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1. INTRODUCTION 

Use of telecommunication services aboard trains is 
becoming more and more common for providing 
information and entertainment services to passengers 
during trips. Recently, WiFi access points began to be 
installed on board with the aim of providing passengers 
with wide-band access to the Internet. Trains are a possibly 

harsh environment to wireless propagation, given the 
presence of metal walls, seats, moving and steady 
passengers, besides emissions due to electric and electronic 
equipment and the power quality phenomena that may 
cause interference with electronic devices [1]. There are two 
main areas of interest for researchers in order to reduce 
performance degradation: the study of the propagation 
characteristics aboard trains to determine the attenuation 

 
Figure 1. Train layout. 

ABSTRACT 
The propagation channel aboard trains  is  investigated with reference to the propagation path  loss within cars, the delay spread and 
the coherence bandwidth. Results show that the path loss exponent is slightly smaller than in free space, possibly due to reflections by 
metal walls, and  that  it does not depend significantly on  the position of  transmitter and  receiver. The delay spread and coherence 
bandwidth  depend  on  both  the  polarization  and  distance  between  transmitter  and  receiver while  the  effect  of  interaction  is  not 
statistically significant. The best fit for both delay spread’s and coherence bandwidth’s experimental distribution is also investigated. 
Results show that  it does not always match models suggested  in the  literature and that the fit changes with the values of the  input 
parameters.  Finally,  the  functional  law  between  coherence  bandwidth  and  delay  spread  is  determined.  Results  typically  match 
expectations although the specific measurement configuration effects the model parameters. 
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law and multipath properties, and the investigation of the 
effects of external disturbance onto the telecommunication 
signal. In [2]–[4] the results of an extensive measurement 
campaign to characterize the behavior of the disturbance 
radiated by the electric arc generated by the interaction 
between pantograph and overhead wire can be found, while 
the effects of pulses onto some Quality-of-Service 
parameters have been investigated in [5]. 

With reference to the characterization of the 
propagation channel, literature about this topic usually 
includes research papers about the propagation in different 
scenarios and at different frequencies. In [6], [7] it is shown 
that the use of a directive antenna reduces the Doppler 
spread and increases the received power when train runs 
towards the base transmitting station (BTS); when train 
moves away from BTS the omnidirectional antenna 
provides better results instead. In [8]–[11] it is shown that 
the classical models for propagation loss (such as Hata 
model and two-ray model) are inadequate for attenuation 
prediction when propagation occurs under the effect of 
structures like viaducts and terrain cuttings (canyons). 
Moreover, the presence of canyons, especially if topped by 
bridges, determines higher path losses than in the case of 
viaducts. With specific reference to propagation on board, 
in [12], [13] a narrow-band approach has shown that the 
transmitted signal can re-enter cars through windows and 
that its contribution to inter-car propagation is more 
relevant than the line-of-sight (LOS) signal. In [14] 
propagation on board has been analyzed with a 2.35 GHz 

continuous-wave signal and both a planar and an 
omnidirectional antenna, placed at different locations. The 
path loss and the Ricean K-factor are shown to be related to 
the antenna type, while the delay spread is independent of 
the measurement configuration. Studies performed aboard 
ships [15]–[18] only partially can be applied to trains due to 
differences in the geometrical and electromagnetic 
configurations.  

The paper is organized as follows: in Section II the 
measurement setup and methodology for the experimental 
studies are described; in Section III the results are presented. 

2. MEASUREMENT SETUP 

Measurements were run on an ETR200 train owned by 
Circumvesuviana s.r.l., an Italian local transportation 
service. Figure 1 shows a portion of the train layout, with 
dimension in millimeters. 

The properties of the propagation channel were 
investigated with a narrow-band approach. The 
transmitting port of a FieldFox N9918A Vector Network 
Analyzer by Agilent has been connected to a BBHA 9120D 
horn antenna by Schwarzbeck, while the receiving port to 
an EM6865 biconical antenna by Electrometrics. 
Automated calibration was run to normalize the 
attenuation introduced by cables and connections. Also, 
care has been taken to keep polarization coupling and to 
maximize the received signal by a proper antenna 
alignment. It was not necessary to take into account 
antenna factors because the main focus has been on the 
propagation loss exponent and not on the absolute value of 
loss itself. Measurements were executed in a steady train, 
without significant reflectors in close proximity outside the 
car. Figure 1 also shows distances from the wall (in mm) for 
the two propagation configurations for path loss 
measurements, which were taken along the centerline of 
the car and away from it (off-axis measurements), both at 
120 cm height. Samples were taken moving the receiving 
antenna away from the transmitting one starting at 1 m up 
to 20 m in 10 cm steps. Figure 2 shows a view of the 
propagation environment for centerline measurements. It is 
apparent that propagation is affected by reflection on the 
walls, seats and vertical handrails, because of which the 
number of measurement points was reduced from 190 to 

 
 Figure 2. Measurement setup. 

 
Figure 3. Path loss measurements and regression with 95% confidence intervals. Left: centerline and off‐axis; upper right: centerline; lower right: off‐axis. 
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171 and 151 for the centerline and off-axis configuration, 
respectively. 

Delay spread was measured along the centerline, both in 
vertical and horizontal polarization, at 120 cm height and 
three distances, i.e. 5, 10 and 15 m, moving the whole 
system at 10 cm steps. Again, some measurement points 
were missed, this time because of the presence of seats along 
the off-axis positions besides the ones already excluded 
because of the handrails. 

3. RESULTS 

3.1. Relative path loss PLr 

Since Internet access on board is expected to be granted 
through WiFi access points, channel propagation has been 
investigated in the 2.45 GHz band. Figure 3 shows the 
relative path loss PLr obtained by normalizing the received 
power to that measured at 1 m from the transmitting 
antennas [19], [20]. The graph on the left shows both 
centerline and off-axis samples, and regression is carried out 
without distinction between the two configurations. 
Variability about the regression line is typically caused by 
the external noise affecting the measurement setup [21]. 
Because of the inhomogeneity of the propagation 
environment (see Figure 1), different exponents are 
expected to rule the power-decay law along the channel. 
Therefore the approach shown in [22] should have been 

adopted. However, the limited number of points assigned 
to each propagation layer would have resulted in a reduced 
significance of the regression analysis. For this reason, no 
distinction was made, and the exponent n can be thought of 
as the average one over the whole distance. 

The model for the relative path loss PLr is [23]: 

 
0

10 logr
dPL d n Xd

   
 

  (1) 

where d0 = 1 m is the reference distance and X is a random 
variable describing the effect of multipath propagation onto 
received power, expected to be distributed according to a 
Gaussian random variable. 

With the obtained experimental data, the path loss 
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a) Residuals of the whole set of propagation measurement data 
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b) Residuals for centerline and off‐axis propagation 

Figure 4. Residuals of regression. 

 
a) Magnitude and phase frequency response for minimum and maximum 
delay spread propagation 

 
b) Impulse response for minimum and maximum delay spread propagation 

 Figure 5. Frequency and impulse response. 

 
 Figure 6. τrms vs   for each combination of input factors. 
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exponent turns out to be n = 1.71, smaller than that for 
free-space due to reflection on metal walls. To check that 
differences between the two propagation directions were 
indeed statistically insignificant, we also applied the 
regression procedure separately to the two propagation 
scenarios. The exponent for centerline and off-axis 
measurements turned out to be nc = 1.67 and no = 1.73 
respectively. The associated 95% confidence intervals are 
shown in Table 1. Because of the overlap between them and 
with the confidence interval for the indistinct regression, 
propagation in the two configurations can be assumed to be 
very similar. 

Figure 4 shows that the Gaussian model fits the 
experimental distribution of residuals from linear regression 
as expected by model (1). Residuals from the whole set of 
propagation data (“overall” propagation) are Normal with a 
p-value p = 10% (Figure 4.a), while p = 12.7% and p > 15% 
for centerline and off-axis propagation, respectively. Mean 
values of residuals are zero with p = 99.7%, p = 85.6% and 
p = 68.1% for the whole measurement set, centerline and 
off-axis propagation respectively. The 95% confidence 

intervals for the mean values are [-0.304;0.305], [-0.39;0.47] 
and [-0.50;0.33] respectively. Moreover, we cannot reject 
the hypothesis of equal variances for the centerline and off-
axis scenarios unless we accept a risk at least equal to 29.1%. 
The 95% confidence interval for the ratio of the two 
variances is [0.87;1.61]. 

3.2. Frequency and impulse response 

Figure 5.a shows the frequency response (magnitude and 
phase) of the propagation channel for horizontal 
polarization with 10 m separation. In the figure the 
responses with the smallest and largest τrms delay spread, 
calculated according to [23] and described in the next 
section, are plotted. The square magnitude of the associated 
impulse responses are plotted in Figure 5.b. 

3.3. rms delay spread τrms 

The mean excess delay  and the rms delay spread τrms are 
quantities used to estimate the time dispersion properties of 
the multipath channel. 

The mean excess delay  is the first central moment of 
the power delay profile: 
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   (2) 

while the rms delay spread τrms is defined as the square root 
of the second central moment of the power delay profile: 

 
Table 1. Path loss exponent’s 95% confidence intervals.  
 

n, overall nc, centerline no, off-axis 

[1.61;1,81] [1.53;1.81] [1.60;1.86] 
 

 
a) Main effects plot of polarization and distance for τrms 

b) Interaction plot between polarization and distance for τrms 

 Figure 7. Main effects and interaction plots for τrms. 
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a) 95% confidence interval for standard deviation 
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b) Experimental CDF’s and normal fit 

 Figure 8. Validation of ANOVA hypothesis for τrms. 
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rms       (3) 

where 2 is the mean square value:  

 
 

2

2 k kk

kk

P

P

 







   (4) 

Table 2 shows the sample mean values and the sample 
variance for τrms and . For both parameters the mean value 
increases with separation between antennas, but for the 
mean excess delay the increment has a larger magnitude. 

The relation between rms delay spread and mean excess 
delay, shown in Figure 6, is linear and follows the model: 

rms      ,  (5) 
where it can also be seen that for vertical polarization the 
correlation coefficient ρ is usually smaller: its values are 
76.2%, 80.3% and 78,9% for 5, 10, 15 m horizontal 
polarization and 53.7%, 65.0% and 66.7% for the same 
distances, vertical polarization. Table 3 reports the values of 
the α and β parameters. 

Figure 7.a shows the main effects of distance and 
polarization on τrms, while Figure 7.b shows the interaction 
plot between the two quantities. Figure 7.a shows that on 
average, the two polarizations cause a significant change in 
the amplitude of τrms, namely the vertical polarization 
typically suffers from a larger contribution from secondary 
peaks of the impulse response, that is reflection 
contributions are more numerous or present higher 
amplitudes. This may be due to the different boundary 
conditions encountered by vertically and horizontally 
polarized waves. The plot on the right of Figure 7.a shows 
that at greater distances the delay spread increases on 
average, which is due to the larger number of reflected 
signals arriving at the receiving antenna. The interaction 
plot in Figure 7.b is used to determine if the effect of 
polarization also depends on distance. It can be seen that 
the increase in the delay spread when the distance changes 
between 5 m and 15 m is different for the two 
polarizations. The interaction plot therefore seems to 
indicate that there is indeed interaction between the two 
factors. 

For a more complete analysis, the analysis of variance 
(ANOVA) was run on experimental data. Results show 

that while distance and polarization are indeed statistically 
significant as a cause for variations observed in 
experimental data (p < 0.1%), interaction cannot be 
considered significant unless an error probability of at least 
20% is accepted. However, the low value of the R2

adj 
statistics (R2

adj = 27%) tells that only about 27% of the 
variability in experimental data can be explained by the 
linear model including distance, polarization and their 
interaction. More factors should therefore be included in 
the model. This is not unexpected at all, since propagation 
in such a complex scenario as a train car is not only ruled 
by polarization and distance between transmitting and 
receiving systems. 

Furthermore, it is necessary to verify that hypotheses for 
applicability of the ANOVA methodology are satisfied. 

 
 Figure 9. Frequency correlation functions. 

 
a) Main effects plot of polarization and distance for Bc 

 
b) Interaction plot between polarization and distance for Bc 

 Figure 10. Main effects and interactions for Bc. 

Table 2. Sample mean and sample variance for   and  rms . 

Dist. Pol. 
 rms  

 s2  s2 

5 

V 

28.05 23.23 16.77 23.43 

10 51.07 61.78 20.31 23.33 

15 63.91 49.84 21.63 39.56 

5 

H 

22.44 10.96 12.51 13.03 

10 40.78 9.92 15.24 18.15 

15 62.69 65.61 18.64 42.25 
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Figure 8 shows results of such validation. In Figure 8.a we 
see that although variances σ2 can be assumed to be equal 
between horizontal and vertical polarization at a given 
distance, they cannot be considered to be equal in general 
assuming either normal (Bartlett’s test) or continuous 
distributions (Levene’s test). In Figure 8.b it is shown that 
the hypothesis of normal distribution of data for each 
combination of the input factors, unlike expected [24], is 
only verified for 10 m separation. Both conditions pose a 
limit to the validity of results of ANOVA although the 
very small p-values associated to the effect of distance and 
polarization may compensate for it. 

To further test validity of results, the non-parametric 
Kruskal-Wallis test has been applied. It is equivalent to a 

one-way ANOVA, therefore interaction of factors cannot 
be determined. It does not require normality of data but 
does rely on equal variances assumption. By application of 
the test on τrms it turns out that both distance and 
polarization are significant at p < 0.1%, confirming the 
aforementioned outcomes from ANOVA. It must be said 
however that variances as a function of distance cannot be 
considered equal (p < 0.1%) while they can be considered 
equal as a function of polarization (Levene’s test, p = 
46.9%). 

3.4. Coherence bandwidth Bc 

Coherence bandwidth Bc is the frequency separation at 
which the frequency correlation function crosses a certain 
level c. Typical values of c are 0.9 and 0.5 [23].  

Figure 9Erro! A origem da referência não foi 
ncontrada. shows a typical behavior of such functions for 
each polarization and distance. It must be noted that 
oscillations in the curves are caused by the multipath 
propagations and directly related to the amplitude of τrms. In 
Table 4 the sample mean and the sample variance of Bc for 
each configuration are reported. 

Figure 10.a shows the main effects of distance and 
polarization on Bc, while Figure 10.b shows the interaction 
plot between the two quantities. Figure 10.a shows that on 
average, the two polarizations cause a significant change in 
the amplitude of Bc, namely the vertical polarization 
typically presents a lower value. Again, this may be due to 
the different boundary conditions encountered by vertically 
and horizontally polarized waves. The plot on the right of 
Figure 10.a shows that at greater distances the coherence 
bandwidth decreases, in accordance to the increase of the 
delay spread shown in Figure 7 and the behavior shown in 
Figure 9. The interaction plot in Figure 10.b shows that the 
reduction in Bc when the distance changes between 5 m and 
15 m is slightly different for the two polarizations. The 
interaction plot therefore seems to indicate that there is 
small interaction between the two factors. 

Again, for further analysis the analysis of variance 
(ANOVA) was run on experimental data. Results show 
that while distance and polarization are indeed statistically 
significant as a cause for variations observed in 
experimental data (p < 0.1%), interaction can be considered 
significant at a level of 3.6%. Like for τrms the value of the 
R2

adj statistics (R2
adj = 23%) suggests that to explain 

Table 3. Parameters of linear regression  rms  vs  . 

Dist. Pol. α β 

5 

V 

1.63 0.54 

10 -0.07 0.40 

15 -16.36 0.59 

5 

H 

-9.19 0.83 

10 -29.16 1.09 

15 -21.08 0.63 
 

d [m] Pol.
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3,53,02,52,01,51,0
95% C.I. for standard deviation s  [MHz]

Test Statistic 60,82
P-Value 0,000

Test Statistic 10,28
P-Value 0,000

Bartlett's Test

Levene's Test

 
a) 95% confidence intervals for standard deviations 
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b) Experimental CDF’s and log‐normal fit 

 Figure 11. Validation of ANOVA hypothesis for Bc. 

Table 4. Sample mean and sample variance for  cB . 

Dist. Pol. 
  

x  s2 

5 

V 

4.92 2.47 

10 4.44 2.28 

15 4.02 2.10 

5 

H 

7.03 2.21 

10 6.75 4.88 

15 5.21 5.90 
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variability in experimental data more factors should be 
included in the model. Again, this is expected just like for 
τrms, for the same reasons. 

Validation of the hypotheses for applicability of the 
ANOVA methodology is shown in Figure 11. Figure 11.a 
shows that although variances σ2 can be assumed to be equal 
at each polarization for the different distances, they cannot 
be considered to be equal in general assuming either normal 
(Bartlett’s test) or continuous distributions (Levene’s test). 
As for normality of Bc’s data, it must be said that there is no 
evidence in scientific literature about a specific distribution. 
We found (see Figure 11.b) that the best fit is with a 
lognormal CDF in all cases except for the horizontal 

polarization at 5 and 15 m. Like for delay spread, both 
conditions pose a limit to the validity of results of 
ANOVA, although the very small p-values associated to the 
effect of distance and polarization may compensate for it. 

The non-parametric Kruskal-Wallis test has been applied 
also to Bc data. Again, results show that both distance and 
polarization are significant at p < 0.1%. In this case, 
however, variances as a function of distance can be 
considered equal (Levene’s test, p = 29%) while they cannot 
be considered equal (p < 0.1%) as a function of 
polarization. 

3.5. Coherence bandwidth Bc vs. delay spread τrms 

Often in literature the functional relation between Bc 
and τrms is identified by the following expression [23]: 

1

50c
rms

B


   (6) 

by the more generic model [25]: 

c
rms

B



   (7) 

or by an even more generic one 

1,71,61,51,41,31,21,11,00,90,8

1,2

1,0

0,8
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a) overall behavior of Bc vs. τrms 

 
a) Bc vs. τrms for each combination of input factors 

 Figure 12. Bc vs. τrms. 

Table 5. Values and 95% confidence intervals for a and b. 

Dist. Pol. 
a b 

value 95 % C.I. value 95 % C.I. 

5 

V 

1,90 1,79;  2,01 1,02 0,93; 1,11 

10 2,28 2,13;  2,43 1,28 1,16; 1,39 

15 2,06 1,92;  2,21 1,13 1,02; 1,24 

5 

H 

2,03 1,89;  2,18 1,12 0,99; 1,25 

10 2,28 2,11;  2,45 1,27 1,13; 1,42 

15 2,16 2,02;  2,30 1,20 1,08; 1,31 

Overall 2,06 2,01;  2,12 1,13 1,08; 1,17 
 

 
a) 95% confidence intervals for parameter a 

 
b) 95% confidence intervals for parameter b 

 Figure 13. 95% confidence interval for a and b. 

Table 6. Values of ρ. 

Overall Hor. 
5 m 

Hor. 
10 m 

Hor. 
15 m 

Vert. 
5 m 

Vert. 
10 m 

Vert. 
15 m 

91.2% 88.0% 89.4% 92.6% 92.5% 93.0% 91.5% 
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c b
rms

B



   (8) 

in agreement with [26] and [27]. 
Values of the coherence bandwidth Bc versus the rms 

delay spread τrms are shown in Figure 12 together with the 
linear fit: the log-log representation changes eq. (4) to: 

log log logc rmsb
rms

B a b
 


    . (9) 

In Figure 12.a regression has been applied to all available 
data, while in Figure 12.b each combination of polarization 
and distance has been considered separately. Values for a 
and b, and their 95% confidence intervals are shown in 
Table 5 and in Figure 13. Values are typically compatible, 
although the configuration at d = 5 m with vertical 
polarization does not overlap to the other intervals. 

The large values of the correlation coefficient ρ reported 
in Table 6 for measurement data in both Figure 12.a and 
Figure 12.b show that τrms and Bc are strongly correlated and 
that their relationship is very close to a linear function. 

4. CONCLUSION 

The characterization of the propagation channel aboard 
train with a narrow-band methodology has been presented. 
Results show that the propagation law is very close to the 
free-space one, without significant differences between the 
propagation along the centerline and off-axis. 

The delays spread and coherence bandwidth are strongly 
dependent on the polarization of the propagating signal and 
on the distance between transmitting and receiving antenna, 
horizontal polarization showing typically smaller spreads 
and thus larger coherence bandwidth. However, a detailed 
statistical analysis shows that variability in the data cannot 
be explained only by the contribution of polarization and 
distance, and therefore more factors should be included in 
the model. This is not unexpected given the very complex 
propagation environment. Finally, the parameters of the 
model describing Bc as a function of τrms typically do not 
depend on the propagation configuration. 
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