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Abstract—Accurate characterization of the radio channel in tunnels is
of great importance for new signaling and train control communications
systems. To model this environment, measurements have been taken at
2.4 GHz in a real environment in Madrid subway. The measurements
were carried out with four base station transmitters installed in a 2-km
tunnel and using a mobile receiver installed on a standard train. First, with
an optimum antenna configuration, all the propagation characteristics
of a complex subway environment, including near shadowing, path loss,
shadow fading, fast fading, level crossing rate (LCR), and average fade
duration (AFD), have been measured and computed. Thereafter, compar-
isons of propagation characteristics in a double-track tunnel (9.8-m width)
and a single-track tunnel (4.8-m width) have been made. Finally, all the
measurement results have been shown in a complete table for accurate
statistical modeling.

I. INTRODUCTION

Nowadays, railway radio communications are becoming more and
more important for train control and signaling. High-quality radio
communications permit us to increase the capacity and reliability of
subways [1]. Modern subways use communications-based train control
systems (CBTCs) for the signaling and control of trains. This system is
based on the use of continuous radio communications to communicate
with the trains. The next generation of CBTC systems will require
high-quality video for trains’ control and surveillance. This system is
mandatory for automated driving of trains scheduled for year 2020 in
Madrid subway.

There are mainly two ways to provide radio coverage inside tunnels,
i.e., leaky feeders and distributed antennas [2], [3]. Leaky feeders have
been widely used; however, it becomes rather expensive for systems
operating at higher carrier frequencies, and maintenance is complex
after tunnels have been opened for the traffic [4].

Radio coverage with antennas has a 1/10 deployment cost, com-
pared with leaky feeders, and it has advantages such as higher distance
between repeaters, easy maintenance, and no upper frequency limit.
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Fig. 1. (a) Classical arched tunnel used in measurements. (b) Schema of the

on-train receiving antenna’s position. (¢) Skeleton map of the tunnel: Tribunal-
Principe Pio.

However, radio planning requires more engineering work, particularly
when the communication system must have high-quality service along
the entire track [3], [4].

There are considerable differences between tunnels for cars or
trains, as well as in the railway environment between subway, light
rail trains, or high-speed trains. Moreover, there are important differ-
ences between measurements carried out in a realistic and nonrealistic
environment, with and without trains. To overcome these problems
and meet future needs, a real solution for 2-km tunnels with four base
transmitters and three train stations using standard subway trains has
been measured. Effects such as near shadowing of long trains, shadow
fading, path loss, multimode, and attenuation have been accurately
measured and statistically modeled to permit the design with distrib-
uted antenna solution, meeting the service quality required for train
control systems.

A. Measurement Environment

The measurements have been carried out in the Line 10 tunnels of
Madrid’s subway, between Tribunal and Principe Pio stations. On this
line, the arched shape and construction of the tunnels are the most
common in Madrid subway. Fig. 1 shows the testing tunnel, the schema
of the on-train receiving antenna’s position, and the skeleton map of
the tunnels.

As shown in Fig. 1(a), the cross section of testing tunnels is arched,
which can be approximately regarded as an equivalent rectangle.
Along a 1863-m-long track, four tunnel sections (three wide tunnels
and one narrow tunnel) have been selected for measuring with the
dimensions (9.6 m x 6.1 m), (9.8 m x 6.2 m), (9.7 m x 6.1 m), and
(4.8 m x 5.3 m). Correspondingly, four transmitters are installed at
4 m above the floor; 25 ¢cm from the tunnel walls; and 455, 664, 946,
and 1228 m along the track, with different operating frequencies at
2481, 2454, 2427, and 2400 MHz, respectively. The receiving antennas
are in the front and rear cars of the train, 2.2 m from the nearest wall
and 4.5 m above the track, as shown in Fig. 1(b).

The distance between transmitters is calculated by a computer
program using the modal analysis propagation model described in [5].
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Fig. 2. (a) Test transmitter installed on the tunnel. (b) Antennas’ configuration

in the cabin of the train. (c) Block diagram of the test transmitter. (d) Antenna
patterns.

The network is designed with a moderate overlap of the transmitters.
The distance of the overlap depends on the characteristics of the
tunnel, the maximum speed of the trains, and the radio modulation
system used. The objective is to guarantee that a handover is possible
between two neighbor transmitters. We plan to use 2-MHz-bandwidth
code-division multiple-access transmitters with a data rate of 250 kb/s
and the minimum useful signal of —80 dBm. Since the minimum
time of the transmitter to do a handover is 4 s, with normal trains
for subway with a top speed of 120 km/h (33.3 m/s), a minimum
of 266 m (2 x 133 m) of overlap is required. With a conservative
consideration and therefore choosing a safe margin of 10 dB over
the minimum level, the overlap between transmitters is obtained at
500 m.

Detailed parameters of the tunnel in the measurements and location
information of transmitters have been supported in Fig. 1(c).

B. Test System

The test system works from —80 to —10 dBm. (The noise floor is
—90 dBm.) The transmitters are proprietary portable equipment that
covers the 2.4/2.5-GHz band in 1-MHz steps with an output power of
20 dBm. It has a 3-dB power splitter to feed two HyperLink HG2409P
antennas (circular polarization with 8-dBi gain), each one pointing to
one side of the tunnel.

The receiving system is composed of a spectrum analyzer, a portable
computer, a proprietary control software, external antennas, and low-
noise amplifiers. The receiving antennas are the same as for the
transmitters but vertical polarized with 65° horizontal and vertical
beam width. Near each antenna, there is a 30-dB preamplifier to
improve noise figure and reduce coaxial feeder loss. The two-antenna
configuration requires that each antenna is first preamplified and then
combined with a 3-dB power splitter. The objective is to get the same
input level at the input of the spectrum analyzer.

Fig. 2 shows a transmitter installed on the wall of the tunnel, one
of the directive antennas installed in the front of the train, the block
diagram of one transmitter, and the radiation pattern of the antennas
used for both the transmitter and the receiver.
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Fig. 3. Received power in the tunnel with four transmitters and a description
of different regions.

The receiver is deployed in the locomotive cabin of one of the trains.
The trains used are standard Madrid subway trains with four cars and
60-m length.

The test system is able to take 100 measurement/s. With this
recording speed at 2.4 GHz and for a maximum train speed of 20 km/h,
we have obtained a rate of one measurement per 0.44 wavelength.

II. MEASUREMENTS AND PROPAGATION

The objective of the measurements is to provide data to a real com-
plex subway environment under real conditions. With this objective,
the following two different scenarios have been tested:

1) referenced configuration with one antenna in the front and one
in the rear;
2) narrow tunnel and wide tunnel.

A. Propagation Measurements With Referenced Antenna
Configuration

The first group of measurements have been taken using a config-
uration of two antennas, with one installed in the front and one in
the rear car of the train. It is known that this configuration provides
good results; therefore, it is widely used in railway systems. With
this configuration, the signal received by each antenna is strongly
uncorrelated due to the directivity, long distance between antennas,
and strong self-shadowing of the train.

The received signal power from four transmitters is shown in
Fig. 3, which shows very good propagation in the entire tunnel. CBTC
communications systems require a minimum signal level of —70 dBm
to operate. Therefore, we can see that the coverage is continuous
with strong overlapping between neighbor cells, so that the distance
between transmitters can be increased.

With the measurement results, statistics of propagation can be done.

1) Near-Shadowing Phenomenon: An important phenomenon has
been observed: when the train is passing in front of the transmitter, the
received signal power suffers deep fading, and propagation has strong
multipath. We call this phenomenon near shadowing; a corresponding
near-shadowing zone (NSZ) is shown in Fig. 3, and the effect is
modeled in [6].

When the train is passing in front of the transmitter, the signal is
blocked by the train because the subway tunnels are very narrow and
the trains are very long (60-20 m). At 2.4 GHz, antennas are directive,
and in narrow tunnels, it is impossible to get line of sight (LOS) with
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Fig. 4. Statistical modeling of fading in the three regions.

the transmitter, even if the antennas are located in the upper part of
the train.

2) Path Loss: A statistical model [7] has been chosen to analyze
the path-loss exponent, i.e.,

PL(d)[dB) = PL(do) + 10nlog(d/do) + X, (1)

where n is the path-loss exponent; dy is the reference distance, and 1 m
is used inside the tunnel [8]. PL(d) is the ensemble average of all
possible path-loss values for a given distance d.

3) Shadow Fading: The most common model, which has been
empirically confirmed for shadow fading is lognormal distribution
X, [9]. X, is a zero-mean Gaussian distributed random variable (in
decibels) with standard deviation o (in decibels).

In Fig. 3, the measurement result has shown good coverage and has
allowed us to analyze the shadow-fading probability density function
by defining three different regions [10].

1) Region I (NSZ): When the train is passing by the transmitter, the
LOS between the transmitter and receiving antennas is blocked
by the train. As there is no LOS component, the multipath
propagation is dominant in this region. This renders ¢ in this
region bigger than in the other two regions.

2) Region II (LOS): When the train has passed but is still near
the transmitter, there is a clear LOS propagation resulting in the
smallest o.

3) Region III [Far LOS (FLOS)]: There is no LOS because the
tunnel has a smooth curve, as shown in Fig. 1(c). Hence, the
direct wave is more attenuated, and the propagation fading is
higher farther from the transmitter. The reflected wave is more
significant than the direct wave [10]. Thus, o is smaller than that
in Region I but larger than that in Region II.

As shown in Fig. 4, we statistically modeled fading in the three
regions using normal distribution. It can be seen that the fitting is very
good in LOS and FLOS regions and a little bit worse for NSZ. These
fittings have been done using Easy Fit [11] with a good result. We
have decided to fit the three zones with Gaussian functions to simplify
comparison among them.

In a normal network, the train transceivers make handovers between
different base-station transmitters along the entire track; therefore,
one overall measurement of the network quality is the power sum
enveloped from the signal of all the transmitters deployed on the track.

TABLE 1
GLOBAL MEASUREMENT RESULTS

Propagation in tunnels
with referenced antennas configuration

Power Distance between successive
received fadings with depth of
0 dB 5 dB 10 dB
Mean -532dBm 35m  219m 1644 m
Median -493 dBm 3 m 11 m 73 m
Std 5.8 dB 1.7m 255m 1649 m
Distribution Gaussian (in dB)
Distance 0-1863 m
Fading
depth AFD LCR
(dB) (wavelengths) (wavelengths—1)
5 0.008 0.098
10 0.001 0.007
Fast fading of the received signal power: Nakagami-m
Median Mean Std Min Max
4.3 6.5 6.7 1.1 39.9
Zone Reg. I Reg. II Reg. 11T
Near
shadowing LOS FLOS
Shadow fading of the received signal power (TX1)
Distribution Normal Normal Normal
(in dB) (in dB) (in dB)
Std 5.0 dB 2.6 dB 3.6 dB
Fast fading of the received signal power (TX1)
Nakagami
m 0.8 2.8 2.4
Tunnel dimension Wide Narrow
Mean of near shadowing depth 214dB  32.1dB
Length of near shadowing zone two times
the train length
Std of shadow fading o 275dB  4.17 dB
Path loss exponent n 5.49 7.13
(real curved tunnel)
Attenuation rate 69.5 85.9
(real curved tunnel) dB/km dB/km
Nakagami-m 5.4 4.4

The signal deviation of the power sum is the sum of four lognormal
distributions of the four transmitters, and according to the central
limit theorem, this number is high to reach a Gaussian distribution
(in decibels) with a standard deviation of 5.8 dB, providing a good
root-mean-square quality of signal.

4) Fast Fading: Nakagami-m distribution has been found to be a
very good fitting for mobile radio channel fast fading. Parameter m,
which indicates the severity of the amplitude fading, is estimated by
using the moment-based method in all the testing and comparison
cases. According to Lee’s Criteria, we choose the window with a
length of 91 samples to separate the local mean from the fast fading
data. Details are shown in Table L.

5) LCR and AFD: Level crossing rate (LCR) and average fade
duration (AFD) with respect to various fading depths have been
deduced from measured values. Details are given in Table I.

B. Narrow Tunnel and Wide Tunnel

Subway tunnels frequently split into two single-track tunnels when
arriving to large stations; therefore, it is important to model propa-
gation in these situations. We have tested inside an arch-shaped wide
tunnel (9.8 m x 6.2 m) and a narrow tunnel (4.8 m x 5.3 m).
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Fig. 5. Received signal power between the wide tunnel and the narrow
tunnel.

Fig. 5 shows the power received from two transmitters, i.e., one
(TX2) in a double-track wide tunnel and the other one (TX4) in a
single-track narrow tunnel. The wide tunnel, as shown in Fig. 1(c),
goes from 0 to 1000 m, and the narrow tunnel is 500 m in length,
starting from point 1000 m and ending on point 1500 m. At position
1470 m is a subway station.

1) Near-shadowing effect: The received signal suffers a severe
attenuation of up to 21.4 dB inside the wide tunnel (9.8 m x
6.2 m) and 32.1 dB inside the narrow tunnel (4.8 m x 5.3 m).
These values are high and must be carefully considered in the
design of a network.

2) Path loss: Fig. 5 demonstrates the different situations of path
loss in tunnels with various widths. Corresponding path loss
exponents have been extracted and shown in Table L.

3) Attenuation rate: As shown in Fig. 5, the attenuation slopes are
69.5 dB/km for the wide tunnel and 85.9 dB/km for the narrow
tunnel.

4) Shadow fading deviation: In the measurement, shadow fading
deviation o is 2.75 dB for the wide tunnel and 4.17 dB for the
narrow tunnel.

5) Fast fading: The Nakagami-m distribution’s parameters m is
shown in Table L.

III. CONCLUSION

A complete group of measurements made at 2.4 GHz has been
reported. Measurements have been focused on propagation under real
conditions with a long test track, typical tunnels, stations in the middle,
real transmitters, and commercial trains. The test network deployed is
very similar to a real network and has been used to validate antenna
solutions for CBTC.

One interesting new result is the near-shadowing effect created by
the train carriages when passing the base station. This effect has been
clearly observed with attenuation up to 31.2 dB and lasting two times
the length of the train or up to several seconds, depending on train
speed.

A group of important comparisons of propagation between wide
tunnel (9.8 m x 6.2 m) and narrow tunnel (4.8 m x 5.3 m) with
the same conditions has been made. Near shadowing, shadow fading,
path loss, fast fading, and attenuation rate have been measured and
analyzed.

The results are a complete set of coefficients and comparisons
suitable for system simulation and network design of antenna-based
communications in tunnel environments. A standard subway line has
been measured and analyzed under real conditions, with curves, trains,
and all the elements.
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