF L ARGE -S CALE FADING C HARACTERISTICS B ETWEEN C URVED A RCHED
T UNNEL S CENARIO AND S TANDARD S CENARIOS IN WINNER [54]

TABLE VII
D ECORRELATION D ISTANCE S TATISTIC IN THE C URVED A RCHED “T YPE I” T UNNEL

TABLE VIII
D ECORRELATION D ISTANCE S TATISTIC IN THE C URVED A RCHED “T YPE II” T UNNEL

are 11.19–16.75 m, 1.41–1.83 m, and 4.13–5.78 m, at 920 MHz,
2400 MHz, and 5705 MHz, respectively. Most of these values
are larger than the corresponding values when the radius of
curvature is 300 m. This implies that the sharper curve favors
the decorrelation of the received signal. The decorrelation
distances in the curved tunnel are much shorter than those in the
urban macro environments (32 m, 45 m, and 97 m) [70] as well
as other outdoor rail traffic scenarios, such as viaduct (14.81–
131.6 m) [54], [71], [72]. This indicates that compared with the
open space, the shadow fading component along the distance

varies considerably faster in the curved confined space, e.g.,
the curved subway tunnels in this study. This means that the
propagation inside curved tunnels needs special attention for
communication system design.
The mean error (ME), standard deviation (Std) and root mean
square error (RMSE) between all the measurement results and
the two models with two definitions are utilized to evaluate
the fitness. The results are summarized in Table IX. Generally
speaking, both models fit the measurement shadow fading autocorrelation well, because the mean ME are close to 0, and the
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TABLE IX
S TATISTIC VALUES OF THE ME, S TD , AND RMSE B ETWEEN M EASUREMENTS AND THE E XPONENTIAL M ODEL AND THE 802.16J M ODEL

TABLE X
C ROSS -C ORRELATION OF THE S HADOW FADING B ETWEEN THE 920 MH Z , 2400 MH Z , AND 5705 MH Z IN C URVED S UBWAY T UNNELS

mean RMSE are between 0.140 and 0.158. However, by comparison between the two models, the mean RMSE of the
exponential model is slightly larger than the 802.16J model,
which means that the 802.16J model is a more suitable model
for the measurement data in real curved arched subway tunnels.
No matter in which type of tunnel and model, the fitness of
using the decorrelation distance definition dcor (e−1 ) is better
than dcor (0.5).
D. Cross-Correlation Characteristics of Shadow Fading in
Curved Arched Tunnels
Cross-correlation characteristics of shadow fading in curved
tunnels between various measurement configurations are shown
in Table X. The shadowing cross-correlation in the sharper
curve (300 m radius of curvature) tends to be weaker than that
of the gentle curve (500 m radius of curvature), but the difference is not substantial. It implies that the variation of curved
radius in the tunnel has little impact on shadowing crosscorrelation. Moreover, the cross-correlation coefficients between various frequencies and different types of tunnels are
smaller than 0.41. This means that the signals in different
frequencies or types of tunnels are uncorrelated. The reasons of
such a uncorrelation (or low correlation) are analyzed by [1] in
detail, so they are not discussed here again.
Based on the above results, frequency diversity between the
three bands (920 MHz, 2400 MHz, and 5705 MHz) holds promise for diversity gains since the channel effects in these three

bands are essentially uncorrelated. In other words, various communication systems at 900 MHz frequency band (GSM/GSMR/LTE/TETRA/LTE-R), 2.4 GHz frequency band (Wi-Fi/
UMTS/LTE/CBTC/LTE-R), and 5.8 GHz (CBTC, custom systems, etc), are promising to work together in the same curved
tunnel without severe interference. On the other hand, the fact
that the channels at the same frequency in different types
of curved tunnels are uncorrelated, indicates that the type of
tunnel can significantly affect the shadow fading of received
signal. Hence, it is suggested that the network planning in
different types of curved arched tunnels should be conducted
independently.
V. D ISCUSSIONS
Based on the large-scale fading characteristics and analysis
offered above, the following discussions can be made:
1) Path loss: it is found that the path loss exponents in the
“Type II”—3.36 to 5.50—are larger than the values in the
“Type I” tunnel—0.94 to 3.73. This implies that the transmitters (access points) can be deployed more sparsely in
the curved traditional arched “Type I” tunnels than in the
modern “Type II” tunnels. The fact that most of the path
loss exponents are larger than 2, reflects that the tunnel
curve indeed reduces the waveguide effect, so that the
wave propagation suffers much larger loss than the cases
of the straight tunnels. Meanwhile, the measurement results indicates that the sharper the tunnel curve is, the
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3)

4)
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larger the path loss is. Moreover, it is found that both
the horizontal polarization and the higher frequencies are
more sensitive to the tunnel curve.
Shadow fading distribution: the measured shadow fading
can be well fitted by the log-normal distribution, with the
standard deviations from 2.18 dB to 4.95 dB in the curved
arched “Type I” tunnel, and 4.09 dB to 6.52 dB in the
curved arched “Type II” tunnel. This means that the wave
propagation in curved subway tunnels experiences more
severe shadow fading than the other railway scenarios,
such as train station, cutting, and viaduct.
Compared with the standard scenarios of WINNER, most
of the path loss exponents in the curved tunnel scenario
are larger than that of the standard scenarios. Furthermore, the standard deviations of shadow fading in the
curved tunnel scenario are usually between the values in
the outdoor and indoor scenarios of WINNER. Thus, it
is not suggested to use the existing scenarios to represent
the curved tunnel. The propagation characterization presented in this study could be employed for the network
planning and system design of the curved tunnel scenario.
Autocorrelation and decorrelation distance: he mean values of decorrelation distances are several meters, much
shorter than those in the urban macro environments or
other outdoor rail traffic scenarios. This indicates that
compared with the open space, the shadow fading component along the distance varies considerably faster in
the curved confined space, and therefore, the propagation
inside curved tunnels needs special attention for communication system design. In terms of the autocorrelation
model, the 802.16J model is a more suitable model for the
measurement data in real curved arched subway tunnels.
Cross-correlation of shadow fading: the signals in different frequencies or types of tunnels are uncorrelated.
This gives the chance to employ the frequency diversity
to ensure reliable communication in subway systems
for emergency cases. Moreover, various communication
systems at various frequency bands are expected to work
simultaneously in the same curved tunnel without severe
interference. Since the type of tunnel significantly affects
the shadow fading of received signal, the network planning in different types of curved arched tunnels should be
conducted independently.
VI. C ONCLUSION

A set of comprehensive propagation measurements are conducted in the curved traditional arched “Type I” and modern
arched “Type II” subway tunnels with 300 m and 500 m radii
of curvature, horizontal and vertical polarizations, at 920 MHz,
2400 MHz, and 5705 MHz, respectively. The extensive measurements provides the insight into the large-scale fading characteristics in real curved subway tunnels at various frequencies.
The qualitative analysis and corresponding findings are useful
for the link budget, channel modeling, and validation for simulators of various wireless communication systems deployed
in real curved tunnels, realizing the intelligent transportation
system in subway and railway systems.
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