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Measurement based Tapped Delay Line Model for
Train-to-Train Communications

Erislandy Mozo, Paul Unterhuber, Member, IEEE, Arrate Alonso Gómez,
Stephan Sand, Senior Member, IEEE, Mikel Mendicute, Senior Member, IEEE

Abstract—Train-to-train (T2T) communication is proposed as
an auxiliary safety-guaranteed measure for railway communica-
tions. Vehicular communication standards have been supporting
railway use cases and T2T communications. It is essential to
consider the propagation characteristics of railway environments
with dedicated T2T channel models for simulation and testing of
vehicular communication standards. In this paper, we propose six
tapped delay line (TDL) channel models for T2T communications
in Hilly Terrain and Railway Station. The measurement based
proposed channel models consider different T2T distances and
relative speeds of up to 50 km/h with trains moving in an
approaching maneuver. Also, a study about the Doppler-delay
behavior in the considered scenarios is presented using the
scattering function. The proposed TDL channel models as well as
the measured propagation characteristics are used in a 802.11bd
simulation framework. Both simulation results, which are based
on the TDL channel models or on the measurements, are
compared to each other. The results show a very good match
between the TDL channel models and the measurement data
and indicate a good accuracy of the theoretical derivations and
the simulation method.

Index Terms—channel model, tapped delay line, rail-
way, Doppler spread, 802.11bd, train-to-train communication,
Doppler-delay spectrum.

I. INTRODUCTION

Train-to-train (T2T) communications have won attention in
the last decade, where several research projects have been
carried out to modernize railway communications. It allows a
reliable radio link that is capable of transferring data directly
between trains. Then, this T2T link can handle safety critical
data traffic with low end-to-end latency compared to a cen-
tralized system. In this way, trains can exchange information
about their composition, position, relative speed and train
length among others. T2T communications are foreseen as
the enabling technology of new railway applications, which
will allow to improve train safety, availability, and operation.
Critical applications such as collision avoidance, decentralized
communications-based train control (CBTC), and train com-
position coupling are under investigation [1].
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Commercial technologies such as C-V2X, TETRA, 802.11,
and WiMAX have capabilities to support T2T links. For in-
stance, the analysis of ITS-G5 based on 802.11p was presented
in a T2T link under high speed railway (HSR) conditions [2].
In addition, new communication protocols are being standard-
ized which enable use cases in railway scenarios since a part
of the 5.9 GHz band has been assigned for railway purpose.
The successor of 802.11p, 802.11bd will add new advanced
processing techniques to its physical layer [3]. Another one is
NR-V2X, which is expected to be standardized in the current
release (17) by the 3rd Generation Partnership Project (3GPP).

The performance evaluation of the previous mentioned
wireless technologies requires accurate channel models and
measurement campaigns carried out in railway scenarios. In
[4], the authors provide a rich literature analysis of existing
railway channel models based on measurement only for train-
to-infrastructure (T2I) communications. Some tapped delay
line (TDL) channel models are identified and used to evaluate
the performance of the Emulradio4Rail platform [4]. Also, the
WINNER II model is a TDL model used by 3GPP for railway
applications with frequencies up to 6 GHz [5].

Several channel models, measurement campaigns and prop-
agation studies have been carried out for T2I communications
[6], [7]. In comparison, only a few studies have been reported
for T2T communications and a research gap is observed.
The first studies in relation to T2T communications based
on measurements were carried out in [8], [9], [10]. These
articles cover different radio phenomena in the 400 MHz
band which include path loss, Doppler shift, fading, and
delay spread. In [11], a geometric channel model is presented
for a viaduct T2T environment in the 900 MHz band. The
wireless channel is characterized with the path loss, the k-
factor and the covariance of the envelope. Please note that the
channel models shown in [8] and [11] were not tested with a
communication system to validate its performance, and they
are valid for frequency bands below 1 GHz.

In addition, some measurement campaigns have been car-
ried out to characterize the propagation phenomenon in T2T
scenarios and the results have been reported in [2], [12],
[13]. In [14], a wideband channel sounding was performed
in the 5.9 GHz band. Then, time-variant statistical parameters
of the T2T channel were derived for different use cases
and driving maneuvers. Also in [15], the authors present an
exhaustive study of time-varying stochastic channel parameters
for different scenarios, and how the propagation characteristics
vary with the T2T distance and the selected scenario.

From the literature, it is observed that no T2T railway
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scenario is represented by a model that can be used for
simulation and evaluation of the radio link performance in
the 5.9 GHz band. The contributions of this paper can be
summarized as follows:

• We derive six tapped delay line channel models available
for T2T communications based on measurements, which
cover different T2T distances and two railway scenarios
(Hilly Terrain and Railway Station).

• We analyze the stochastic channel parameters and the
Doppler-delay behavior of T2T channel at short, medium,
and large distances in the considered scenarios.

• We show and evaluate the 802.11bd performance in
railway scenarios using the proposed channel models for
different modulation and coding schemes (MCS).

A. Organization of the paper

The paper is organized as follows: In Section II, the mea-
surement campaign carried out by DLR is briefly described,
as well as the procedure followed to extract the channel
parameters from the measurement data. Next in Section III, the
TDL models are introduced for T2T scenarios and results are
shown. Finally, the TDL models are validated in Section IV,
and the conclusions are presented in Section V.

B. Notation

In this paper, a scalar is denoted by a, the ith element of a
column vector is denoted by a(i), and the (i, j)th element of
a matrix by a(i, j). In addition, a(·) is used for continuous
parameters, while a[·] is used for discrete parameters. The
magnitude and the estimated value of a are denoted by |a| and
â, respectively. The estimate of the expectation of a random
variable X is denoted by Ê[X]. The smallest integer that is
greater or equal than a ∈ R is denoted by ⌈a⌉, being R the
set of real numbers.

II. RAILWAY CHANNEL MEASUREMENTS AND ANALYSIS

Modelling the wireless channel is one of the most difficult
tasks of radio system design, and is usually done in a statistical
way, based on measurements made specifically for an intended
communication system and spectrum allocation. The channel
models are generally based on a mathematical representation
of the impulse response of a multipath channel h(t, τ), where t
and τ represent time and delay, respectively. h(t, τ) contains
all information required to simulate or analyze any type of
radio transmission through the channel.

A baseband representation for h(t, τ) was given by [16] as:

h(t, τ) =

M−1∑
i=0

ai(t, τ)e
jθi(t,τ)δ(τ − τi(t)), (1)

being θi(t, τ) = 2πηi(t, τ)τi + ϕi(t, τ) the total phase term.
The terms ai(t, τ), ϕi(t, τ), and τi(t) represent the real
amplitude, phase, and delay of the ith multipath component
encountered in the channel at time t, respectively. The M
phase components ϕi(t, τ) are mutually independent random
variables uniformly distributed over [-π; π], where M is the
number of multipath components in the channel including

the first arriving or line-of-sight (LoS) component. Moreover,
δ(t) is the Dirac-delta function. Each multipath component
experiences a Doppler frequency ηi(t, τ) due to dual mobility
of the transmitter and receiver [17, page 42], which has
associated an angle of arrival αi(t, τ).

In addition, αi(t, τ) includes the arrival direction and the
movement direction, and whose statistical distribution deter-
mines the power spectral density or Doppler spectrum of
ηi(t, τ). For instance, when αi(t, τ) exhibits a uniform distri-
bution [4], the Doppler spectrum is represented by the “Jakes”
spectrum. Then, the Doppler frequency of LoS component is
expressed as:

ηlos(t, τ) =
∆vfc
c

cos (αlos(t, τ)), (2)

where ∆v represents the relative speed, fc represents the
carrier frequency of the transmitted signal, and c is the speed
of light. Also, the term αlos(t, τ) represents angle of arrival
of LoS component. Some topics, definitions and assumptions
are examined in the next four subsections, which will be used
throughout this manuscript.

A. Measuring impulse response

Using a channel sounder, it is possible to obtain a band-
limited discrete representation for h(t, τ), denoted by h[n,m],
being n and m the time and delay indices. The last result
is normally taken sampling the impulse response h(t, τ) at
equidistant time intervals ∆t and at samples spaced ∆τ in
the delay domain. The delay resolution ∆τ = 1/W takes into
account the sampling theorem, where W represents the mea-
surement bandwidth used in the channel sounder. Then, the
discrete representation of the band-limited baseband wireless
channel in a geographic area S is given by

h[n,m] =

Nb−1∑
i=0

ai[n,m]ejθi[n,m]hBL(m∆τ − τi[n]), (3)

where Nb represents the total number of bins of the channel
sounder, θi[n,m] represents the total discrete phase term, and
ai[n,m] represents the discrete amplitude term. Also, hBL(τ)
is the convolution of the band-limiting filters used at the
transmitter and receiver side in the channel sounder.

T2T Distance 

S1 S2 Sn

Train Tx

S1 S2 SQ

Local area

Train Rx
Simulated area (S)

Catenary

→ → 
vt vr

Fig. 1. Simulation model for a approaching maneuver based on local areas.

In vehicular communications, the received signal fades due
to the mobility and the multipath propagation conditions. The
fading can be described by a non-stationary process, in which
the channel statistics including h[n,m] can change within
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a rather short period of time [18]. As a result, the imple-
mentation of (3) can not be performed assuming wide-sense
stationary uncorrelated scattering (WSSUS) for longer periods
of time. To manage this drawback, the fading process can be
considered locally stationarity for a local area or stationary
region Sq with finite extent in time, where q = 1, · · ·, Q
represents the local area index [19], and Q the total number of
local areas in S. For instance, Fig. 1 shows how a geographic
area S is divided into Q equally spaced areas Sq . Please note,
S is the disjoint union of all Sq , such that S = S1∪S2 ···∪ SQ.

The last approach is possible because the channel param-
eters change with a finite rate which usually represents a
stationary distance ds in the range of 20λ to 40λ, where
λ = c/fc represents the wavelength of the received signal [20].
The stationary time ts = ds/∆v used in this article is chosen
based on [15], where a stationarity analysis was carried out
using the same data set and scenarios as in this article.

The measured impulse response in qth local area is given
by

h[n′,m; q] = h[(q − 1)Ns + n′,m], (4)

where n′ = 0, · · ·, Ns−1 is the time index in a local area, and
Ns = ⌈ts/∆t⌉ is the number of measured impulse responses
in a local area. Then, h[n′,m; q] represents a subset of h[n,m]
located in the qth local area and limited by the time interval
[(q − 1)Ns; qNs − 1]. This approach has been used in [19]
to describe the non-stationary behavior of the channel using
the local scattering function P [n,m; q]. In our case, we use
P [n,m; q] to estimate the scattering function P̂ [n,m] as the
average of all P [n,m; q] calculated in S.

B. Scattering function

In this subsection, we are particularly interested in charac-
terizing the dispersion of the received signal through the wire-
less channel in the Doppler-delay domain. The estimation of
the Doppler-delay spectrum, called scattering function in [21],
is essential for this target. The scattering function P [m, d] is
a two-dimensional function of the propagation delay index m
and the Doppler index d.

The procedure for calculating P [m, d; q] from the measure-
ment data consists of two steps as described in [14], where
the WSSUS assumption is assumed for each local area [15]
based on ts which is calculated for each analyzed propagation
scenarios. First, the local Doppler-variant impulse response is
calculated using the discrete Fourier transform by

s[m, d; q] =
1

Ns

Ns−1∑
n′=0

h[n′,m; q]e−j2πdn
′/Ns , (5)

and the local scattering function is then obtained by

P [m, d; q] = |s[m, d; q]|2, (6)

where the Doppler domain has a resolution ∆η = 1/(∆tNs).
Please note, for each qth local area, we obtained a value of
the scattering function.

In addition, (6) is used in [19] to analyze the behavior of
the local power delay profile Pτ [m; q], as well as the local
Doppler spectral density Pη[d; q]. Both are defined by

Pτ [m; q] =
1

Ns

Ns/2−1∑
i=−Ns/2

P [m, i; q], (7)

and,

Pη[d; q] =
1

Nb

Nb−1∑
i=0

P [i, d; q]. (8)

The Doppler frequency in Pη[d; q] varies from a positive
value to a negative one, depending on the direction of the
vehicle movement and the location of scatterers. Finally, an
estimation of the scattering function in the wireless channel is
carried out taking the sample mean of P [m, d; q], averaging
the Q independent samples of the scattering function as

P̂ [m, d] = Ê[P [m, d; q]] =
1

Q

Q∑
q=1

P [m, d; q]. (9)

This approach allows balancing the noise variance. Further-
more, P [m, d] can significantly change within a single sce-
nario due to the change of relative speed and the emergence
of moving scatterers.

Relationships between the correlation functions, power
spectral densities, and statistics of a WSSUS channel are cal-
culated from the scattering function as shown in [21] and [22].
Fig. 2 shows a simplified diagram of these relationships, where
Cτ [d

′] is the frequency correlation function, Cη[m′] is the time
correlation function, Pτ [m] is the average power delay profile,
and Pη[d] is the average Doppler spectral density.

P[m,d]

Pτ[m]

Pη [d]

Cτ[d’]

Cη [m’]

FFT

IFFT

Ʃη   

Ʃτ  
Tc : Coherence Time

Bc: Coherence bandwidth

  ση  : Doppler spread

  στ : Delay spread

Fig. 2. Processing of the scattering function [23] in a WSSUS channel model.

Furthermore, the frequency and time selectivity of the
channel can be derived from its channel statistics. While
coherence bandwidth βc and delay spread στ are quantities
which describe the dispersive nature of the channel, coherence
time Tc and Doppler spread ση describe the time variation of
the channel [24].
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C. Tapped delay line model

If WSSUS is assumed, a TDL model is an efficient way
to model (4) using both (7) and (9). The TDL model has
been widely used to model the wideband impulse response
as the sum of delayed multipath components [25]. It is based
on statistical parameters, where each tap is associated with an
amplitude coefficient ai, a delay τi, and a Doppler spectrum
Pηi that determines how fast ai changes over time.

δ[n-g0] δ[n-g1] δ[n-g2] δ[n-gM-1]

x[n]

a0[n] a1[n] a2[n] aM-1[n]

y[n]

Fig. 3. Representation of a TDL model as a time-varying FIR filter.

Fig. 3 shows a simplified representation of the TDL model
as a time-varying finite impulse response (FIR) filter, where
gi = ⌈(τi − τi−1)/∆τ⌉ represents the relative discrete delay
and ai[n] represents the complex channel gain which depends
on the amplitude coefficient of the tap and its Doppler spec-
trum. In addition, the Doppler spectrum for each tap Pηi
in a TDL model can be obtained from P [m, d]. Then, the
implementation of a TDL model requires the knowledge of
the following parameters:

• Number of taps M
• Delay associated with each tap τi
• Magnitude associated with each tap ai
• Doppler spectrum associated with each tap Pηi
• Distribution of tap amplitudes
• Speed range, distance, and bandwidth considered

The procedure for estimating all listed parameters from
h[n,m] will be explained in detail in the next sections.

The TDL model only simulates the small-scale channel
behavior which is due to multipath effect and mobility. The
maximum Doppler frequency simulated in a TDL model
depends on fc which can cause frequency distortions in the
received signal. Please note that the Doppler frequency and
the channel coherence time are inversely proportional [16].
Hence, measured channels with different fc have different
channel statistics. Thus, fc must be chosen according to the
intended communication system. In the literature, we have
found two T2T channel models valid for frequencies below
1 GHz [8], [11], so they are not valid to evaluate the behavior
of any vehicular communication system which operates in the
5.9 GHz band or millimeter band.

D. Railway channel measurement campaign

In this paper, we develop a TDL model for T2T propagation
scenarios based on a channel sounding measurement campaign
carried out by the German Aerospace Center (DLR) within the

scope of the Roll2Rail project. Settings of the T2T measure-
ment campaign are listed in Table I and are explained in detail
in [2]. The DLR channel sounder was used in single-input
single-output (SISO) mode to measure h[n,m] for different
scenarios and maneuvers. The measurements were conducted
on a 205 km long high speed railway (HSR) track between
Naples and Rome. The trains were driving on parallel tracks
for safety reasons.

TABLE I
SETTINGS OF DLR CHANNEL SOUNDER [2].

Parameters Value
Central frequency fc 5.2 GHz

Bandwidth W 120 MHz
Snapshot rate ∆t 1.024 ms

EIRP 33 dB
Number of bins Nb 1537

Antenna type omnidirectional
Antenna gain 6 dBi

EIRP = Effective Isotropic Radiated Power

1) Measurement scenarios: We analyze the following sce-
narios:

• Hilly Terrain: It is characterized by dense scatterers
throughout the environment with objects distributed ir-
regularly and non uniformly (Fig. 4a). Thus, the received
signal will be subject to multipath fading. The LoS com-
ponent can be even observed at large distances of 800 m
as the railway track runs straight and no larger obstacles
occur (please see Fig. 5). Also, long lasting multipath
components can be received, which can provoke the
dispersion in both delay and Doppler domains. In this
scenario, both trains travel in the same direction in an
approaching maneuver with a constant relative speed of
40 km/h.

• Railway Station: It is characterized by a dense network
of railway infrastructure like platforms, buildings, other
trains, overhead systems, and signaling systems as de-
picted in Fig. 4b. As a result, this scenario is rich of
reflecting and scattering objects. Hence, low values of k-
factor can be expected, although the LoS component is
constantly observable. In this scenario, an approaching
maneuver was carried out, where one train was standing
on the platform and the other one decelerated from
50 km/h to 0 km/h.

In both scenarios, the overhead line system with the catenary
and the supporting masts are kept in all environments and have
a significant influence on the wireless propagation [26].

2) Considered T2T distances: The channel statistics for
each considered scenario are analyzed in three segments as

• Short distance: 5 m to 100 m
• Medium distance: 400 m to 500 m
• Large distance: 800 m to 900 m

The subdivision in segments is motivated by the number of
resolvable multipath components Nrm, which is correlated
with the T2T distance. This effect can be seen in Fig. 5, where
Nrm changes for the analyzed local areas. As a result, different
dynamic ranges for the power are obtained for the local areas
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(a) Hilly Terrain scenario (b) Napoli Centrale Railway Station

Fig. 4. Considered scenarios in the DLR measurement campaign [26].

Fig. 5. Measured normalized power delay profile (PDP) for two local areas
located at train-to-train distances of 100 m and 800 m. The distance axis is
obtained by multiplying the delay with the speed of light.

based on a threshold βt. Thus, a multipath component is
resolvable when its normalized power is higher than βt.

In addition, different noise levels are observed as a con-
sequence of the normalization operation in Fig. 5. The power
interval between them (∆L) can be interpreted as the path loss
that the transmitted signal suffers in [r1; r2] interval. Then,
∆L ≈ 10γ log(r1/r2) can be obtained considering that the
shadow fading is assumed to be a Gaussian distributed random
variable with zero mean and variance σ2. γ describes the path
loss exponent, and r1 and r2 the average distances in two
local areas (Sq and Sq′ ) in S. Using the path loss model
shown in [26] for this scenario, where γ = 3.1, the result is
∆L ≈ 28 dB. This result matches well with what is observed
in Fig. 5.

For future T2T applications, it is important also to know the
statistics of the wireless channel at certain T2T distances. For
instance, in the use case of smart train composition coupling,
the T2T distance must be kept within a certain distance range
when both trains become virtually coupled [12].

III. T2T TAPPED DELAY LINE MODELS

Using the stored data in the DLR measurement campaign,
the parameters of the TDL model, that were presented in
Section II-C, will be estimated in this section. The used data
reflects the propagation conditions in a realistic T2T scenario.

A. Computation of TDL model parameters

In this subsection, the methodology to derive the channel
parameters is presented in detail, which allows to simulate a
measured T2T wireless channel using a TDL model.

1) Delay and power values in TDL model: The TDL
channel model consists of M taps with a resolution in delay
equal to Rτ = 1/Wp, where Wp is the bandwidth of the
intended communication system. The taps are characterized by
a delay τi and a magnitude ai (i = 1, ...,M ). Their estimates
are based on the local power delay profile Pτ [m; q] which can
be related to h[n′,m; q] substituting (5) and (6) in (7) as

Pτ [m; q] =
1

Ns

Ns−1∑
n′=0

|h[n′,m; q]|2, (10)

where the square magnitude of Ns impulse responses in the
qth local area are averaged [27]. By taking the average power,
we result in the small-scale fading characteristics of the local
area.

In the following, the dynamic range in the interval [iq; iq +
bM ] is established for each Pτ [m; q] based on a threshold βt,
where the part of the power density below the threshold is set
to zero. Also, M is chosen based on both βt and Rτ similar
to [28], where βt is used to eliminate noise which could be
mistaken as a multipath component. The dynamic range is
divided into M groups with b = Rτ/∆τ samples. After that,
the first sample of each group is indexed by mi, where m1

is the index of the first nonzero sample after applying the
threshold [29]. Next, the average delay for the ith tap and qth

local area is calculated using the first moment of Pτ [m; q] as

τi;q =

mi+b−1∑
m′=mi

m′∆τPτ [m
′; q]

mi+b−1∑
m′=mi

Pτ [m′; q]

. (11)

From (11), Q independent samples of τi are obtained for
each tap (one sample for each local area). An estimate of the
expected delay for each tap is achieved taking the average over
τi;q as

τ̂i = Ê[τi;q] =
1

Q

Q∑
q=1

τi;q. (12)
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Please note that the aforementioned τi values are generally not
equidistant in delay. Also, the average power in each tap at
Sq is calculated as

ai;q =
1

b

mi+b−1∑
m′=mi

Pτ [m
′; q], (13)

and finally âi = Ê[ai;q]. The authors in [29] and [30] used (11)
and (13) to develop a TDL model based on mobile radio prop-
agation measurements. However, these models were not tested
with a communication system to validate its performance.

Also, applying the dynamic range in h[n′,m; q], Ns com-
plex amplitude samples for each tap i are obtained in a local
area q by averaging the amplitudes in the delay domain as

rn′,i;q =
1

b

mi+b−1∑
m′=mi

h[n′,m′; q], (14)

which are grouped into a three-dimensional complex matrix
with Ns×M×Q elements. This matrix will be used to estimate
the Rice factor for each tap ki in the next subsection.

2) Envelope amplitude distribution: The amplitude distri-
bution of the complex channel tap gain rn′,i;q is investigated
in order to determine the distribution of its envelope. This gain
can be modelled by a Gaussian random variable, and consists
of a fixed component plus a zero-mean fluctuating compo-
nent [31]. When there is a dominant or LoS component, a
Rician distribution is expected for the envelope of the complex
channel tap gain R. The Rician distribution is characterized
by the k-factor, which indicates the severity of the fading in
the channel.

In this paper, the k-factor is estimated using the maximum
likelihood method from [32], optimizing the likelihood numer-
ically in the following equation

1

1 + k
+

1 + 2k

Ns

√
k(1 + k)

Ns∑
n=1

ynI1(y
′
n)

I0(y′n)
= 1+

1

Ns

Ns∑
n=1

y2n, (15)

being y′n = 2yn
√
k(k + 1), yn the normalized envelope, and

Im(x) the mth order modified Bessel function.
The procedure for estimating ki;q (k-factor of ith tap at a

local area Sq) is summarized as follows
• For each tap i in a Sq , Ns independent samples of rn′,i;q

are taken (r0,i;q, r1,i;q, ···, rNs−1,i;q), and its envelope Rn′

is calculated.
• The envelope is normalized with respect to the total mean

power, i.e. normalized envelope yn′ = Rn′/Ê[R2
n′ ].

• Finally, the roots of (15) are calculated to obtain ki;q .
Having obtained ki;q , the k-factor for each tap i is estimated by
the sample mean k̂i = Ê[ki;q]. It will be used to characterize
the amplitude distribution of the envelope.

3) Doppler spectrum per Tap: The variation of h[n,m]
determines the Doppler spectrum of each resolvable tap.
For implementing these Doppler spectra into the TDL chan-
nel model only the shape and the distribution are required
to generate a channel representation with similar statistics
and Doppler behaviour like the measured channel [29]. The

Doppler spectrum for the ith tap can be estimated using the
scattering function by

P̂ηi [d] =
1

b

b−1∑
n=0

P [mi,n, d], (16)

where mi,n = mlos+(i−1)b+n, and mlos is the average delay
of the LoS component which can be obtained from Pτ [m]. (16)
allows to obtain a Doppler spectrum for each tap, which might
have different statistical distributions [33].

Another approach is to use the same Doppler spectral shape
for each tap. Given that, the Doppler spectrum for each tap i
is estimated as a constant, and defined by

P̂ηi [d] = Pη[d], (17)

where Pη[d] was defined in Section II-B. This choice simplifies
the model and reduces its complexity. Then, the implementa-
tion of Pηi [d] into the TDL model is carried out using two op-
eration modes which are named: DSP0 and DSP1. The DSP0
mode uses a Doppler spectrum approach by applying (17),
while the DSP1 mode uses the Doppler spectrum approach
based on P [m, d] as defined in (16). Hence, we will validate
in Section IV-C how well these modes performs compared to
measured channel impulse responses.

B. Results and analysis of the proposed TDL channel models

In this subsection, the procedure shown in the previous
subsections is applied to six different propagation channels and
the obtained results are shown and analyzed. The considered
channels are named from MD1 to MD6, which differ in the
propagation scenarios (Hilly Terrain and Railway Station) and
the considered T2T distances (short, medium and large).

1) Doppler-delay spectrum: The Hilly Terrain scenario and
short distances are considered in the MD1 channel model.
Fig. 6a shows the normalized Doppler-delay spectrum for this
scenario, where the delay and the Doppler frequency can be
related to the power of any received multipath component.
Given that the relative speed ∆v is constant, we can clearly
identify the Doppler frequency ηlos of the LoS component and
the maximum Doppler frequency ηmax of the reflecting and
scattering obstacles located along the track. Using (2) with
α = 0, these Doppler frequencies can be calculated by

ηlos,max =
(vt ∓ vr)fc

c
,

where vt = 50 km/h and vr = 10 km/h, as shown in Fig. 1,
represent the speed of the rear and front trains, respectively.
Then, the LoS component is located at ηlos = 193 Hz and
it describes a red vertical line in the spectrum. Positive ηlos
indicates that the trains are approaching. In contrast, the
scattering components, with less power, exhibit a maximum
Doppler of ηmax = 289 Hz.

Please note, that when the angle of arrival α of the scattered
path varies from 0 rad to π rad, the scattering Doppler
frequency can become negative and takes a minimum value
of −ηmax. Moreover, the delay of the LoS component varies
from 341 ns to 25 ns, which corresponds with the analyzed
interval (100 m to 5 m). In addition, when the T2T distance
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(a) Normalized Doppler-delay spectrum P̂ [m, d] (b) Normalized average Doppler spectrum Pη [d]

Fig. 6. MD1 channel model is modelled in a Hilly Terrain scenario.

(a) Normalized Doppler-delay spectrum P̂ [m, d] (b) Normalized average Doppler spectrum Pη [d]

Fig. 7. MD5 channel model is modelled in a Railway Station scenario. The part of P̂ [m, d] below 1 300 ns is not shown as it corresponds to noise.

gets close to 15 m, both trains are about to cross and ηlos
starts to decrease since its angle of arrival begins to vary
from 0 rad to π/2 rad. Moreover, the number of multipath
components increases as reflections from the metal structure
of the train and multipath components with similar power to
as the LoS component can be observed. These effects can be
seen in Fig. 6a for delays below 50 ns.

The average Doppler spectrum is computed for this scenario
and shown in Fig. 6b, where the Doppler frequencies ηlos,max

can be easily determined since they reach a peak power.
The power of the LoS component exceeds the maximum
multipath component by more than 20 dB. As it can be
observed, the shape of the Doppler spectrum matches a “Rice”
type. The “Rice” spectrum is expected to occur in scenarios
where the LoS component is dominant [34]. In addition, the
simulated Doppler spectrum is shown in this figure as dashed
blue line. The analytical expressions of all simulated Doppler
spectra and the used model selection criteria are presented in
Appendix A.

Different propagation conditions can be applied to a com-
munications system if we select the MD4 channel model,
where the Railway Station scenario and medium distance

are considered. In this scenario, vr = 0 and vt varies from
41 km/h to 36 km/h. Since vr = 0, ηlos,max can overlap
and scattering components can be observed close to ±ηlos.
Fig. 7a shows the normalized Doppler-delay spectrum for this
scenario. The maximum Doppler component is determined
by the LoS component, which slightly varies from 197 Hz
to 174 Hz (semi-curved red line) as ∆v is not constant.
In addition, some scattering Doppler frequencies are densely
located close to ηlos. This finding indicates that this scenario
is very rich in reflecting obstacles and a high rate of scatterers
is expected.

The delay of the LoS component varies from 1 692 ns
to 1 350 ns, which corresponds with the analyzed interval
(500 m to 400 m). Also, if the delay is constant, for instance
1 550 ns, there are scatterers with significant power around
−20 dB, whose Doppler vary in the [−ηlos; ηlos] interval. In the
spectrum, they can describe a horizontal line and it might be
identified as reflections stemming from the catenaries. Then,
some horizontal lines are seen in P̂ [m, d] in both scenarios
(see Fig. 6a and Fig. 7a), since the catenaries are periodically
located long the track.

Fig. 7b shows the average Doppler spectrum for this sce-
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TABLE II
PROPOSED DOPPLER SPECTRUM FOR EACH TAP.

MD1 MD2 MD3 MD4 MD5 MD6
Mode Taps ηd1 ηd2 shape ηd1 ηd2 shape ηd1 ηd2 shape ηd1 ηd2 shape ηd1 ηd2 shape ηd1 ηd2 shape
DSP0 1→ M 143 200 Rice 178 216 Rice 280 312 Rice 75 - Flat 158 - Jakes 266 - Jakes
DSP1 1 116 201 Rice 174 271 Rice 166 220 Rice 6 36 Rice 120 170 Rice 185 277 Rice

2 147 208 Rice 174 216 Rice 181 224 Rice 31 - Jakes 109 174 Rice 32 281 Rice
3 170 224 Rice 174 212 Rice 174 312 Rice 73 - Jakes 166 - Jakes -78 277 Rice
4 155 204 Rice 170 212 Rice 185 250 Rice 79 - Flat 190 - Jakes 262 - Jakes
5 304 - Jakes 170 304 Rice 166 315 Rice 78 - Flat 174 - Jakes 266 - Jakes
6 304 - Jakes 292 - Jakes 189 312 Rice 76 - flat 151 - Jakes 269 - Jakes
7 304 - Jakes 250 304 Rice 185 315 Rice 76 - Flat 157 - Jakes 262 - Jakes
8 289 - Jakes 269 315 Rice 76 - Flat 162 - Jakes 262 - Jakes
9 289 - Jakes 266 315 Rice 74 - Flat 158 - Jakes 266 - Jakes
10 289 - Jakes 277 315 Rice 74 - Flat 158 - Jakes 269 - Jakes
11 292 - Jakes 266 315 Rice 74 - Flat 166 - Jakes 262 - Jakes
12 266 - Jakes 281 315 Rice 158 - Jakes 266 - Jakes
13 273 315 Rice 158 - Jakes 262 - Jakes
14 289 315 Rice 158 - Jakes 266 - Jakes
15 285 315 Rice 158 - Jakes 266 - Jakes
16 281 315 Rice 158 - Jakes 266 - Jakes

ηd1 and ηd2 are expressed in Hertz (Hz) which define the modelled Doppler spectra (see Appendix A)

TABLE III
PARAMETERS OF THE PROPOSED CHANNEL MODELS: POWER, DELAY AND k-FACTOR.

MD1 MD2 MD3 MD4 MD5 MD6
Taps âi (dB) τ̂i (ns) k̂i (dB) âi (dB) τ̂i (ns) k̂i (dB) âi (dB) τ̂i (ns) k̂i (dB) âi (dB) τ̂i (ns) k̂i (dB) âi (dB) τ̂i (ns) k̂i (dB) âi (dB) τ̂i (ns) k̂i (dB)
1 0.0 0 12.5 0.0 0 9.0 0.0 0 6.0 0.0 0 6.0 0.0 0 4.0 0.0 0 4.0
2 -17.3 58 -6.0 -16.3 110 -4.0 -11.0 104 -4.0 -16.0 94 -5.0 -8.1 106 -8.5 -7.4 100 -9.0
3 -21.5 178 0.5 -20.3 204 -0.5 -14.4 200 -8.0 -18.5 194 1.0 -11.6 200 -7.5 -10.2 196 -7.0
4 -24.8 260 0.0 -18.0 320 0.0 -13.1 320 -2.0 -21.6 298 0.5 -14.2 308 -7.0 -12.1 304 -7.0
5 -30.2 380 -4.5 -18.8 410 -3.5 -13.2 406 -2.0 -21.7 400 0.5 -15.7 408 -7.0 -12.5 402 -5.0
6 -28.4 460 -4.0 -23.0 522 -5.5 -17.4 510 -9.5 -22.9 496 -2.0 -15.7 514 -3.5 -13.6 504 -4.5
7 -29.9 538 -3.0 -18.8 610 1.0 -14.7 620 -4.0 -25.3 598 -2.0 -16.4 608 -1.5 -15.0 604 -2.5
8 -24.1 722 -7.0 -11.3 708 2.5 -25.2 688 0.0 -18.2 706 -3.0 -16.0 704 -9.0
9 -20.9 836 -4.5 -17.3 806 -8.0 -27.1 798 -3.5 -19.2 808 -3.0 -16.3 804 -5.5
10 -23.9 914 -2.5 -19.3 912 -16.0 -27.0 902 -2.5 -20.2 908 -2.5 -16.5 904 -2.0
11 -23.9 1 024 -10.0 -15.1 1 014 -5.0 -21.1 1 008 -0.5 -20.7 1 006 -5.0 -17.2 1 002 -4.5
12 -19.7 1 106 -2.5 -16.2 1 104 -1.5 -21.5 1 110 -4.5 -18.1 1 098 -4.5
13 -19.0 1 212 -12.5 -22.8 1 214 -3.0 -18.4 1 200 -5.0
14 -15.4 1 312 -5.5 -21.9 1 310 -4.5 -18.5 1 302 -8.5
15 -17.3 1 404 -6.0 -20.3 1 414 -3.5 -18.2 1 404 -3.0
16 -17.5 1 512 -12.0 -22.5 1 502 -3.0 -19.4 1 500 -7.5

nario, where scatterers with both positive and negative Doppler
frequencies can be observed. Also, two peak powers are
located at a Doppler frequency of ±158 Hz and different
powers. The difference in power may be attributed to both
the non-uniform distribution of the scatterers in the scenario
and the LoS component that appears with positive Doppler,
which can be verified in Fig. 7a. In this scenario, the shape
of the Doppler spectrum is identified as “Jakes” type.

2) Doppler spectrum per tap: The shape of Doppler spectra
in all considered scenarios are listed in Table II, where the ηd1
and ηd2 frequencies, which are expressed in Hz, specify the
spectrum (see Appendix A). Using this table, the modelled
Doppler spectra can be implemented in the TDL model using
the DSP0 and DSP1 modes, as explained in Section III-A3. In
addition, it is observed that in all analyzed scenarios, the first
tap follows a “Rice” type Doppler spectrum, which indicates
that the LoS component is always dominant even though large
distances are considered. Another finding is that the taps can
exhibit different spectrum types for the same scenario.

3) Amplitude, delay and k-factor per tap: Table III shows
the power, delay, and k-factor for each resolvable tap in
each considered model. The accuracy of estimated parameters
were chosen using an confidence interval of 95 %, where an
accuracy of one digit after the decimal point for âi, 2 ns for
τ̂i and 0.5 dB for k̂i were used. Please see Appendix B where
the confidence intervals for the MD1 and MD5 proposed TDL

models are provided.
As expected, the results always show that the first tap

exhibits higher k-factor than the rest. As a consequence, the
amplitude of the first tap is simulated following a Rician dis-
tribution, while the other ones follow a Rayleigh distribution.
The maximum delay τ̂max = τ̂M − τ̂1 is higher than 1 µs
except in the MD1 model, where τmax is equal to 538 ns. The
maximum number of resolvable taps is equal to 16 in the MD3,
MD5 and MD6 models. Thus, the proposed channel models
can be emulated using a channel emulator which allows to
carry out a system-level simulation [35].

Furthermore, we consider that the differences among the
three proposed channel models (MD4, MD5 and MD6) in
Railway Station are caused by two variables: T2T distance and
relative speed. While the T2T distance is correlated with the
number of multipath components (see Section II-D2) which
affects the obtained value M and the relative power of each
tap, ∆v determines the free variables (ηd1 and ηd2) of the
shape of Pηi . On the other hand, these differences in Hilly
Terrain would be only caused by the T2T distance since ∆v
is constant for the three considered propagation scenarios.

4) Statistic of the proposed channel model: Channel statis-
tics change considerably from one environment to another,
over time and along T2T distance [14]. We are interested in
investigating their averaged values and its dependence on the
T2T distance. They are obtained based on P [m,n] by using
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TABLE IV
CHANNEL STATISTICS OF THE ANALYZED WIRELESS CHANNELS.

Model Scenario Distance (m) στ (ns) τ̄ (ns) ση(Hz) η̄ (Hz) Tc (ms) Bc (MHz) k̂1 (dB) M βt (dB) ts (ms) Nh ∆v (km/h)
MD1 HT 5 to 100 84 96 37 178 74.8 4.87 12.5 7 30 207.7 8 777 40
MD2 HT 400 to 500 192 1 522 107 177 59.7 1.94 9.0 12 20 207.7 8 777 40
MD3 HT 800 to 900 820 2 974 218 137 46.2 1.58 6.0 16 20 207.7 8 777 40
MD4 RS 5 to 100 86 106 18 27 77.2 5.57 6.0 11 25 756.5 39 000 5
MD5 RS 400 to 500 290 1 600 126 96 63.0 1.81 4.0 16 20 216.1 10 250 38
MD6 RS 800 to 900 572 2 940 233 92 26.2 1.34 4.0 16 20 167.5 6 408 49
HT = Hilly Terrain; RS = Railway Station; Nh = total number of used impulse responses; τ̄ = mean delay; η̄ = mean Doppler

the diagram shown in Fig. 2. The obtained statistics of the
analyzed channels are shown in Table IV. It is observed that
both delay spread στ and Doppler spread ση are correlated
with the T2T distance. For instance, when we move from short
distance (MD1) to medium distance (MD2), στ increases from
84 ns to 192 ns, while ση increases from 37 Hz to 107 Hz.

These results indicate that the channel dispersion in time-
frequency domains increases with the distance, which is rea-
sonable to expect since the number of resolvable multipath
components increases with distance (see Fig. 5). Please note
that the T2T distance determines the geometric relation be-
tween the trains and the environment, thereby this relation
would be reflected in the channel statistics. The distance-
dependent effect is also seen in k̂1, which relates the power of
the LoS component and the scattered paths. Thus, k̂1 varies
from 12.5 dB to 6.0 dB when short (MD1) and large (MD3)
distances are considered in Hilly Terrain.

These finding match with the results shown in [15] where
the behaviour of the k1, στ , and ση parameters with respect
to T2T distance are shown. In addition, the coherence time Tc
and the coherence bandwidth Bc are also shown in Table IV,
being both dependent on the distance too. The knowledge of
the wireless channel statistics is very important in order to
optimize the design of any communication system. For in-
stance, στ determines the length of cyclic prefix in orthogonal
frequency division multiplexing (OFDM) systems [36], while
ση determines the separation of midambles in 802.11bd.

IV. ANALYSIS AND VALIDATION OF THE PROPOSED
CHANNEL MODELS

In this section, the novel 802.11bd protocol and measured
channel impulse response (CIR) are used to validate the
proposed TDL channel models. A validation framework is
proposed and the obtained results are shown and analyzed.
802.11bd has been chosen for the validation, since the T2T
communication is one of its use cases [1].

A. 802.11bd vehicular protocol
In the last decade, vehicular communications have been

supported by the well-known 802.11p protocol, which en-
ables intelligent transport systems (ITS) that support critical
and non-critical applications. Nowadays, its evolution, named
802.11bd, is being standardized by the IEEE standardization
group (TGbd), whose new use cases have been defined in [37].

802.11bd will introduce novel processing techniques and
keep the constrains of backward compatibility. An 802.11bd
specification framework was presented in [3], where the fol-
lowing setting candidates were tested by TGbd:

• 10/20 MHz bandwidth
• Channel tracking based on midamble
• Low density parity check (LDPC) coding
• 256QAM modulation
• Retransmissions
• Multiple-input multiple-output (MIMO) techniques
• Dual constellation modulation (DCM)

The new protocol increases the numbers of active carriers to
56 with a mandatory bandwidth of 10 MHz. It uses the LDPC
coding to increase robustness against channel impairments,
although binary convolutional coding (BCC) is still supported
for backwards compatibility with 802.11p. Further, midambles
are used to update the channel response estimation by peri-
odically inserting training symbols into the sequence of data
OFDM symbols, tracking the wireless channel in this way.

In addition, the transmission range is increased using diver-
sity techniques such as DCM. While, the MIMO techniques,
the 256QAM modulation, and 20 MHz bandwidth allow to
double the transmission rate. As a result, the implementation
of new use cases, which demands higher data rates, is possible,
e.i. sensor sharing, automated driving assistance among others.
For the validation of the proposed TDL channel models, an
802.11bd compliant physical layer has been implemented in
MATLAB based on [3].

Synchronization in the 802.11bd receptor is carried out
using training symbols in the same way as in [38]. The
receiver exploits the periodicity of the short training symbols
by calculating the autocorrelation coefficient of the received
signal. Then, this coefficient is compared with a threshold to
decide if the packet is detected or not. After that, the alignment
symbol is carried out using a matched filter to cross-correlate
the sample stream with the known pattern of the long training

802.11bd Tx

Noise 802.11bd Rx

Up-Sampling

Down-Sampling

h’[no,m’]TDL Model

Wp

Wp

W

Fig. 8. Diagram of the validation framework of the proposed channel models.
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symbols. Finally, frequency offset is estimated and corrected.
To test the synchronization, we add a number of random null
samples at the beginning and end of each frame.

B. 802.11bd performance based validation

In order to evaluate the performance and the accuracy of
the TDL models proposed in the previous section, a base-
band validation framework showing in Fig. 8 is implemented
through simulating a single link between a transmitter and
receiver for two different options: using the measured channel
impulse response h[n,m] or the TDL channel model. Then, the
performance results for both validation options are compared
and analyzed using packet error rate (PER) versus Eb/N0,
where Eb denotes the energy per bit and N0 the noise power
spectral density which is defined as in [39].

Using the reference validation option (first option) in Fig. 8,
the switch will move to the right. Firstly, the 802.11bd signal
has to be up-sampled as its bandwidth Wp is usually lower
than the measurement bandwidth W . Secondly, the convolu-
tion process is carried out to emulate the impairments of the
wireless channel. On the convolution, the normalized impulse
response h′[no,m′], with discrete time index no, is obtained by
taking the samples within the dynamic range and normalizing
them as

h′[no,m
′] =

h[no, ip +m′]
Mb−1∑
i=0

|h[no, ip + i]|2

p = ⌈no/Q⌉,
m′ ∈ [0;Mb− 1]. (18)

Please note that h[no,m′] is a sample of the CIR from stored
measurement data, which indicates that the same data is used
for fitting and testing of the proposed model. This choice was
made due to the limited amount of stored data in the analyzed
scenarios. This limitation is due to the limited availability of
measurement time and equipment for railway measurements.
Consequently, the validation model considers only the fitting
accuracy and it does take into account the prediction accuracy.

The total number of measured impulse response Nh in each
scenario is shown in Table IV.

The dynamic range is the same as the one applied in
Section III-A and contains the significant energy of h[n,m],
smoothing in this way the noise. The normalization process in
(18) removes the large-scale fading effect and its dependence
with distance. Finally, the convolved output is downsampled.
After adding the noise, it is processed at the receiver.

For the second option, the proposed TDL channel models
are used to implement a Rician channel whose parameters are
chosen from Table II and III, according to chosen TDL model.
Please note, the Doppler spectrum P̂ηi [d] can be simulated in
the Rician model in two different modes: DSP0 or DSP1, as
was explained in Section III-A3. Then, noise is added and the
signal is processed at the receiver.

C. Simulation results

Using the diagram in Fig. 8, the performance results of
802.11bd are estimated for each proposed validation option.
Next, the PER performance of 802.11bd and 802.11p are
compared using the MD1 channel model at different MCS.
The simulation parameters are shown in Table V where the
packet size is set to 400 byte.

TABLE V
SIMULATION PARAMETERS.

Parameters 802.11bd 802.11p
Bandwidth Wp (MHz) 10 10
Data carriers 52 48
Modulation order 2,4,16,64,256 2,4,16,64
Coding rate Rc 1/2,2/3,3/4 1/2, 2/3
Type coder LDPC BCC
Channel estimation Midamble Least square
Midamble rate 4 -
Payload (byte) 400 400
Simulated packets 40000 40000

Fig. 9a shows how the performance of 802.11bd is degraded
when the T2T distance is increased in Hilly Terrain by
changing the channel model. For instance, there are 5 dB of
penalty when switching the channel model from MD1 to MD2
and PER = 10−2. The QPSK modulation and 1/2 coding rate

(a) Hilly Terrain scenario (b) Railway Station scenario

Fig. 9. Validation results of the proposed channel models based on performance of 80211.bd using QPSK-1/2 at different T2T distances.
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(QPSK-1/2) are used in this test. For any considered channel
model, significant differences are hardly observed between the
two options of simulated Doppler spectra (DSP0 and DSP1
modes). In both cases, the obtained performances match well.
Finally, the proposed channel models (MD1, MD2 and MD3)
degrade performance of 802.11bd in a similar way as in the
case of using the measured channel impulse response (CIR).
For instance, choosing Eb/N0 = 25 dB, a PER = 2.0 · 10−3

(2.5·10−3) is reached through MD2 in the DSP1 (DSP0) mode
while a PER = 1.8 · 10−3 is reached if CIR is used.

Similar findings are obtained when the MD4, MD5 and
MD6 channel models are tested, whose results are shown in
Fig. 9b. Also, we can verify that Railway Station scenario is
more demanding than Hilly Terrain scenario. For instance, to
reach a PER = 10−2 at short distances, an Eb/N0 of 11 dB
is necessary for the MD1 model, while an Eb/N0 of 19 dB
is necessary for the MD4 model.

Also, an error floor close to 10 % of packect loss is observed
for the MD3 and MD6 channel models. This effect can be
caused by orthogonality loss of subcarriers in OFDM modu-
lation due to both timing and channel estimation errors. As a
result, inter-symbol interference degrades system performance.
Although, the transmission of error-free packets is possible for
the MD1 model, a low error floor is still seen for the MD2
and MD4 channel models.

Fig. 10. Comparison between 802.11p and 802.11bd using the MD1 model
(DSP0). The BPSK, 16QAM, 64QAM, and 256QAM modulations are com-
bined with a coding rate of 1/2, 1/2, 2/3, and 3/4 respectively.

The performance results of 802.11p and 802.11bd for dif-
ferent MCS are shown in Fig. 10. The results reveal that using
16QAM-1/2 scheme and a target PER =10−3, a performance
gain of 2 dB in Eb/N0 is obtained when 802.11bd is used
instead of 802.11p. Also, 802.11bd achieves a gain of 0.5 dB
and 5 dB for BPSK-1/2 and 64QAM-2/3 schemes, respec-
tively. These results match with the ones shown in [40], where
a gain from 1 dB to 3 dB was obtained by 802.11bd using
other channel models. Finally, the behavior of 802.11bd using
a higher order modulation (256QAM) is shown in this figure
too, where a PER <10−2 is obtained for Eb/N0 > 36 dB.
This modulation is only available for 802.11bd which is used
with Rc = 3/4.

D. Work in progress and future work

Six TDL channel models have been proposed and validated
for two T2T railway scenarios with trains moving with relative
speeds up to 50 km/h. These speeds were used due to
limitations on the measurement site and the channel sounder.
In reality, although the trains could drive faster than 300 km/h,
their relative speed ∆v′ could be in the considered relative
speed ∆v range in this article. Given that, what would happen
with the parameters of the proposed TDL models if other
∆v and driving maneuvers are considered? This last question
is another research gap in T2T communications, where new
studies must be carried out.

In addition, a measurement campaign was carried out in [41]
for different relative speeds in a T2I scenario. The results show
that the measured PDP for ∆v = 100 km/h behave similar to
the measured PDP for ∆v = 200 km/h in the same scenario.
Also, the T2T communication based on TETRA was analyzed
in [13], where no evidence was found of a possible influence
of ∆v on the message error rate. Based on the shown results
in these articles, the following ideas arise for future work:

• The average power delay profile Pτ [m] does not change
when ∆v changes since it only depends on the geom-
etry of the scenario. As a result, the stochastic channel
parameters shown in Table III should remain valid.

• The average Doppler spectral density Pη[d] is spread or
compressed when ∆v changes since Doppler frequency
depends on ∆v as was shown in (2). As a consequence,
the channel parameters (ηd1 and ηd2 ) shown in Table II
should be scaled by a constant Cd = ∆v′/∆v.

• The channel statistics shown in Table IV should not
change except η̄, ση and Tc when ∆v changes.

Therefore, measurements with different measurement set-
tings e.g. higher velocities, higher bandwidth or MIMO setups
would be of high interest. Additional parameters could be
provided by a train-to-train geometry based stochastic channel
model (T2T GSCM) where different velocities and various
maneuvers could be considered in different environments. In
a next step we will derive a T2T GSCM for different railway
environments.

V. CONCLUSION

Modelling the wireless channel is one of the most difficult
and relevant tasks of radio system design. In this paper,
we have proposed six tapped delay line models for train-to-
train communications. The Hilly Terrain and Railway Station
scenarios are covered for large, medium, and short distances.
The results indicate that the simulated channel using any
of the proposed models is correlated with the measurements
carried out with the DLR channel sounder, since both channels
degrade the 802.11bd performance in a similar way. The
proposed TDL models can be modelled using a maximum tap
number of 16, and hence can be implemented in any modern
channel emulator. Furthermore, the maximum delay is higher
than 1 µs except for the MD1 model, whose maximum delay
is 538 ns.

It is observed that the stochastic channel parameters are time
variant and T2T distance dependent. For instance, delay spread
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στ varies from 84 ns to 820 ns when short or large distances
are considered in Hily Terrain. Also, the analysis of Doppler-
delay spectrum reveals that the Railway Station scenario is
densely covered with reflector obstacles, which deteriorates the
propagation conditions. The DSP0 and DSP1 modes, which
describe how the Doppler spectrum is simulated, cause only
small differences in the 802.11bd performance although the
DSP0 mode is much simpler to implement. Finally, 802.11bd
achieves a performance gain over 802.11p from 0.5 dB to
5 dB at a PER of 10−3 depending on the used modulation
and coding scheme.

APPENDIX A
SIMULATED DOPPLER SPECTRUM

Three types of Doppler spectra are observed in the consid-
ered scenarios: “Jakes”, “Rice” and “Flat”. These spectra are
defined by ηd1 and ηd2 , and form a pool of models based on
the following equations:

• “Jakes” spectrum

Pη[d] =
1

πd1∆ν
√
1− (d/d1)2

, |d| ≤ d1 (19)

• “Flat” spectrum

Pη[d] =
1

2d1∆ν
, |d| ≤ d1 (20)

• “Rice” spectrum

Pη[d] =
Aa

πd1∆ν
√

1− (d/dm)2
, d1 ≤ d ≤ d2, (21)

where

Aa =
π

2[arcsin(d2/dm)− arcsin(d1/dm)]
.

These equations are used in MATLAB to simulate the Doppler
frequency in a TDL model, where ηdi = di∆η, being di ∈
[−Ns/2;Ns/2− 1], i = 1, 2 and dm = Ns/2− 1. Also, these
free variables (ηd1 and ηd2 ) are calculated applying a threshold
to P̂ηi [d] between 20 dB and 30 dB with respect to its peak
value.

The model complexity of the Doppler spectrum is increased
with the number of free variables considered in the model. The
number of free variables are two for the “Jakes” and “Flat”
models, while it is four for the “Rice” model. The spectral
shape shown in Table II for each proposed channel model,
is determined by minimizing the mean squared error between
P̂η[d] and each Pη[d] from the pool of models. Please note that
our procedure disregards the difference in model complexity.

APPENDIX B
CONFIDENCE INTERVAL

Given a population X = {x1, x2, ..., xNx
} with Nx ele-

ments [42], the confidence interval Ix for mean of X with a
confidence of 100 · (1− 2 · ψ) % is given by

Ix = [m̂x − ϵx; m̂x + ϵx] = m̂x ∓ ϵx, (22)

where

ϵx = tNx−1,ψ · Ŝx√
Nx

(23)

is the maximum error in the estimate for the confidence level
used. In addition, m̂x and Ŝx represent an estimate of the
mean and the standard deviation of X . Furthermore, ta,b
represents the t-student distribution with degree of freedom
a and probabilistic sample b.

Table VI and VII show the confidence interval for the
proposed TDL models MD1 and MD5 with 95 % of confi-
dence (ψ = 0.025), respectively. Where (22) has been applied
to amplitude ai,q , delay τi,q and k-factor ki,q for each ith

resolvable tap, being {Na, Nτ , Nk} ≤ Q. In addition, ετ for
each tap in both models are smaller than the tap resolution
Rτ = 100 ns used in the TDL model, so ετ would not cause
significant errors between the estimated and simulated delay
component in the model.

TABLE VI
CONFIDENCE INTERVAL FOR THE MD1 PROPOSED TDL MODEL

WITH 95 % CONFIDENCE.

Taps Na Ia (dB) Nτ Iτ (ns) Nk Ik (dB)
1 43 0.0 ∓ 0.2 43 0 ∓ 4 43 12.5 ∓ 2.0
2 43 -17.3 ∓ 1.1 43 58 ∓ 2 43 -6.0 ∓ 3.0
3 37 -21.5 ∓ 0.8 37 178 ∓ 4 43 0.5 ∓ 1.5
4 25 -24.8 ∓ 2.0 25 260 ∓ 8 43 -0.0 ∓ 2.5
5 13 -30.2 ∓ 1.1 13 380 ∓ 12 43 -4.5 ∓ 3.5
6 10 -28.4 ∓ 2.1 10 460 ∓ 14 43 -4.0 ∓ 4.0
7 2 -29.9 ∓ 2.2 2 538 ∓ 38 43 -3.0 ∓ 2.5

TABLE VII
CONFIDENCE INTERVAL FOR THE MD5 PROPOSED TDL MODEL

WITH 95 % CONFIDENCE.

Taps Na Ia (dB) Nτ Iτ (ns) Nk Ik (dB)
1 48 0.0 ∓ 0.3 48 0 ∓ 2 48 4.0 ∓ 2.0
2 48 -8.1 ∓ 0.9 48 106 ∓ 2 48 -8.5 ∓ 3.0
3 45 -11.6 ∓ 0.8 45 200 ∓ 2 48 -7.5 ∓ 2.5
4 38 -14.2 ∓ 0.4 38 308 ∓ 4 48 -7.0 ∓ 3.0
5 34 -15.7 ∓ 0.7 34 408 ∓ 4 48 -7.0 ∓ 3.0
6 31 -15.7 ∓ 0.7 31 514 ∓ 2 48 -3.5 ∓ 2.5
7 31 -16.4 ∓ 0.9 31 608 ∓ 6 48 -1.5 ∓ 2.0
8 24 -18.2 ∓ 0.7 24 706 ∓ 6 48 -3.0 ∓ 2.0
9 21 -19.2 ∓ 0.9 21 808 ∓ 6 48 -3.0 ∓ 3.0

10 16 -20.2 ∓ 0.5 16 908 ∓ 6 48 -2.5 ∓ 2.5
11 13 -20.7 ∓ 0.9 13 1 006 ∓ 8 48 -5.0 ∓ 3.0
12 12 -21.5 ∓ 0.7 12 1 110 ∓ 6 48 -4.5 ∓ 2.5
13 12 -22.8 ∓ 1.3 12 1 214 ∓ 6 48 -3.0 ∓ 2.5
14 12 -21.9 ∓ 1.6 12 1 310 ∓ 8 48 -4.5 ∓ 2.5
15 10 -20.3 ∓ 1.3 10 1 414 ∓ 10 48 -3.5 ∓ 3.0
16 6 -22.5 ∓ 0.9 6 1 502 ∓ 16 48 -3.0 ∓ 3.0
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