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ABSTRACT This paper presents a novel lower boundary for the coherence block (ChB) length in time-
variant wireless channels. A rigorous estimation of the ChB length is important for the proper design of
systems based on time division duplex-orthogonal frequency division multiplexing (TDD-OFDM). ChB
length is especially relevant in the case of massive multiple input-multiple output (m-MIMO) systems, as
it determines the overhead due to the massive channel estimation and, consequently, the spectral efficiency
that can be achieved. The proposed boundary is based on a tractable propagation model, is related to easily
obtainable channel parameters, and applicable to radio channels with temporal variation due to both the
movement of the users and the movement of objects that surround them; including vehicle-to-vehicle (V2V),
vehicle-to-infrastructure (V2I) and industrial Machine-to-Machine (M2M) communications.

INDEX TERMS Coherence block, massive MIMO, vehicular communications, wireless systems.

I. INTRODUCTION
The concept of the coherence block (ChB), also known in the
literature as coherence interval, is fundamental for the proper
design of systems based on time division duplex-orthogonal
frequency division multiplexing (TDD-OFDM), and it is espe-
cially relevant in the case of massive multiple input-multiple
output (m-MIMO) systems [1], [2], [3], [4], [5], [6]. The ChB
length determines the overhead due to the channel estimation,
and consequently, the achievable spectral efficiency that can
be obtained in systems based on TDD- OFDM framework.

Considering that the channel coherence bandwidth, BC,
corresponds with the frequency interval where the channel
response can be approximated as constant (flat in frequency),
and the coherence time, TC, is the time interval in which the
channel is nearly time-invariant, then each coherence block
contains NC = BCTC complex-valued samples [5], [6].

There are three important characteristics of these radio
channel parameters, BC and TC, that should be highlighted:
1) their random nature, i.e., within the same propagation
scenario both parameters vary in different local areas; and
thus, a rigorous description of them must be carried out

statistically, 2) both, BC and TC, depend on the degree of
coherence of the channel considered to define them (0.5, 0.7,
or 0.9 values are the most common in the literature), and 3)
the dependence of both parameters on the antenna radiation
patterns [7], [8].

These three characteristics are transferred to the ChB length
and must be considered when estimating ChB values in dif-
ferent propagation environments. A complete description of
the statistical behavior of ChB length is desirable, but com-
plex. From the point of view of its experimental analysis it
is important to take into account that the measurements of
the values of both TC and BC in a given propagation environ-
ment and in a statistically representative set of spatial points,
should be undertaken simultaneously. There are sufficient ex-
perimental data for both parameters in different propagation
environments, but the majority of them obtained separately,
not simultaneously. The experimental acquisition of both data
simultaneously has a certain complexity for outdoor envi-
ronments, and not all channel sounders for measuring the
broadband channel are valid for this purpose. The number
of simultaneous measurements is much smaller, and they are
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mostly in indoor environments, see for instance [9], [10], [11],
[12], [13].

In the author´s opinion, from an engineering point of view,
those difficulties along with the need to manage with not
very complex methodologies for the estimation of the ChB
length, are the reasons why some simple approaches or rule-
of-thumbs have remained as the best options for estimating
ChB lengths [5], [6]. In [14], taking into account the afore-
mentioned considerations, the authors already presented a
lower boundary for the ChB length which considers its statis-
tical behavior. This lower boundary establishes a relationship
between several parameters of the channel, including the
root-mean square (RMS) delay spread, τRMS, and the RMS
Doppler spread, υRMS, which depends on the frequency band
along with the speed of the mobile users. Furthermore, in
[14] the values of the correlation levels on the ChB length,
necessary to define both BC and TC parameters, were also con-
sidered. Likewise in [14], with a view to showing the validity
and interest of the lower boundary proposed there, a statistical
analysis of the behavior of ChB in an indoor environment
is carried out, using a semi-empirical approach. For those
purposes, in the estimation of the ChB length experimental
values are used for the RMS delay, along with values obtained
from a theoretical model of the RMS Doppler spread. These
semi-empirical points of view could be a reasonable solution
to take advantage of the large amount of experimental data
which were not obtained for the purpose of estimating the
length of the ChB. In [14], it is shown that the ChB length
obtained for the commonly accepted rule-of-thumb [5], [6]
overestimates the length of the ChB at least for correlation
levels higher than 0.5.

The boundary obtained in [14] is valid for mobile chan-
nels where the transmitter and/or receiver move relative to
each other, but does not consider the movement of the scat-
terers in the environment. From now on, we will call this
the Clarke-Jackes classical mobile radio channel. The tem-
poral variations of the channel due to the movement of the
environment, the scatterers, are very significant in vehicular
communications, vehicle-to-vehicle (V2V), and in the case
of vehicle-to-infrastructure communications (V2I), especially
in millimeter wave (mmW) bands and/or at high speeds;
also, in the Internet of Things (IoT) applications in industrial
environments with moving machines (M2M), and in indoor
environments with a high mobility of people.

In this work, a new lower boundary for the ChB length is
developed, which is applicable to mobile channels in which
the transmitter, the receiver, and the environment are in move-
ment. The new boundary maintains its simplicity; however,
it is applicable to different propagation environments and sys-
tems, V2V, V2I or M2M, selecting a reduced number of model
parameters. In particular, it is applicable to the propagation
conditions considered in the Clarke-Jakes model, which ap-
pears as a particular case of the more general model presented
here, but a tighter lower boundary for ChB than in [14] is
obtained.

The proposed boundary rests on the uncertainty relation-
ships that Bernard H. Fleury proposed and demonstrated in
[15], applicable to wide-sense stationary uncorrelated scat-
tering (WSSUS) mobile channels, which involve the pairs
of parameters BC versus τRMS, and TC versus υRMS. These
four parameters measure the extent of the channel responses
in the four domains, frequency and time-delay, and, time
and Doppler frequency; i.e, the four domains that describe
time-varying channels from Bello’s theoretical proposal [16].
However, to obtain an applicable and specific expression for
the different propagation environments, it is necessary to con-
sider a channel model that allows these parameters to be
accurately estimated.

Considering the large number of existing models of time-
variant channels, for the purpose at hand, it is necessary to
choose a model that provides a reasonably manageable esti-
mate of the length of the ChB, sufficiently accurate but also
easily implementable. The authors have selected the model
proposed in [17], because it represents a good balance be-
tween accuracy and simplicity. There exist other advanced
models, for instance the proposal presented in [18], or the
complete and interesting proposal shown in [19]. For the sake
of brevity, and to focus on the main ideas of the paper, we
refer the reader to the many references that can be found in
[17], [18], [19] on the precedent and alternative time-variant
channel models.

The main contributions of this work are summarized as
follows:

– A new and tighter lower boundary for the ChB length is
obtained. Regarding the previous one developed by the
authors in [14], the new bound is more general, extend-
ing its applicability to V2V communications.

– The bound is easily applicable and depends on basic
parameters of the radio channel, although it considers
and emphasizes the random nature of the ChB length.

– A new probability distribution for the scatterer velocities
is proposed to consider situations where signals scattered
by both static and moving objects are important. The
balance between both scattering sources is adjusted with
a single parameter and the ChB length can be analyzed
for V2V, V2I, and M2M communications in different
environments.

– Finally, results are presented for two cases of V2I com-
munications, as examples of the possibilities of the
model. In all of them, it is observed that the usually
accepted rules-of-thumb for estimating the ChB length
overestimate its value, especially at high frequencies and
velocities.

The remainder of the paper is organized as follows. Sec-
tion II presents the basis for a general lower boundary for
the ChB length in mobile radio channels; Section III de-
scribes the V2V channel model; Section IV includes some
representative results for different V2I cases; and Section V
summarizes the main conclusions that can be drawn from this
work.
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II. A GENERAL LOWER BOUNDARY FOR THE CHB
LENGTH
It is well established that a pair of signals related by the
Fourier transform (FT) verify that the width of one in a do-
main determines the width of the other one in the transformed
domain. If the four Bello’s autocorrelation functions which
fully describe WSSUS mobile channels are considered, as a
consequence of their FT relationships, it can be affirmed that
the duration of a signal in the delay-time domain is inverse to
its bandwidth in frequency; and its rhythm of time variation is
inverse to the Doppler spectrum (DS) width [20], [21].

In the case of mobile radio channels, the duration of the
channel response in the delay-time domain is commonly mea-
sured by the RMS delay spread, τRMS, which is calculated as
the square root of the second central moment of the Power
Delay Profile (PDP). It is straightforward to demonstrate that
the FT of the PDP is the autocorrelation of the time-variant
transfer function H(t,f) with respect to the frequency vari-
able, f. The breadth of the autocorrelation function is usually
measured by the BC at different correlation levels. Therefore,
these two parameters, τRMS and BC, will maintain an inverse
relationship between them according to the compression prop-
erties of the FT [20], [21].

The relationship between BC and τRMS has received a lot
of attention since the initial contribution of Gans [22], who
proposed a simple relationship:

BC = 1

α τRMS
(1)

where the parameter α depends on the shape of the PDP and
the degree of correlation that defines BC [20], [22].

Due to the duality between the Bello’s functions, the RMS
Doppler spread, υRMS, calculated as the square root of the
second central moment of the DS, is a measure of its width;
whereas the duration of the autocorrelation function in the
time domain, R(�t), is usually measured using the coherence
time, TC, at different correlation levels. A dual relation to (1)
is given in (2), in which β is a factor that depends on the DS
shape and correlation level:

TC = 1

β υRMS
. (2)

Furthermore, concerning pairs of functions related by the
FT, the product of any length measure of one function,
let us say 〈�x〉, by the length of the transformed pair,
〈�y〉, verifies uncertainty relations. The well-known relation
〈�x〉 〈�y〉≥ 1/(4π ) is verified for a pair of transformed func-
tions when 〈�x〉,〈�y〉 are the square root of the second central
moment of such functions [21].

In [15], two uncertainty relations of great interest and appli-
cable to WSSUS mobile channels were demonstrated, relating
the durations of the basic functions of the radio channel in the
four domains, as given by:

BCτRMS ≥ arccos
(
c f

)
2π

(3)

TCυRMS ≥ arccos (ct )

2π
(4)

in which cf and ct are the correlation levels on the frequency
and time domains that define BC and TC, respectively.

Several authors have experimentally contrasted the inequal-
ity in (3). Fleury presents in [15] the measured results of pairs
(BC, τRMS) along with the boundary defined in (3). These
results were measured in an indoor environment in the 900
MHz frequency band [23]; and clearly show the fulfilment
of the inequality (3). In [24], [25], results that also comply
with (3) in different frequency bands and environments are
presented. Concerning (4), the authors have no knowledge
of their experimental confirmation, but the duality between
Bello´s functions is a clear indication of its validity.

By combining the two uncertainty relations (3)–(4), an
inequality can be obtained which provides a general lower
boundary for the duration of the ChB,

BCTC ≥ arccos
(
c f

)
arccos (ct )

4π2τRMS υRMS
. (5)

An approximation to Fleury´s boundaries was proposed
by the authors in [14], in which τRMS and υRMS were ap-
proximated by the maximum typical values expected for the
environment under analysis. Concerning the RMS delay, the
inequality in (6) is considered:

τRMS ≤ τmax. (6)

Moreover, considering that the DS is limited for the case
of the Clarke-Jakes model by a maximum Doppler frequency
value, it can be stated that:

υRMS ≤ υmax = v

λ
. (7)

In (7), ν is the relative speed between the transmitter (Tx)
and the receiver (Rx), and λ is the wavelength at the car-
rier frequency. From these approaches, the following lower
boundary for the ChB length in mobile radio channels is
obtained in [14]:

BC TC ≥ λ arccos
(
c f

)
arccos (ct )

4π2τmaxv
(8)

Expression (8) directly relates the minimum length of the
ChB to easily measurable parameters of the mobile radio
channel. However, it has the disadvantage of being too con-
servative, and a tighter boundary is desirable. Moreover, its
applicability is restricted to the Clarke-Jakes channel, which
verifies (7) and, consequently, it does not consider the move-
ment of objects in the environment surrounding Tx and Rx.

To improve this approximation, it is proposed to maintain
the limit established in (6) for τRMS, and to approximate
the value of υRMS more accurately. The motivation for this
approach is that the value of τRMS is highly dependent on
the frequency and propagation environment, and there are no
sufficiently proven analytical models to correlate this value
with specific propagation environments. Taking into account
the large number of available experimental data of τRMS for
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FIGURE 1. Geometric-stochastic model for the V2V channel.

different environments and frequency bands, it is more reli-
able to approximate them by its maximum values expected
for a certain environment, τmax. Therefore, the parameter τmax

must be obtained from measurements or site-specific models.
At the same time, it is proposed to consider a more exact
analytical value of the parameter υRMS in (5), obtaining a more
general and tighter lower boundary.

III. VEHICLE-TO-VEHICLE CHANNEL MODEL
A. GENERAL DESCRIPTION OF THE V2V MODEL
In order to obtain υRMS in (5), it is proposed to use the model
presented by Borhani and Pätzold in [17], which includes
various propagation conditions, ranging from the already
mentioned Clarke-Jakes mobile channel, fixed to fixed (F2F),
V2V and M2M communications, considering the effect of the
movement of the objects in the environment. As a particular
case, V2I communications are included, very relevant in the
case of massive MIMO systems. The selection of the model
proposed in [17], is motivated by the fact that it represents a
trade-off between accuracy and simplicity.

In summary, The main characteristics of the model pro-
posed in [17] are: 1) it is an analytical model for narrowband
V2V channels, which takes into account that the scatterers sur-
rounding both Tx and Rx are moving with random velocities
in random directions. It does not impose any constraint on
the position of the moving scatterers; 2) the model considers
general scatterer velocity distributions, which can be used to
model different traffic scenarios, or machine movements in
industrial environments.

Fig. 1 represents the geometric-stochastic model, showing
the Tx and Rx moving with constant velocities and along
defined directions in a propagation environment randomly
surrounded by both static (buildings, parked cars, etc.) and
moving scatterers with random velocities, vS, and directions,
αS

v , whose statistics will be defined by its probability distribu-
tion P(vS) and P(αS

v ), respectively. In Fig. 1, vT, αT
v and vR,

αR
v are the velocities and direction of movements of Tx and

Rx, respectively; αT and αR stand for the angle of departure
(AoD) and arrival (AoA), respectively; vS is the speed of the
scatterers and αS

v represents their direction of movement.

B. AUTOCORRELATION FUNCTION OF THE V2V MODEL
In [17], the autocorrelation function (ACF) of the general
model presented in the previous section was obtained. For
that purpose, the authors considered the four Doppler spreads
experienced by the signal: one due to the movement of the
transmitter; the second and third ones caused by the move-
ment of the scatterers considered as virtual receiver and
transmitter; and finally, the Doppler spread due to the moving
receiver. Moreover, in [17], a less general but more tractable
approach is also obtained. The additional hypotheses are that:
the AoD and AoA are independent and uniformly distributed
between 0 and 2π . Furthermore, the direction of movement
of the scatterers is considered as uniformly distributed. Under
these assumptions, and as summarized in the appendix, the
ACF of the V2V channel can be found in [17, Eq. (7), or Eq.
(36)], and is given by:

R (�t ) = 1

4π2

∫ ∞

0

∫ 2π

0

∫ 2π

0
J0 (a �t ) eb�t P (vS )

dαT dαRdvS (9)

a = 2kovS cos

(
αT − αR

2

)
(10)

b = j ko
[
vR cos

(
αR

v − αR) + vT cos
(
αT

v − αT )]
(11)

where �t represents the time lag, J0(�) denotes the zeroth-
order Bessel function of the first kind, and ko = 2π /λ is the
free-space wavenumber. With respect to [17], the ACF in (9)
has been normalized, so that R(0) = 1.

Starting from the ACF in (9), different known expressions
are obtained for common scenarios. For the case of fixed-
to-vehicle (F2V) communications without movement in the
environment, vT = vS = 0, the ACF of the Clarke-Jakes model
is obtained:

R (�t ) = J0 (ko vR �t ) . (12)

The ACF for a F2F radio channel surrounded by scatterers
in motion is obtained from (9) considering that vT = vR = 0,

R (�t ) =
∫ ∞

0
J2

0 (ko vS �t ) P (vS ) dvS . (13)

The ACF in (13) coincides with that obtained in [26]. In the
case of considering as a simplification that all the scatterers
move in random directions but with the same speed, vS0, then
P(vS)=δ(vS−vS0), and (13) is reduced to:

R (�t ) = J2
0 (ko vS0 �t ) . (14)

In [26], it is demonstrated that, in this case, the maximum
Doppler frequency is 2vS0 f0 /c0, twice as much as in the case
of the classical DS and, unlike that case, it presents a pro-
nounced peak at the origin. Spectra with these characteristics
have been measured indoors and outdoors [27], [28], [29],
[30].
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C. RMS DOPPLER SPREAD OF THE V2V MODEL
The RMS Doppler spread (υRMS) of the channel is defined as
the square root of the second central moment of the channel
DS,

υRMS =
√

υ2 − (υ )2. (15)

The calculation of the RMS value of the DS in the Doppler
frequency domain is not straightforward. However, it is sim-
pler in the time domain, so let us consider the derivative
theorem of a pair of Fourier transformed signals [21]:

υ = − R′ (0)

2 π i R (0)
(16)

where R(�t) is the ACF given in (9), and R′(0) its first deriva-
tive at the origin. Furthermore, according to the same theorem,
the following expression is obtained for the mean square value
of the Doppler frequency:

υ2 = − R′′ (0)

4 π2R (0)
(17)

in which R′′(0) is the second derivative of R(�t) at the origin.
The calculation of the first and second derivatives of the

ACF is presented in the Appendix. The results of these cal-
culations coincide with those presented in [17] although,
especially concerning the second derivative, the calculations
are more detailed in the Appendix.

The main results show that R′(0) = 0, and the second
derivative evaluated at the origin is:

R′′ (0) = −2π2

λ2

[
v2

R + v2
T + 2

∫ ∞

0
v2

S P (vS ) dvS

]
. (18)

It is convenient to define an effective velocity of the scatter-
ers as:

v2
e f f = 2

∫ ∞

0
v2

S P (vS ) dvS. (19)

In this way, substituting (19) in (18) and considering
(15)–(17), the following expression is obtained for the RMS
value of the DS:

υRMS = 1√
2 λ

√
v2

R + v2
T + v2

e f f (20)

The expression for υRMS in (20) depends on Tx and Rx
velocities, as well as on the effective velocity of the scatterers,
and the latter in turn on the probability distribution of the
scatterer velocities P(vS). In this way, a sufficiently general
expression is obtained that allows us to contemplate different
traffic situations, or the movement of machines, people, etc. In
[17], the expressions of the effective velocity can be found for
different commonly used traffic models, such as exponential,
uniform, Gaussian distributions, etc.

By substituting in (5) the value of υRMS given in (20),
values of the lower boundary for the ChB length are obtained,
making it possible to analyze this parameter in very different

propagation environments,

BC TC ≥
√

2 λ arccos
(
c f

)
arccos (ct )

4π2τmax

√
v2

R + v2
T + v2

e f f

(21)

IV. RESULTS: V2I CASES OF STUDY
This section includes several cases of study of interest in the
context of V2I communications. These situations are useful as
examples of the type of analysis that can be carried out on the
duration of the ChB in different frequency bands and prop-
agation conditions. Two propagation environments and two
frequencies have been considered in this work. Concerning
the environments, we will refer to urban (or pedestrian) and
motorway (or in car) scenarios. Moreover, two bands intended
for the deployment of 5G systems have been considered:
3.6 GHz where the first deployments have been carried out;
and 26 GHz of great interest for the 5G deployment in mmW
bands.

To particularize for the case of V2I communications, in the
general expression given in (21), first vT is set to zero when
considering the downlink; and, taking into account the radio
channel reciprocity, vR will also be set equal to zero for the
up-link. Furthermore, a model for the probability distribu-
tions of the scatterer velocities must be proposed. An original
distribution is proposed that allows considering both moving
scatterers, basically vehicular traffic, and fixed scatterers, such
as buildings, parked cars and other street furniture:

P (vS ) = p δ (vS ) + (1 − p) P0 (vS ) , 0 ≤ p ≤ 1 (22)

where δ(�) denotes the Dirac’s delta function and P0(vS) rep-
resents the probability distribution of the scatterers effectively
moving. It can be selected from the commonly used traffic
velocity distributions: exponential, uniform, Gaussian, etc.
Through the parameter p, different propagation environments
can be modulated, so that the relative magnitude of scattering
from fixed objects, such as buildings, parked cars, other street
furniture, and the amount of scattering from moving objects,
such as traffic, can be scaled to fit realistic and changing
situations. For instance, focusing on the limit values of p, a
value p = 1 corresponds with the particular case in which all
the scatterers are fixed, whereas the value p = 0 represents just
the opposite situation in which all the scatterers are moving.
In our case, in order to simplify the analysis of the boundary
proposed for the ChB length, we have chosen the simplest
situation in which all the moving scatterers move at the same
speed, vS0, so (22) can be rewritten as:

P (vS ) = p δ (vS ) + (1 − p) δ (vS − vS0) . (23)

In this case, the effective velocity of the scatterers is

v2
e f f = 2 (1 − p) v2

S0. (24)

For the propagation conditions considered, (21) is simpli-
fied as:

BC TC ≥
√

2 λ arccos
(
c f

)
arccos (ct )

4π2τmax

√
v2

R + 2 (1 − p) v2
S0

. (25)
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TABLE 1. Parameters of the Outdoor Situations Considered

In order to compare the new boundary proposed in this
work with the one previously obtained by the authors in [14],
it is necessary to simplify the scenario further and consider
that all the scatterers are fixed, i.e., vS0 = 0, or alternatively to
fix the parameter p, such that p = 1. For such a case, which is
the only one where both boundaries are directly comparable,
(25) reduces to:

BC TC ≥
√

2 λ arccos
(
c f

)
arccos (ct )

4π2τmax vR
. (26)

Comparing (26) and (8), it can be seen that the new bound-
ary is less conservative and tighter than the old one by a factor
of

√
2.

Table 1 shows the fundamental parameters that define the
two propagation scenarios considered. These parameters in-
clude the velocities of the mobile user, i.e., the receiver, and
the surrounding moving objects, i.e., the scatterers, vR and
vS respectively; along with the maximum propagation delays
expected in such environments τmax. In order to select rep-
resentative values for τmax, experimental values of 250 and
100 ns have been considered for the 3.6 GHz [31] and 26 GHz
[32] frequency bands, respectively. In the literature, more
experimental works and site-specific values can be found for
different environments. For the urban scenario, two different
speeds are considered for pedestrian users, vR = 4 km/h, and
for cars, vS = 50 km/h. For the motorway scenario, the same
velocity is considered for users and for the surrounding traffic
a speed of 100 km/h has been chosen.

In order to show the influence of the speed of mobile users,
vR, the frequency band and the degree of correlation pre-set to
define BC and TC, the resulting ChB size for the two scenarios
is presented in Fig. 2.

For simplicity, a F2V environment with static scatterers (veff

= 0) has been considered, i.e., only the users move with the
speeds proposed in Table 1. These values are obtained from
(26). It is observed that the ChB size decreases with the degree
of correlation required in the definition of both BC and TC.
For example, for the urban (pedestrian) case at 26 GHz, the
ChB size defined at a correlation level of 0.5 (50%) takes a
value of NC = 4083 samples, compared to NC = 2356 for the
case of a correlation level of 0.7 (70%). For the same urban
case, and considering a correlation level of 0.7, the influence
of the frequency is also clear, leading to a decrease in the ChB
size from NC = 6800, at 3.6 GHz, to NC = 2356 at 26 GHz.
Finally, for the correlation levels and frequencies considered,
a reduction in the ChB size is observed as the speed of the

FIGURE 2. ChB length in a stationary environment for the two propagation
scenarios and frequency bands considered.

TABLE 2. Nc Values: Urban Propagation Environment

mobile grows. In this case, for p = 1, the reduction is inversely
proportional to the Rx velocities.

The parameter p makes it possible to weigh up the power
received from each scattering source, stationary or moving. In
this sense, Fig. 3 shows the ChB length obtained in the urban
environment for 3.6 GHz and 26 GHz, with the parameter p
ranging from 0 to 1.

The curves between these two extreme values correspond
to p = 0.2, 0.4, 0.5, 0.6 and 0.8. Table 2 shows the values
of NC, the ChB length, extracted from Fig. 3 for a group of
representative values of p, correlation levels, c, and for both
frequencies. An important reduction of NC is observed as the
Doppler power spectral density is due to a greater extent to the
moving scatterers, taking the minimum value for p = 0.

Fig. 4 shows the results for the ChB length in the motorway
environment for both frequency bands, and again considering
different values for p, ranging from p = 0 to p = 1. Unlike the
urban scenario presented in Fig. 3, it is observed that there is
less difference between the extreme values of the parameter
p, because the velocities of the user, Rx, and the traffic are
the same. Moreover, a significant reduction in NC is observed
with respect to the urban case for both frequencies due to the
high speeds, which obviously give rise to a clear reduction
in TC. A summary of the more representative values of NC

obtained for this scenario have been extracted from Fig. 4 and
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FIGURE 3. ChB length in the urban environment with p � [0,1]. (a) Results
for 3.6 GHz. (b) Results for 26 GHz.

TABLE 3. Nc Values: Motorway Propagation Environment

are presented in Table 3 for different representative correlation
levels and values of the parameter p.

Figs. 3 and 4 also show the NC values (represented by a
dashed red line) obtained using the commonly accepted rule-
of-thumb [5], [6], in which NC can be approximated by:

BC = 1

2τmax
(27)

FIGURE 4. ChB length in the motorway environment with p � [0,1]. (a)
Results for 3.6 GHz. (b) Results for 26 GHz.

TC = λ

4 v
(28)

NC = BCTC = λ

8τmax v
. (29)

It can be observed that, obviously, NC does not depend on
the level of correlation required in the rigorous definition of
TC and BC, and besides and more importantly, in all the cases
analyzed there is an overestimation of NC, for any correlation
value. It can be seen that for a favorable case, such as an urban
environment, with low speeds of mobiles and traffic, and p =
0.5, the overestimation in the ChB length is of the order of
three times.

V. CONCLUSION
This paper presents a novel lower boundary for the coherence
block length in vehicular communications channels. In com-
parison with the previous boundary developed by the authors,
this new one has two main advantages: firstly, it is tighter, still
maintaining its simplicity, which is a clear practical advantage
for the design and evaluation of the physical (PHY) layer
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in wireless systems; secondly, the new boundary considers
the two sources of channel time variability together, one due
to the relative movement between transmitter and receiver,
and the second, to the movement of scatterers. The relative
scattered power from both sources is easily parameterized and
controlled, allowing the analysis of very general propagation
conditions. In this way, the proposed boundary can be used
to analyze V2V, V2I, and M2M communications in different
propagation environments. The results show the impact of
these two sources of time variations on the ChB length. There
is a significant reduction in the ChB length for the cases
in which both, mobiles and scatterers, have relatively high
velocities.

The boundary explicitly relates basic parameters of the
channel, such as the maximum expected RMS delay spread,
carrier frequency and the velocities of mobiles and traffic.
Moreover, the dependence of the length of the ChB on the
selected correlation levels in order to define both BC and TC,
is quantified. It must be pointed out that the impact of the time
and frequency correlation levels on the outdating of channel
estimation methods is an aspect of great interest.

The high dispersion of values of the channel parameters BC,
TC, τ rms and υrms along a propagation environment underlines
the need to consider the duration of the ChB as a random
variable, and to analyze it from a statistical point of view,
obtaining probability distributions that should allow us to ob-
tain outage values beyond a boundary that makes it possible
to ensure 100% compliance. However, since the overhead in
channel estimation in future mobile communication systems,
especially in systems based on massive MIMO technology,
depends on the length of the ChB, the proposed lower bound
is a valuable engineering tool when it comes to dimensioning
and designing the physical layer.

APPENDIX
Considering the stochastic V2V channel model proposed in
[17], whose formulation has been summarized in Section III,
the ACF of the channel can be written according to:

R (�t )

= 1

4π2

∫ ∞

0

∫ 2π

0

∫ 2π

0
J0 (a �t ) eb�t P (vS ) dαT dαRdvS

(A.1)

where:

a = 2kovS cos

(
αT − αR

2

)
(A.2)

b = j ko
[
vR cos

(
αR

v − αR) + vT cos
(
αT

v − αT )]
. (A.3)

Taking into account that [33]:

d J0 (a �t )

d �t
= a J−1 (a �t ) = −a J1 (a �t ) , (A.4)

it can be easily obtained:

R′ (�t ) = 1

4π2

∫ ∞

0

∫ 2π

0

∫ 2π

0

(
b J0 (a �t ) eb�t − a J1 (a �t )

eb�t
)

P (vS ) dαT dαRdvS . (A.5)

From (A.5), it is obtained that R′(0) = 0; considering that
J0(0) = 1 and J1(0) = 0. Moreover, from (A.5) we proceed to
the calculation of the second derivative of the ACF:

R′′ (�t ) = 1

4π2

∫ ∞

0

∫ 2π

0

∫ 2π

0

[
eb�t (b2J0 (a �t )

− 2a b J1 (a �t ) −a2

2
(J0 (a �t ) − J2 (a �t ))

]

× P (vS ) dαT dαRdvS. (A.6)

To obtain (A.6) it has been considered that [33]:

J1
′ (a �t ) = a

2
(J0 (a �t ) − J2 (a �t )) . (A.7)

From (A.6)) we obtain the value of R′′(�t ) at the origin,
i.e., �t = 0, given by:

R′′ (0) = 1

4π2

∫ ∞

0

∫ 2π

0

∫ 2π

0

(
b2 − a2

2

)
P (vS ) dαT dαRdvS

(A.8)

Substituting the values of a and b in (A.8), and considering
[17, Eq. (29)] along with the uniform distribution of αT and
αR, we finally obtain:

R′′ (0) = −2π2

λ2

[
v2

R + v2
T + 2

∫ ∞

0
v2

S P (vS ) dvS

]
. (A.9)

In this Appendix:
αT stands for the angle of departure, AoD.
αR stands for the angle of arrival, AoA.
vS is the speed of the scatterers.
vR is the speed of the mobile user.
αs

v represents the direction of movement of scatter-
ers.

ko = 2π /λ, is the free-space wavenumber.
P(vS) stands for the probability distribution of the vS

for the scatterers.
R(�t) is the ACF.
R′(�t ) is the first derivative of the ACF.
R′′(�t ) is the second derivative of the ACF.
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