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ABSTRACT The profound knowledge of radio wave propagation is essential for the design and test of
wireless communication systems especially in demanding environments and for mobile transmitters and
receivers. In this article we provide an accurate description of the relevant propagation parameters for
train-to-train scenarios considering typical environments such as railway stations, open field and hilly
terrain with cutting. At the beginning of this contribution we shortly describe the comprehensive train-
to-train measurement campaign which is the basis for all further evaluations. We treat the stationarity of
the channel in time and frequency and derive power delay profiles, and the Doppler spectral densities.
Furthermore, distance-variant statistics about the k-factor, delay spread and Doppler frequency spread are
presented. We show that these parameters change very much for different environments and distances.
For all stochastic channel parameters we propose distance dependent model parameters.

INDEX TERMS High speed train, train-to-train propagation, non-stationarity, stochastic channel model,
power delay profile, fading statistics, rms delay and Doppler frequency spread, k-factor, path loss model.

l. INTRODUCTION

ELIABLE train-to-train (T2T) communication is a key

technology for the next generation of railway applica-
tions and control, and will enable the operation of new train
concepts such as autonomously driving high speed trains and
virtual coupling [1]. The virtual coupling of trains can be
seen similar as platooning of cars or trucks on the highway.
Virtual coupling will replace the electrical and mechanical
coupling of trains with the consequence that trains and even
individual wagons will travel at very short distances from
each other. Data exchange and distance control will be pos-
sible via wireless communication between trains. Several
projects like Roll2Rail and X2Rail within the European rail
initiative Shift2Rail are focusing on virtual coupled trains
and T2T communication [2].

In the last decades the research on T2T communication
focused on products like a railway collision avoidance system
based on terrestrial trunked radio [3]. Corresponding nar-
row band T2T channel models for the 400 MHz band were
presented by [4] and [S]. More recently, with the growth of the
intelligent transportation system (ITS) for road vehicles, the

interest in novel railway applications and control has grown
too and with it the need for enhanced train-to-ground (T2G)
and novel T2T communication. In [6] and [7] Wang et al.
investigated the use of T2T communication systems based
on a modified 3GPP Long Term Evolution (LTE) cellular -
vehicle to everything (C-V2X) communication standard for
the communication-based train control system. The underly-
ing channel models are based on T2G models or simple path
loss models. Reference [8] presented T2T communication
simulations based on the COST 207 suburban land-mobile
channel model. The use of the IEEE 802.11p standard for
T2T communications in railway environments was investi-
gated with measurements in [9] and [10]. All publications
lack a detailed T2T channel model as a basis for the studies.
To the best of the authors’ knowledge, no dedicated T2T
channel model for frequencies above 1 GHz has been pub-
lished to support the research on future T2T communications
as already mentioned in [11].

In comparison to T2T communication a lot of research
has been carried out in the field of T2G and car-to-car
(C2C) communication. T2G channel models were introduced
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in [12] for railway stations and in [13] for cross bridges. A
T2G geometry-based stochastic channel model (GSCM) was
presented in [14] and the influence of regularly appearing
objects like overhead line masts on the channel was analyzed
in [15]. Further work on T2G channel models is summarized
in [16]-[19]. For C2C communication several measurement
campaigns have been carried out in numerous environments
and a variety of parameters have been analyzed: power delay
profile (PDP) and Doppler spectral density (DSD) for over-
taking and signal blocking scenarios [20], k-factor for urban,
sub-urban and highway scenarios [21], and delay and Doppler
frequency spreads for urban, sub-urban and highway [22].
Surveys on C2C channel models were presented in [23]-[26].

The above mentioned publications in the field of T2G
and C2C communication state that reliable communication
is only possible with a profound knowledge of the prop-
agation channel. Whereas various T2G and C2C channel
models already exist, measurement based wideband chan-
nel models for T2T communications are still missing. It
is expected that T2T channels differ very much from C2C
channels since T2T environments are very different from
C2C environments. Furthermore we also expect T2G chan-
nels to differ significantly from T2T channels because both
transmitter and receiver are moving in the latter case. Thus,
neither T2G nor C2C channel models should be used for
the modeling of T2T propagation.

Therefore, our research focuses on T2T channel modeling.
We carried out a comprehensive channel measurement cam-
paign in the framework of the Roll2Rail project using two
high speed trains and the DLR RUSK channel sounder [27].
The recorded data sets encompass propagation data for the
railway station, open field and hilly terrain with cutting
environments. Based on these data sets, we analyze the time-
variant behavior of the T2T propagation channel. First results
for the path loss and shadow fading characteristics were pub-
lished in [28]. The influence of railway infrastructure on T2T
propagation was presented in [29] and [30].

The contribution of this paper can be summarized as
follows.

o We analyze measurement data of three data sets rep-
resenting typical railway environments and investigate
the quasi-stationarity in time and frequency.

o We derive measurement based time-variant stochastic
channel parameters for T2T communications in C-band
for large and small scale fading. We present path loss
and shadow fading analysis as well as Rician k-factor,
root mean square (rms) delay spread and rms Doppler
frequency spread estimates.

« We provide models for the statistical distribution of
distance dependent channel parameters for the above
mentioned environments for distances from 10m to
1000 m.

The paper is organized as follows. In Section II
we shortly present the channel measurement cam-
paign encompassing the measurement equipment, covered
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scenarios and environments. As basis for all further eval-
vations, we analyze the measurement data, resume the
stationarity assumptions, reveal to which extent the stationar-
ity of the channel is violated and discuss the PDP and DSD
in Section III. Starting with a concise derivation of large
scale and small scale fading parameters, we show statistics
on the path loss (PL), shadow fading, k-factor, delay spread
and Doppler frequency spread in Section IV. Thus, we give a
detailed insight into the stochastic behavior of the T2T chan-
nel for three typical railway environments. The conclusion,
i.e., Section V completes the paper.

Il. CHANNEL MEASUREMENT CAMPAIGN

In this section we briefly summarize the channel mea-
surement campaign. A detailed description about the DLR
RUSK channel sounder can be found in [27] and about the
measurement campaign in [31].

A. MEASUREMENT EQUIPMENT AND SETUP

We performed the T2T channel measurement campaign with
the DLR RUSK channel sounder in single-input single-
output (SISO) mode at f. = 5.2GHz and a bandwidth of
B = 120 MHz. For synchronization purpose the sounder con-
sists of Rubidium frequency normals at the transmitter (Tx)
and receiver (Rx) side. The data was collected with a snap-
shot rate of z;, = 1.024 ms and a maximum excess delay
of #, = 12.8us. The setting summarized in Table 1 leads
to a maximum alias free Doppler frequency resolution of
Vmax = 488 Hz and a maximum resolvable path length
of dmax = 3.8km. The maximum equivalent isotropically
radiated power (EIRP) was set to 33 dBm. Prior to every
measurement run, a calibration measurement was performed
including all parts of the channel sounder, connectors and
cables except the antennas.

Measurements with trains on electrified tracks underlie
strict limitations. The equipment mounted outside of the
train, and this includes the antennas on the roof, needs to be
certified for rolling stock. On each train we used omni-
directional Huber&Suhner SWA-0859/360/4/0/DFRX30_2
antennas. As shown in Fig. 1 we assume the T2T prop-
agation within a horizontal plane. We have detected that
the interaction points of reflected and scattered signals at
railway infrastructure like buildings, masts or bridges are
mainly at the same height. Furthermore, the antennas on both
trains are mounted on the same height. Hence, we assume
an omni-directional pattern with an azimuth antenna gain of
Gt = Gr = 6dBi as provided by [32]. Due to the SISO
measurement setup we can not derive angular information
for multipath components (MPCs) and therefore, we can not
take the antenna pattern into account for multipath analysis.
In the following analysis we treat the antenna as part of
the wireless channel. In a previous analysis focusing on the
line of sight (LOS) signal power estimation and resulting
PL models the antenna pattern was taken into account [28].

Even though we would have liked to carry out the
measurements on trains traveling on the same track at short
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FIGURE 1. HSR environments with I0s and the resulting LOS path and MPCs for T2T communication.

TABLE 1. Channel sounder settings.

Parameter Value
Center frequency fc | 5.2 GHz
Bandwidth B | 120 MHz
Snapshot rate  ts | 1.024ms
Excess delay  tp | 12.8 us
Sub carriers Q 1537
EIRP 33dBm

distances, for safety reason we had to perform our mea-
surements with two trains driving on parallel tracks. We
performed several maneuvers such as platooning, approach-
ing or separation with different velocities which reflects
maneuvers for the virtual coupling application.

B. SCENARIOS

We define a scenario as the combination of the environment
and the maneuver performed by the involved trains. Since
the two trains run on parallel tracks we have the freedom to
perform overtaking maneuvers. Within an overtaking maneu-
ver one train is catching up to another train as it would be
the case for one train joining a platoon of virtual coupled
trains. We measured the channel transfer function in several
interesting scenarios: departure and arrival in a railway sta-
tion, several overtakes in open field and hilly terrain with
cutting environments.

To achieve high spatial resolution and to fulfill the max-
imum resolvable Doppler frequency constraints of the used
channel sounder we performed the measurements with rather
low velocities. If we consider virtually coupled trains driving
with similar velocities, the relative velocity will be rather low
and in the order of the relative velocities we have chosen for
our scenarios. The influence of MPCs caused by interacting
objects (IO0s) on the T2T communication performance is
an important aspect as we present in the following sections.
Nevertheless, we could learn from similar measurement eval-
uations for T2G communications, that the influence of the
velocity is negligible for stochastic parameters; only the
Doppler frequency shift is related to the velocity and can be
seen as a scaling factor [33].

In the railway station environment, one train was standing
on the platform and the other train departed and accelerated
from Okm/h to 50km/h and, later, arrived and decelerated

780

from 50km/h to 0km/h. Outside the railway station the Tx
train was constantly driving with a velocity vr = 50 km/h.
The Rx train was either driving vg = 10km/h if it was in
front of Tx train or vg = 70km/h if it was behind the Tx
train.

C. ENVIRONMENT AND TRACK ARCHITECTURE

The high speed track between the station Roma Termini
and station Napoli Centrale has a length of 205km. The
biggest share of the track runs through open field and
hilly terrain environment. In contrast to open field with
negligible IOs apart from the railway infrastructure, hilly
terrain with cutting is characterized by frequently occur-
ring cuttings with embankments or walls. Several tunnels
with an accumulated length of 39 km exist between Naples
and Rome. Based on a track analysis the following envi-
ronments have been identified: railway station, open field,
hilly terrain and tunnel. Certainly the tunnel environment
has a significant influence on the propagation character-
istics. In comparison to the other three environments, the
tunnel environment has to be analyzed in more detail and is
out of scope within this publication. Hence, all evaluations
and the resulting models are split into the environments
railway station, open field and hilly terrain with cutting.
Typical views seen from the driver’s compartment are shown
in Fig. 2.

Besides the environment, the track architecture itself influ-
ences the wireless propagation significantly. The minimum
curve radius for high speed railways (HSRs) is in the range of
several kilometers. This large curve radius and rather straight
track sections lead to the situation that LOS is often ensured
over large distances. Typical objects along the track are over-
head line masts, cross bridges, buildings or other trains.
Fig. 1 shows the geometry of these objects; for distances
between Tx and Rx up to drr = 1 km, mainly overhead line
masts and cross bridges cause MPCs. The overhead line
masts appear regularly with a maximum spacing of 60 m.
In contrast cross bridges and other trains occur sparsely.
By increasing the distance between the two trains to more
than 1km non-LOS (NLOS) conditions may occur due to
blocking by large buildings and hills.
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(c) Hilly terrain with cutting.

FIGURE 2. Views of the environments seen from the driver’s compartment [34].

lll. ANALYSIS OF THE MEASUREMENT DATA
Our analysis is based on three data sets: The first data set
represents one train standing and one train departing or arriv-
ing in railway station environment. The second data set was
recorded while the trains were driving with a relative veloc-
ity Av &~ 20km/h in an open field environment. The third
data set was recorded half in open field and half in hilly
terrain with cutting environment; the Tx train and the Rx
train were driving with Av ~ 40 km/h

The measured propagation parameters recorded in men-
tioned data sets can be described with deterministic system
functions. Assuming wide-sense stationary uncorrelated scat-
tering (WSSUS) as introduced by [35] and extended by [36]
we can derive the correlation functions and stochastic
channel parameters [37]. The WSSUS assumption holds
for stationary conditions like in cellular communication,
but in a railway scenarios with moving Tx and Rx
and large measurement bandwidth the assumption may be
violated. Nevertheless, we can assume that the WSSUS
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assumption holds for quasi-stationarity regions in time and
frequency [38].

A. FROM THE MEASURED TRANSFER FUNCTION TO
THE ESTIMATED LOCAL SCATTERING FUNCTION
The DLR RUSK channel sounder records a snapshot
based time-variant transfer function H(t,f). By assuming
quasi-stationarity we can apply an inverse discrete Fourier
transform (iDFT) with a moving frequency window and
express the time-variant impulse response h(t, ) with the
time instant ¢ and delay t. In the literature, h(t,T) is
often called channel impulse response (CIR) and can be
expressed as
L f H(t, fyw()e> ™ (1)
Vi ’
with the window function w(f) and a window length of [
bins. I defines the size of the quasi-stationarity region in
frequency.

In a second step, the Doppler-variant impulse response
s(v, 7), also known as spreading function, is derived by a
windowed discrete Fourier transform (DFT) of the CIR as

hit,t) =

1 ! _
s, 1) = — Y h(t, T)w(t)e IV, 2
v = ;0 (1. DW() @)
The used time window w(#) is set to the length of J snap-
shots. J defines the size of the quasi-stationarity region
in time. The optimal value for 7 and J are evaluated in
Section III-B. The windows w(f) and w(¢) are defined as
Chebyshev windows as investigated in [39].

In [40] the local scattering function (LSF) was introduced
as representation of the delay and Doppler frequency dis-
persion for time-variant non-WSSUS fading channels. By
applying filter functions in time and frequency around a
given time and frequency point (¢, /) and ensuring stationar-
ity within these regions, the local scattering function (LSF)
can be derived as

Ps(v, T3 1, f) = |s(v, T)|%. A3)

Exemplary LSFs for the hilly terrain with cutting envi-
ronment are shown in Fig. 3 for three snapshots at ¢ =
[15, 20, 25]s. We can clearly see the time-variant behavior
of the LOS signal and also the sparse but moving MPCs.
We highlighted four MPCs as A, B, C and D in Fig. 3. For
MPCs with a delay value close to the delay of the LOS
signal, the MPCs experience a fast change of the Doppler
frequency, whereas the delay changes slowly.

B. STATIONARITY ANALYSIS

As depicted in [40] we have to differentiate between station-
arity regions and coherence regions. By assuming WSSUS,
the coherence regions in time and frequency can be calcu-
lated. In other words, the coherence time T.on and coherence
bandwidth B.o, can be calculated based on the time corre-
lation function Ry (f) and the frequency correlation function
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FIGURE 3. LSF for hilly terrain with cutting.

Ry (f) respectively [37]. As we see in Section I'V-C the delay
spread o is based on the PDP and Ry (f) is the Fourier trans-
formed of the PDP, the rms delay spread o, and Bco, have
the well-known relation Beon > 1/(2mo7). Similar, the DSD
is the inverse Fourier transform of Ry (f) and following the
rms Doppler frequency spread o, and T¢o have the relation
Teoh > 1/(2moy) [41].

We analyze the size of the quasi-stationarity regions in
time #y; and frequency fyac. A definition of quasi-stationarity
and a comparison between different methods to characterize
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the quasi-stationarity regions is presented by [38]. A com-
mon approach in the literature is to set the minimum time
window between tenfold to hundredfold of the wavelength
with respect to the relative velocity [42]. This results in
Istat,min = 10A/|Avpax| with the maximum relative velocity
Avmax and a wavelength A = c/f;, where c denotes the speed
of light. In the railway station environment we used a maxi-
mum relative velocity between Tx and Rx of 50km/h as Rx
train was standing at the platform and Tx train was depart-
ing from the platform. This leads to a minimum stationarity
time fstar, min = 32.8 ms.

Different approaches were proposed in [42]-[44] to
analyze the uncorrelated scattering (US) assumption. The
quasi-stationarity frequency window can be roughly esti-
mated by fiat.min = ¢/Wmax With a maximum width wpax
of an IO [42]. Analyzing the IOs along a railway track, the
maximum width of an overhead line masts, a tree or the
reflecting phase of a building or cross bridge is not exceed-
ing 30m. This leads to a preliminary frequency window
Sstat,min = 10MHz. In [43] the authors argue with a small
bandwidth to carrier frequency relation in combination with
a low voltage standing wave ratio over the whole bandwidth
B to assume US. In our case the relation results in 2.3 %.
In [44] the authors state, that if B << fc and |f| = B/2
they result in (fo —f)/f. = 1 and therefore they assume, that
a fairly weak non-stationarity characteristic over the mea-
surement bandwidth B occurs. Following the argumentation,
they assume US.

To obtain more precession with respect to stationarity
regions in time and frequency, we perform a stationar-
ity analysis based on the LSF. We estimate the similarity
between the LSF Pg(v, t;¢,f) at frequency instant f with
Ps(v, T; t, f+ Af) for Af € [0, B]. The time ¢ is fixed for the
frequency evaluation. Analogously, we estimate the similarity
between the LSF Pg(v, T;¢,f) at time instant ¢, the previous
and following LSFs Ps(v, t;t 4+ At,f) with Ar € [0,1]. In
this case, the frequency f is fixed. How similar the LSFs
are, is measured by the collinearity. In [45] the collinearity
was derived based on the correlation distance matrix for cel-
lular communication and followed by [43] and [46] for C2C
communication. The correlation distance or temporal corre-
lation coefficient is hard to compare if both Tx and Rx are
moving. Hence, the correlation distance was reformulated
and applied to the power spectral density. The collinearity
is a bounded metric col{Ps(v, 7;1¢,f)} € [0, 1]. If the LSFs
are similar, the collinearity will taken on a value close to
one. Or, if the LSFs vary strongly, the resulting value will
be close to zero. The general form of the collinearity can
be expressed as

col{Ps(v, 75 1. f)}[g. g + Ag]
O I Ps(0, T 8) © Ps(v, 75 g + Ag)
I1Ps(v, T3 DIIElPs(v, 75 8 + Ak

(4

where || - |g denotes the Frobenius norm. The variable
g € {f, t} stands either for ¢ or for f, respecting wide-sense
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FIGURE 4. stationarity for the different data sets. tgat and fgiat are represented by the orange dash-dotted lines, the blue dotted lines and the green solid lines. Preliminary

tstat,min and fstat,min are indicated as black dashed lines.

TABLE 2. Stationary time tgg5¢ and stationary frequency fggat-

J tstat 1 stat

Data set snapshots | ms | bins I\f/IHz
min 14 14.3 [ 1201 | 93.8

I: ”;R - ?okrzrgﬁhl Jp|mean| 555 568.3|1495 1167
T used | 64 65.5 | 1537 120
min 85 87.0 | 1444 | 112.7

2: Av =~ 20km/h mean 461 472.1 | 1459 | 113.9
used 64 65.5 | 1537 | 120

min 71 72.7 | 1319 103.0

3: Av &~ 40km/h mean 200 204.8 | 1452 1 113.3
used 64 65.5 | 1537 | 120

stationary (WSS) or US analysis. The collinearity analysis
yields a symmetric matrix with the diagonal equal to one.
The stationary time or frequency is the span around the
diagonal, in which the values exceed a certain threshold; as
in [42] and [47] we use a threshold oy, = 0.9.

The band limitation of the measurement system leads to an
underestimation of the stationarity time. The measurement
bandwidth B = 120 MHz of our channel sounder results
in a spatial resolution of 2.5m. We translated the spatial
resolution into time, by considering the velocities of the
Tx and Rx. In this way we can eliminate this measurement
artifact and obtain a realistic estimate of the stationarity time.

In Fig. 4(a) and Fig. 4(b) representative results for quasi-
stationarity within the time window and the frequency range
are plotted. The values for far, min and fsar, min are indicated
as black dashed lines. We see, that the WSS assumption
is fulfilled, but sporadic events with low fy, occur. The
US assumption is fulfilled for large frequency ranges for all
environments. These results are in line with evaluations in
the C2C domain performed by [43], [44], [47], [48].
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For the first data set, #y,; indicated as orange dash-dotted
line in Fig. 4(a) shows that the channel reveals high aver-
age stationarity even above 1s and can be increased up to
65.5ms. For the time from 30s to 60s, that is for higher
velocity of the Tx, the analysis has some sporadic minimums
with fyo = 14.3 ms. In Fig. 4(b) the stationarity analysis in
the frequency domain shows a highly stationary behavior
over the whole measurement bandwidth of 120 MHz.

The blue dotted line represents the second data set with
Av ~ 20km/h resulting in fg, varying from 87ms to 1s
with an average value of 472.1 ms. The minimum stationarity
time appear at = 15 s as one train overtakes the other. Right
after the crossing, around r = 17s the #y, reaches a peak.
In this special case, the geometry of Tx, Rx and the 10s
explains the peak. The distance between Tx and Rx is still
small and at the same time, the surrounding IOs are far,
because the Tx and Rx are in the middle of two overhead
line masts. Due to the low velocity of the trains, the relation
between a high LOS and low MPC signal power remains
for around g, = 1's. The stationarity frequency fgac Shows
a minimum of 112.7MHz and a maximum of 117 MHz.
Hence, for the further analysis we increase the stationarity
windows to fgy = 65.5ms and fy,y = 120MHz for the
second data set.

The third data set recorded with Av ~ 40km/h results in
an mean fgy, = 204.8 ms with a minimum fg, of 72.7 ms
at t+ = 15s shown as green solid line in Fig. 4(a). The
shortest stationarity time appears at the time of the overtake
maneuver. The stationarity in the frequency domain varies
from 103 MHz up to 115 MHz for low and high bandwidth,
but follows the same trend as the stationarity for other data
sets. Hence, we set ty, = 65.5ms and fy,e = 120 MHz.
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FIGURE 6. DSDs and GNSS based hypothetical LOS signal Doppler frequency (red

FIGURE 5. PDPs and GNSS based hypothetical LOS signal delay (red solid line) for solid line) for the different data sets.

the different data sets.

As a result of the stationarity analysis, the stationary
time and frequency can be increased in comparison to the
It is worth noting, that the quasi-stationarity regions can preliminary values fsat, min and fstae, min- Even though the WSS
vary with time as described in [43]. As we clearly see, the assumption with #y,; = 65.5ms is partially violated in the
tstat Vary based on the relative velocity too. With increasing first data set, we chose this value to ensure a reasonable
relative velocity, the quasi-stationarity region decreases over Doppler frequency resolution of 15.26 Hz. The stationary
time correspondingly. Similar, the relation between the mean frequency window can be enlarged to the maximum band-
values of 7y, for the second and third data set correspond width and US can be assumed for the T2T measurements;
to the relation of the mean relative velocities of 20 km/h and  using fsac = 120 MHz results in a delay resolution of 8.33 ns.
40 km/h, respectively. The higher relative velocity results The estimated minimum, mean and finally used values for
into a lower mean g, because the vehicles cover different #y, with the related number of snapshots J and fye with the
distances within the same time. related number of frequency bins / are listed in Table 2.
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C. POWER DELAY PROFILE AND DOPPLER SPECTRAL
DENSITY

In this section we derive the time-variant PDPs and the time-
variant DSDs from the LSF. As US can be assumed, the
LSF can be reduced from a time-frequency varying function
Ps(v, T;t,f) to a time varying function Ps(v, t;¢). If not
stated otherwise, the notations PDP and DSD consider a
temporal variation of the functions. Both, the PDP and the
DSD show the large variability and the fading behavior. The
PDP reflects nicely the geometry of the Tx, Rx and IOs

J/2-1

Parin =< ) Py, 7). (5)

v=—J/2

The DSD illustrates the movement of the Tx and Rx within
the measurement
=
Ps(vit) = 23 Ps(v,731). 6)
=0

The PDPs and DSDs are plotted in Fig. 5 and in Fig. 6.
For all three data sets we chose a sequence of 30s; the red
line indicates the GNSS based hypothetical LOS signal delay
or LOS signal Doppler frequency. In the first data set we
have a fixed configuration with standing Tx and Rx trains.
At t = 2s the Tx train starts moving while the Rx train is
at still stand in the railway station. In the second data set
the Rx train drives with a speed of 70 km/h and overtakes
the Tx train which is driving with 50km/h in open field
environment. Data set three shows an overtaking maneuver
with vt = 50km/h and vg = 10km/h. Till + = 14s the
maneuver was in an open field environment. Later the trains
enter a cutting. In both, the second and third data set, the
overtaking happens at + = 15s with a minimum distance
drr = 5m.

Analyzing the PDPs of all three data sets we clearly see a
regular pattern of MPCs. The amount of pronounced MPCs
per snapshot varies between 14 to 20. The infrastructure of
an electrified HSR mainly consists of overhead line system,
where the masts are placed with a maximum spacing of 60 m.
The spacing between the MPCs in Fig. 5(b) and Fig. 5(c)
varies between 55 m and 59 m. Hence, we have a very strong
indication that regularly appearing strong MPCs are caused
by the overhead line masts. By passing an IO like an over-
head line mast with the first train, the emitted MPC falls
into the same delay bin as the LOS signal and superimposes
to the LOS signal. The resulting signal may exhibit fading
with respect to the LOS signal. After the second train passes
the IO the delay of the MPC increases and the MPC can
be differentiated again from the LOS signal. This behavior
results in a average life time of MPCs of 45s. Buildings,
cross bridges and other 10s along the track cause also MPCs
similar as the overhead line supports, but they do not appear
in a regular manner. Furthermore, we can observe MPCs
with a constant delay offset to the LOS signal over the
whole measurement time in all three data sets. The delay
offset of the detected MPCs is At = [91.6, 183.3, 258.3]ns;
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these delay offsets result in an additional path distance of
Ad = [27.46,54.95,77.43]m and can be allocate to equip-
ment mounted on the train roof as the pantograph and further
distanced antennas.

The second data set shows a regular pattern of pronounced
MPCs. Those pronounced MPCs occur in the third data set as
well, but the MPCs and LOS signal experience stronger fading.
In our evaluation the MPC richest propagation environment
is the first data set in the railway station environment. In
the railway station environment close platform roofs, other
trains, masts and signs scatter the signals.

The corresponding DSDs are plotted in Fig. 6. In all three
data sets MPCs yield a regular pattern although it looks dif-
ferent to the one of the PDP plots. Depending on the relative
velocity of Tx and Rx the Doppler frequency of the LOS
signal starts at v = [0, 100, 200]Hz for data set [I, 2, 3],
respectively. In all three plots the red solid lines represent the
hypothetical Doppler frequency based on the relative veloc-
ity estimated from GNSS data. The instantaneous Doppler
frequency can be calculated as vgnss (1) = cos(a)|Av(?)|f:/c,
with cos(«) = 1 for the LOS path.

In the first data set, the Tx accelerates up to 50km/h,
while the Rx remains at the platform of the railway station.
This leads to the negative increase of the Doppler frequency
of the LOS signal over time. MPCs coming from reflectors
or scatterers towards which the Tx is driving are causing a
positive increase in Doppler frequency. At the time as Tx
passes the IO, the corresponding MPC changes the Doppler
frequency from positive to negative.

In the second and third data set a similar behavior of
the Doppler frequency can be observed. In both an over-
take maneuver was performed and as a result the Doppler
frequency of the LOS signal changes at t = 15 s from posi-
tive to negative, when the Tx passes the Rx or vice versa. In
the same way as in for data set one, the Doppler frequency
caused by an IO in front of one train, changes rapidly when
the first train passes the IO to a value close to the Doppler
frequency of the LOS signal. When the second train passes
the 10, the Doppler frequency changes again to a higher
negative value.

Due to the higher absolute velocity for Tx and Rx in the
second data set, the Doppler frequency of IOs in front or
in back of both trains can not be fully resolved. Hence, we
observe an aliasing effect in Fig. 6(b) at v = 450Hz and
v = —400 Hz. The measurements in the third data set were
performed with lower absolute velocities and therefore, the
resulting Doppler frequency of all MPCs can be resolved at
v = £300 Hz. Hence, for the estimation of the small scale
fading parameters in Section IV only data set three is used.

IV. TIME-VARIANT STOCHASTIC CHANNEL MODEL
PARAMETERS

In this section we derive time-variant stochastic channel
model parameters based on the analyzed measurement data.
The large scale fading is described by the PL and shadow
fading behavior of the wireless channel. The analyzed small
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FIGURE 7. PL for railway environments. The green and orange lines represent the
PL from measurement data. The blue and red lines represent the first segment, the
black lines the second segment of the two-slope log-distance PL models. The red
dashed lines mark the FSPL in each environment.

scale fading parameters include the Rician k-factor, the rms
delay spread and the rms Doppler frequency spread. We
investigated the noise level on a snapshot bases and applied
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FIGURE 8. Log-normal shadow distribution for the first segment of the two-slope PL
model for the railway station environments (a) without platform roof and (b) with
platform roof. (c) shows the log-normal shadow distribution for the second segment.
The blue histogram indicates the PDF of the measurement data and the red line the
fitted Gaussian distribution.
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FIGURE 9. Log-normal shadow distribution for (a) the first and (b) the second
segment of the two-slope PL model for the open field environment. The blue
histogram indicates the PDF of the measurement data and the red line the fitted
Gaussian distribution.
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FIGURE 10. Log-normal shadow distribution for (a) the first and (b) the second
segment of the two-slope PL model for the hilly terrain with cutting environment. The
blue histogram indicates the PDF of the measurement data and the red line the fitted
Gaussian distribution.

a noise-power threshold at 3 dB above noise level to elim-
inate noise which could be mistaken as MPCs. Based on
the stationarity assumptions we derive the parameters with
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a frequency window fiar = 120 MHz and with a time win-
dow g = 65.5 ms represented by I = 1537 frequency bins
J = 64 time snapshots, respectively.

We model time-variant behavior stochastic channel param-
eters in relation to the varying distance between Tx and
Rx. The following derivation of model parameters is based
on the three analyzed data sets. In comparison to Fig. 5
and 6 we extended the data sets to distances decreasing
from drgr = 1000 m to drr = 5m when the Tx and Rx are
next to each other and increasing from drr = 5m again to
dtr = 1000m. The models cover three major railway envi-
ronments: railway station, open field and hilly terrain with
cutting.

A. PATH LOSS AND SHADOW FADING

The relation between the accumulated received power PR
for all delays t of the PDP at time ¢ and the transmitted
Power Pt results in the

Pr P

R Y _oPu(ti0)
Larger railway infrastructure, buildings and hills may
cause shadowing effects on the transmitted signal which
leads to a vastly lower received power as for LOS conditions
at the same distance between Tx and Rx. Due to the rather
large size of the 1O, the shadowing extends over a large
number of snapshots. If the shadowing effect is Gaussian
distributed around the mean value w of the PL, we can
apply a log-normal distribution with standard deviation o for
the shadow fading [49]. The simplest theoretical PL. model,

purely based on the distance d can be calculated as

Amdrr fc)

Cc

)

PL(dTr) = 10n log( ®)
Setting the path loss exponent n = 2, we obtain the FSPL.
In all three sub-figures of Fig. 7 the FSPL is indicated as a
red dashed line.

In addition to the FSPL model we apply the log-distance
PL model with log-normal shadow fading distribution.
PL(dtRr) is composed as the path loss PL(dp) at a reference
distance dp, n times the logarithm of the relation between the
actual link distance dtr and dp and a Gaussian distributed
vector x, = N(0, o?2) with a standard deviation o [49]

d
PL(d1R) = PL(do) + 10 log<%) T X (9
0

The log-distance PL model is split at dyr = 100 m in a near
region and a far region. In Fig. 7 the resulting two-slope model
is shown for all three environments. In comparison to [28] we
evaluated the large scale fading on more comprehensive data
sets and, as mentioned in Section II-A, we considered the
antennas differently. Therefore, we obtain slightly different
values for the large scale parameters n and o.

The PL evaluation of a railway station environment shows
a strong dependency on the architecture of the station. In
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Fig. 7(a) we see the green and orange indicated measure-
ments for distances of up to 200 m. If a platform roof is in
between Tx and Rx at the height of the antennas, the LOS
signal is attenuated by 6dB to 8dB (see orange marked
measurements in Fig. 7(a)) and the PL exponent n = 2.5.
In [28] we used only this maneuver with platform roof.
Hence, the PL exponent for distances up to 200 m are iden-
tical. If no IO is attenuating the LOS signal, n = 2 for
distances of up to 100 m. For the shunting yard area in front
of the platforms, the PL indicated in green or magenta in
Fig. 7(a) is heavily influenced by the dense overhead line
and signaling system. Therefore, the PL exponent increases
for larger distances to n = 2.7. In [28] only the measure-
ment data indicated in magenta in Fig. 7(a) is considered.
As a result, the PL exponent is increased from n = 2.7 to
n =4 in [28]. The resulting values of the standard deviation
for the shadow fading distribution are similar with values of
o =[2.7,3.0]dB versus o = [2.6,2.9]dB in [28].

The PL in the open field environment can be modeled as
shown in Fig. 7(b); we plotted the measurement data of three
maneuvers in green, orange and blue. Small PL variation
around FSPL in the near region up to 100 m result in n = 2.
Comparing the results with [28], we see a difference in
the plotted measurement data especially for drr < 30m
due to different considerations of the antenna pattern. The
measurement data in Fig. 7(b) indicated in green and orange
is used in [28] as well. We fitted in both evaluations a PL
model with n = 2 for dyrr < 100 m. For the far region the
variation in power increases and by considering the green,
orange and blue marked measurement data, we receive a
PL exponent n = 2.4 with standard deviation o = 5.0dB.
In [28] only the green marked measurement data is used,
which leads to n = 3.5 and o = 5.7dB.

We see in Fig. 7(c) that the PL for hilly terrain with cutting
with Tx-Rx distances ranging from 20 to 60 m varies slightly
more as for the open field environment. We assume that this
variation is caused by the cutting and walls as shown in
Fig. 2(c). Similar as for the open field environment, we
see a difference in the plotted measurement data of both
evaluations due to the antenna pattern. As a consequence,
we set the PL exponent n = 2 which results in a standard
deviation ¢ = 1.9dB for dtr < 100m in comparison to
n = 2.1 and o0 = 2.9dB in [28]. For larger distances the
PL exponent increases to n = 3.2 and o0 = 3.6dB due
to obstructed LOS conditions caused by hills. In [28] we
modeled the measurement data more pessimistic with n =
4.2 and 0 = 3.9dB.

The log-normal shadow fading distribution for railway
station is shown in Fig. 8, (a) and (b) show the probability
density function (PDF) for the first segment either for the
constellation without a platform roof between Tx and Rx
or with a roof. Fig. 8(c) shows the PDF for the second
segment. In Fig. 9 and Fig. 10 we show the log-normal
shadow distribution for the first and second segment for
open field and hilly terrain with cutting environments. All
log-normal shadow fading distributions are modeled by a
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Gaussian distribution; the corresponding values for o are
listed together with the path loss exponent n in Table 3.

B. RICIAN K-FACTOR

An important stochastic parameter in a multipath propagation
scenario is the Rician k-factor. If a dominant signal, e.g., the
LOS signal is present, the small scale fading can be described
by a Rician fading distribution. The relation between the
dominant signal and the scattered signal is called the Rician
factor or k-factor. If k goes to zero, i.e., no dominant signal
is present, the small scale fading distribution changes from
a Rice to a Rayleigh distribution.

In many measurement evaluations and channel models
the k-factor is given as an average value for one environ-
ment over the whole measurement time. We show, that k
varies significantly over time even if the environment is
not changed. Therefore, we evaluate k over time for each
environment. If we consider a narrow band evaluation, the
superposition of the LOS signal amplitude and the ampli-
tudes of all MPCs for each snapshot results in constructive
and destructive interference [50]. Hence, the envelope of
the resulting amplitude varies over time [21]. The k-factor
estimation was performed according to [51] based on the
moment-method presented in [52]. In the literature many
different estimation methods can be found. We compared the
moment-method estimation with a maximum likelihood esti-
mation as presented in [53]. As the difference was negligible,
we used the less complex moment-method estimation

VGI(0) — Gy(1)

k(t) = . 10
(t) Ga(1) — VGE(1) — Gy(1) o

The first moment is represented by
Ga(t) = E[|P}L(t)|2], (11)

where E[x] denotes the expected value of x, or in other words
the mean value. The second moment can be calculated as
the variance of our input signal

Gy (1) = var(|P0)[*) = E[(|P}l(t)\2 = Ga(t))z]. (12)

We derived the input for the k-factor estimation P} (f) as
follows. First, we superimposed the complex amplitudes over
all delay bins for each snapshot. Second, we applied a 40 A
moving averaging window to remove the large scale fading.
By fixing the window size to a multiple of A we consider
the different relative velocities of the Tx and Rx trains in
the three environments.

Fig. 11 shows the resulting cumulative distribution func-
tions (CDFs) of the k-factor for each environment. We fitted
a normal distribution to each CDF. In each environment,
the estimated k-factor fits well to the fit; as an example, we
show the fit for the open field environment indicated as red
dotted line.

We relate the mean value of the time-variant k-factor
to the distance between Tx and Rx. In this way we can
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FIGURE 11. Empirical and fitted CDFs of the k-factor for railway environments.

derive model parameters for the small scale fading in a
similar manner as for the large scale fading. We calculate
k(drR) = E[k(dTr(r))] for 200 bins, equally spaced over the
logarithmic distance dtr € [10, 1000]m. For all three rail-
way environments k(drr) is shown in Fig. 12. The orange
and black dash-dotted lines hold for the railway station envi-
ronment. We see a clear difference of I_c(dTR) in the case of
the obstructed LOS signal due to a roof indicated in black
in comparison to the case where no platform roof was in
between Tx and Rx indicated in orange. In both cases we
observe a strong variation of the k-factor and a decreasing
trend with increasing distance.

The estimated k-factors of the open field and hilly terrain
with cutting environment show a decrease from 15dB at
25m to 0dB at 800m. Above 800m k is increasing again
because of the low signal to noise ratio (SNR) of the MPCs.
In both environments, the k-factor estimates vary strongly,
where the k-factor for the open field environment is slightly
higher as for hilly terrain with cutting. The lower average
k-factor for the hilly terrain with cutting environment can
be explained with the close and strongly reflecting walls
and cuttings. The strong variations for drr < 25m and the
drop for k < 0dB is caused by the variation of the azimuth
antenna gain.

For all three environments the k-factor is very high in the
distance range dtr € [10, 100Jm, which indicates a strong
LOS signal. As the measurements were performed in rather
straight track sections, a strong LOS signal and consequently
a high k-factor is not surprising. Similar to the PL mod-
els we distinguish between two regions: The near region
holds for distances between drg = 10m and drr = 100 m
and a far region from drr = 100m to drr = 1000 m. To
provide easy-to-use, but representative model parameters,
we estimate an average Rician k-factor for each environ-
ment and region. The final parameters are summarized
in Table 3.
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FIGURE 12. Distance-variant k-factor for railway environments.

C. DELAY SPREAD AND DOPPLER FREQUENCY
SPREAD

The first and second central moments describe the mean
and the variance of a function. Deriving the first and second
central moment of the PDP we get the mean delay

Y e Pu(e; 1)

() = - (13)
Yo Pu(ei )
and the rms delay spread
-1 =82
1) — T()?Py(z; ¢

(1) = Z,=0(r(l)_1 T(1)"Pp(r )_ (14)

> o Pr(T: 1)

Similarly we derive the mean Doppler frequency
J/2—1
—_jp V(OPs(v; 1)

(1) = 2u=ip2 (15)

J/2—1
Sy Ps(vi 1)

and the rms Doppler frequency spread based on the DSD

Y2 @) — 50)*Ps(v; )
I ,1/2 Ps(v; 1)

In the same way as for the k-factor we calculate a mean
rms delay spread o, (dTr) and a mean rms Doppler frequency
spread o, (drr) for 200 bins, equally spaced over the loga-
rithmic distance dtr € [10, 1000]m. Fig. 13 shows o (dT1R)
and o, (dTr) for railway station as orange dash-dotted lines,
for open field as blue dotted lines and for hilly terrain as
green solid lines. For the analysis of the rms delay spread
in Fig. 13(a) and the rms Doppler frequency spread in
Fig. 13(b), we distinguish between two regions: a near region
for Tx-Rx distances between 10m and 100m, and a far
region for Tx-Rx distances between 100 m and 1000 m.

The rms delay spread o, increases from 10ns at dtr =
10m to oy = 250ns at drr = 100m for the railway sta-
tion environment. We can clearly see that the channel has a

oy(1) = (16)
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FIGURE 13. Distance-variant rms delay and Doppler frequency spread for railway
environments.

higher rms delay spread when a railway station has a plat-
form roof. The lowest average delay spread o; = 20ns was
estimated for the open field environment. The mean value
for hilly terrain with cutting was estimated as o, = 32.7ns
for the section of drr € [10, 100]m. In the far region of
the railway station environment, the rms delay spread varies
around o; = 276.7ns. In the open field environment, the
rms delay spreads is relatively small and increases only for
distances above 200 m with peaks at o; = 430ns. For all
environments, the rms delay spread decreases for distances
above 800m because of the low SNR of the MPCs.

The rms Doppler frequency spread in Fig. 13(b) increases
from 8 Hz to 40 Hz in the railway station environment. Again
we can observe a clear difference for railway station envi-
ronments with roof and without roof. Due to the regular
appearing and fixed IOs, the open field environment shows
a moderate variation with peaks at 6, = 40 Hz. The strongest
variations and highest increase below drr = 100m are
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TABLE 3. Stochastic channel parameters.

do [m] | Pp [dBm] o [dB] k [dB] o+ [ns] o, [Hz]
. Segment| |l oyl o [ 2121 2] 1 2 | 1| 2
Environment

. . no roof | 1]100|46.8|86.8| 2 [2.7]|24(3.0/9.0[09]| 55.0 |276.7|11.1|72.9
Railway station

oof |1| - |46.8| - [25| - |27 - |56]| - |184.8 - 270 -

Open field 1,100 |46.8|86.8| 2 [2.4|2.6/50(|9.8|4.5]| 20.1 |238.0|14.5|22.4

Hilly terrain 1[100]|46.8(86.8| 2 |3.2(1.9|3.6[7.0|3.1| 32.7 |240.7|32.8|76.7

obtained for the hilly terrain with cutting environment. In the
far region, &, increases strongly for the railway station envi-
ronment to ¢, = 119 Hz. The rms Doppler frequency spread
remains constant for the open field environment. In the hilly
terrain with cutting environment, ¢, continues increasing up
to SI115Hz.

Similar as for the k-factor, we estimate average rms delay
spread values and average rms Doppler frequency spread val-
ues for the near and the far region of all three environments
and summarized the values in Table 3.

V. CONCLUSION

In this paper, we investigated the propagation channel
for train-to-train (T2T) communications. We provided the
stochastic description of the following five small and large
scale fading parameters for three different environments as
a function of the propagation distance: path loss (PL) expo-
nents, log-normal shadow fading distributions, k-factors, root
mean square (rms) delay spreads and rms Doppler frequency
spreads. Our analysis is based on channel sounding data of an
extensive T2T measurement campaign with two high speed
trains traveling though three environments: railway station,
open field and hilly terrain with cutting.

We investigated the stationarity behavior of the T2T prop-
agation channel in time and frequency for wide-sense sta-
tionary (WSS) and uncorrelated scattering (US), respectively.
The collinearity analysis showed quasi-stationarity behav-
ior within a time window of fy = 65.5 ms. Furthermore,
we found out that US can be assumed for the whole
measurement bandwidth fy, = B = 120 MHz.

Within the presented stationary regions we derived power
delay profiles (PDPs) and Doppler spectral densities (DSDs).
The PDP and DSD representations showed regularly occur-
ring patterns of pronounced multipath components (MPCs)
in all three environments. The MPCs shown in the PDP
plots reflect well the underlying geometry of transmitter
(Tx), receiver (Rx) and interacting objects. The MPCs can
be well explained by cross bridges, buildings and by the
railway infrastructure, e.g., overhead line masts occurring
at regular intervals. Furthermore, MPCs caused by the train
bodies could be identified. The Doppler frequency variations
of the line of sight signal and the MPCs shown in the DSD
figures are explained by the movement of the Tx and Rx.

Based on the PDP we plotted the measured PL and derived
large scale fading parameters. We fitted two-slope log-
distance PL models for propagation distances up to 1000 m
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and derived the path loss exponent n for all three environ-
ments. The first segment of the two-slope model was derived
for a near region with drr € [10, 100]m, the second seg-
ment was derived for a far region with drr € (100, 1000]m.
In the railway station environment we differentiate between
measurements performed with or without platform roof. The
standard deviation o of the log-normal shadow fading dis-
tribution was derived for all environments and segments of
the two-slope log-distance PL. models.

Small scale fading parameters like the time-variant k-
factor, the rms time-variant delay and the rms time-variant
Doppler frequency spread have been analyzed. We related
the time-variant behavior of the parameters to the propaga-
tion distance between Tx and Rx. In this way, we derived
an average k-factor k, an average rms delay spread &, and
an average rms Doppler frequency spread &, for the same
distance segments as for the large scale fading.
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