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Abstract—The mobile cellular service coverage of nomadic
users in the context of high speed vehicular scenarios, e.g., railroad trains, is challenging. Energy saving efforts of the past years
have lead to substantially increased vehicle penetration losses,
e.g., by metal shielded windows. As a result providing coverage
into railroad cars is an emerging topic for optimization efforts,
either based on network deployment or on railroad car materials.
The quality of these efforts rely heavily on the understanding of
the vehicle penetration loss and its angular dependency. In this
paper we present a distributed measurement methodology and
setup allowing for measuring the penetration loss of railroad
cars. We validate the feasibility of the methodology in a real
world measurement campaign in Austria. There, we compare
two different car configurations, standard and prototypical, at
800—2600 MHz for azimuthal angles of arrival of 0—60 degree.
The comparison of the two configurations shows a substantial
lower penetration loss of the prototypical setup due to windows
with alternative material treatment.

I. I NTRODUCTION
Mobile service coverage for nomadic users on board trains
remains a challenging scenario for cellular technologies. There
are multiple reasons to this, e.g., fast hand-overs, high local
cell loads and in general the high Vehicle Penetration Loss
(VPL). The VPL in public transportation is high due to metal
coating applied to the windows as an isolation to the infrared
part of sunlight. This metal coating typically results in an
attenuation of mobile signals of up to 40 dB. The same applies
for modern electric cars due to energy saving efforts. The
additional attenuation caused by VPL in combination with the
rural, low populated areas highways and railroads are passing,
results in a very low general service quality.
As a consequence different solutions have been studied to
improve the level of mobile signal strength inside the railroad
cars. The current studies are split into two main sets [1].
The first set deals with the optimization of the deployed
cells around the track of the train. Small cells in rural areas
are an expensive investment, especially considering the low
frequency of use, e.g., railroads. A solution is to provide
cellular coverage with relay antennas deployed over multiple
locations along the track. The system repeats the signal of the
master node at each relay providing a continuous high level of
signal strength along the repeater chain. The theoretical peak
capacity of the cell remains unchanged. Relay deployments
along railroads are still costly due to the small cell size and

the location close to the track, resulting in an obtuse Angle of
Arrival (AoA) at the railroad car.
The second set focuses on modifications of the VPL itself.
Recent railroad cars have lowered the VPL from former 60 dB
as far as 20 dB by reducing the thickness of the metal coating.
Still the remaining VPL exceeds typical indoor penetration
loss values mobile operators use for planning their networks.
An active solution is the deployment of repeaters in railroad
cars. The system uses and outdoor antenna, an amplifier and
an indoor leaky cable distribution to lower the VPL to virtually
zero [2], [3]. The passive solution is using a modified metal
coating on the window using regular structures acting as small
antennas allowing the electromagnetic waves to pass at low
levels of VPL, see [4].
A smart combination of these two approaches, namely a
densification of the deployment using repeater chains along
the track and a reduction of the VPL by modifications of the
railroad cars, is important. A major missing link to combine
these two improvement strategies, is a better understanding on
the angular impact to VPL. In other words a measurement of
the penetration loss of the cabin windows for different AoAs.
Related Work
There is only limited literature available on measurements
performed in the context of railroad cars. In [5] the authors
measured the radio channel properties outside the railroad cars,
this allows a characterization of channel parameters. In [6] the
authors used an antenna setup in the cabin and on the rooftop
of a railroad car measuring channel parameters such as the
Doppler profile. The authors of [7] focused on subway cars
moving in tunnels and the according effects of wave guiding.
Literature in the context of indoor penetration loss for
buildings is available for various materials and scenarios. A
large collection of results is presented in the ITU report P.2346
relating to building entry loss. The report also analyzes the
elevation angle as one component of the measurement. In
[8] the authors have specified a measurement methodology
to measure the penetration loss of building walls, e.g., stone
or glass, at 5 GHz. Results on VPL measured for cars with
different directions of illumination is presented in [9]. The
results are close to values derived from simulations and range
between 3 and 20 dB.
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Fig. 1. Measurement geometry to measure the VPL at different AoAs.

All the previous measurement work reflects very closely the
scenario it was recorded in. These results can be applied in
similar scenarios only and not generalized further.
Contribution
In this work we have derived a methodology for repeatable
and controllable measurements of the VPL of railroad cars.
The setup is designed to measure solely the impact of the
VPL without considering a specific scenario, e.g., test drive.
We test our measurement setup in a campaign comparing two
railroad cars equipped with different types of windows. In
this campaign we measured various radio frequencies used
for cellular mobile communication in Europe.
II. M EASUREMENT M ETHODOLOGY
In order to fairly compare the VPL of different railroad
cars at different frequencies and different AoAs we do measurements according to the geometry illustrated in Figure 1.
Thereby, we evaluate the angle dependency of the VPL by
moving both, the transmit antenna and the receive antenna
along semicircles with center point at the center point of a
train window. A constant distance between the transmitting
and the receiving antenna grants a constant Free-Space Path
Loss (FSPL). Furthermore, the impact of the antenna patterns
on the Line-Of-Sight (LOS) component is fixed.
In the railroad car, we combat the impact of small-scale
fading due to multipath propagation by spectral averaging (see
Eq. (4)) and spatial averaging along the connecting line of the
antennas (see Figure 1). In our measurements, the linear guide
used for moving the antenna inside the cabin allows for an
averaging length of Δ𝑧=0.72 m. Thereby, the variation of the
FSPL decreases with increasing distance between the antennas.
For our measurement setup the average distance between the
antennas is 4.66 m. The resulting difference in FSPL between
the highest and the smallest distance is approx. 1.3 dB. In
our measurements we eliminate this effect by performing a
calibration measurement that will be explained subsequently.
In order to focus on the impact of the train rather than
the impact of the actual measurement scenario we place the
railroad car under test in a low scattering environment similar
to an anechoic chamber. Furthermore, we avoid significant
reflections from the ground by
∙ choosing a measurement location without a platform.
∙ using an outside antenna with a narrow vertical pattern.

Averaging the received power obtained at different receiver
positions along the connecting line of the antennas yields the
average loss
𝑃TX − 𝑃RX (𝛼, 𝑓 ) = 𝐿FS (𝑓 ) + 𝐿setup (𝑓 ) + 𝐿VPL (𝛼, 𝑓 )

(1)

between the transmitter port and the receiver port. Besides the
average VPL 𝐿VPL this loss also includes the average FSPL
𝐿FS (𝑓 ) and the loss of the setup 𝐿setup (𝑓 ) that comprises the
gains of the antennas and the cable losses. The measured loss
allows for a relative comparison of, e.g., different kinds of train
windows. In order to obtain the absolute value 𝐿VPL (𝛼, 𝑓 )
of the VPL, we perform a calibration measurement in an
anechoic chamber. Thereby, we perform exactly the same
measurement as with the train under test and obtain the loss
of the measurement setup and the FSPL:
𝑃TX − 𝑃RX,ref (𝑓 ) = 𝐿FS (𝑓 ) + 𝐿setup (𝑓 ).

(2)

Alternatively, the absolute value of the VPL can also be
obtained through a calibration measurement with the receive
antenna mounted at the exterior of the train [9].
Instrumentation Setup
In the following we will outline the selected setup for the
measurements. This setup is based on several assumptions.
First we target to measure long–distance high–speed passenger
trains. A typical train consists of several passenger railroad
cars, each with 20—30 m of length. The physical size of
the setup cannot be neglected and has to be accounted for.
Considering the usage of a network analyzer to perform the
measurements of the VPL the length of cables connecting the
transmitter and the receiver needs to be considered in the link
budget. In our specific case the calculated link budget showed
the need to use additional amplifiers for compensation of this
cable loss. Typical measurement amplifiers are narrowband. As
our frequencies of interest span a range from 800—2600 MHz,
this setup would require a number of different amplifiers.
Derving the VPL does not depend on the phase of the
received signal. Therefore, we adapted our setup into a distributed configuration, replacing the network analyzer with
two devices, namely, a arbitrary waveform generator and a
spectrum analyzer. These two devices allow for flexibility in
tuning the receiver sensitivity. The only constraint in this setup
is a carrier frequency synchronization between transmitter and
receiver. This can be achieved with rather low requirements,
e.g., via a 10 MHz port. A combined operation is granted by
linking the transmitter unit with the receiver unit via a LAN
connection.
Transmit signals
In our measurements we consider Orthogonal Frequency
Division Multiplexing (OFDM) signals similar to 20 MHz

TABLE I
M EASUREMENT PARAMETERS
Measurement location
Date
Center frequencies 𝑓𝑐
Angles 𝛼
Antenna distance 𝑑
Polarization
Transmit antenna
Signal source
Transmit signal
Receive antenna
Receiver

Prinzersdorf railway station, Austria
23.4.2016
800 MHz, 1.8 GHz, 2.1 GHz, 2.6 GHz
0∘ , 15∘ , 30∘ , 45∘ , 60∘
4.3 m—5.02 m
vertical
Poynting OMNI-69 [10]
Rohde & Schwarz SMU 200A
OFDM, 1200 subcarriers @ Δ𝑓 =15 kHz
Aaronia Hyperlog 6080 [11]
Keysight N9020A

3GPP Long Term Evolution (LTE) downlink signals1 . Unlike
in the case of LTE, the signal is only used to estimate the
received signal power. This allows for certain simplifications in
the implementation and in the hardware setup. By continuously
transmitting the same OFDM symbol, a cyclic prefix is not
necessary. The transmit signal 𝑥(𝑡) then simplifies to a sum
of 𝑁s orthogonal sinewaves modulated with random symbols
𝑎 [𝑘] chosen from a Quadrature Phase-Shift Keying (QPSK)
signal constellation:
𝑁s /2

𝑥(𝑡) =

∑

𝑎 [𝑘] 𝑒𝑗Δ𝑓 𝑘𝑡

− ∞ < 𝑡 < ∞.

(3)

𝑘=−𝑁s /2
𝑘∕=0

This approach allows for a free-running transmitter and therefore time-synchronization of the transmitter and the receiver
is not necessary.
Power estimation
At the receiver side we estimate the received power by
sampling the received signal over a duration of 𝑁 =100
OFDM symbols. The received signals are then processed
offline. Thereby, we demodulate the received signal symbolper-symbol and coherently average the received symbols 𝑌k,n
over time before we estimate the received power

2
𝑁s /2 

∑  1 N−1
∑

𝑃ˆRX =
𝑌k,n 
(4)

N

𝑘=−𝑁s /2
𝑘∕=0

n=0

as the sum over all 𝑁s subcarriers. Thereby, on the one
hand, we can arbitrarily increase the sensitivity of the power
estimation by increasing the number 𝑁 of OFDM symbols
considered in the average. On the other hand, this approach
requires the receiver to be carrier frequency synchronized to
the transmitter.
III. M EASUREMENT
In this measurement campaign we applied the methodology
introduced in Section II for measurements with railroad cars of
a complete train. The train under test was a Railjet operated by
the Austrian Federal Railways (OEBB). In this measurement
1 As in 20 MHz LTE we transmit 𝑁 =1200 subcarriers with a subcarrier
s
spacing of Δ𝑓 =15 kHz. The resulting signal bandwidth is approx. 18 MHz.

campaign we compared two different configurations of railroad
cars, configuration one uses standard windows, while configuration two uses prototypical windows [4]. Thereby, both
measurements were conducted at window five in the middle
of a economy type railroad car (see Figure 2).
The measurements were performed on an unused sidetrack
close to the railroad station of Prinzersdorf, Austria. The surrounding features a flat terrain and the corresponding absence
of scattering objects. This eliminates unwanted contributions
from any multipath components, e.g., diffracted, refracted, and
scattered waves.
Furthermore, assuming all possible sources of interference
being located outside the train, the contribution of our transmit
signal to the total received power dominates the interference.
Note that any signal received at the inside of the train is
attenuated by the VPL.
Angular Dependent Setup
The planned deployment of base stations for increased rail
road coverage is close to the center of the track, e.g., 5 —
15 m. Such close distance between base station and rail track
results in a predominantly grazing angle of arrival with respect
to the window’s glass surface. Therefore, the second parameter
we analyzed in our measurement setup was the dependency
on the AoA. We measured angles from 0∘ (Line of Sight
perpendicular to the glass surface) to 60∘ (grazing angle). Note
that we assume angularity symmetric attenuation properties of
the window’s glass structure and mirrored angles from - 60∘
to 0∘ to experience identical attenuation.
Outside Unit
This unit was setup with a uniform broadband transmit
antenna with a gain of 3 dBi, see Figure 2b and [10]. The
uniform pattern was chosen to illuminate the whole cabin from
the outside of the train. A high gain antenna is narrowband
and not suitable for this measurement. The outside antenna
was mounted fixed on a tripod in a distance of 4 m from the
center of the window under test. The total distance between
the antennas was chosen to be larger than 2𝐷2 /𝜆 for 2.6 GHz
and 𝐷=0.48 m.
Inside Unit
At the inside unit, we used a broadband log-periodic antenna
with a gain of 6 dBi, see Figure 2a. The antenna pattern of this
antenna is comparable to a normal mobile handset, e.g., radiation pattern in one direction. Polarization wise both antennas
have been aligned with the same vertical polarization. The
main lobe of the antennas is aligned using laser measurements.
This was used to fix the measurement point in the middle of
the window under test as well as leveling the antenna heights.
The inside antenna is moved from 30 cm minimum distance
from the measurement point, linearly to approx. 100 cm with
an automatic operated linear guide.
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Fig. 2. Measurement setup: (a) The receive antenna inside the train is moved along the connecting line to the transmit antenna using a linear guide. (b) The
transmitter is located outside the train.

Procedure
Given an eight hour time limitation of the measurement
only four dedicated frequencies have been selected for measurement. At each frequency we transmitted the same signal
with a bandwidth of 18 MHz. The frequencies measured cover
all main mobile technologies and correspond or are close to the
Universal Mobile Telecommunications System (UMTS) bands
and the LTE bands B20, B3 and B7.
The following list gives a summary of the steps for the
measurement:
∙ Select current measurement angle: 0, 15, 30, 45, 60,
∙ Align inside and outside unit,
∙ Select current frequency: 800, 1800, 2100, 2600,
∙ Measure signal power at 20 equally spaced positions of
the receive antenna.
A complete cycle at a given angle took 30 min. This set of
measurement was repeated three times, one time for each
window configuration and one time in an anechoic chamber to
provide for a reference level. A summary of all measurement
parameters is given by Table I.
IV. R ESULTS
In the following we present and discuss the results collected
in the Railjet measurement campaign. Figure 3a shows the raw
received signal power 𝑃RX for an angle of arrival of 𝛼=0∘
and for the three different scenarios: Railjet with standard
configuration, Railjet with prototype configuration and the
reference measurement in the anechoic chamber. The small
confidence intervals, denoted as bars at each measurement
point, support our choice of averaging in space. The values
of absolute power are well above our noise floor.
The comparison with the results of the reference measurement performend in the anechoic chamber directly yields
the penetration loss 𝐿VPL shown in Figure 3b. Thereby, the
standard window shows a relative constant attenuation for
the different frequency points, especially if the confidence

intervals are considered. The mean ranges from 15—17 dB.
The prototypical window configuration of the railroad car has
a strong frequency dependency. The attenuation values range
from a maximum of 12 dB down to as low as 3 dB.
In Figure 4 we discuss the results for each window as a
function of the angular setting. Each window configuration
has a set of curves, solid for prototype and dashed for the
standard window. The set consists of four curves one for each
frequency. The result shows only very weak angular dependency of the VPL in nearly all of the setups. In the prototype
configuration the 800 MHz measurement has a strong drop of
the VPL at 30∘ . We assume that this is due to the structure
applied to the windows, it might change its properties for
different angles of arrival.
V. C ONCLUSIONS
In this paper we introduced a distributed measurement
methodology for measuring the VPL in an controlled and
repeatable fashion at a wide range of frequencies. The setup
is especially tailored for the need of railroad scenarios in
terms of physical size of the site as well as used frequencies
and bandwidth. The setup offers improved SNR by averaging
an LTE like 20 MHz signal and minimized effects of small
scale fading by spatial and spectral averaging. It can operate
in a fully distributed fashion, e.g., using Rubidium frequency
normals.
We realized an initial test setup based on the methodology
and conducted a measurement campaign. Here, we measured
the VPL of a Railjet railroad car for a frequency range from
800—2600 MHz for two different window configurations. The
standard configuration has a VPL in the order of 17 dB.
The configuration featuring windows with specially treated
surfaces have a VPL from 10 dB down to as low as 3 dB.
Both configurations show only minor angular dependency of
the VPL.
The measurement campaign verified the feasibility of the
methodology. This will allow to collect comparable measure-

𝛼=0∘

-30

received power 𝑃RX (dBm)

-40

vehicle penetration loss 𝐿VPL (dB)

anechoic chamber

-35

prototypical window

-45
-50

standard window

-55
95% confidence interval

-60

𝛼=0∘

0

estimated mean

95% confidence interval
estimated mean

5
prototypical window
10

15
standard window
20

-65
1.0

1.5
2.0
center frequency 𝑓𝑐 (GHz)

1.0

2.5

(a)

1.5
2.0
center frequency 𝑓𝑐 (GHz)

2.5

(b)

Fig. 3. Measurement results for 𝛼=0∘ : (a) Received power for both kinds of train windows and for the reference measurement in the anechoic chamber.
The results obtained in the anechoic chamber reflect the frequency-dependency of the setup. (b) Vehicle penetration loss for both kinds of windows after
calibration using the results obtained in the anechoic chamber.
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Fig. 4. Measurement results for different AoAs and different frequency bands.

ments for different types of railroad cars as well as different
types of configurations, allowing for further optimization in
simulations. Open further topics are the impact of parameters
such as polarization and elevation, and an extension of this
method towards other types of vehicles.
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