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�e interest that exists globally around the so-called intelli-
gent transportation systems (ITS) has fostered a large amount
of research activities aimed at developing new wireless
communication technologies for the information exchange
among vehicles on the move. �e design of such technology
gained an important momentum when in 1999 the American
Federal Communications Commission (FCC) allocated a 75
MHz bandwidth in the 5.9 GHz band for dedicated short-
range communications (DSRC) systems. �e technology has
seen a continuous development and the achievement of
several milestones ever since. However, while the future
ahead looks promising, the design of radio transceivers for
vehicular communications continues to be a complex task,
because the high speed at which the vehicles can move
poses several new challenges that are not a concern for
conventional mobile communication systems. For example,
due to the rapidly changing propagation conditions that are
typically found in vehicular communication environments,
the Doppler shi� effects and the nonstationary character-
istics of the wireless channel become exacerbated. �ese
issues significantly affect the performance of transceivers
that are not optimized to operate over highly dispersive
nonstationary channels. Proper channel models are therefore
needed that provide insights into the physics of vehicle-
to-vehicle (V2V) and vehicle-to-infrastructure (V2I) radio
reception and, at the same time, that lend themselves to

mathematical and numerical system performance investiga-
tions.

�is special issue aims to provide a global perspective
on open problems, current research trends, new results and
ideas, and hot topics in the area of channel modeling and
simulation for vehicular communication systems.�e special
issue comprises a collection of four papers that were received
from open call and accepted for publication a�er a thorough
peer review.

In the paper entitled “Statistical Modeling, Simulation,
and Experimental Verification of Wideband Indoor Mobile
Radio Channels,” Y. Ma et al. present a geometry-based
stochastic model for wideband indoormobile radio channels.
�e model assumes that the transmitted signal is scattered
by objects that are exponentially distributed over the two-
dimensional horizontal plane of a rectangular room. Depart-
ing from this model, the authors investigate the probability
density function (PDF) of the angle of arrival (AOA), the
PDF of the path length, the power delay profile (PDP),
and the frequency correlation function (FCF). In addition,
they present an efficient sum-of-cisoids (SOC) channel
simulator based on the proposed nonrealizable wideband
indoor channel model. �e channel model and its SOC
simulator have been validated experimentally by empirical
data collected in different indoor scenarios at 2.4, 5, and 60
GHz.
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�edesign of computer simulators for nonstationary Rice
fading channels under nonisotropic scattering scenarios is
the subject of research of the paper “A Novel Simulation
Model for Nonstationary Rice Fading Channels,” by K.
Jiang et al. �e authors of this paper present a simula-
tion model based on sum-of-chirp signals that takes into
account the smooth transition of fading phases between
the adjacent channel states. �ey analyze the envelope and
phase PDFs, autocorrelation function (ACF), and Doppler
power spectrum density (DPSD) of the proposed simu-
lator, and they also introduce a proper parameterization
method for such simulator. Simulation results are presented
to demonstrate the accuracy of the simulator in replicating
the statistical properties of the reference Rice fading chan-
nel model under nonstationary and nonisotropic scenar-
ios.

In the paper entitled “A Triply Selective MIMO Channel
Simulator Using GPUs,” R. Carrasco-Alvarez et al. present
a novel methodology based on graphics processing units
(GPUs) for the simulation of triply selective multiple-input
multiple-output (MIMO) radio channels. Compared with
sequential implementations, the proposed GPU-based chan-
nel simulator is shown to achieve a 650-fold computational
time improvement for an 8 × 8 MIMO channel. In addition
to the computational improvement, the proposed simulator
offers flexibility for testing a variety of propagation scenarios
in V2V and V2I communication systems.

Finally, the paper “Modelling andAnalysis of Nonstation-
ary Vehicle-to-Infrastructure Channels with Time-Variant
Angles of Arrival,” by M. Pätzold and C. A. Gutierrez, deals
with the statistical modeling of fixed-to-mobile (F2M) mul-
tipath radio channels with time-varying angular statistics.
In the state of the art, it is commonly assumed that the
AOA statistics of the received multipath signal are time
invariant. However, this assumption does not in general agree
with real-world channels in which the AOAs vary with the
position of a moving receiver. In their paper, the authors
present a mathematical model for the time-varying AOAs.
�ismodel is then employed as a basis for the development of
two nonstationary multipath fading channels models for V2I
communications. �e time-dependent ACF, time-dependent
mean Doppler shi�, time-dependent Doppler spread, and the
Wigner-Ville spectrum of the proposed V2I channel models
are analyzed. All in all, this paper provides a new view on the
channel characteristics that go beyond ultrashort observation
intervals over which the channel can be considered as wide-
sense stationary.
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This paper focuses on the modeling, simulation, and experimental verification of wideband single-input single-output (SISO)
mobile fading channels for indoor propagation environments. The indoor reference channel model is derived from a geometrical
rectangle scattering model, which consists of an infinite number of scatterers. It is assumed that the scatterers are exponentially
distributed over the two-dimensional (2D) horizontal plane of a rectangular room. Analytical expressions are derived for the
probability density function (PDF) of the angle of arrival (AOA), the PDF of the propagation path length, the power delay profile
(PDP), and the frequency correlation function (FCF). An efficient sum-of-cisoids (SOC) channel simulator is derived from the
nonrealizable reference model by employing the SOC principle. It is shown that the SOC channel simulator approximates closely
the reference model with respect to the FCF. The SOC channel simulator enables the performance evaluation of wideband indoor
wireless communication systems with reduced realization expenditure. Moreover, the rationality and usefulness of the derived
indoor channel model is confirmed by various measurements at 2.4, 5, and 60GHz.

1. Introduction

Indoor wireless communications has attracted considerable
attention in recent years due to a broad set of emerging
indoor services offered by personal communication systems
[1, 2], wireless local area networks [3, 4], and wireless
private branch exchange networks [5]. The interest in indoor
wireless communications is growing especially when opti-
cal wireless communication techniques [6, 7] are applied
to indoor deployment scenarios. Numerous researches on
modulation techniques [8], multiple access techniques [9],
and propagation modeling [10] have been carried out for
indoor optical wireless communications. In order to design
an efficient indoor wireless communication system and to
predict accurately its system performance, a prerequisite is to
develop an appropriate indoor channel model that describes
realistically the underlying propagation conditions.

To improve the indoor channel characterization and
modeling, numerous measurement campaigns have been
conducted in a variety of indoor environments, such as

offices, corridors, buildings, and factory halls. Measurement
results have been reported in the literature for various
frequency bands, including the frequency bands at 900MHz
[11–13], 1.5 GHz [14, 15], 2.4GHz [16], 4–5.5GHz [17–19],
17-18GHz [18, 20], and 60GHz [21–24]. Based on measure-
ment results, several empirical statistical channel models
[13, 24–27] have been developed for the simulation and
performance analysis of various indoor communication sys-
tems. The advantage of measurement-based channel models
is that they are characterizing the fading behavior utterly
realistic. By changing the model parameters, the developed
statistical channel models can be employed to simulate
indoor propagation channels for a broad range of different
scenarios. However, to determine appropriate parameters
for different propagation scenarios, a large number of mea-
surement data are required, which is time- and material-
consuming and leads thus to high development costs. Alter-
natively, approaches based on ray-tracing techniques [28–
31] have been developed to enable the simulation of indoor
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propagation channels. Ray-tracing channel models [29, 32–
34] can efficiently capture the fading behavior of specified
indoor environments. Many developed ray-tracing channel
models have shown good agreement with measured channels
[35–37]. However, ray-tracing models greatly depend on the
physical layouts and materials through which electromag-
netic waves propagate, for example, walls, floors, and ceilings.
In addition, the main drawback of ray-tracing models comes
from their computational costs, which are widely determined
by the size and complexity of the geographic database as well
as the strategy used for the ray search. Therefore, a trade-
off has to be found between the prediction accuracy and
the simulation efficiency when modeling indoor propagation
channels using ray-tracing techniques.

The two main types of indoor channel models, namely,
the empirical statistical channel models and the ray-tracing
channel models, have their own strengths and limitations.
To cope with the drawbacks mentioned above, a geomet-
rical channel model has been proposed in [38] for indoor
environments, where it is assumed that the scatterers are
randomly distributed inside of a circle with a base station
(BS) in its centre. More specifically, this model is based on the
assumption that the distance between the BS and the scatter-
ers follows an exponential distribution. Such an assumption
imposes severe restrictions on the applicability of the model.
In addition, from the physical point of view, it is questionable
whether it is reasonable to represent the geometry of indoor
scattering areas, such as offices and corridors, by a circle.
On the contrary, a rectangle is a more appropriate geometric
figure to model typical indoor propagation environments. A
geometrical rectangle scattering model has been proposed in
[39] to characterize narrowband indoor radio propagation
channels. However, to the best of the authors’ knowledge, the
modeling of wideband indoor radio channels by employing
an appropriate geometrical scattering model that takes into
consideration the unique indoor propagation conditions is
still an open problem.

Motivated by the scarcity of proper wideband geometry-
based indoor channel models, such a model was developed
in [40] by extending the geometrical rectangle scattering
model in [39] with respect to frequency selectivity. In this
paper, we improve the statistical models in [39–41] for the
characterization of the scatterer distribution. We concentrate
on the statistical characterization of a wideband reference
channel model, which is based on the assumption that an
infinite number of scatterers are randomly distributed over
the two-dimensional (2D) horizontal plane of a rectangular
room. To be more specific, we assume that the probability
for the occurrence of a scatterer decays exponentially with
the distance from the walls. This assumption includes the
uniform distribution of the scatterers as a specific case.
In contrast to [42–44], we apply a different procedure for
studying the statistical properties of the resulting reference
channel model, which requires no knowledge of the complex
channel gain. We derive the analytical expressions for the
probability density function (PDF) of the angle of arrival
(AOA), the PDF of the propagation path length, the power
delay profile (PDP), and the frequency correlation function
(FCF). Moreover, we derive a wideband sum-of-cisoids

(SOC) channel simulator from the reference model. It is
shown that the designed wideband SOC channel simulator
matches the underlying reference model accurately with
respect to the FCF. The obtained SOC channel simulator
enables the simulation of indoormobile fading channels with
reduced realization expenditure. At the end, we demonstrate
the closeness to reality of the proposed reference channel
model by comparing its mean excess delay and the root mean
square (RMS) delay spread with the corresponding empirical
quantities obtained from measured channels in laboratories
at 2.4GHz [16] and a conference room at 5GHz [19] as well
as corridors and offices at 60GHz [23].

The remainder of this paper is structured as follows. In
Section 2, we introduce the 2D geometrical indoor scattering
model, which serves as a starting point for the derivation of
the reference channel model. Section 3 analyzes the statistical
characteristics of the wideband reference channel model
with emphasis on the PDF of the AOA, the PDF of the
propagation path length, the PDP, and the FCF. Section 4
introduces a design procedure for wideband indoor SOC
channel simulators. Numerical and experimental results are
presented in Section 5 to confirm the correctness of the
obtained theoretical results. Section 6 validates the usefulness
of the proposed indoor channel model by matching its statis-
tical properties to those of measured (real-world) channels.
Finally, Section 7 draws the conclusion.

2. The Geometrical Indoor Scattering Model

This section briefly describes the geometrical scattering
model, which was first proposed in [40] to characterize
indoor propagation scenarios. Although a room has three
dimensions, we only consider the 2D horizontal plane in
which all local scatterers as well as the BS and the mobile
station (MS) are located. As shown in Figure 1, the rectangle
represents the 2D horizontal plane of a room. Its length
and width are denoted by 𝐴 and 𝐵, respectively. The BS is
considered as the transmitter, leaving the MS to play the role
as the receiver. For convenience, it is also assumed that the
MS moves along the 𝑥-axis. Moreover, we consider single
bounce scattering, which means that the plane waves emitted
from the BS are only bounced once by scatterers before
reaching the MS. The black star in Figure 1 represents a
single local scatterer. In real-world environments, the number
of scatterers is limited and their locations differ from one
propagation scenario to another. To avoid studying the fading
characteristics for a specific indoor propagation scenario
characterized by a specific realization of a finite number
of scatterers, we focus on a general statistical model that
results from averaging over all possible propagation scenar-
ios.Therefore, we assume that an infinite number of scatterers
are randomly distributed inside the room. Such a model acts
here as a nonrealizable stochastic reference model. From the
reference channel model, an efficient channel simulator with
low realization expenditure can be derived by making use of
the SOC principle [45].

A straightforward assumption would be that the scatter-
ers are uniformly distributed inside the room. For themodel-
ing of indoor channels, however, it is more realistic to assume
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Figure 1: Geometrical indoor scattering model with local scatterers𝑆, which are randomly distributed over the 2D horizontal plane of a
room with length 𝐴 and width 𝐵 (𝑎 ≥ 0 and 𝑏 ≥ 0).
that the probability of the occurrence of a scatterer decays
exponentially with the distance from the walls. This implies
that it is more likely that the received scattered components
are coming from the walls rather than from objects located
in the room’s centre. Instead of the uniform distribution, we
use therefore amixture of exponential functions tomodel the
distribution of the scatterers inside the 2D horizontal plane
of the room. The exponential functions are more general
and include the uniform distribution as a special case, as
explained in the next section.

3. Statistical Characterization of the Reference
Channel Model

This section studies the statistical properties of the proposed
indoor wideband reference channel model. In this regard, the
PDF of the AOA, the PDP, and the FCF are of special interest.

It is shown in Figure 1 that the BS is located at the position(𝑐, 0) (𝑐 < 0), while theMS is located at the origin of the coor-
dinate system.Theposition of the local scatterer 𝑆 is described
by (x, y), where x and y are independent random variables.
As mentioned in Section 2, it is assumed that the scatterers
are exponentially distributed within the 2D horizontal plane
of the room. This implies that the random variables x and
y must be exponentially distributed over the intervals 𝐼x =[−𝐴/2−𝑎, 𝐴/2−𝑎] and 𝐼y = [−𝐵/2−𝑏, 𝐵/2− 𝑏], respectively.
Thus, the PDF 𝑝x(𝑥) of x and the PDF 𝑝y(𝑦) of y are given by

𝑝x (𝑥)
= {{{

𝑃1 [𝑒−𝑤11(𝑥+𝐴/2+𝑎) + 𝑒𝑤12(𝑥−𝐴/2+𝑎)] , 𝑥 ∈ 𝐼x,0, otherwise,

(1a)

𝑝y (𝑦)
= {{{

𝑃2 [𝑒−𝑤21(𝑦+𝐵/2+𝑏) + 𝑒𝑤22(𝑦−𝐵/2+𝑏)] , 𝑦 ∈ 𝐼y,0, otherwise, (1b)

where 𝑤𝑘𝑙 ≥ 0 (𝑘, 𝑙 = 1, 2) are real-valued parameters and

𝑃1 = 𝑤11𝑤12𝑤12 (1 − 𝑒−𝑤11𝐴) + 𝑤11 (1 − 𝑒−𝑤12𝐴) , (2a)

𝑃2 = 𝑤21𝑤22𝑤22 (1 − 𝑒−𝑤21𝐵) + 𝑤21 (1 − 𝑒−𝑤22𝐵) . (2b)

It should be mentioned that the distributions in (1a) and
(1b) include the uniform distribution as a special case if𝑤𝑘𝑙 → 0 for 𝑘, 𝑙 = 1, 2. With the rule of de l’Hospital, it can
be shown that in this case 𝑃1 and 𝑃2 tend to 𝑃1 = 1/(2𝐴) and𝑃2 = 1/(2𝐵), respectively. Owing to the assumption that the
random variables x and y are statistically independent, we
can express the joint PDF 𝑝xy(𝑥, 𝑦) of x and y as the product
of the marginal PDFs 𝑝x(𝑥) and 𝑝y(𝑦); that is,

𝑝xy (𝑥, 𝑦) = 𝑝x (𝑥) ⋅ 𝑝y (𝑦) . (3)

Next, we describe the position of the scatterers by using
polar coordinates (z,𝛼), where z denotes the path length from
the position of the scatterer 𝑆 to the MS, and 𝛼 is the AOA
(see Figure 1). Notice that z and 𝛼 are random variables. The
joint PDF 𝑝z𝛼(𝑧, 𝛼) of the position of the scatterers in polar
coordinates (z,𝛼) can be written by using (3) as

𝑝z𝛼 (𝑧, 𝛼) = 𝑧𝑝xy (𝑧 cos (𝛼) , 𝑧 sin (𝛼))= 𝑧𝑝x (𝑧 cos (𝛼)) ⋅ 𝑝y (𝑧 sin (𝛼)) . (4)

Let D be the propagation path length, which is the plane
wave’s overall traveling distance from the BS via the scatterer𝑆 to the MS; thenD is given by

D = z + √z2 − 2𝑐z cos (𝛼) + 𝑐2. (5)

Our next focus is on finding the joint PDF of the path length
D and the AOA 𝛼 using (4). For this purpose, we introduce
the auxiliary random variable 𝜃 = 𝛼. Solving the system of
equations determined by D = z + √z2 − 2𝑐z cos(𝛼) + 𝑐2 and
𝜃 = 𝛼 gives us the following two solutions:

𝛼 = 𝜃, (6a)

𝑧 = 𝐷2 − 𝑐22 (𝐷 − 𝑐 cos𝛼) . (6b)

By applying the fundamental theorem of transformation of
random variables [46, p. 201], the joint PDF 𝑝D𝜃(𝐷, 𝜃) of the
path lengthD and the auxiliary random variable 𝜃 is given by

𝑝D𝜃 (𝐷, 𝜃) = |𝐽 (𝐷, 𝜃)| ⋅ 𝑝z𝛼 ( 𝐷2 − 𝑐22 (𝐷 − 𝑐 cos 𝜃) , 𝜃) , (7)

where

𝐽 (𝐷, 𝜃) =

𝜕𝛼𝜕𝐷 𝜕𝛼𝜕𝜃𝜕𝑧𝜕𝐷 𝜕𝑧𝜕𝜃

 = −𝐷2 − 2𝐷𝑐 cos 𝜃 + 𝑐22 (𝐷 − 𝑐 cos 𝜃)2 (8)
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denotes the Jacobian determinant of the inverse transforma-
tion. Substituting (8) into (7) and using (4), (6a), and (6b),
we find the expression for the joint PDF 𝑝D𝜃(𝐷, 𝜃). Owing
to 𝜃 = 𝛼, the joint PDF 𝑝D𝛼(𝐷, 𝛼) can be expressed directly
using the joint PDF𝑝D𝜃(𝐷, 𝜃) by replacing 𝜃 in (7) by 𝛼.Thus,
we obtain

𝑝D𝛼 (𝐷, 𝛼) = [𝐷2 − 2𝐷𝑐 cos (𝛼) + 𝑐2] (𝐷2 − 𝑐2)4 (𝐷 − 𝑐 cos (𝛼))3
⋅ 𝑝x ((𝐷2 − 𝑐2) cos (𝛼)2 (𝐷 − 𝑐 cos (𝛼)) )

⋅ 𝑝y ((𝐷2 − 𝑐2) sin (𝛼)2 (𝐷 − 𝑐 cos (𝛼)) ) ,
(9)

where 𝑝x(⋅) and 𝑝y(⋅) are the densities given by (1a) and (1b),
respectively.

3.1.The PDF of the AOA. In this subsection, we are concerned
with the derivation of the PDF 𝑝𝛼(𝛼) of the AOA 𝛼. This
PDF can be obtained from the joint PDF 𝑝D𝛼(𝐷, 𝛼) in (9) by
integrating over the range of𝐷; that is,

𝑝𝛼 (𝛼) = ∫
𝐷∈ID

𝑝D𝛼 (𝐷, 𝛼) 𝑑𝐷, (10)

𝐷max (𝛼) =
{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{

𝐴−2 cos (𝛼) + √[ 𝐴−2 cos (𝛼)]2 − 𝑐𝐴− + 𝑐2, if − arctan
𝐵+𝐴− < 𝛼 ≤ arctan

𝐵−𝐴− ,𝐵−2 sin (𝛼) + √[ 𝐵−2 sin (𝛼)]2 − 𝑐𝐵−cot (𝛼) + 𝑐2, if arctan
𝐵−𝐴− < 𝛼 ≤ 𝜋 − arctan

𝐵−𝐴+ ,− 𝐴+2 cos (𝛼) + √[ 𝐴+2 cos (𝛼)]2 + 𝑐𝐴+ + 𝑐2, if 𝜋 − arctan
𝐵−𝐴+ < 𝛼 ≤ 𝜋, −𝜋 < 𝛼 ≤ −𝜋 + arctan

𝐵+𝐴+ ,− 𝐵+2 sin (𝛼) + √[ 𝐵+2 sin (𝛼)]2 + 𝑐𝐵+ cot (𝛼) + 𝑐2, if − 𝜋 + arctan
𝐵+𝐴+ < 𝛼 ≤ − arctan

𝐵+𝐴− ,
(11)

where ID represents the interval (𝐷min, 𝐷max(𝛼)] in which𝐷min and𝐷max(𝛼) are theminimum and themaximumprop-
agation path length, respectively. The minimum propagation
path length𝐷min follows from (5) for 𝑧 = 0; that is,𝐷min = |𝑐|.
Notice that the maximum propagation path length 𝐷max(𝛼)
depends on𝛼. It is shown inAppendixA that𝐷max(𝛼) is given
as in (11), where

𝐴± = 𝐴 ± 2𝑎, (12a)

𝐵± = 𝐵 ± 2𝑏. (12b)

With 𝐷min = |𝑐| and 𝐷max(𝛼), as given in (11), the PDF𝑝𝛼(𝛼) can readily be obtained by solving the integral in (10)
numerically.

3.2. The PDF of the Propagation Path Length. The PDF of
the propagation path length D, denoted by 𝑝D(𝐷), can be
calculated by means of the relation

𝑝D (𝐷) = ∫
𝛼
𝑝D𝛼 (𝐷, 𝛼) 𝑑𝛼. (13)

It is shown in Appendix B [see (B.9)] that the integral in (13)
can be expressed by (14), which is presented as follows:

𝑝D (𝐷) =

{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{

𝑔 (−𝜋, 𝜋) , if |𝑐| ≤ 𝐷 ≤ 𝐷4,𝑔 (−𝜋, 𝛼1) + 𝑔2 (𝛼2, 𝜋) , if 𝐷4 < 𝐷 ≤ 𝐷8,𝑔 (−𝜋, 𝛼3) + 𝑔2 (𝛼4, 𝛼1) + 𝑔2 (𝛼2, 𝜋) , if 𝐷8 < 𝐷 ≤ 𝐷1,𝑔 (−𝜋, 𝛼3) + 𝑔2 (𝛼4, 𝛼5) + 𝑔2 (𝛼6, 𝛼1) + 𝑔2 (𝛼2, 𝜋) , if 𝐷1 < 𝐷 ≤ 𝐷2,𝑔 (−𝜋, 𝛼3) + 𝑔2 (𝛼4, 𝛼5) + 𝑔2 (𝛼2, 𝜋) , if 𝐷2 < 𝐷 ≤ 𝐷3,𝑔 (−𝜋, 𝛼3) + 𝑔2 (𝛼2, 𝜋) , if 𝐷3 < 𝐷 ≤ 𝐷6,𝑔 (𝛼8, 𝛼3) + 𝑔2 (𝛼2, 𝛼7) , if 𝐷6 < 𝐷 ≤ 𝐷5,𝑔 (𝛼8, 𝛼3) , if 𝐷5 < 𝐷 ≤ 𝐷7,

(14)
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where the path lengths 𝐷1, 𝐷2, . . . , 𝐷8 are given in
Appendix B, and 𝑔(𝛼𝑚, 𝛼𝑛) denotes the integral

𝑔 (𝛼𝑚, 𝛼𝑛) = ∫𝛼𝑛
𝛼𝑚

𝑝D𝛼 (𝐷, 𝛼) 𝑑𝛼, (15)

in which

𝛼1,2 = 2 arctan{{{
𝐷 − 𝑐𝐵− ∓ √(𝐷 − 𝑐𝐵− )2 − 𝐷 − 𝑐𝐷 + 𝑐}}} , (16a)

𝛼3,4 = −2 arctan{{{
𝐷 − 𝑐𝐵+ ± √(𝐷 − 𝑐𝐵+ )2 − 𝐷 − 𝑐𝐷 + 𝑐}}} , (16b)

𝛼5,6 = ∓ arccos{ 𝐷𝐴−𝐷2 − 𝑐2 + 𝑐𝐴−} , (16c)

𝛼7,8 = ± arccos{ −𝐷𝐴+𝐷2 − 𝑐2 − 𝑐𝐴+} . (16d)

3.3. The PDF and PDP of the Propagation Delays. The
objective of this subsection is to find the PDF 𝑝𝜏(𝜏) of
the propagation delays 𝜏. Here, the propagation delay 𝜏 is
defined as

𝜏
 = D − |𝑐|𝑐0 , (17)

where 𝑐0 denotes the speed of light. Taking this relation
into account and applying the concept of transformation of
random variables [46, p. 130], we can express the PDF 𝑝𝜏(𝜏)
of the propagation delays 𝜏 as

𝑝𝜏 (𝜏) = 𝑐0𝑝D (𝑐0𝜏 + |𝑐|) . (18)

Here, 𝑝D(𝑐0𝜏 + |𝑐|) can be obtained directly from the PDF
in (14) by replacing the variable 𝐷 by the term 𝑐0𝜏 +|𝑐|. For brevity, the expression for 𝑝D(𝑐0𝜏 + |𝑐|) is not
presented here. Let the total power of the received multipath
components be represented by 2𝜎20 , and let us denote the PDP
by 𝑆𝜏(𝜏). Then, it follows that ∫∞

0
𝑆𝜏(𝜏)𝑑𝜏 = 2𝜎20 holds.

By taking the relationship 𝑆𝜏(𝜏) ∼ 𝑝𝜏(𝜏) and the property∫∞
0

𝑝𝜏(𝜏)𝑑𝜏 = 1 into account, we can conclude that the
following equation must hold for the PDP:

𝑆𝜏 (𝜏) = 2𝜎20𝑝𝜏 (𝜏) = 2𝑐0𝜎20𝑝D (𝑐0𝜏 + |𝑐|) . (19)

Hence, the PDP 𝑆𝜏(𝜏) can be obtained directly from the PDF𝑝D(𝐷) in (14).

3.4. The FCF. According to the Wiener-Khinchin theorem,
the PDP and the FCF form a Fourier transform pair.The FCF𝑟𝜏(V) is defined as the Fourier transform of the PDP 𝑆𝜏(𝜏);
that is,

𝑟𝜏 (V) = ∫∞
0

𝑆𝜏 (𝜏) 𝑒−𝑗2𝜋V𝜏𝑑𝜏. (20)

Substituting (19) in (20) results in the following expression for
the FCF:

𝑟𝜏 (V) = 2𝑐0𝜎20 ∫∞
0

𝑝D (𝑐0𝜏 + |𝑐|) 𝑒−𝑗2𝜋V𝜏𝑑𝜏. (21)

Since no closed-form solution exists, the integral above has
to be solved numerically.

4. Design of an SOC Wideband Indoor
Channel Simulator

This section deals with the design of a stochastic SOC
channel simulator for the proposedwideband indoor channel
model. The time-variant impulse response of a wideband
SOC channel simulator consisting ofL discrete propagation
paths can be expressed as follows [47, Eq. (7.55)]:

ĥ (𝜏, 𝑡) = L−1∑
ℓ=0

𝑎ℓ�̂�ℓ (𝑡) 𝛿 (𝜏 − 𝜏ℓ) . (22)

Here, the path gains 𝑎ℓ are determined by the square root of
the PDP assigned to the ℓth discrete propagation delay. By
applying the procedure described in [47, p. 374], we have

𝑎ℓ = √∫
𝜏∈𝐼ℓ

𝑆𝜏 (𝜏) 𝑑𝜏, ℓ = 1, 2, . . . ,L, (23)

where 𝐼ℓ are the intervals defined in [47, p. 374]. The
stochastic complex process �̂�ℓ(𝑡) in (22)models the sum of all
received scattered components having the same propagation
delay 𝜏ℓ. According to the SOC principle, such a stochastic
process can be represented by a sum of𝑁ℓ cisoids of the form
[45]

�̂�ℓ (𝑡) = 𝑁ℓ∑
𝑛=1

𝑐𝑛,ℓ𝑒𝑗(2𝜋𝑓𝑛,ℓ𝑡+𝜃𝑛,ℓ). (24)

Here, the quantities 𝑐𝑛,ℓ, 𝑓𝑛,ℓ, and 𝜃𝑛,ℓ represent the gain,
the Doppler frequency, and the Doppler phase of the 𝑛th
component of the ℓth discrete path, respectively. The gains𝑐𝑛,ℓ and the Doppler frequencies 𝑓𝑛,ℓ are constant. They can
be determined by a proper parameter computation method,
for example, the modified method of equal areas (MMEA)
[48], according to which the gains 𝑐𝑛,ℓ are given by

𝑐𝑛,ℓ = 𝜎0√ 2𝑁ℓ . (25)

TheDoppler frequencies𝑓𝑛,ℓ are determined by theAOAs𝛼𝑛,ℓ according to the well-known relation𝑓𝑛,ℓ = 𝑓max cos (𝛼𝑛,ℓ) , (26)

where 𝑓max stands for the maximum Doppler frequency. The
AOAs 𝛼𝑛,ℓ are constant parameters, which can be computed
by means of the MMEA. This method requires solving the
following equation:

∫𝛼𝑛,ℓ
−𝜋

𝑝𝛼|𝜏∈𝐼ℓ (𝛼) 𝑑𝛼 = 1𝑁ℓ (𝑛 − 14) , (27)
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Figure 2:The PDF 𝑝
𝛼
(𝛼) of the AOA 𝛼 for different locations of the

BS.

for all 𝑛 = 1, 2, . . . , 𝑁ℓ. The phases 𝜃𝑛,ℓ of the stochastic
SOC channel simulator are independent and identically
distributed (i.i.d.) random variables, each following a uni-
form distribution over [0, 2𝜋). Thus, the stochastic SOC
channel simulator can be interpreted as a family of sample
functions determined by the realizations of the phases 𝜃𝑛,ℓ. A
sample function can be obtained from the stochastic channel
simulator by fixing all phases. Such a sample function, which
can be interpreted as awaveform generated by a deterministic
channel simulator, can be used to simulate the proposed
wideband indoor channel.

5. Numerical and Simulation Results

This section illustrates the theoretical results given by (10) and
(21). The correctness of the theoretical results will be verified
by simulations. We will also show that the SOC channel
simulator matches the reference channel model with respect
to the FCF. The validity of the proposed indoor channel
model is also confirmed by indoor channel measurements
by studying the mean delay and the RMS delay spread. In all
simulations, we consider a room with length 𝐴 = 10m and
width 𝐵 = 5m as our indoor environment. The parameters 𝑎
and 𝑏have been chosen to be equal to 2 and 1, respectively.The
SOC channel simulator is designed by applying the MMEA
[48] using 𝑁ℓ = 8 (ℓ = 1, 2, . . . ,L) cisoids for each discrete
propagation path.

The theoretical result of the PDF 𝑝𝛼(𝛼) of the AOA 𝛼 [see
(10)] of the wideband reference channel model is presented
in Figure 2 for different BS locations (𝑐 = −2 and 𝑐 =−4). It can be observed from this figure that the shape of
the PDF of the AOA is independent of the position of the
BS. The theoretical results illustrated in Figure 2 have been
verified by experiments. In our experiments, we determined
the horizontal (and vertical) locations of all scatterers in
the Cartesian coordinate system as outcomes of a random
generator, which generates uniformly distributed scatterers
over [−𝐴/2 − 𝑎, 𝐴/2 − 𝑎] and [−𝐵/2 − 𝑏, 𝐵/2 − 𝑏] according
to the distributions in (1a) and (1b), respectively. It should
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be mentioned that the results in Figure 2 correspond to the
PDF of the AOA of the narrowband channel model (see
[39, Eq. (9)]). In Section 6, we will graphically present the
PDF of the AOA in case that the locations of the scatterers
are exponentially distributed. The impact of the parameters𝑎 and 𝑏 on the shape of the PDF 𝑝𝛼(𝛼) of the AOA 𝛼
is illustrated in Figures 3 and 4, respectively. It can be
observed from Figure 3 that an increase in the value of𝑎 from 0 to 4 results in a decrease in the PDF 𝑝𝛼(𝛼) at
small values of the AOAs, where they are confined to the
interval [− arctan(𝐵+/𝐴−), arctan(𝐵−/𝐴−)]. In contrast, the
PDF 𝑝𝛼(𝛼) increases with increasing values of 𝑎 at large
values of the AOA; that is, 𝛼 ∈ [− arctan(𝐵+/𝐴+), −𝜋] ∪[arctan(𝐵−/𝐴+), 𝜋].

Figure 4 reveals that an increase in 𝑏 leads to an inverse
effect on the shape of the PDF 𝑝𝛼(𝛼) compared to an increase
in 𝑎. Figures 3 and 4 show that both the parameters 𝑎 and 𝑏,
which control the symmetry of the room, have impacts on the
shape of the PDF of AOA.Themain reason is that when 𝑎 or 𝑏
changes, it means the location of themobile station relative to



Wireless Communications and Mobile Computing 7

Reference channel model (theory)
SOC channel simulator (theory)
SOC channel simulator (simulation)

B = 5

A = 30

A = 20

A = 10

0

0.2

0.4

0.6

0.8

1

10 20 30 40 500

Frequency separation,  (MHz)

Ab
so

lu
te

 v
al

ue
 o

f t
he

 F
CF

,|
r 


 )

|

]

(]

Figure 5:Absolute values of the FCFs |𝑟
𝜏
(V)| (referencemodel) and|𝑟

𝜏
(V)| (simulation model) for different values of the room length𝐴.

the room area moves (see the geometrical indoor scattering
model in Figure 1). While a scatterer is fixed, the position of
the mobile station determines the value of the AOA. If the
mobile station moves closer to a wall, the AOA bounced by
the scatterers in the triangle formed by themobile station and
two corners of the wall takes a larger range. Therefore, the
PDF of one angle from that range decreases.

Figure 5 shows the absolute value of the FCF 𝑟𝜏(V)
that has been calculated by using (21) for different values
of the room length 𝐴. For comparison purposes, we also
plot the theoretical curve for the absolute value of the FCF
of the designed SOC simulation model by using Eq. (31)
in [42]. We consider L = 20 discrete propagation paths
for the SOC channel simulator, where the corresponding
delays 𝜏ℓ are equally spaced between 0 and the maximum
propagation delay 𝜏max. The value of 𝜏max can be obtained
from (18) as the maximum value of 𝜏 such that 𝑝𝜏(𝜏) ̸=0. The path powers assigned to different propagation paths
have been calculated according to the method described in
[47, pp. 374–375]. The AOAs of the SOC channel simulator
are computed by employing the MMEA [48]. We observe
from Figure 5 that the FCF of the SOC channel simulator
can be brought into extremely good agreement with that of
the reference model. The FCF decays faster with increasing
the frequency separation V if the room length 𝐴 increases
(here from 10m to 30m). This means that the coherence
bandwidth 𝐵𝑐 becomes smaller as𝐴 increases (the coherence
bandwidth 𝐵𝑐 of a wideband mobile radio channel is the
smallest positive value of the frequency separation variable𝜐 = 𝐵𝑐 for which the condition |𝑟𝜏(𝐵𝑐)| = |𝑟𝜏(0)|/2 is
fulfilled).

The influence of the room width 𝐵 on the FCF is
presented in Figure 6 from which similar conclusions can be
drawn as from Figure 5. When the dimensions of the room
increase, the frequency correlation of time-variant transfer
functions reduces at the same frequency separation. In other
words, the time-variant transfer functions of the developed
SOC channel simulator become independent at a smaller
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Figure 6: Absolute values of the FCFs |𝑟
𝜏
(V)| (reference model)

and |𝑟
𝜏
(V)| (simulation model) for different values of the room

width 𝐵.
frequency separation, which leads to a smaller coherence
bandwidth.

6. Experimental Verification

To demonstrate the usefulness of the proposed geometrical-
based indoor reference channel model, we will show how the
statistics of the reference channel model can be fitted to the
statistics of measured real-world channels by optimizing the
key parameters of the reference model. Here, two of the most
important characteristic quantities of widebandmobile radio
channels are considered, namely, the mean excess delay and
the RMS delay spread.

The mean excess delay𝑚𝜏 is defined as the first moment
of the PDP [26, 49]; that is,

𝑚𝜏 = ∫∞
0

𝜏 ⋅ 𝑆𝜏 (𝜏) 𝑑𝜏∫∞
0

𝑆𝜏 (𝜏) 𝑑𝜏 . (28)

The RMS delay spread 𝜎𝜏 is defined as the square root of the
second central moment of the PDP [26, 49]; that is,

𝜎𝜏 = √ ∫∞
0

(𝜏 − 𝑚𝜏)2 ⋅ 𝑆𝜏 (𝜏) 𝑑𝜏∫∞
0

𝑆𝜏 (𝜏) 𝑑𝜏 . (29)

The mean excess delay 𝑚𝜏 and the RMS delay spread 𝜎𝜏
of the referencemodel can easily be calculated by substituting
the PDP 𝑆𝜏(𝜏) [see (19)] into (28) and (29), respectively.

The measurement results of the mean excess delay 𝑚⋆
𝜏

and the RMS delay spread 𝜎⋆
𝜏
considered in this section are

taken from [16, 19, 23]. The measurement campaigns were
carried out in laboratories, a conference room, and corridors.
Themeasurements in [16] have been obtained at 2.4GHz in a
laboratory with dimensions 7.8m × 9.95m. Furthermore, the
measurements reported in [19] have been obtained at 5GHz
in a conference roomwith dimensions 6.6m × 5.9m. Finally,
the measurements in [23] have been obtained at 60GHz in
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Table 1: Optimized parameters of the reference models for laboratory scenarios at 2.4GHz based on the measurements in [16].

Locations 𝑚⋆
𝜏
(ns) 𝜎⋆

𝜏
(ns) 𝑚

𝜏
(ns) 𝜎

𝜏
(ns) 𝐴 𝐵 𝑎 𝑏 𝑐 𝑤11 𝑤12 𝑤21 𝑤22

Loc. 1 57.04 30.55 57.04 30.49 7.8 9.95 3.51 4.32 −0.01 701.53 198.76 3.71 34.05
Loc. 2 43.40 24.12 43.40 24.12 7.8 9.95 3.48 3.93 −1.02 10.17 10.10 10.16 9.94
Loc. 3 49.10 22.19 49.10 22.12 7.8 9.95 3.76 3.59 −1.01 10.04 12.04 7.34 12.59
Loc. 4 54.85 26.82 54.85 26.82 7.8 9.95 3.87 4.97 −0.86 12.01 13.18 4.60 8.79

Table 2: Optimized parameters of the reference models for the conference room at 5GHz based on the measurements in [19].

Locations 𝑚⋆
𝜏
(ns) 𝜎⋆

𝜏
(ns) 𝑚

𝜏
(ns) 𝜎

𝜏
(ns) 𝐴 𝐵 𝑎 𝑏 𝑐 𝑤11 𝑤12 𝑤21 𝑤22

Loc. 1 20.5 18.6 20.5 18.6 6.6 5.9 2.99 2.78 −0.88 12.78 7.83 13.12 3.70
Loc. 2 16.4 16.2 16.4 16.2 6.6 5.9 2.84 2.09 −0.66 5.65 2.79 14.15 1.61
Loc. 3 19.7 17.8 19.7 17.8 6.6 5.9 3.03 2.62 −0.68 8.53 1.33 7.25 5.38
Loc. 4 21.8 18.5 21.8 18.5 6.6 5.9 3.01 2.62 −0.80 5.83 2.07 6.93 4.82
Loc. 5 18.0 16.6 18.0 16.6 6.6 5.9 3.21 2.29 −0.84 6.85 1.23 7.21 4.21
Loc. 6 17.2 15.5 17.2 15.5 6.6 5.9 2.87 2.11 −0.96 7.44 1.62 6.84 3.67
Loc. 7 17.9 16.4 17.9 16.4 6.6 5.9 3.10 2.29 −0.87 6.84 1.20 7.19 4.37
Loc. 8 14.3 15.9 14.3 15.9 6.6 5.9 3.17 2.28 −0.95 7.93 1.33 7.42 2.58
Loc. 9 19.0 20.2 19.0 20.2 6.6 5.9 3.00 2.90 −0.17 18.97 4.84 17.05 7.14
Loc. 10 20.8 20.7 20.8 20.7 6.6 5.9 3.00 2.90 −0.14 18.02 6.70 16.74 6.51
Loc. 11 23.6 20.4 23.6 20.4 6.6 5.9 2.89 2.90 −0.15 19.31 7.13 12.38 7.29
Loc. 12 24.0 19.9 24.0 19.9 6.6 5.9 2.78 2.90 −0.15 19.90 7.33 12.18 7.45

Table 3: Optimized parameters of the referencemodels for the corridor and laboratory (Lab) scenarios at 60GHz based on themeasurements
in [23].

Locations 𝑚⋆
𝜏
(ns) 𝜎⋆

𝜏
(ns) 𝑚

𝜏
(ns) 𝜎

𝜏
(ns) 𝐴 𝐵 𝑎 𝑏 𝑐 𝑤11 𝑤12 𝑤21 𝑤22

Loc. 1 5.17 13.70 5.17 13.70 30 1.75 13.26 0.45 −15.64 9.61 0.23 14.50 1.67
Loc. 2 8.18 15.04 8.18 15.04 30 1.75 13.66 0.53 −16.08 31.23 1.17 11.89 1.02
Loc. 3 3.84 12.35 3.84 12.35 30 1.75 14.62 0.57 −19.17 30.88 1.02 11.67 1.05
Loc. 4 5.37 12.34 5.37 12.34 30 1.75 14.01 0.44 −17.95 31.85 0.98 14.31 1.13
Average corridor 5.64 13.36 5.64 13.36 30 1.75 12.98 0.56 −15.61 10.38 0.16 21.75 1.01
Loc. 5 8.42 14.72 8.42 14.72 19.5 7.5 9.00 1.34 −7.53 9.87 0.40 11.05 0.45
Loc. 6 3.52 12.56 3.77 12.56 19.5 7.5 9.02 3.42 −5.65 5.04 0.71 232.37 2.96
Average Lab (LOS) 5.97 13.64 5.97 13.64 19.5 7.5 9.02 2.29 −5.62 4.36 0.82 185.74 1.38
Loc. 7 12.81 19.94 12.51 19.28 19.5 7.5 7.85 2.98 −7.13 3.22 0.22 20.71 2.29
Loc. 8 14.69 21.09 14.67 21.08 19.5 7.5 9.21 0.72 −8.21 1.93 0.21 0.01 0.68
Average Lab (NLOS) 13.75 20.52 13.72 20.51 19.5 7.5 9.00 1.72 −9.05 1.48 0.21 19.28 0.33
Overall 7.75 15.22 7.75 15.22 19.5 7.5 9.00 2.26 −3.97 1.24 0.63 30.97 0.74

two 30m × 1.75m × 2.80m corridors as well as inside a
laboratory with dimensions 19.5m × 7.5m.

We combine all the relevantmodel parameters (except the
parameters 𝐴 and 𝐵) which control the mean excess delay𝑚𝜏 and the RMS delay spread 𝜎𝜏 of the reference channel
model into a parameter vector denoted and defined by Ω fl(𝑎, 𝑏, 𝑐, 𝑤11, 𝑤12, 𝑤21, 𝑤22). We also introduce the following
error function:𝐸 (Ω) = 𝑊1 ⋅ 𝑚⋆𝜏 − 𝑚𝜏  + 𝑊2 ⋅ 𝜎⋆𝜏 − 𝜎𝜏  , (30)

for measuring the deviations between the mean excess delays𝑚⋆
𝜏
and𝑚𝜏 as well as between the RMS delay spreads 𝜎⋆

𝜏
and𝜎𝜏 . In (30),𝑊1 and𝑊2 represent proper weighting factors.

The optimization of the parameter vector Ω has been
carried out by minimizing numerically the above error

function 𝐸(Ω) by means of the quasi-Newton optimization
procedure [50]. The optimization results are presented in
Tables 1, 2, and 3, for the laboratory, the conference room, and
corridor scenarios. For comparison purpose, the measured
mean assess delay 𝑚⋆

𝜏
and the measured RMS delay spread𝜎⋆

𝜏
, presented in [16, 19, 23], are also shown in Tables 1, 2, and

3. Note that the dimensions of the different rooms, which are
controlled by the parameters𝐴 and 𝐵, have been chosen such
that they are equal to the lengths and widths of the rooms
in which the corresponding measurement campaigns have
been conducted. Hence, 𝐴 and 𝐵 are fixed, and thus they
have not been included in the optimization procedure. In
Table 1, the measured mean assess delay 𝑚⋆

𝜏
is in the range

from 43.40 ns to 57.04 ns, while the RMS delay spread 𝜎⋆
𝜏

varies from 22.19 ns to 30.55 ns. Similarly, in Table 2, the
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measured mean assess delay𝑚⋆
𝜏
is in the range from 16.40 ns

to 24.0 ns, while the RMS delay spread 𝜎⋆
𝜏
varies from 15.5 ns

to 20.7 ns. In Table 3, finally, the measured mean assess delay𝑚⋆
𝜏

covers the range from 3.84 ns to 8.18 ns and holds for
hallways, while the range from 3.52 ns to 14.69 ns refers to
offices. In addition, themeasured RMSdelay spread𝜎⋆

𝜏
varies

from 12.34 ns to 15.04 ns for corridors and from 12.56 ns
to 21.09 ns for laboratories. In our optimization procedure,
the weighting factors 𝑊1 and 𝑊2 were chosen to be 0.35
and 0.65, respectively. For reasons of brevity, we have only
presented the values of the optimized parameters in all tables
with two decimals of precision. As shown in Tables 1, 2, and
3, the mean excess delay𝑚𝜏 and the RMS delay spread 𝜎𝜏 of
the proposed wideband indoor channel model are very close
to the corresponding measured quantities for all considered
indoor propagation scenarios, which demonstrates that the
reference channel model is useful for characterizing real-
world wideband indoor mobile radio channels.

For completeness, we present in Figure 7 the nonuniform
PDF 𝑝𝛼(𝛼) of the AOA 𝛼 for three of the indoor propagation
scenarios, namely, the Average Corridor, the Average Lab
(NLOS), and the overall channel scenario. In this figure, we
see that the PDF of the AOA has 4 peaks corresponding to
the characteristics of the exponential distribution within the
2D horizontal plan of the room.The results in this figure have
been obtained by evaluating (10) with the optimized channel
parameters listed in Table 1.

7. Conclusion

In this paper, we have developed a wideband mobile radio
channel model for indoor propagation environments. The
starting point for the derivation of the reference channel
model was a geometrical scattering model, where we have
assumed that an infinite number of scatterers are expo-
nentially distributed within the 2D horizontal plane of a

rectangular room. Analytical expressions have been derived
for the PDF of the AOA, the PDF of the propagation delays,
the PDP, and the FCF. We have shown that the shape of
the PDF of the AOA is independent of the position of the
transmitter (BS). Both the room length and width have a
strong influence on the PDF of the AOA and the FCF. If
the room length or width increases, the FCF decays faster if
the frequency separation increases.The coherence bandwidth
decreases with increasing the room size.The usefulness of the
proposed reference channel model has been demonstrated by
a close match between the channel statistics of the reference
model and measured channels.

An efficient channel simulator has been derived from the
reference channel model by applying the SOC principle. It
has been shown that the SOC channel simulator matches
closely thewideband referencemodel with respect to the FCF.
The designed SOC channel simulator can be used for the
performance evaluation of wideband indoor wireless com-
munication systems under realistic propagation conditions.

Appendix

A. Derivation of the Maximum Propagation
Path Length for a Given Value of the AOA

The function𝐷(𝑧, 𝛼), defined by𝐷 (𝑧, 𝛼) = 𝑧 + √𝑧2 − 2𝑐𝑧 cos𝛼 + 𝑐2, (A.1)

describes the propagation path length from the BS to the MS
via a single scatterer 𝑆 located at an arbitrary place of the
2D horizontal plane of the room. Owing to the fact that the
derivative of 𝐷(𝑧, 𝛼) with respect to 𝑧 is always positive, that
is, 𝑑𝑑𝑧𝐷 (𝑧, 𝛼) = 1 + 𝑧 − 𝑐 cos𝛼√𝑧2 − 2𝑐𝑧 cos𝛼 + 𝑐2 ≥ 0, (A.2)

we may conclude that 𝐷(𝑧, 𝛼) is a monotonic increasing
function with respect to 𝑧. That means, for a given value
of the AOA 𝛼, the propagation path length 𝐷(𝑧, 𝛼) takes a
maximum value if the distance 𝑧 from theMS to the scatterer𝑆 is maximum. The maximum of 𝑧, denoted by 𝑧max, always
occurs if a scatterer is located at the boundary of the rectangle.

For the derivation of the maximum propagation path
length, we partition the scattering region inside the room
into four subregions 𝑅1, 𝑅2, . . . , 𝑅4, as illustrated in Figure 8.
In the Subregion 𝑅1, the AOA 𝛼 is confined to the interval,(− arctan(𝐵+/𝐴−), arctan(𝐵−/𝐴−)].

According to the geometrical relationship in Figure 8, we
have 𝑧max = 𝐴−2 cos (𝛼) . (A.3)

Substituting (A.3) into (A.1) gives an analytical expression for
the maximum propagation path length𝐷max(𝛼):𝐷max (𝛼) = 𝐷 (𝑧max, 𝛼)

= 𝐴−2 cos (𝛼) + √[ 𝐴−2 cos (𝛼)]2 − 𝑐𝐴− + 𝑐2, (A.4)
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which depends only on the AOA 𝛼. The maximum propaga-
tion path length𝐷max(𝛼) for the other subregions𝑅2, 𝑅3, and𝑅4 can be computed analogously. For brevity, we only present
the final expression for𝐷max(𝛼) in (11).

B. Determination of the Values for𝐷𝑖 and 𝛼𝑖 in (14)

In this appendix, we first determine the maximum value and
theminimumvalue of𝐷max for the four scattering subregions
illustrated in Figure 8.

Subregion 𝑅1. − arctan(𝐵+/𝐴−) < 𝛼 ≤ arctan(𝐵−/𝐴−). It
can easily be seen from (A.4) that 𝐷max(𝛼) is a monotonic
increasing function with respect to 𝛼 within the range[0, arctan(𝐵−/𝐴−)].We find that𝐷max(𝛼) takes theminimum
value 𝐷1 if 𝛼 = 0, whereas 𝐷max(𝛼) equals the maximum
value𝐷2 if 𝛼 = arctan(𝐵−/𝐴−); that is,𝐷1 = min (𝐷max (𝛼)) = 𝐷max (𝛼)𝛼=0 = 𝐴− − 𝑐, (B.1a)

𝐷2 = max (𝐷max (𝛼)) = 𝐷max (𝛼)𝛼=arctan(𝐵−/𝐴−)
= √𝐴2− + 𝐵2− + √(𝐴− − 2𝑐)2 + 𝐵2−2 . (B.1b)

If 𝛼 ∈ (− arctan(𝐵+/𝐴−), 0), then 𝐷max(𝛼) decreases if 𝛼
increases. Thus, the maximum 𝐷max(𝛼) over this range is
given by

𝐷3 = max (𝐷max (𝛼)) = 𝐷max (𝛼)𝛼=− arctan(𝐵+/𝐴−)
= √𝐴2− + 𝐵2+ + √(𝐴− − 2𝑐)2 + 𝐵2+2 . (B.2)

Subregion 𝑅2. arctan(𝐵−/𝐴−) < 𝛼 ≤ 𝜋 − arctan(𝐵−/𝐴+).
If a given value of the AOA 𝛼 belongs to the range

(arctan(𝐵−/𝐴−), 𝜋−arctan(𝐵−/𝐴+)], thenwe obtain the fixed
point 𝛼 = 𝜋 + arctan(𝐵−/𝑐) by setting the first derivative
of 𝐷max(𝛼) [see the second part of the piecewise function in
(11)] with respect to 𝛼 to zero. Since the second derivative of𝐷max(𝛼) with respect to 𝛼 is positive, it follows that 𝐷max(𝛼)
has a minimum value 𝐷4 at the fixed AOA 𝛼 = 𝜋 +
arctan(𝐵−/𝑐); that is,𝐷4 = min (𝐷max (𝛼)) = 𝐷max (𝛼)𝛼=𝜋+arctan(𝐵−/𝑐)

= √𝐵2− + 𝑐2. (B.3)

We notice that𝐷max(𝛼) is a monotonic increasing function if𝛼 ∈ (𝜋+arctan(𝐵−/𝑐), 𝜋−arctan(𝐵−/𝐴+)].Therefore,𝐷max(𝛼)
takes a maximum value𝐷5 at 𝛼 = 𝜋− arctan(𝐵−/𝐴+); that is,𝐷5 = max (𝐷max (𝛼)) = 𝐷max (𝛼)𝛼=𝜋−arctan(𝐵−/𝐴+)

= √𝐴2+ + 𝐵2− + √(𝐴+ + 2𝑐)2 + 𝐵2−2 . (B.4)

If 𝛼 ∈ (arctan(𝐵−/𝐴−), 𝜋 + arctan(𝐵−/𝑐)], then 𝐷max(𝛼)
decreases if 𝛼 increases. Thus, we have𝐷max(𝛼) < 𝐷2.
Subregion 𝑅3. 𝛼 ∈ (𝜋 − arctan(𝐵−/𝐴+), 𝜋] ∪ (−𝜋, −𝜋 +
arctan(𝐵+/𝐴+)]. By studying the first and second derivatives
of 𝐷max(𝛼) [see the third part of the piecewise function in
(11)], it can be shown that𝐷max(𝛼) is a monotonic decreasing
function within (𝜋 − arctan(𝐵−/𝐴+), 𝜋]. Thus, we have 𝐷6 ≤𝐷max(𝛼) < 𝐷5, where𝐷6 = min (𝐷max (𝛼)) = 𝐷max (𝛼)𝛼=𝜋 = 𝐴+ + 𝑐. (B.5)

If 𝛼 ∈ (−𝜋, −𝜋 + arctan(𝐵+/𝐴+)], then 𝐷6 < 𝐷max(𝛼) ≤ 𝐷7,
where𝐷7 = max (𝐷max (𝛼)) = 𝐷max (𝛼)𝛼=−𝜋+arctan(𝐵+/𝐴+)

= √𝐴2+ + 𝐵2+ + √(𝐴+ + 2𝑐)2 + 𝐵2+2 . (B.6)

Subregion 𝑅4. −𝜋 + arctan(𝐵+/𝐴+) < 𝛼 ≤ − arctan(𝐵+/𝐴−).
By conducting similar calculations as for the Subregion 𝑅2,
we obtain the range of 𝐷max(𝛼) for the remaining interval of
the AOA 𝛼 ∈ (−𝜋 + arctan(𝐵+/𝐴+), − arctan(𝐵+/𝐴−)]. For
brevity, we present only the final results here. The function𝐷max(𝛼) has a minimum value at the fixed AOA 𝛼 = −𝜋 −
arctan(𝐵+/𝑐); that is,𝐷8 = min (𝐷max (𝛼)) = 𝐷max (𝛼)𝛼=−𝜋−arctan(𝐵+/𝑐)

= √𝐵2+ + 𝑐2. (B.7)

The value of 𝐷max(𝛼) decreases if the AOA changes from−𝜋 + arctan(𝐵+/𝐴+) to the fixed AOA given above. Within
this range, we have 𝐷8 ≤ 𝐷max(𝛼) < 𝐷7. If 𝛼 ∈ (−𝜋 −
arctan(𝐵+/𝑐), − arctan(𝐵+/𝐴−)], then 𝐷max(𝛼) increases and
the maximum value occurs at 𝛼 = − arctan(𝐵+/𝐴−), and thus
we have𝐷8 < 𝐷max(𝛼) ≤ 𝐷3.
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An example for the maximum path length 𝐷max(𝛼) is
illustrated in Figure 9. It should be mentioned that the path
length 𝐷 is always less than or equal to 𝐷max(𝛼). Since 𝐷4
is the minimum value of 𝐷max(𝛼) [see Figure 9], for a given
value of the path length 𝐷 ≤ 𝐷4, we can conclude that all
AOAs 𝛼 ∈ (−𝜋, 𝜋] satisfy the inequality 𝐷 ≤ 𝐷max(𝛼) ≤ 𝐷4.
However, if the path length𝐷4 < 𝐷 ≤ 𝐷8, then the inequality𝐷 ≤ 𝐷max(𝛼) can only be guaranteed if 𝛼 ∈ (−𝜋, 𝛼1] or𝛼 ∈ [𝛼2, 𝜋]. Here, the AOAs 𝛼1 and 𝛼2 can be obtained by
solving the equation 𝐷max (𝛼) = 𝐷. (B.8)

As shown in Figure 9, 𝛼1, 𝛼2 ∈ (arctan(𝐵−/𝐴−), 𝜋 −
arctan(𝐵−/𝐴+)]. Thus, we select the second piece of 𝐷max(𝛼)
in (11) as the expression for the left-hand side of (B.8).
Solving (B.8) results finally in the expressions for 𝛼1 and 𝛼2
as presented in (16a).

For the other given values of𝐷, it is necessary to meet the
condition 𝐷 ≤ 𝐷max(𝛼). According to Figure 9, we obtained
the relations in (B.9), which are presented as follows:(1) 𝛼 ∈ (−𝜋, 𝛼3] ∪ [𝛼4, 𝛼1] ∪ [𝛼2, 𝜋]

if 𝐷8 < 𝐷 ≤ 𝐷1,(2) 𝛼 ∈ (−𝜋, 𝛼3] ∪ [𝛼4, 𝛼5] ∪ [𝛼6, 𝛼1] ∪ [𝛼2, 𝜋]
if 𝐷1 < 𝐷 ≤ 𝐷2,(3) 𝛼 ∈ (−𝜋, 𝛼3] ∪ [𝛼4, 𝛼5] ∪ [𝛼2, 𝜋]
if 𝐷2 < 𝐷 ≤ 𝐷3,

(4) 𝛼 ∈ (−𝜋, 𝛼3] ∪ [𝛼2, 𝜋] if 𝐷3 < 𝐷 ≤ 𝐷6,(5) 𝛼 ∈ [𝛼8, 𝛼3] ∪ [𝛼2, 𝛼7] if 𝐷6 < 𝐷 ≤ 𝐷5,(6) 𝛼 ∈ [𝛼8, 𝛼3] if 𝐷5 < 𝐷 ≤ 𝐷7.
(B.9)

The AOAs 𝛼𝑖 (𝑖 = 3, 4, . . . , 8) can be determined similarly
by solving (B.8). The expression for𝐷max(𝛼) on the left-hand
side of (B.8) is chosen in accordance with the range of 𝛼𝑖. For
example, as 𝛼3 ∈ (−𝜋 + arctan(𝐵+/𝐴+), − arctan(𝐵+/𝐴−)],
the fourth part of 𝐷max(𝛼) [see (11)] corresponding to the
Subregion 𝑅4 is selected.
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In mobile radio channel modelling, it is generally assumed that the angles of arrival (AOAs) are independent of time. This
assumption does not in general agree with real-world channels in which the AOAs vary with the position of a moving receiver.
In this paper, we first present a mathematical model for the time-variant AOAs.This model serves as the basis for the development
of two nonstationary multipath fading channels models for vehicle-to-infrastructure communications. The statistical properties of
both channel models are analysed with emphasis on the time-dependent autocorrelation function (ACF), time-dependent mean
Doppler shift, time-dependent Doppler spread, and the Wigner-Ville spectrum. It is shown that these characteristic quantities are
greatly influenced by time-variant AOAs. The presented analytical framework provides a new view on the channel characteristics
that goes well beyond ultra-short observation intervals over which the channel can be considered as wide-sense stationary.

1. Introduction

In a typical downlink scenario, where plane waves travel
from a base station (BS) to a mobile station (MS) via a
large number of fixed scattering objects, the angles of arrival
(AOAs) of the received signals are changing along themoving
route of the MS. Only for very short observation intervals
in which the MS travels a few tens of the wavelengths
[1], the temporal variation of the AOAs can be neglected
justifying the wide-sense stationary assumption of multipath
fading channels.The lengths of the stationary intervals during
which the mobile radio channel can be considered as wide-
sense stationary or quasi-stationary have been investigated
(e.g., in [2–4] and the references therein). By pushing the
observation interval beyond the stationary interval, the
received signal captures nonstationary effects that call for
new channel modelling approaches using time-frequency
analysis techniques [5]. One of the effects that comewith long
observation intervals is that the AOAs and thus the Doppler
frequencies are changing with time along the MS’s moving
route.

Attempts to include the temporal variations of the AOAs
in mobile radio channel models have been made in [6–8]. In
[6], a nonstationarymultiple-input multiple-output (MIMO)
vehicle-to-vehicle (V2V) channel model has been derived by
assuming that the AOAs andAODs are piecewise constant. In
[7], a proposal has been made for the extension of the IMT-
Advanced channel model [9] by replacing the time-invariant
model parameters, such as the propagation delays, AOAs, and
the angels of departure (AODs) by time-variant parameters.
In [8], a nonstationary one-ring model has been introduced
in which the time-variant AOAs have been modelled by
stochastic processes rather than random variables.

This paper is an extended version of our conference paper
[10]. It expands on the recent results by studying the impact of
time-variant AOAs on the statistical properties of multipath
fading channels. It is shown that themultipath fading channel
becomes non-wide-sense stationary if the AOAs change with
time. Two new nonstationary channel models with time-
variant AOAs are derived. The first one has an instantaneous
channel phase that is related to the instantaneous Doppler
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frequency via the phase-frequency relationship [11], while
the second one is based on a sum-of-cisoids (SOC) model
in which the time-independent Doppler frequencies are
replaced by time-dependent Doppler frequencies. The latter
approach is simple, straightforward, and intuitive but results
in a less accurate nonstationary channelmodel.The statistical
properties of both channel models are investigated with
emphasis on the time-dependent autocorrelation function
(ACF), time-dependent mean Doppler shift, time-dependent
Doppler spread, and theWigner-Ville spectrum. Our analysis
shows that our first proposed nonstationary channel model
is consistent with respect to the mean Doppler shift and
the Doppler spread, while this consistency property is not
fulfilled by the SOC model with time-variant Doppler fre-
quencies. The two proposed nonstationary channel models
provide a trade-off between accuracy and complexity con-
cerning the mathematical expressions.

One of the main differences between [6–8] and our
paper is that the AOAs are modelled in different ways. For
example, in [6], the AOAs aremodelled as piecewise constant
functions, that is, these parameters are considered as constant
apart from a finite number of jumps, while in our paper the
AOAs are modelled in our paper as continuous time-variant
functions. Another difference is that the models in [6–8]
have been developed for different propagation scenarios.The
V2V channel model in [6] has been developed to simulate
propagation scenarios which are typical for T-junctions. The
BS-to-MS channel model in [7] covers basically the same
scenarios as the IMT-Advanced channel model [9], while the
model in [8] is restricted to scenarios that can be generated
by the one-ring model under the assumption of isotropic
scattering. This contrasts with our nonstationary generic
model which is not restricted to any specific propagation
scenario. The drawback of the models in [6–8] is that
they are inconsistent with respect to the mean Doppler
shift and the Doppler spread. Our preferred model avoids
this drawback by using an integral relationship between
the instantaneous channel phases and the corresponding
instantaneous Doppler frequencies.

The organization of this paper is as follows. Section 2
presents the derivation of twononstationarymultipath fading
channel models with time-variant AOAs. Their statistical
properties will be analysed in Section 3. The numerical key
results of our study are visualized in Section 4. Section 5
provides guidelines for various extensions of the model.
Finally, Section 6 draws the conclusion and suggests possible
future research topics in relation to the issues addressed in
this paper.

2. Derivation of the Nonstationary Multipath
Channel Models

2.1. Time-Variant AOAs. We consider a downlink non-line-
of-sight (NLOS) propagation scenario in which a fixed
BS operates as transmitter, and an MS acts as receiver. It
is supposed that the BS and the MS are equipped with
omnidirectional antennas. The BS antenna is elevated and
unobstructed by any object, whereas the MS antenna is sur-
rounded by a large number of𝑁fixed scattering objects called

MSBS

y

yn

y (t) r n

→


n (t)

x (t) xn x
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nth local
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Figure 1: Amultipath propagation scenariowith time-variantAOAs𝛼𝑛(𝑡).
henceforth scatterers 𝑆𝑛 (𝑛 = 1, 2, . . . , 𝑁). The coordinate
system has been chosen such that the MS is located at the
origin (0, 0) of the 𝑥𝑦-plane at 𝑡 = 0. Furthermore, it is
assumed that the MS moves with constant velocity →V in the
direction determined by the angle of motion 𝛼V as indicated
in Figure 1. For reasons of clarity, this figure highlights only
the location of the scatterer 𝑆𝑛 from which the MS receives
the 𝑛th multipath component (plane wave) 𝜇𝑛(𝑡) in the form
of𝜇𝑛(𝑡) = 𝑐𝑛exp{𝑗𝜃𝑛(𝑡)}, where 𝑐𝑛 denotes the path gainwhich
is supposed to be constant, and 𝜃𝑛(𝑡) is the associated channel
phase that will be studied in Section 2.3. The corresponding
AOA 𝛼𝑛(𝑡) is defined as the angle between the propagation
direction of the 𝑛th incident plane wave and the 𝑥-axis, that
is,

𝛼𝑛 (𝑡) = atan2 (𝑦𝑛 − 𝑦 (𝑡) , 𝑥𝑛 − 𝑥 (𝑡)) (1)

for 𝑛 = 1, 2, . . . , 𝑁, where atan2(𝑦, 𝑥) denotes the four-
quadrant inverse tangent function. It should be mentioned
that the four-quadrant inverse tangent function atan2(𝑦, 𝑥)
returns the angle of the vector (𝑥, 𝑦) with the positive 𝑥-axis
in the range (−𝜋, 𝜋). This function contrasts with the inverse
tangent function atan(𝑦/𝑥), whose results are limited to the
interval (−𝜋/2, 𝜋/2). In (1), the symbols 𝑥𝑛 and 𝑦𝑛 denote the
coordinates of the scatterer 𝑆𝑛; and 𝑥(𝑡) and 𝑦(𝑡) indicate the
position of the MS at time 𝑡. According to (1), the AOA 𝛼𝑛(𝑡)
is a nonlinear function of time 𝑡, which can be turned into a
linear function by developing 𝛼𝑛(𝑡) in a Taylor series around𝑡 = 0 and retaining only the first two terms.This results in the
following model for the time-variant AOA:

𝛼𝑛 (𝑡) = 𝛼𝑛 + 𝛾𝑛 ⋅ 𝑡, (2)

where

𝛼𝑛 = 𝛼𝑛 (0) = atan2 (𝑦𝑛, 𝑥𝑛) , (3)

𝛾𝑛 = 𝑑𝑑𝑡𝛼𝑛 (𝑡)𝑡=0 = V𝑟𝑛 sin (𝛼𝑛 − 𝛼V) . (4)

In (4), 𝑟𝑛 denotes the distance from the scatterer 𝑆𝑛 to the
origin of the 𝑥𝑦-plane, that is, 𝑟𝑛 = √𝑥2𝑛 + 𝑦2𝑛 , as can be
deduced from the geometricalmodel in Figure 1. In Section 4,
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it is shown that the two-term Taylor series expansion of 𝛼𝑛(𝑡)
in (2) is sufficiently accurate for small observation intervals𝑇.
2.2. Time-VariantDoppler Frequencies. Owing to theDoppler
effect combined with the new feature that the AOAs 𝛼𝑛(𝑡)
vary with time, it follows that the 𝑛th incident plane wave
highlighted in Figure 1 experiences a time-variant Doppler
shift of 𝑓𝑛(𝑡) = 𝑓max cos(𝛼𝑛(𝑡) − 𝛼V) that can be expressed by
using (2) as

𝑓𝑛 (𝑡) = 𝑓max cos (𝛼𝑛 − 𝛼V + 𝛾𝑛𝑡) (5)

for 𝑛 = 1, 2, . . . , 𝑁, where 𝑓max stands for the maximum
Doppler frequency. For a given propagation scenario with
constant parameters 𝑓max, 𝛼𝑛, 𝛼V, and 𝛾𝑛, the time-variant
Doppler shift 𝑓𝑛(𝑡) is a deterministic function of time.
Otherwise, if one or several model parameters, for example,𝛼𝑛 and thus 𝛾𝑛, are random variables, then 𝑓𝑛(𝑡) represents a
stochastic process. If the MS moves during the time interval[0, 𝑇], then 𝑓𝑛(𝑡) describes a curve starting from the initial
Doppler frequency𝑓𝑛(0) = 𝑓max cos(𝛼𝑛−𝛼V) and ending with
the finishing Doppler frequency 𝑓𝑛(𝑇) = 𝑓max cos(𝛼𝑛 − 𝛼V +𝛾𝑛𝑇).

The time-dependent mean Doppler shift 𝐵(1)
𝑓

(𝑡) and the
time-dependent Doppler spread 𝐵(2)

𝑓
(𝑡) can be computed

according to

𝐵(1)𝑓 (𝑡) = ∑𝑁𝑛=1 𝑐2𝑛𝑓𝑛 (𝑡)∑𝑁𝑛=1 𝑐2𝑛 , (6)

𝐵(2)𝑓 (𝑡) = √ ∑𝑁𝑛=1 𝑐2𝑛𝑓2𝑛 (𝑡)∑𝑁𝑛=1 𝑐2𝑛 − (𝐵(1)
𝑓 (𝑡))2. (7)

2.3. Instantaneous Channel Phase. The instantaneous chan-
nel phase 𝜃𝑛(𝑡) of the 𝑛th multipath component 𝜇𝑛(𝑡) =𝑐𝑛 exp{𝑗𝜃𝑛(𝑡)} is related to the instantaneous Doppler fre-
quency 𝑓𝑛(𝑡) via the phase-frequency relationship [5, Eq.
(1.3.40)]

𝜃𝑛 (𝑡) = 2𝜋 ∫𝑡
−∞

𝑓𝑛 (𝑥) 𝑑𝑥 (8)

for 𝑛 = 1, 2, . . . , 𝑁. Using (5), the instantaneous phase 𝜃𝑛(𝑡)
can be developed as follows:

𝜃𝑛 (𝑡) = 2𝜋 ∫0
−∞

𝑓𝑛 (𝑥) 𝑑𝑥⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
𝜃
𝑛

+ 2𝜋 ∫𝑡
0

𝑓𝑛 (𝑥) 𝑑𝑥
= 𝜃𝑛

+ 2𝜋𝑓max𝛾𝑛 [sin (𝛼𝑛 − 𝛼V + 𝛾𝑛𝑡) − sin (𝛼𝑛 − 𝛼V)] ,
(9)

where 𝜃𝑛 = 𝜃𝑛(0) denotes the initial phase at 𝑡 = 0. The
initial phases 𝜃𝑛 are generally unknown and modelled by
independent identically distributed (i.i.d.) random variables,
each with uniform distribution over the interval (0, 2𝜋]: that

is, 𝜃𝑛 ∼ U(0, 2𝜋]. Equation (9) tells us that the instantaneous
phase 𝜃𝑛(𝑡) is not only a nonlinear function of time 𝑡 but also
periodic with period 𝑇𝑛 = 2𝜋/𝛾𝑛 if the AOA 𝛼𝑛(𝑡) varies with
time according to (2). In the limit 𝛾𝑛 → 0, however, it can be
shown by applying L’Hôpital’s rule to (9) that

lim
𝛾
𝑛
→0

𝜃𝑛 (𝑡) = 𝜃𝑛 + 2𝜋𝑓𝑛𝑡, (10)

where 𝑓𝑛 = 𝑓𝑛(0) = 𝑓max cos(𝛼𝑛 − 𝛼V). This result reveals
a linear relationship between the instantaneous phase 𝜃𝑛(𝑡)
and time 𝑡, which holds only for constant AOAs 𝛼𝑛(𝑡) =𝛼𝑛. It should be noticed that the expression in (10) can be
identified as the standard phase term of SOC channel models
for Rayleigh/Rice fading channels [12, Section 4.5].

A simpler but less accurate expression than (9) can be
obtained for the instantaneous phase 𝜃𝑛(𝑡) by developing𝜃𝑛(𝑡) in a first-order Taylor series around 𝑡 = 0 as follows:

𝜃𝑛 (𝑡) ≈ 𝜃𝑛 (0) + 𝜃𝑛 (0) 𝑡 = 𝜃𝑛 + 2𝜋𝑓max cos (𝛼𝑛 − 𝛼V) 𝑡
= 𝜃𝑛 + 2𝜋𝑓𝑛𝑡, (11)

where 𝜃𝑛(0) denotes the time derivative of 𝜃𝑛(𝑡) at 𝑡 = 0. By
comparing the last two equations, we can conclude that the
linear phase term 𝜃𝑛(𝑡) = 𝜃𝑛+2𝜋𝑓𝑛𝑡 can be obtained from the
nonlinear phase term 𝜃𝑛(𝑡) [see (9)] either in the limit 𝛾𝑛 →0 or by developing the nonlinear phase 𝜃𝑛(𝑡) in a first-order
Taylor series around 𝑡 = 0.
2.4. Complex Channel Gain. A model for the complex chan-
nel gain, denoted by 𝜇(𝑡), of a narrowband multipath fading
channel is obtained by the superposition of all 𝑁 plane wave
components 𝜇𝑛(𝑡) = 𝑐𝑛 exp{𝑗𝜃𝑛(𝑡)}, that is,

𝜇 (𝑡) = 𝑁∑
𝑛=1

𝑐𝑛𝑒𝑗𝜃𝑛(𝑡). (12)

Substituting the instantaneous channel phase 𝜃𝑛(𝑡) according
to (9) in (12) results in the complex channel gain of the
proposed nonstationary multipath fading channel with time-
variant AOAs

𝜇 (𝑡) = 𝑁∑
𝑛=1

𝑐𝑛𝑒𝑗{2𝜋(𝑓max/𝛾𝑛)[sin(𝛼𝑛−𝛼V+𝛾𝑛𝑡)−sin(𝛼𝑛−𝛼V)]+𝜃𝑛}. (13)

On the other hand, starting from the SOC model for
Rayleigh fading channels [12, Eq. (4.97)] and replacing there
intuitively the time-independent Doppler frequencies 𝑓𝑛 by
the instantaneous Doppler frequencies 𝑓𝑛(𝑡) according to (5)
provide the complex channel gain 𝜇(𝑡) in a much simpler
form, namely,

𝜇 (𝑡) = 𝑁∑
𝑛=1

𝑐𝑛𝑒𝑗(2𝜋𝑓𝑛(𝑡)⋅𝑡+𝜃𝑛). (14)

This intuitive mathematical manipulation results in a non-
stationary channel model that is inconsistent with respect
to the mean Doppler shift 𝐵(1)

𝑓
(𝑡) and the Doppler spread
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𝐵(2)
𝑓

(𝑡), as we will see in Section 3.2. Although the expression
in (14) is mathematically simpler than the one in (13), the
difference is not significant in terms of implementation costs
and simulation time.

From the discussions in the previous subsection, it can be
summed up that the two complex channel gains 𝜇(𝑡) in (13)
and (14) include the original SOC model [13]

𝜇 (𝑡) = 𝑁∑
𝑛=1

𝑐𝑛𝑒𝑗(2𝜋𝑓𝑛𝑡+𝜃𝑛) (15)

as a special case that arises if the AOA 𝛼𝑛(𝑡) is supposed to be
either constant (𝛾𝑛 = 0) or if the instantaneous phase 𝜃𝑛(𝑡) in
(12) is approximated by a first-order Taylor series [see (11)].
The main difference between the three stochastic channel
models above is that the former two are non-wide-sense
stationary, whereas the third one is wide-sense stationary.The
statistical properties of the SOC model have been studied
in [13], while those of the new non-wide-sense stationary
models will be analysed in the next section.

3. Analysis of the Nonstationary Multipath
Channel Models

3.1. Time-Dependent ACF. The time-dependent ACF R𝜇(𝜏,𝑡) of a complex stochastic process 𝜇(𝑡) is defined as

R𝜇 (𝜏, 𝑡) = 𝐸 {𝜇 (𝑡 + 𝜏2) 𝜇∗ (𝑡 − 𝜏2)} , (16)

where 𝐸{⋅} denotes the expectation operator and (⋅)∗ stands
for the complex conjugation operator. In the Appendix, it is
proved that the time-dependent ACFR𝜇(𝜏, 𝑡) of the complex
channel gain 𝜇(𝑡) in (13) can be written as

R𝜇 (𝜏, 𝑡) = 𝑁∑
𝑛=1

𝑐2𝑛𝑒𝑗2𝜋𝑓𝑛(𝑡)⋅sinc(𝛾𝑛𝜏/2)⋅𝜏, (17)

where sinc(⋅) denotes the sinc function, which is defined by
sinc(𝑥) = sin(𝑥)/𝑥.

Analogously, it can be shown that the time-dependent
ACF R𝜇(𝜏, 𝑡) of the complex channel gain 𝜇(𝑡) introduced
in (14) can be expressed by

R𝜇 (𝜏, 𝑡) = 𝑁∑
𝑛=1

𝑐2𝑛𝑒𝑗2𝜋[𝑓𝑛(𝑡)cos(𝛾𝑛(𝜏/2))+𝑓𝑛(𝑡)sinc(𝛾𝑛(𝜏/2))𝑡]𝜏, (18)

where 𝑓𝑛(𝑡) is the time-variant Doppler shift in (5) and 𝑓𝑛(𝑡)
denotes its derivative with respect to time 𝑡.

For the special case that the AOA 𝛼𝑛(𝑡) is constant, that
is, 𝛾𝑛 = 0, it is obvious that the two time-dependent ACFs in
(17) and (18) reduce to

R𝜇 (𝜏) = R𝜇 (𝜏, 𝑡) = 𝑁∑
𝑛=1

𝑐2𝑛𝑒𝑗2𝜋𝑓𝑛𝜏 (19)

which represents the ACF of the SOC model described
by (15). In this case, the ACF depends only on the time

separation 𝜏 but not on time 𝑡, which was to be expected,
because the SOC process 𝜇(𝑡) is wide-sense stationary.

Furthermore, if 𝛾𝑛 = 0 and 𝛼𝑛 ∼ U(0, 2𝜋], then
the expressions in (17)–(19) reduce to the ACF R𝜇(𝜏) =2𝜎20𝐽0(2𝜋𝑓max𝜏), where 2𝜎20 = ∑𝑁𝑛=1 𝑐2𝑛 denotes the mean
power of the complex channel gain 𝜇(𝑡), and 𝐽0(⋅) is the
zeroth-order Bessel function of the first kind [14, Eq. (8.411-
1)]. In other words, the proposed nonstationary multipath
fading channel models include the classical Jakes/Clarke
model [1, 15] as a special case.

3.2. Time-Dependent Mean Doppler Shift and Time-Depend-
ent Doppler Spread. From the time-dependent ACFR𝜇(𝜏, 𝑡),
the time-dependent mean Doppler shift 𝐵(1)𝜇 (𝑡) and the time-
dependent Doppler spread 𝐵(2)𝜇 (𝑡) can be derived by means
of

𝐵(1)𝜇 (𝑡) = 12𝜋𝑗 Ṙ𝜇 (0, 𝑡)
R𝜇 (0, 𝑡) , (20)

𝐵(2)𝜇 (𝑡) = 12𝜋√(Ṙ𝜇 (0, 𝑡)
R𝜇 (0, 𝑡))2 − R̈𝜇 (0, 𝑡)

R𝜇 (0, 𝑡) , (21)

respectively, where Ṙ𝜇(0, 𝑡) (R̈𝜇(0, 𝑡)) denotes the first (sec-
ond) order derivative of R𝜇(𝜏, 𝑡) with respect to 𝜏 at 𝜏 = 0.
Inserting (17) in (20) and (21) results after some straight-
forward mathematical steps in the following closed-form
solutions:

𝐵(1)𝜇 (𝑡) = ∑𝑁𝑛=1 𝑐2𝑛𝑓𝑛 (𝑡)∑𝑁𝑛=1 𝑐2𝑛 , (22)

𝐵(2)𝜇 (𝑡) = √ ∑𝑁𝑛=1 𝑐2𝑛𝑓2𝑛 (𝑡)∑𝑁𝑛=1 𝑐2𝑛 − (𝐵(1)𝜇 (𝑡))2. (23)

A comparison of (22) with (6) and (23) with (7) reveals that
the equalities 𝐵(1)𝜇 (𝑡) = 𝐵(1)

𝑓
(𝑡) and 𝐵(2)𝜇 (𝑡) = 𝐵(2)

𝑓
(𝑡) hold, from

which we can conclude that the proposed nonstationarymul-
tipath fading channel model described by (13) is consistent
with respect to both the mean Doppler shift and the Doppler
spread.

On the other hand, if we insert (18) in (20) and (21), then
we obtain

𝐵(1)𝜇 (𝑡) = ∑𝑁𝑛=1 𝑐2𝑛 (𝑓𝑛 (𝑡) + 𝑓𝑛 (𝑡) ⋅ 𝑡)
∑𝑁𝑛=1 𝑐2𝑛 , (24)

𝐵(2)𝜇 (𝑡) = √ ∑𝑁𝑛=1 𝑐2𝑛 (𝑓𝑛 (𝑡) + 𝑓𝑛 (𝑡) ⋅ 𝑡)2
∑𝑁𝑛=1 𝑐2𝑛 − (𝐵(1)𝜇 (𝑡))2. (25)

This result demonstrates that the simple nonstationary chan-
nel model introduced in (14) is inconsistent with respect to
the mean Doppler shift and the Doppler spread, because𝐵(1)𝜇 (𝑡) ̸= 𝐵(1)

𝑓
(𝑡) and 𝐵(2)𝜇 (𝑡) ̸= 𝐵(2)

𝑓
(𝑡) hold. Concerning
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the SOC process 𝜇(𝑡) in (15), we mention for completeness
that the equalities 𝐵(1)𝜇 = 𝐵(1)

𝑓
and 𝐵(2)𝜇 = 𝐵(2)

𝑓
hold, where𝐵(1)𝜇 and 𝐵(2)𝜇 are the same quantities as in (22) and (23),

respectively, if we replace 𝑓𝑛(𝑡) by 𝑓𝑛. Thus, the SOC model
is consistent with respect to the mean Doppler shift and
the Doppler spread. More information on the consistency of
nonstationarymultipath fading channels can be found in [16].

3.3. Wigner-Ville Spectrum. The Wigner-Ville spectrum,
which is also called the time-varying spectrum or the evo-
lutive spectrum, will be denoted by S𝜇(𝑓, 𝑡). This function is
defined as the Fourier transform of the time-dependent ACF
R𝜇(𝜏, 𝑡) with respect to 𝜏 [11]: that is,

S𝜇 (𝑓, 𝑡) = ∫∞
−∞

R𝜇 (𝜏, 𝑡) 𝑒−𝑗2𝜋𝑓𝑡𝑑𝜏. (26)

Inserting (17) in (26) and using the property R𝜇(𝜏, 𝑡) =
R∗𝜇(−𝜏, 𝑡), we can express theWigner-Ville spectrumS𝜇(𝑓, 𝑡)
of the proposed nonstationary multipath fading channel
model described by (13) as

S𝜇 (𝑓, 𝑡)
= 2 𝑁∑
𝑛=1

𝑐2𝑛 ∫∞
0

cos {2𝜋 [𝑓 − 𝑓𝑛 (𝑡) sinc(𝛾𝑛 𝜏2)] 𝜏} 𝑑𝜏. (27)

For the wide-sense stationary case, for which 𝛾𝑛 = 0 holds,
the Wigner-Ville spectrum S𝜇(𝑓, 𝑡) in (27) reduces to the
Doppler power spectral density (PSD) of the SOC process𝜇(𝑡) presented in (15), that is,

S𝜇 (𝑓) = 𝑁∑
𝑛=1

𝑐2𝑛𝛿 (𝑓 − 𝑓𝑛) . (28)

Furthermore, for the isotropic scattering case, in which 𝑐𝑛
and 𝛼𝑛 are i.i.d. random variables with 𝐸{𝑐2𝑛 } = 2𝜎20/𝑁 and𝛼𝑛 ∼ U(0, 2𝜋], we obtain the Jakes/Clarke PSD [1, 15] after
computing the expected value of S𝜇(𝑓) in (28). Hence, the
Wigner-Ville spectrum S𝜇(𝑓, 𝑡) in (27) includes the classical
Jakes/Clarke Doppler spectrum as a special case.

4. Numerical Results

This section presents a selection of numerical results to
illustrate the main findings of this paper. In all considered
propagation scenarios, we have set the number of multipath
components 𝑁 to 𝑁 = 10. The gains 𝑐𝑛 and initial AOAs𝛼𝑛 = 𝛼𝑛(0) have been computed by using the extended
method of exact Doppler spread (EMEDS) [17]. According
to this method, the parameters 𝑐𝑛 and 𝛼𝑛 are given by

𝑐𝑛 = 𝜎0√ 2𝑁, (29)

𝛼𝑛 = 2𝜋𝑁 (𝑛 − 14) , (30)

respectively, and the initial phases 𝜃𝑛 = 𝜃𝑛(0) are considered
as realizations of independent randomvariables, each charac-
terized by a uniform distribution over the interval (0, 2𝜋]. If
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Figure 2: Trend of the time-variant Doppler frequencies 𝑓𝑛(𝑡) (𝑛 =1, 2, . . . , 𝑁) by using the exact solution (black solid line) and the
approximate solution (blue dashed line), where 𝑁 = 10.

not stated otherwise, the radii 𝑟𝑛 in Figure 1 have been set to
50m for all 𝑛 = 1, 2, . . . , 𝑁. For the mean power (variance)𝜎20 of the in-phase and quadrature components of 𝜇(𝑡), we
have chosen the value 𝜎20 = 1. The carrier frequency was set
to 5.9GHz, and the maximum Doppler frequency 𝑓max was
supposed to be 𝑓max = 91Hz. This corresponds to a mobile
speed of V = |→V | = 16.65 km/h, where we have assumed
that the MS moves in 𝑥-direction, implying that the angle of
motion 𝛼V equals zero, that is, 𝛼V = 0.

Figure 2 depicts the trend of the time-variant Doppler
frequencies 𝑓𝑛(𝑡) by using the exact expression for the AOAs𝛼𝑛(𝑡) according to (1). For comparison, this figure also shows
the behaviour of𝑓𝑛(𝑡) for the approximate solution of 𝛼𝑛(𝑡) in
(2). Figure 2 shows clearly that the first-order approximation
is quite good over the interval from 0 to 2.162 s during which
the MS has covered a distance of 10m.

Figure 3 illustrates the signal envelope |𝜇(𝑡)| by using the
SOC model [see (15), Case I], the proposed nonstationary
multipath fading channel model [see (13), Case II], and the
simple nonstationary model [see (14), Case III]. This figure
demonstrates clearly that the temporal variations of theAOAs𝛼𝑛(𝑡) have a great influence on the temporal behaviour of
the signal envelope |𝜇(𝑡)|. It is interesting to note that the
three signal envelopes are identical at 𝑡 = 0 and very similar
for small values of 𝑡 > 0, but they differ considerably
with increasing values of 𝑡. It should be mentioned that
different realizations of the initial phases 𝜃𝑛 = 𝜃𝑛(0) result
in different sample functions of the signal envelopes, but the
aforementioned trend is the same for all realizations.

Figures 4 and 5 present the ACF R𝜇(𝜏) of the SOC
process 𝜇(𝑡) in (15) and the time-dependent ACFR𝜇(𝜏, 𝑡) of
the nonstationary process 𝜇(𝑡) in (13), respectively. It can be
observed that both ACFs are identical at the origin 𝑡 = 0,
but the temporal correlation properties of the nonstationary
model differ more and more if time 𝑡 proceeds. This means
that the temporal variations of 𝛼𝑛(𝑡) influence greatly the
fading behaviour of the signal envelope |𝜇(𝑡)|.
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Figure 3: Illustration of the signal envelope |𝜇(𝑡)| of a sample
function of a wide-sense stationary SOC process [see (15)] in
comparison with the signal envelopes |𝜇(𝑡)| of the nonstationary
processes described by (13) and (14).
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Figure 4: ACF R𝜇(𝜏) = R𝜇(𝜏, 𝑡) of a SOC process 𝜇(𝑡) with
constant AOAs 𝛼𝑛 for 𝑁 = 10.

Figures 6 and 7 depict the corresponding Doppler PSD
S𝜇(𝑓) [see (28)] of the SOC process 𝜇(𝑡) in (15) and the
Wigner-Ville spectrum S𝜇(𝑓, 𝑡) [see (27)] of the nonstation-
ary process 𝜇(𝑡) in (13), respectively. A comparison of the two
spectral representations shows clearly that the influence of the
time-variant AOAs 𝛼𝑛(𝑡) cannot be neglected.This statement
is obvious as the Doppler frequencies of the Wigner-Ville
spectrum (Doppler PSD) associated with the stationary SOC
process remain constant over time 𝑡 (see Figure 6), while the
spectral components of the nonstationary process experience
a drift if time 𝑡 proceeds (see Figure 7). Finally, we mention
that the results in Figure 7 have been obtained numerically by
setting the upper limit of 𝜏 in the integral of (27) to 𝜏 = 𝜏max =1 s and evaluating the integral by considering 𝑁𝑠 = 1000
samples, which results in a resolution of 𝜏max/𝑁𝑠 = 0.001 s.

Figures 8 and 9 are devoted to a study on the influence
of the (ring) radii 𝑟𝑛 on the time-dependent mean Doppler
shift 𝐵(1)𝜇 (𝑡) and the time-dependent Doppler spread 𝐵(2)𝜇 (𝑡),
respectively. The presented graphs show that the smaller the
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Figure 5: Time-dependent ACF R𝜇(𝜏, 𝑡) of the proposed nonsta-
tionary process 𝜇(𝑡) with time-variant AOAs 𝛼𝑛(𝑡) for 𝑁 = 10.
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Figure 6: Wigner-Ville spectrum (Doppler PSD) S𝜇(𝑓) = S𝜇(𝑓, 𝑡)
of an SOC process 𝜇(𝑡) with constant AOAs 𝛼𝑛 for 𝑁 = 10.
radii 𝑟𝑛 are, the faster the functions 𝐵(1)𝜇 (𝑡) and 𝐵(2)𝜇 (𝑡) are
changing over time 𝑡. Figure 8 shows also a comparison
between the time-dependent mean Doppler shift 𝐵(1)𝜇 (𝑡) of
the consistent model described by (14) and the inconsistent
model according to (15). Both models have the same mean
Doppler shift𝐵(1)𝜇 (𝑡) at the origin 𝑡 = 0, but themeanDoppler
shifts deviate considerably from each other with increasing
values of time 𝑡. The same statement holds for the time-
dependent Doppler spread shown in Figure 9. These results
underline the importance of consistency, as the deviations
between (22) and (24) as well as between (23) and (25) cannot
be neglected.

5. Model Extensions

To isolate the effect of time-variant AOAs on the Doppler
characteristic, we have assumed that the channel is fre-
quency-nonselective and that the transmitter and receiver
are equipped with single omnidirectional antennas. To relax
these assumptions, we will provide some guidelines onmodel
extensions in the following subsections.

5.1. Extension to Frequency-Selectivity. Starting from the nar-
rowband multipath fading channel model in (12) and taking
into account the fact that the 𝑛th plane wave component
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Figure 7: Wigner-Ville spectrum S𝜇(𝑓, 𝑡) of the proposed nonsta-
tionary process 𝜇(𝑡) with time-variant AOAs 𝛼𝑛(𝑡) for 𝑁 = 10.
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Figure 8: Time-dependent mean Doppler shift 𝐵(1)𝜇 (𝑡) of the non-
stationary channel models for different values of the radii 𝑟𝑛.
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Figure 9: Time-dependent Doppler spread 𝐵(2)𝜇 (𝑡) of the nonsta-
tionary channel models for different values of the radii 𝑟𝑛 for 𝑛 =1, 2, . . . , 𝑁 (𝑁 = 10).

𝜇𝑛(𝑡) = 𝑐𝑛 exp{𝑗𝜃𝑛(𝑡)} will be received after a time-variant
propagation delay denoted by 𝜏𝑛(𝑡), the impulse responseℎ(𝜏, 𝑡) of the resulting non-wide-sense stationary single-
input single-output channel model can be expressed as

ℎ (𝜏, 𝑡) = 𝑁∑
𝑛=1

𝑐𝑛𝑒𝑗𝜃𝑛(𝑡)𝛿 (𝜏 − 𝜏𝑛 (𝑡)) , (31)

where 𝜃𝑛(𝑡) is given by (9) for the consistent model or by𝜃𝑛(𝑡) = 2𝜋𝑓𝑛(𝑡)𝑡 + 𝜃𝑛 for the inconsistent model. The time-
variant delay 𝜏𝑛(𝑡) can be derived from the geometricalmodel
in Figure 1 as

𝜏𝑛 (𝑡) = 1𝑐0 [√(𝐷 + 𝑥𝑛)2 + 𝑦2𝑛 + 𝑟𝑛 (𝑡)] , (32)

where 𝑐0 denotes the speed of light,𝐷 is the distance between
the BS and MS, and 𝑟𝑛(𝑡) = √(𝑥𝑛 − 𝑥(𝑡))2 + (𝑦𝑛 − 𝑦(𝑡))2.
5.2. Extension to MIMO. Let ℎ𝑘ℓ(𝜏, 𝑡) denote the impulse
response of a frequency-selective MIMO channel with 𝑀𝑇
transit and 𝑀𝑅 receive antennas; then the propagation link
from the ℓth transmit antenna to the 𝑘th receive antenna can
be modelled as

ℎ𝑘ℓ (𝜏, 𝑡) = 𝑁∑
𝑛=1

𝑔𝑘ℓ𝑛 (𝑡) 𝑒𝑗𝜃𝑛(𝑡)𝛿 (𝜏 − 𝜏𝑛 (𝑡)) (33)

for 𝑘 = 1, 2, . . . , 𝑀𝑅 and ℓ = 1, 2, . . . , 𝑀𝑇, where 𝑔𝑘ℓ𝑛(𝑡) is
the same as in [18, Eq. (9)] apart from the fact that we have to
replace there the time-invariant quantities 𝑟𝑛 and 𝛼𝑅𝑛 by time-
variant quantities 𝑟𝑛(𝑡) and𝛼𝑅𝑛 (𝑡), respectively.The expression
in (33) can be derived by applying the design steps of the
generalized principle of deterministic channel modelling [12,
Section 8.1].
5.3. Other Model Extensions. The proposed model is only
applicable to omnidirectional antennas. The extension to
directional antennas is possible through a proper adjustment
of the constant path gains 𝑐𝑛, which have to be replaced by
time-variant path gains 𝑐𝑛(𝑡). The temporal characteristics
of 𝑐𝑛(𝑡) depend on the antenna pattern and the direction in
which the MS moves. It is also possible to consider birth-
and-death effects of the scatterers. This extension results in
a multiplication of each multipath component by a birth-
and-death process or, equivalently, by replacing the time-
invariant path gains 𝑐𝑛 by proper time-variant path gains 𝑐𝑛(𝑡).
The analysis of the Wigner-Ville spectrum of nonstationary
mobile radio channels with time-variant path gains 𝑐𝑛(𝑡) is
substantially different from the analysis in Section 3.3 and
beyond the scope of this paper.

6. Conclusion

In this paper, we have developed and analysed multipath
fading channel models with time-variant AOAs. Our study
has shown that the effect of time-variant AOAs results
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in a non-wide-sense stationary multipath fading chan-
nel model. Expressions have been derived for the time-
dependent ACF, time-dependent mean Doppler shift, time-
dependent Doppler spread, and theWigner-Ville spectrum of
the proposed non-wide-sense stationary channel model. By
comparing these statistical quantities with known results of
studies assuming constant AOAs, we can conclude that the
assumption of constant AOAs is only justified for very short
observation intervals. The proposed nonstationary channel
model allows extending the observation interval over a wider
range without losing accuracy. The price for this added
accuracy is a higher degree of complexity concerning the
mathematical expressions.

One of the remaining problems that might be tackled in
an upcoming study is to develop quantitative methods for
the investigation of the length of the observation interval
over which the proposed nonstationary channel models are
sufficiently accurate. Another topic could be to extend the
presented framework to the modelling of MIMO channels
with time-dependent AOAs.

Appendix

Derivation of the Time-Dependent ACF
R𝜇(𝜏,𝑡) in (17)

Substituting (13) in the definition of the time-dependent ACF
R𝜇(𝜏, 𝑡) = 𝐸{𝜇(𝑡 + 𝜏/2)𝜇∗(𝑡 − 𝜏/2)} gives
R𝜇 (𝜏, 𝑡)

= 𝐸 { 𝑁∑
𝑛=1

𝑁∑
𝑛=1

𝑐𝑛𝑐𝑚𝑒𝑗{2𝜋(𝑓max/𝛾𝑛)[sin(𝛼𝑛−𝛼V+𝛾𝑛(𝑡+𝜏/2))−sin(𝛼𝑛−𝛼V)]+𝜃𝑛}

⋅ 𝑒−𝑗{2𝜋(𝑓max/𝛾𝑚)[sin(𝛼𝑚−𝛼V+𝛾𝑚(𝑡−𝜏/2))−sin(𝛼𝑚−𝛼V)]+𝜃𝑚}} .
(A.1)

Using 𝐸{𝑒𝑗(𝜃𝑛−𝜃𝑚)} = 1 if 𝑛 = 𝑚 and 0 if 𝑛 ̸= 𝑚, we obtain

R𝜇 (𝜏, 𝑡) = 𝑁∑
𝑛=1

𝑐2𝑛𝑒𝑗2𝜋(𝑓max/𝛾𝑛)sin(𝛼𝑛−𝛼V+𝛾𝑛(𝑡+𝜏/2))

⋅ 𝑒−𝑗2𝜋(𝑓max/𝛾𝑛)sin(𝛼𝑛−𝛼V+𝛾𝑛(𝑡−𝜏/2))

= 𝑁∑
𝑛=1

𝑐2𝑛𝑒𝑗2𝜋(𝑓max/(𝛾𝑛/2))cos(𝛼𝑛−𝛼V+𝛾𝑛𝑡)sin(𝛾𝑛(𝜏/2))

= 𝑁∑
𝑛=1

𝑐2𝑛𝑒𝑗2𝜋𝑓𝑛(𝑡)sinc(𝛾𝑛𝜏/2)𝜏,

(A.2)

where we have used the sinc function defined as sinc(𝑥) =
sin(𝑥)/𝑥.
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Amethodology for implementing a triply selectivemultiple-inputmultiple-output (MIMO) simulator based on graphics processing
units (GPUs) is presented.The resulting simulator is based on the implementation of multiple double-selective single-input single-
output (SISO) channel generators, where the multiple inputs and the multiple received signals have been transformed in order
to supply the corresponding space correlation of the channel under consideration. A direct consequence of this approach is the
flexibility provided, which allows different propagation statistics to each SISO channel to be specified and thus more complex
environments to be replicated. It is shown that under some specific constraints, the statistics of the triply selectiveMIMO simulator
are the same as those reported in the state of art. Simulation results show the computational time improvement achieved, up to
650-fold for an 8 × 8MIMO channel simulator when compared with sequential implementations. In addition to the computational
improvement, the proposed simulator offers flexibility for testing a variety of scenarios in vehicle-to-vehicle (V2V) and vehicle-to-
infrastructure (V2I) systems.

1. Introduction

With the growing demand by users of rapid transfer of
high amounts of data, it has been necessary to develop new
transmissions strategies and, consequently, to verify their per-
formance in order to accomplish the established goals. In this
sense, multiple-inputmultiple-output (MIMO) simulator has
been considered in recent years a fundamental part of new
communication standards embraced by long-term evolution-
vehicle (LTE-V) and vehicle-to-vehicle (V2V) technologies.
This is due to the fact that MIMO can take advantage
of space diversity and multipath scattering for increasing
the data transmission rate considerably in comparison with
single-input single-output (SISO) communication systems
[1]. Because of its relevance, several mathematical channel
models and hence diverse channel simulators/emulators have
been proposed in order to prove the performance of MIMO-
based communication systems.

In this sense, as summarized by [2], MIMO channel
models can be classified in diverse ways; the broadest clas-
sification considers physical models and analytical models.
Physical models take into account the electromagnetic prop-
agation and the environment under study for obtaining a
channel model. Moreover, such models can be categorized as
deterministic models [3], geometric-based stochastic models
[4], or stochastic models [5, 6]. Analytical models, on the
other hand, abstract the complex electromagnetic propaga-
tion mechanisms into tractable channel impulse responses
for modeling the MIMO channels. Moreover, analytical
models can be classified as propagation-based models and
correlation-based models, where the distinguished Kro-
necker model [7] and the Weichselberger model [8] fit in the
latter classification. These models are the most commonly
used models for simulating MIMO channels due to their
simplicity and the conceptualization of the propagation
environment.
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Figure 1: MIMO system of𝑁𝑇 × 𝑁𝑅 antennas.

This paper considers an analytical model based on corre-
lation, which assumes a triply selectivity; that is, the prop-
agation channel for each transmitter and receiver antenna
pair presents both time and frequency selectivity and a spatial
correlation. This model was chosen to capture the nature of
the propagation channel with greater precision. As expected,
the implementation of this triply selective channel simulator
is highly complex; for example, if a MIMO system made
up of 𝑁𝑇 = 8 transmitter antennas and 𝑁𝑅 = 8 receiver
antennas is considered, then it is necessary to implement𝑁𝑇 × 𝑁𝑅 = 64 independent SISO channel simulators in
parallel. This number of SISO channels increases as well as
the number of antennas is increased. Therefore, graphics
processing units andGPU-accelerated computing techniques
can help to manage the computational complexity in the
MIMO channel simulator.

TheGPU-accelerated computing techniques use theGPU
together with CPUs, which are available in affordable com-
puters or servers. The purpose is to accelerate scientific
computation and engineering calculations, among others. As
a result, several works related to wireless channel simulators
have been presented in order to handle the computational
complexity in the implementation of channel simulators [9–
12] and high demanding digital signal processing algorithms
[13, 14].

In [9], the authors present a GPU-based implementation,
which uses the filteringmethod for developing a doubly selec-
tive SISO channel simulator (frequency and time selective).
In [10], a full 3-D GPU-based beam-tracing method is pre-
sented for propagationmodeling in complex indoor environ-
ments. Likewise, the study in [11] presents an improved path
loss simulation incorporating a three-dimensional terrain
model using parallel coprocessors or GPUs. In addition, in
[12] and references therein, a selection of GPU-based imple-
mentations is presented, which improves the computational
processing time and reports GPU-based implementations
with significant speedups.However, even thoughmanyGPU-
based implementations have been reported in the state of
the art, a complete triply selective fading channel simulator
has not been reported in the open literature. Examples of
complete MIMO fading channel simulators and emulators
can be found in [15–17], but these architectures do not exploit
the triple selectivity at the same time, or they configure the
hardware with a low number of antennas.

This paper presents a triply selective MIMO channel
simulationmethodology usingGPU techniques; themethod-
ology will be based on SISO channel generators presented in

[9].This simulator includes the phenomenology of the propa-
gation environment (time, frequency and space selectivities),
which has been left out of the state-of-art simulators due
to the computational complexity. Likewise, the introduced
methodology exhibits enough flexibility for implementing
channel simulators with different MIMO channel configura-
tions.

1.1. Notation. Bold upper (lower) case letters are used for
denoting matrices (vectors); (⋅)𝑇, (⋅)𝐻, ⌈⋅⌉, and 𝐸(⋅) denote
transpose, complex transpose (Hermitian), the ceil function,
and the expectation operator, respectively. [A]𝑖,𝑗 denotes the
element in the 𝑖th row and 𝑗th column of A. vec(A) is the
reordering of the columns of A into a single column vector.
diag(a) is a diagonal matrix whose elements are those from
vector a. I𝑗 denotes an identity matrix of length 𝑗 × 𝑗. Finally,⊗ stands for the Kronecker product of two matrices.

1.2. Organization. The paper is organized as follows: in
Section 2, the mathematical model of the triply selective
channel is analyzed. The methodology for implementing this
mathematical model using GPUs is described in Section 3.
Implementation results assuming diverse scenarios are pre-
sented in Section 4. Finally, some concluding remarks in
Section 5 close this paper.

2. Triply Selective Channel Model

Assume a baseband discrete time MIMO communication
channel that presents time, frequency, and spatial selectivity
(triple-selective channel). Moreover, consider that this com-
munication system is conformed of 𝑁𝑇 transmit antennas
and𝑁𝑅 receive antennas as depicted in Figure 1. This system
can be envisaged as an array of𝑁𝑇×𝑁𝑅 SISO channels where
a transmitter and a receiver correlation stage are included
in order to provide the corresponding spatial correlation
statistics. Without loss of generality, if it is stated that all the
SISO channels are modeled as FIR filters of 𝐿 coefficients,
then the MIMO system at time index 𝑛 can be expressed
mathematically as follows:

y (𝑛) = C𝑅H (𝑛) Ĉ𝑇x (𝑛) , (1)

where y(𝑛) ∈ C𝑁𝑅 with y(𝑛) = [𝑦1(𝑛), 𝑦2(𝑛), . . . , 𝑦𝑁𝑅(𝑛)]𝑇 is a
vector containing the samples received from each antenna,
C𝑅 ∈ C𝑁𝑅×𝑁𝑅 is the matrix that provides the spatial
correlation due to the receive antennas, and Ĉ𝑇 = C𝑇 ⊗ I𝐿,
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C𝑇 ∈ C𝑁𝑇×𝑁𝑇 correlates the transmitted samples according
to the correlation of the transmit antennas.

Additionally, x(𝑛) ∈ C𝑁𝑇𝐿, where x(𝑛) = [x𝑇1 (𝑛), x𝑇2 (𝑛),. . . , x𝑇𝑁𝑇(𝑛)]𝑇 is a vector composed of the actual and past
samples of each transmitter, where x𝑖(𝑛) = [𝑥𝑖(𝑛), 𝑥𝑖(𝑛 −
1), . . . , 𝑥𝑖(𝑛 − 𝐿)]𝑇. The matrix H(𝑛) ∈ C𝑁𝑅×𝑁𝑇𝐿 is defined
as follows:

H (𝑛) =
[[[[[[[
[

h𝑇1,1 (𝑛) h𝑇2,1 (𝑛) ⋅ ⋅ ⋅ h𝑇𝑁𝑇,1 (𝑛)
h𝑇1,2 (𝑛) h𝑇2,2 (𝑛) ⋅ ⋅ ⋅ h𝑇𝑁𝑇,2 (𝑛)... d

...
h𝑇1,𝑁𝑅 (𝑛) ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ h𝑇𝑁𝑇,𝑁𝑅 (𝑛)

]]]]]]]
]

, (2)

where h𝑖,𝑗(𝑛) = [ℎ𝑖,𝑗(𝑛, 1), ℎ𝑖,𝑗(𝑛, 2), . . . , ℎ𝑖,𝑗(𝑛, 𝐿)]𝑇 is the
discrete time-varying channel impulse response from the
transmitter 𝑖 to the receiver 𝑗. The value 𝐿 is selected as
max(⌈(𝜏max𝑖,𝑗 + 𝑇𝐵)/𝑇𝑠⌉) ∀𝑖 = 1, . . . , 𝑁𝑇; ∀𝑗 = 1, . . . , 𝑁𝑅,
where 𝜏max𝑖,𝑗 is the maximum delay corresponding to the
subchannel from transmitter 𝑖 to receiver 𝑗, 𝑇𝐵 is the impulse
response duration of the combined transmitter and receiver
filters, and 𝑇𝑠 is the symbol period.

Thus, it is possible to consider the MIMO channel as

H (𝑛) = C𝑅H (𝑛) Ĉ𝑇, (3)

whose autocorrelation function can be stated as follows:

RH (𝑛1, 𝑛2) = 𝐸 (vec (H (𝑛1)) vec (H (𝑛2))𝐻) . (4)

This channel model can be interpreted as a form of
the Kronecker model reviewed in [7, 18], where time and
frequency selectivity have also been considered. In order to
simplify the calculations, autocorrelation ofH𝑇(𝑛) is analyzed
instead, which does not affect the statistics of the channel
under analysis. Thus, the autocorrelation ofH𝑇(𝑛) is

RH𝑇 (𝑛1, 𝑛2) = 𝐸 (vec (H𝑇 (𝑛1)) vec (H𝑇 (𝑛2))𝐻)
= (C𝑅 ⊗ Ĉ𝑇𝑇) 𝐸 (vec (H𝑇 (𝑛1)) vec (H𝑇 (𝑛2))𝐻)
⋅ (C𝑅 ⊗ Ĉ𝑇𝑇)𝐻 = (C𝑅 ⊗ Ĉ𝑇𝑇)RH𝑇 (𝑛1, 𝑛2)
⋅ (C𝑅 ⊗ Ĉ𝑇𝑇)𝐻 ,

(5)

where it has already made use of H𝑇(𝑛) = Ĉ𝑇𝑇H
𝑇(𝑛)C𝑇𝑅

and the fact that vec(Ĉ𝑇𝑇HT(𝑛)C𝑇𝑅) = (C𝑅 ⊗ Ĉ𝑇𝑇)vec(H(𝑛));
in addition, RH𝑇(𝑛1, 𝑛2) is the autocorrelation function of
H𝑇(𝑛). If it is assumed that all the subchannels inH𝑇(𝑛) are

(i) uncorrelated among themselves,

(ii) wide-sense stationary uncorrelated scattering (WSSUS),

(iii) Rayleigh,

then, vec(H𝑇(𝑛)) can be expressed as

vec (H𝑇 (𝑛)) =

[[[[[[[[[[[[[[[[
[

h1,1 (𝑛)
h2,1 (𝑛)

...
h𝑁𝑇,1 (𝑛)
h1,2 (𝑛)

...
h𝑁𝑇,𝑁𝑅 (𝑛)

]]]]]]]]]]]]]]]]
]

=

[[[[[[[[[[[[[[
[

G1,1
G2,1

d

G𝑁𝑇,1
G1,2

d

G𝑁𝑇,𝑁𝑅

]]]]]]]]]]]]]]
]

[[[[[[[[[[[[[[[[
[

w1,1 (𝑛)
w2,1 (𝑛)

...
w𝑁𝑇,1 (𝑛)
w1,2 (𝑛)

...
w𝑁𝑇,𝑁𝑅 (𝑛)

]]]]]]]]]]]]]]]]
]

= G𝜔 (𝑛) .

(6)

From (6), w𝑖,𝑗(𝑛) ∈ C𝑃𝑖,𝑗×1 is a zero-mean circularly symmet-
ric complex Gaussian random vector with an autocorrelation
function:

𝐸 (w𝑖,𝑗 (𝑛1)w𝐻𝑖,𝑗 (𝑛2)) = Σ2𝑖,𝑗Λ𝑖,𝑗 (𝑛1 − 𝑛2) , (7)

where Σ2𝑖,𝑗 and Λ𝑖,𝑗(𝑛1 − 𝑛2) are both diagonal matrices, such
that [Σ2𝑖,𝑗]𝑚,𝑚 = 𝜎2𝑚 is the power of the 𝑚th path of the
subchannel from antenna 𝑖 to antenna 𝑗 with delay 𝜏𝑖,𝑗𝑚 and
autocorrelation function [Λ𝑖,𝑗(𝑛1 − 𝑛2)]𝑚,𝑚 evaluated at the
instant difference 𝑛1 − 𝑛2 for 𝑚 = 1, . . . , 𝑃𝑖,𝑗, where 𝑃𝑖,𝑗 is the
number of paths of the subchannel from 𝑖 to 𝑗.

Let G be a block diagonal matrix, where the elements of
each block G𝑖,𝑗 ∈ C𝐿×𝑃𝑖,𝑗 are given by

[G𝑖,𝑗]𝑙,𝑚 = 𝑔 ((𝑙 − 1) 𝑇𝑠 − 𝜏𝑖,𝑗𝑚 ) , (8)

where 𝑔(𝑡) is the impulse response of the band limiting filter,
for example, sinc or raised cosine filter with duration 𝑇𝐵, 𝑙 =1, . . . , 𝐿, and𝑚 = 1, . . . , 𝑃𝑖,𝑗.

From (6), RH𝑇(𝑛1, 𝑛2) is given by

RH𝑇 (𝑛1, 𝑛2) = 𝐸 (G𝜔 (𝑛1)𝜔 (𝑛2)𝐻G𝐻)
= G (Σ̃2Λ̃ (𝑛1 − 𝑛2))G𝐻,

(9)

where

Σ̃
2 = diag ([Σ21,1,Σ22,1, . . . ,Σ2𝑁𝑇,1,Σ21,2, . . . ,Σ2𝑁𝑇,𝑁𝑅]) ,
Λ̃ (𝑛1 − 𝑛2) = diag ([Λ1,1 (𝑛1 − 𝑛2) ,Λ2,1 (𝑛1 − 𝑛2) , . . . ,
Λ𝑁𝑇,1

(𝑛1 − 𝑛2) ,Λ1,2 (𝑛1 − 𝑛2) , . . . ,
Λ𝑁𝑇,𝑁𝑅

(𝑛1 − 𝑛2)])

(10)

are both block diagonal matrices.
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Figure 2: Triply selective MIMO channel simulator scheme.

Substituting (9) into (5), RH𝑇(𝑛1, 𝑛2) is
RH𝑇 (𝑛1, 𝑛2)

= (C𝑅 ⊗ Ĉ𝑇𝑇)G (Σ̃Λ̃ (𝑛1 − 𝑛2))G𝐻 (C𝑅 ⊗ Ĉ𝑇𝑇)𝐻 .
(11)

Function (11) is the autocorrelation function of the pro-
posed model (3). It is possible to observe that this model
offers great flexibility by allowing the subchannels to have
different statistics, for example, different power delay profile
(PDP) and power Doppler spectrum (PDS). As a special
case, if all the paths of all subchannels are forced to have
the same PDS, then Λ̃(𝑛1 − 𝑛2) = I𝑓(𝑛1 − 𝑛2), where𝑓(𝑛1 − 𝑛2) is the autocorrelation function of all the paths.
As a particular case, if Jakes’ model is considered, where the
different scatters propagate in the azimuth plane and arrive
at the receivers with an angle of arrival distributed uniformly
between [0, 2𝜋], then 𝑓(𝑛1 − 𝑛2) = 𝐽0(2𝜋𝑓max(𝑛1 − 𝑛2)𝑇𝑠),
where 𝐽0(⋅) is the Bessel function of order 0 and 𝑓max is the
maximum Doppler frequency. If it is also considered that all
the subchannels have the same PDP composed of 𝑃 paths,
then Σ̃2 = I𝑁𝑇𝑁𝑅 ⊗ Σ2𝑒 andG = I𝑁𝑇𝑁𝑅 ⊗ G𝑒, where Σ2𝑒 ∈ R𝑃×𝑃

is a diagonal matrix containing the gains of the paths and
G𝑒 ∈ R𝐿×𝑃 is calculated as in (8). However, assuming that
the paths of all the subchannels have the same delay, then
(11) transforms into (12), which coincides with the model
proposed in [16]:

RH𝑇 (𝑛1, 𝑛2) = ((C𝑅 ⊗ (C𝑇 ⊗ I𝐿)𝑇) (I𝑁𝑇𝑁𝑅 ⊗ G𝑒)
⋅ (I𝑁𝑇𝑁𝑅 ⊗ Σ2𝑒) (I𝑁𝑇𝑁𝑅 ⊗ G𝑒)𝐻

⋅ (C𝑅 ⊗ (C𝑇 ⊗ I𝐿)𝑇)𝐻) 𝐽0 (2𝜋𝑓max (𝑛1 − 𝑛2) 𝑇𝑠)
= (((C𝑅 ⊗ C𝑇𝑇) ⊗ I𝑇𝐿) (I𝑁𝑇𝑁𝑅 ⊗ G𝑒Σ

2
𝑒G
𝐻
𝑒 )

⋅ ((C𝑅 ⊗ C𝑇𝑇) ⊗ I𝑇𝐿)𝐻) 𝐽0 (2𝜋𝑓max (𝑛1 − 𝑛2) 𝑇𝑠)
= (((C𝑅 ⊗ C𝑇𝑇) (C𝑅 ⊗ C𝑇𝑇)𝐻) ⊗ (G𝑒Σ2𝑒G𝐻𝑒 ))

⋅ 𝐽0 (2𝜋𝑓max (𝑛1 − 𝑛2) 𝑇𝑠) = (C𝑅C𝐻𝑅 ⊗ C𝑇𝑇 (C𝑇𝑇)𝐻

⊗ (G𝑒Σ2𝑒G𝐻𝑒 )) 𝐽0 (2𝜋𝑓max (𝑛1 − 𝑛2) 𝑇𝑠) .
(12)

3. GPU Implementation

The simulator implementation takes advantage of the par-
allel capabilities of General-Purpose Computing on GPU
(GPGPU) and the use of the VexCL library [19]. VexCL
is an OpenCL/CUDA library developed in C++ by Denis
Demidov. It supports multidevice, multiplatform computa-
tions and provides functions for floating-point vector/matrix
operations. VexCL uses vector expressions, which are auto-
matically processed in parallel across all devices.

The simulation process comprises two stages: channel
coefficient generation and data frame processing. These
stages are depicted in Figure 2. The first stage corresponds to
the generation of the elements of matrixH of (2); the second
stage represents (1).

3.1. ComplexOperations. GPU frameworks, likeOpenCL and
CUDA, do not provide complex data types; the closest data
type is the 2-vector type cl double2 of OpenCL. Hence,
custom vex functions were implemented to perform addition
and multiplication of complex numbers. These functions
are used in vector expressions. The codes implemented
for performing the multiplication and addition of complex
numbers are presented in Listings 1 and 2, respectively. The
previous functions receive two 2-vectors used as complex
numbers.

3.2. Channel Coefficient Generation. The channel coefficients
require random numbers, which are filtered for generating
the channel taps with specific PDS and correlation.

3.2.1. Random Number Generation. VexCL provides tem-
plates to generate random numbers; they are based on Ran-
dom123 [20, 21]. The templates support the Philox generator
family (based on integer multiplication) or theThreefry fam-
ily (based onThreefish encryption). It is possible to generate
uniformly distributed random numbers with the Random
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VEX FUNCTION(cl double2, cmul,

(cl double2, a) (cl double2, b),

double2 c = {
a.x ∗ b.x - a.y ∗ b.y,

a.x ∗ b.y + a.y ∗ b.x};
return c;

);

Listing 1: Multiplication code.

VEX FUNCTION(cl double2, csum,

(cl double2, a) (cl double2, b),

double2 c = {
a.x + b.x, a.y + b.y};

return c;

);

Listing 2: Sum code.

template. Additionally, there are RandomNormal templates
that use the Box-Muller transform to generate normally
distributed random numbers. In this implementation,

vex::RandomNormal<cl double2,

vex::random::threefry > random numbers

are used as a C++ functor. A double random number vector
is generated with

noise=random numbers(vex::element index(),

123),

where noise is a vector of 𝑛𝑆𝑎𝑚𝑝𝑙𝑒𝑠 × ∑𝑁𝑇𝑖=1∑𝑁𝑅𝑗=1 𝑃𝑖,𝑗
of pairs of double precision floating-point numbers,
vex::element index() is the function to get the 𝑛th
random number, and 123 is the seed for the generator.
Instead of using doubles, the vector noise is composed
of cl double2 numbers; for example, a pair of double
precision numbers is used as complex numbers.

3.2.2. Doppler Filter. The generated complex random num-
bers are passed through a filter which provides the corre-
sponding time domain statistics.The transfer function of this
filter is the square root of the autocorrelation function in
the time domain for each path. As a particular case where
all the paths in all the subchannels follow the Jakes model,
the impulse response of this filter is Γ(3/4)(𝑓max/(𝜋|(𝑘 −
𝑡𝐹𝑖𝑙𝑡𝑒𝑟/2)𝑇𝑠|))1/4𝐽1/4(𝑓max|(𝑘−𝑡𝐹𝑖𝑙𝑡𝑒𝑟/2)𝑇𝑠|), where Γ(⋅) is the
gamma function, 𝑡𝐹𝑖𝑙𝑡𝑒𝑟 is the length of the filter, and 𝑘 =0, . . . , 𝑡𝐹𝑖𝑙𝑡𝑒𝑟 is an index that enumerates the coefficients [22].
In order to perform the noise filtering, a custom function,
named convolution, was coded; it receives pointers to arrays
of 2-vectors corresponding to the noise and Doppler filter

VEX FUNCTION D(cl double2, convolution,

(size t, i)(cl double2∗, x)

(double∗, y)(int, tF)(int, fS)

(int, nS)(int, nP),(csum)

(cmulscalar),

double2 sum = {0.0,0.0};
int tmp1 = i+(i/fS) ∗ (nS-fS);

int tmp2 = tF ∗ (i/(fS∗nP)+1) - 1;

for(size t j = 0; j < tF; j++)

sum = csum(sum,

cmulscalar(x[tmp1+j],y[tmp2-j]));

return sum;

);

Listing 3: Filtering code.

coefficients, respectively. The code used for this convolution
is presented in Listing 3, where i is the OpenCL’s element
index, x is the noise, y is the filter, tF is the length of the filter,
fS is the number of samples to be filtered, nS is the number
of samples, and nP is the number of paths. The convolution
function processes in parallel the complete noise vector. It
executes the function body for each noise sample.

3.2.3. Path Gains. They are implemented as the product of a
vector and a scalar. Each path has its own gain.

3.2.4. Upsampling. The upsampling is a quadratic interpola-
tion to a desired number of values of the noise vector.

3.2.5. Tap Generation. The resulting noise vector, repre-
senting the paths, is correlated with a matrix G𝑖,𝑗 (e.g.,
raised cosine). This correlation is implemented as a matrix-
matrix product. A MIMO system has multiple channels; the
correlation is done for each channel.

3.3. Data Frame Processing. This section describes the imple-
mentation of Figure 1 and (1): a transmitter and a receiver cor-
relation stage and the discrete time-varying channel impulse
response from the transmitter 𝑖 to the receiver 𝑗.
3.3.1. Transmitter Correlation. The correlation on the trans-
mitter side is implemented as a product of the data x(𝑛)
and correlation matrices C𝑇; the latter matrix contains the
coefficients that correlate data frames and the transmit
antennas.

3.3.2. FIR Filter. The transmitted data frames are filtered with
the channel coefficients, H(𝑛), described in Section 3.2. In
order to achieve this goal, a convolution is implemented.The
code used for this convolution is presented in Listing 4, where
the variable i is the OpenCL’s element index, the variable x is
a pointer to the data to be processed, the variable y is a pointer
to the generated channel coefficients, the variable tRc is the
number of taps of the raised cosine, the variable nD is the data
frame size, the variable uS is the size of the path, the variable
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VEX FUNCTION D(cl double2, convolution2,

(size t, i) (cl double2∗, x)

(cl double2∗, y)(int, tRc)(int, nD)

(int, uS)(int, nT)(int, nR),(cmul)

(csum),

double2 sum = {0.0,0.0};
int tmp1 = i%nD;

int tmp2 = i/nD;

int ext = uS ∗ tRc;

int limt = tRc;

if(tmp1 < tRc)

limt = tmp1 + 1;

for(size t k=0; k<nT; k++)

for(size t j=0; j<limt; j++)

sum = csum(sum, cmul(

x[tmp1-j+k∗nD],
y[tmp1+j∗uS+ext∗(k∗nR+tmp2)]

));

return sum;

);

Listing 4: Convolution code.

Table 1: Power delay profiles for configuring the SISO subchannels
of the MIMO 2 × 2 simulator.

Subchannel Delay (nsec)
h1,1 [0, 310, 710, 1090, 1730, 2510]
h1,2 [0, 300, 8900, 12900, 17100, 20000]
h2,1 [0, 4450, 8900, 12300]
h2,2 [400, 710, 800, 920, 1200]

Gain (dB)
h1,1 [0, −1, −9, −10, −15, −20]
h1,2 [−2.5, 0, −12.8, −10, −25.2, −16]
h2,1 [0, −1, −5, −8]
h2,2 [−2, 0, −2, −8, −9]

nT is the number of transmitters, and the variable nR is the
number of receivers.

3.3.3. Receiver Correlation. The correlation on the receiver
side is implemented as a product of the received data
and the correlation matrix C𝑅; the latter matrix contains
the coefficients that correlate data frames and the receive
antennas.

4. Results

In this section, the time performance of the proposed sim-
ulator is evaluated. In order to achieve this goal, a MIMO2 × 2 channel is considered, where all the subchannels have
the same PDS with Jakes shape and 𝑓max = 2000Hz. If a
carrier frequency of 5.9GHz is considered, then the assumed𝑓max corresponds to a scenario where the speed of the mobile
is 360 km/h. Likewise, the PDP of each SISO subchannel
is fixed as described in Table 1. The PDPs are selected in
order to prove the functionality of the simulator, with the

Table 2: Time consumption by each module of the proposed
simulator considering an 8 × 8MIMO simulator.

Module Time (%)
Multiple matrix-matrix multiplications 74.23
Simulation 19.55
Upsampling 3.62
Gaussian random number generator 1.25
Doppler filter .92
Path gain .43

PDPs of h1,1 and h1,2 corresponding to the vehicular test
environment channel A and channel B as defined in [23]
respectively. The values of matrices C𝑅 and C𝑇 are fixed
in such a way that they make [C𝑅C𝐻𝑅 ]𝑖,𝑗 = 0.3|𝑖−𝑗| and
[C𝑇C𝐻𝑇 ]𝑖,𝑗 = 0.9|𝑖−𝑗|, respectively [24]. It is assumed that the
transmitter and the receiver filters are both a square root
raised cosine with a rolloff factor of 0.5 and the duration of
its convolution is 2𝑇𝐵 = 6𝑇𝑠, where the period symbol is
fixed at 𝑇𝑠 = 0.1 𝜇s. According to the maximum delay values
presented in Table 1, as well as the values of 𝑇𝐵 and 𝑇𝑠, the
parameter 𝐿 is equal to 206 taps. Finally, theMIMO simulator
generates channels assuming data frames composed of 1024
symbols.

Figure 3 shows a parallel realization of each MIMO
subchannel using the proposed GPU-based simulator, where
each of the subfigures presents the time-variation of the
corresponding filter coefficients, which are associated with
the assigned PDS.Moreover, it is possible to observe that each
subchannel satisfies the specifications of the PDP assigned.
Thus, PDPs with large delays correspond to filters with more
coefficients, as observed in the channel realizations ℎ1,2 andℎ2,1, respectively.

The time performance evaluation is carried out using a
personal computer (PC) with the following specifications:

(i) Fedora 25, 64 bits
(ii) Intel core i7-920 (2.66GHz)
(iii) 12 GB DDR3 RAM
(iv) Graphics card Asus GTX Titan Black with 6GB of

RAM and 2880 CUDA cores.

In order to evaluate the time performance, 15 different
scenarios of triply selective 𝑁𝑅 × 𝑁𝑇 MIMO channels are
considered: 2 × 2, 3 × 3, 4 × 4, 5 × 5, 6 × 6, 7 × 7, 8 × 8, 10 × 10,12×12, 14×14, 16×16, 18×18, 20×20, 22×22, and 24×24.
For all the cases, it is assumed that all the subchannels are
configured with the same PDP (vehicular test environment
channel B) and PDS (Jakes with 𝑓max = 2000Hz) statistics;
moreover, thematricesC𝑇 andC𝑅 have identical valueswhich
make [C𝑇C𝐻𝑇 ]𝑖,𝑗 = [C𝑅C𝐻𝑅 ]𝑖,𝑗 = 0.5|𝑖−𝑗| for 𝑖 = 1, . . . , 𝑁𝑅 and𝑖 = 1, . . . , 𝑁𝑇. The rest of the simulation parameters have the
same values as described previously.

The simulations are carried out over 100 frames and the
elapsed processing time per frame is obtained by averaging all
the frames. Table 2 shows the time required to execute each
of the simulator blocks.
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Figure 3: MIMO channel realizations.

Figure 4 presents the comparison of the time required
to execute all the considered cases when the GPU-based
simulator is used, as well as the sequential implementation
of this simulator using C language. For a better appreciation,
the results are plotted in logarithmic scale.

Table 3 summarizes the time consumption and also
presents the 𝑥-fold time gain. This gain is calculated as the
quotient of the time required by the sequential implemen-
tation divided by the GPU implementation. It is possible
to observe that for the cases from 2 × 2 to 7 × 7, as the
complexity of simulator increments, the gain increments too.
This is due to the fact that as more operations are required,
better utilization of the parallel resources of the GPU is
achieved. In the remaining cases, the gain is around 680;
starting at the 7 × 7 case, the simulator simultaneously uses
the available resources in the device. As a matter of fact,
with the GPU considered for testing the simulator, the 24 ×24 case is the most complex MIMO channel that can be
simulated; nevertheless, if the hardware is upgraded, then
this inconvenience can be addressed, opening the possibility
for the simulation of more complex scenarios, for example,
massive MIMO.

4.1. Discussion. Recently, several channel simulator ap-
proaches have been introduced in the open literature. How-
ever, these implementations are based on field programmable
gate array (FPGA) devices, and they are restricted to using
a single configuration in the developed simulator; that is,
the time- and frequency-selective correlations are fixed. As
a result, setting new channel statistics in the simulator (new
channel propagation conditions) implies the redesign of
the implemented hardware. For example, in the channel
simulator introduced by [16], the time selectivity is generated
by using a sum of sinusoids, which approximates a Jakes PDS.
This simulator uses uniform random number generators
for defining the configuration of the parameters of these
sinusoids. Thus, if one wishes to generate a channel with a
different PDS, then this will imply changing the probability
density function of the random number generator block. In
contrast, for changing the statistics of the simulator proposed
in this paper, it is necessary only to upgrade the coefficients of
the filters, which allows for a quick redesign of the simulator.

As regards performance, even though the reported
FPGA implementations can operate in real time, they are
constrained in terms of the number of operations that they



8 Wireless Communications and Mobile Computing

Table 3: Time consumption for different MIMO channel realizations when the GPU-based simulator and a sequential implementation are
used.

MIMO GPU Sequential 𝑥-fold
Size Implementation (ns) Implementation (ns) Gain
2 × 2 1703 504223 296
3 × 3 2456 1139590 464
4 × 4 3719 2037134 547
5 × 5 5318 3176655 597
6 × 6 7049 4578364 649
7 × 7 9096 6266204 688
8 × 8 12542 8160310 650
10 × 10 18854 12726565 675
12 × 12 26093 18376942 704
14 × 14 35766 25051177 700
16 × 16 50766 32819589 646
18 × 18 62645 41863632 668
20 × 20 75303 51563394 684
22 × 22 91884 62385816 678
24 × 24 110943 74266271 669
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Figure 4: Comparison of execution time for different MIMO
channels.

can execute. For example, in [16] it is reported that the
MIMO channels which can be simulated should be limited
to 𝑁𝑅 × 𝑁𝑇 × 𝐿 ≤ 160 total taps. Meanwhile, the tests
performed on the proposed simulator with the selected
GPU device reveal that the most complex channel that
can be simulated contains 118656 total taps (24 × 24 ×206). Moreover, the implementations presented in the open
literature for achieving the reported performance consider
that the paths of the PDP occur in multiples of the symbol
period and all the subchannels share the same PDP. This
contrasts with our GPU-based implementation, which can
deal with paths with arbitrary positions and distinct PDPs for

each subchannel.This is noteworthy because communication
standards recommend PDPs with paths whose allocations
are symbol period independent, while the flexibility of
setting different PDPs for each subchannel makes it possi-
ble to simulate more complex scenarios. If the constrains
assumed in the reported simulators were considered, then
the proposed simulator could generate more total taps
and consequently MIMO channels with larger numbers of
antennas.

5. Conclusions

This paper presents a methodology for implementing a triply
selective MIMO simulator based on GPUs. The proposed
simulator considers the use of multiple SISO simulators,
which are also implemented with GPUs, together with input
and output correlation matrices in order to provide the cor-
responding space selectivity. This approach allows for great
flexibility because each SISO subchannel can be set with dif-
ferent statistics and, therefore, more complex environments
can be modeled. It is shown that under some considerations,
the scheme fits with the more specific model proposed in
the state of the art. Moreover, the implementations with
GPUs considerably reduce the execution time compared with
sequential implementations. Implementation results show
a 688-fold gain for MIMO 7 × 7 when compared with
sequential implementations. This suggests that this approach
will enable more complex MIMO channels to be simulated
with a greater number of antennas and a minimum penalty
of time execution; in this way, communication systems can
be tested in less time. Likewise, the considered model allows
for the simulation of different scenarios, which are not forced
to have the same statistics in each subchannel. Therefore,
it becomes possible to simulate propagation environments
that are more adequate for V2I and V2V communication
systems.
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Appendix

Implemented Codes

See Listings 1–4.
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reconfigurable cell array for MIMO signal processing,” IEEE
Transactions on Circuits and Systems I: Regular Papers, vol. 62,
no. 3, pp. 733–742, 2015.

[15] Y. Karasawa, K. Nakada, G. Sun, and R. Kotani, “MIMO Fading
Emulator Development with FPGA and Its Application to Per-
formance Evaluation of Mobile Radio Systems,” International
Journal of Antennas and Propagation, vol. 2017, Article ID
4194921, 15 pages, 2017.

[16] F. Ren and Y. R. Zheng, “A novel emulator for discrete-time
MIMO triply selective fading channels,” IEEE Transactions on
Circuits and Systems I: Regular Papers, vol. 57, no. 9, pp. 2542–
2551, 2010.

[17] A. Alimohammad and S. F. Fard, “A compact architecture
for simulation of spatio-temporally correlated MIMO fading
channels,” IEEE Transactions on Circuits and Systems I: Regular
Papers, vol. 61, no. 4, pp. 1280–1288, 2014.

[18] K. Yu and B. Ottersten, “Models for MIMO propagation
channels: a review,”Wireless Communications and Mobile Com-
puting, vol. 2, no. 7, pp. 653–666, 2002.

[19] D. Demidov, VexCL – a vector expression template library for
OpenCL/CUDA, 2017, https://github.com/ddemidov/vexcl.

[20] D. E. S. Research, Random123, 2017, https://www.deshawre-
search.com/resources random123.html.

[21] J. K. Salmon, M. A. Moraes, R. O. Dror, and D. E. Shaw,
“Parallel random numbers: As easy as 1, 2, 3,” in Proceedings of
2011 International Conference for High Performance Computing,
Networking, Storage and Analysis, pp. 16:1–16:12, ACM, New
York, NY, USA, 2011.

[22] C.-D. Iskander, “A MATLAB-based objectoriented approach
to multipath fading channel simulation,” Hi-Tek Multisystems,
2008.

[23] “TR 101 112 V3.1.0,” Tech. Rep, 2008, http://www.etsi
.org/deliver/etsi tr/101100 101199/101112/03.01.00 60/tr
101112v030100p.pdf.

[24] “3GPP TR 36.817 V10.0.0,” Tech. Rep, 2011, http://www.qtc.jp/
3GPP/Specs/36817-a00.pdf.

https://github.com/ddemidov/vexcl
https://www.deshawresearch.com/resources_random123.html
https://www.deshawresearch.com/resources_random123.html
http://www.etsi.org/deliver/etsi_tr/101100_101199/101112/03.01.00_60/tr_101112v030100p.pdf
http://www.etsi.org/deliver/etsi_tr/101100_101199/101112/03.01.00_60/tr_101112v030100p.pdf
http://www.etsi.org/deliver/etsi_tr/101100_101199/101112/03.01.00_60/tr_101112v030100p.pdf
http://www.qtc.jp/3GPP/Specs/36817-a00.pdf
http://www.qtc.jp/3GPP/Specs/36817-a00.pdf


Research Article
A Novel Simulation Model for Nonstationary Rice
Fading Channels

Kaili Jiang,1 Xiaomin Chen ,1 Qiuming Zhu ,1,2 Lele Chen,1

Dazhuan Xu,1 and Bing Chen 1

1 Jiangsu Key Laboratory of Internet of Things and Control Technologies, Nanjing University of Aeronautics and Astronautics,
Nanjing 211106, China
2Institute of Sensors, Signals and Systems, School of Engineering & Physical Sciences, Heriot-Watt University,
Edinburgh EH14 4AS, UK

Correspondence should be addressed to Qiuming Zhu; zhuqiuming@nuaa.edu.cn

Received 28 September 2017; Revised 7 December 2017; Accepted 19 December 2017; Published 18 January 2018

Academic Editor: Carlos A Gutierrez

Copyright © 2018 Kaili Jiang et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

In this paper, we propose a new simulator for nonstationary Rice fading channels under nonisotropic scattering scenarios, as well as
the improved computation method of simulation parameters.The new simulator can also be applied on generating Rayleigh fading
channels by adjusting parameters. The proposed simulator takes into account the smooth transition of fading phases between the
adjacent channel states. The time-variant statistical properties of the proposed simulator, that is, the probability density functions
(PDFs) of envelope and phase, autocorrelation function (ACF), and Doppler power spectrum density (DPSD), are also analyzed
and derived. Simulation results have demonstrated that our proposed simulator provides good approximation on the statistical
properties with the corresponding theoretical ones, which indicates its usefulness for the performance evaluation and validation of
the wireless communication systems under nonstationary and nonisotropic scenarios.

1. Introduction

The channel simulator has the ability to reproduce the
statistical properties of propagation channels and has become
a very important software-assisted tool for the performance
evaluation of wireless communication systems. There are a
number of research papers ondesigning accurate and efficient
simulators [1–19]. For the good fitting with plan-wave propa-
gation channels, the sum-of-sinusoids (SoS) [1, 2] or sum-of-
cisoids (SoC) [3] based simulators and their derivatives [4–8]
have gained the most widespread acceptance.

It should be highlighted that the traditional SoC simu-
lators are only suitable to reproduce wide-sense stationary
(WSS) fading channels, whichmeans the statistical properties
of output channels are time-invariant. However, measure-
ment campaigns have proved that the WSS assumption is
only valid for a short time interval [20]. Therefore, several
modified SoC-based simulators were proposed in [9–19] to
generate nonstationary fading channels. For example, the
WINNER+ model [9] was simulated by generating several

independent channel segments with different simulation
parameters. Simulation parameters were updated according
to the fixed trajectories of transceivers and clusters in [10, 11,
13, 14], which improves the continuity of adjacent channel
states.

However, we have found that the generated channel
phases of these simulators in [9–11, 13, 14] cannot guarantee
a smooth transition between adjacent channel states, which
makes the output Doppler frequency shifts not very accurate.
To overcome this shortcoming, a new method, namely,
sum of frequency modulation signals [12, 15–18] or sum of
chirp signals [19], was proposed to simulate nonstationary
Rayleigh channels very recently, but it lacked implementation
details and performance analyses. To fill this gap, this paper
develops a new simulator based on this idea to generate
the nonstationary Rice fading channels under nonisotropic
scattering scenarios, as well as the upgraded computation
methods of simulation parameters. Moreover, the time-
variant statistical properties of the proposed simulator, that
is, the probability density functions (PDFs) of the envelope
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and phase, autocorrelation function (ACF), and Doppler
power spectral density (DPSD), are derived in detail and also
verified by numerical simulations.

The rest of this paper is organized as follows. In Sec-
tion 2, we introduce the reference model and traditional SoC
simulators for stationary fading channels. Section 3 proposes
a new simulator for the nonstationary Rice channels, as
well as computation methods of the time-variant simulation
parameters. The theoretical results of PDF, ACF, and DPSD
for the proposed simulator are derived in detail in Section 4.
In Section 5, simulation results are given and compared with
the corresponding derivation results. Finally, conclusions are
drawn in Section 6.

2. Reference and Simulation Models for
Stationary Fading Channels

Under the nonstationary condition, the reference model for
Rice fading channels can be written as [3]

V (𝑡) = √ ΩV𝐾 + 1𝜇 (𝑡) + √ 𝐾ΩV𝐾 + 1𝑚 (𝑡) , (1)

where ΩV and 𝐾 are the mean power and Rice factor,
and the non-line-of-sight (NLOS) component 𝜇(𝑡) denotes
a normalized zero-mean complex Gaussian process. In (1),𝑚(𝑡) = exp(𝑗(2𝜋𝑓𝜌𝑡 + 𝜃𝜌)) represents the line-of-sight (LOS)
component, where 𝑓𝜌 and 𝜃𝜌 are the Doppler frequency
and phase of the LOS component, respectively. From (1), we
can easily obtain the reference model for Rayleigh fading
channels by omitting the LOS component (𝐾 = 0).

The characteristics of reference model are determined by
its first- and second-order statistical properties, that is, PDF,
ACF, and DPSD. Given the envelope 𝜉(𝑡) ≜ |V(𝑡)| and phase𝜗(𝑡) ≜ arg{V(𝑡)}, the reference PDFs can be expressed as [3]

𝑝𝜉 (𝑧) = 2𝑧 (𝐾 + 1)ΩV
𝑒−𝑧2(𝐾+1)/ΩV−𝐾

⋅ 𝐼0 ( 2𝑧√ΩV
√𝐾 (𝐾 + 1)) , 𝑧 ≥ 0 (2)

𝑝𝜗 (𝜃) = 𝑒−𝐾2𝜋 {[1 + erf (√𝐾 cos (𝜃 − 2𝜋𝑓𝜌𝑡 − 𝜃𝜌))]
⋅ √𝐾𝜋 cos (𝜃 − 2𝜋𝑓𝜌𝑡 − 𝜃𝜌) 𝑒𝐾cos2(𝜃−2𝜋𝑓𝜌𝑡−𝜃𝜌) + 1}

0 ≤ 𝜃 < 2𝜋,
(3)

where 𝐼0(⋅) and erf(⋅) denote the modified Bessel function
of the first kind of order zero and complementary error
function, respectively. The ACF of V(𝑡) is defined by 𝑟VV(𝜏) =𝐸{V∗(𝑡)V(𝑡 + 𝜏)}, where 𝐸{⋅} and (⋅)∗ denote the statistical
expectation and complex conjugation operator, respectively.
Finally, the DPSD can be obtained by the Fourier transform
of ACF as 𝑆VV(𝑓) = ∫∞

−∞ 𝑟VV(𝑡, 𝜏)𝑒−𝑗2𝜋𝑓𝜏𝑑𝜏. For nonisotropic
scattering scenarios, the von Mises (VM) distribution is

widely accepted to describe the angle of arrival (AoA) [8] and
is given by

𝑝𝛼 (𝛼) = 𝑒𝜅 cos(𝛼−𝑚𝛼)2𝜋𝐼0 (𝜅) , (4)

where 𝜅 > 0 controls the angular spread and 𝑚𝛼 ∈ (−𝜋, 𝜋]
denotes the mean value. Under the stationary VM scattering
scenario, the references ACF and DPSD have been derived as
[8]

𝑟VV (𝜏)
= ΩV𝐼0 (√𝜅2 − (2𝜋𝑓max𝜏)2 + 𝑗4𝜋𝜅𝑓max cos (𝑚𝛼) 𝜏)(𝐾 + 1) 𝐼0 (𝜅)

+ 𝐾ΩV𝐾 + 1𝑒𝑗2𝜋𝑓𝜌𝜏,
(5)

𝑆VV (𝑓)
= ΩVrect (𝑓) cosh (𝜅 sin (𝑚𝛼)√1 − (𝑓/𝑓max)2) 𝑒𝜅 cos(𝑚𝛼)𝑓/𝑓max

𝜋𝑓max (𝐾 + 1) 𝐼0 (𝜅)√1 − (𝑓/𝑓max)2
+ 𝐾ΩV𝛿 (𝑓 − 𝑓𝜌)𝐾 + 1 ,

(6)

where 𝑓max = V𝑓𝑐/𝑐 denotes the maximum Doppler fre-
quency and V, 𝑐, and 𝑓𝑐 are the movement speed, light speed,
and carrier frequency, respectively.

The traditional SoC simulator can be expressed as [8]

V̂ (𝑡) = √ ΩV𝐾 + 1 𝑁∑
𝑛=1

√ 1𝑁𝑒𝑗(2𝜋𝑓𝑛𝑡+𝜃𝑛)⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
𝜇(𝑡)

+ √ 𝐾ΩV𝐾 + 1𝑒𝑗(2𝜋𝑓𝜌𝑡+𝜃𝜌)⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
�̂�(𝑡)

,
(7)

where𝑁 is the number of simulation paths, 𝑓𝑛, 𝑓𝜌, 𝜃𝑛, and 𝜃𝜌
are the time-invariant simulation parameters, mean Doppler
frequencies, initial phases of the NLOS, and LOS component,
respectively. Note that the frequency parameters 𝑓𝑛, 𝑛 =1, . . . , 𝑁 and 𝑓𝜌 are determined by the ACF or DPSD of the
reference model, while the phase 𝜃𝑛, 𝑛 = 1, . . . , 𝑁 and 𝜃𝜌 are
generated randomly and uniformly over (0, 2𝜋].
3. A New Simulator for Nonstationary
Fading Channels

Under the nonstationary condition, the statistical properties
of channels would change over time [20], and this makes
channel parameters time-variant. In order to apply the classic
SoC method, some modified simulators [9–11, 13, 14] directly
use 2𝜋𝑓𝑛(𝑡)𝑡 and 2𝜋𝑓𝜌(𝑡)𝑡 to substitute 2𝜋𝑓𝑛𝑡 and 2𝜋𝑓𝜌𝑡 in (7),
respectively. However, it can be proved that the output phases
of these models are not accurate and the output Doppler
frequencies do not agree with the theoretical ones [18]. In this
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paper, we use 2𝜋 ∫𝑡
0 𝑓𝑛(𝑡)d𝑡 and 2𝜋 ∫𝑡

0 𝑓𝜌(𝑡)d𝑡 to replace2𝜋𝑓𝑛(𝑡)𝑡 and 2𝜋𝑓𝜌(𝑡)𝑡, respectively, and the new simulator can
be written as

Ṽ (𝑡) = √ Ω̃V (𝑡)�̃� (𝑡) + 1 𝑁∑
𝑛=1

√ 1𝑁𝑒𝑗(2𝜋 ∫
𝑡

0
𝑓𝑛(𝑡
)d𝑡+𝜃𝑛)⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟

𝜇(𝑡)

+ √ �̃� (𝑡) Ω̃V (𝑡)�̃� (𝑡) + 1 𝑒𝑗(2𝜋 ∫
𝑡

0
𝑓𝜌(𝑡
)d𝑡+𝜃𝜌)⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟

�̃�(𝑡)
.

(8)

A key issue for the proposed simulator is to find a proper
set of simulation parameters {𝑓𝜌, 𝑓𝑛}, 𝑛 = 1, . . . , 𝑁, which
can guarantee that the output statistical properties are close
to the desired ones. Several parameter computation methods
have been proposed in the literature [8, 21–23], such as the
Riemann sum method (RSM) [8], the extended method of
exact Doppler spread (EMEDS) [21], the generalized method
of equal areas (GMEA) [22], and the 𝐿𝑝-norm method
[23]. However, these methods are only suitable for the time-
invariant parametric simulator.Therefore, an upgraded com-
putation method is required to make the proposed simulator
realizable.

Since theWSS assumption is still valid for the nonstation-
ary channels during a short time interval [20], it is reasonable
to assume that the statistical properties keep unchanged
during a short time duration𝑇𝑢, namely, the updating interval
of channel states.Thus, the parameters Ω̃V(𝑡) and �̃�(𝑡)within
the 𝑙th interval can be denoted as Ω̃𝑙

V and �̃�𝑙, where 𝑙 =⌊𝑡/𝑇𝑢⌋ + 1 (𝑙 = 1, 2, 3, . . .) and ⌊⋅⌋means the integer part. The
corresponding DPSD within the 𝑙th interval can be defined
by

𝑆𝑙
ṼṼ (𝑓) = Ω̃𝑙

V�̃�𝑙 + 1𝑆𝑙
𝜇𝜇 (𝑓) + �̃�𝑙Ω̃𝑙

V�̃�𝑙 + 1𝑆𝑙
�̃��̃� (𝑓) , (9)

where 𝑆𝑙
𝜇𝜇(𝑓) and 𝑆𝑙

�̃��̃�(𝑓) are the DPSDs of the NLOS
component and LOS component, respectively, and can be
obtained by (6) under the VM scattering scenario or mea-
sured under other realistic scenarios. Then, by using afore-
mentioned methods [8, 21–23], the frequency parameters of
the 𝑙th interval, denoted as {𝐹𝑙

𝜌, 𝐹𝑙
𝑛}, 𝑛 = 1, . . . , 𝑁, can be

calculated.Hence, the time-variant frequency parameters can
be computed by 𝑓𝜌(𝑡) = 𝐹𝑙

𝜌 and 𝑓𝑛(𝑡) = 𝐹𝑙
𝑛. Although this

computationmethod is straightforward and has been applied
to simulate WINNER+ model [9] and 3GPP-3D model [24],
it does not consider the fact that channel properties in reality
usually change smoothly along time. On the other hand,
measurement campaigns [20] have shown that the stationary
interval is very short, that is, 9ms in 80% of the case and
20ms in 60% of the case under the high speed train (HST)
scenario. In this paper, we assume that theDoppler frequency
changes linearly within the stationary interval, so𝑓𝜌(𝑡) can be
calculated by

𝑓𝜌 (𝑡) = 𝐹𝑙
𝜌 + 𝐹𝑙+1

𝜌 − 𝐹𝑙
𝜌𝑇𝑢
[𝑡 − (𝑙 − 1) 𝑇𝑢] . (10)

Taking the fact into account that the simulations of MIMO
channels often demand for generating multiple uncorrelated
Rayleigh or Rice fading waveforms, the new calculation
method of 𝑓𝑛(𝑡) is given as

𝑓𝑛 (𝑡) = 𝑏𝑙
𝑛 + 𝑘𝑙

𝑛 [𝑡 − (𝑙 − 1) 𝑇𝑢] + Δ𝑙
𝑛 (𝑡) , (11)

where 𝑏𝑙
𝑛, 𝑘𝑙

𝑛, andΔ𝑙
𝑛(𝑡) denote the initial value, the slope, and

the small random offset of the frequency parameter of the𝑛th path, respectively. 𝑏𝑙
𝑛 (𝑙 = 1) is generated randomly and

uniformly over [𝐹1
𝑛−1, 𝐹1

𝑛 ), while 𝑏𝑙
𝑛 (𝑙 > 1) holds the value at

the end of the previous interval. The slope 𝑘𝑙
𝑛 is calculated by

𝑘𝑙
𝑛

= {{{{{{{{{{{
𝑁𝑠𝑓

(𝐹𝑙
𝑛 − 𝐹𝑙

𝑛−1) + (𝐹𝑙+1
𝑛 − 𝐹𝑙+1

𝑛−1)2𝑇𝑢
, 𝑓𝑛 (𝑡) < 𝐵low

𝑛 (𝑡)
𝑁𝑠𝑓

(𝐹𝑙
𝑛−1 − 𝐹𝑙

𝑛) + (𝐹𝑙+1
𝑛−1 − 𝐹𝑙+1

𝑛 )2𝑇𝑢
, 𝑓𝑛 (𝑡) > 𝐵upper

𝑛 (𝑡) ,
(12)

where𝑁𝑠𝑓 refers to the number of periodwithin each interval,
and the upper boundary 𝐵upper

𝑛 (𝑡) and low boundary 𝐵low
𝑛 (𝑡)

are used to keep the frequencies changingwithin valid ranges,
which are defined by

𝐵upper
𝑛 (𝑡) = 𝐹𝑙

𝑛 + (𝐹𝑙+1
𝑛 − 𝐹𝑙

𝑛) (𝑡 − (𝑙 − 1) 𝑇𝑢)𝑇𝑢

𝐵low
𝑛 (𝑡) = 𝐹𝑙

𝑛−1 + (𝐹𝑙+1
𝑛−1 − 𝐹𝑙

𝑛−1) (𝑡 − (𝑙 − 1) 𝑇𝑢)𝑇𝑢
.

(13)

Note that the parameter computation method in [19] can be
viewed as a special case of (11) with 𝑁𝑠𝑓 = 1. To visualize
and demonstrate the proposed computation method, let us
consider the reference DPSDs of 𝑆𝜇𝜇(𝑡, 𝑓) and 𝑆�̃��̃�(𝑡, 𝑓)
under VM scattering environment as shown in Figure 1. The
parameters are configured as follows, 𝑇𝑢 = 10ms,𝑁 = 8, and𝑁𝑠𝑓 = 2.The frequencies and boundaries can be calculated by
using (10)–(13) and are also shown in Figure 1. It is clear that
the frequencies are continuous and change linearly within the
upper and lower boundaries. The frequencies also include a
small and random offset, which is to guarantee the generated
multiple fading channels are uncorrelated.

4. Time-Variant Statistical Properties of
the Proposed Simulator

4.1. The PDFs of Envelope and Phase. In order to derive the
PDFs of envelope and phase for the proposed simulator, let
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us set Ṽ(𝑡) = Ṽ1(𝑡) + 𝑗Ṽ2(𝑡), where Ṽ1(𝑡) and Ṽ2(𝑡) are defined
by

Ṽ1 (𝑡)
= √ �̃� (𝑡) Ω̃V (𝑡)�̃� (𝑡) + 1 cos(2𝜋∫𝑡

0
𝑓𝜌 (𝑡) d𝑡 + 𝜃𝜌)⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟

𝑚1(𝑡)

+ √ Ω̃V (𝑡)�̃� (𝑡) + 1 𝑁∑
𝑛=1

√ 1𝑁 cos(2𝜋∫𝑡

0
𝑓𝑛 (𝑡) d𝑡 + 𝜃𝑛)⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟

𝜇1(𝑡)

Ṽ2 (𝑡)
= √ �̃� (𝑡) Ω̃V (𝑡)�̃� (𝑡) + 1 sin(2𝜋∫𝑡

0
𝑓𝜌 (𝑡) d𝑡 + 𝜃𝜌)⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟

𝑚2(𝑡)

+ √ Ω̃V (𝑡)�̃� (𝑡) + 1 𝑁∑
𝑛=1

√ 1𝑁 sin(2𝜋∫𝑡

0
𝑓𝑛 (𝑡) d𝑡 + 𝜃𝑛)⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟

𝜇2(𝑡)

.

(14)

In the following, the joint distribution of Ṽ1(𝑡) and Ṽ2(𝑡) can
be expressed as 𝑝Ṽ1 Ṽ2(𝑡, 𝑧1, 𝑧2) = 𝑝Ṽ1(𝑡, 𝑧1)𝑝Ṽ2(𝑡, 𝑧2), where𝑝Ṽ𝑖(𝑡, 𝑧𝑖) denotes the PDF of Ṽ𝑖(𝑡) (𝑖 = 1, 2) and can be
calculated by

𝑝Ṽ𝑖 (𝑡, 𝑧𝑖) = 𝑝𝜇𝑖 (𝑡, 𝑧𝑖) 𝑝𝑚𝑖 (𝑡, 𝑧𝑖) . (15)

According to the definition of 𝑚𝑖(𝑡) (𝑖 = 1, 2) in (14), the PDF
of 𝑚𝑖(𝑡) can be expressed as

𝑝𝑚𝑖 (𝑡, 𝑧𝑖) = 𝛿 (𝑧𝑖 − 𝑚𝑖 (𝑡)) . (16)

Using [25, (2.15)] and the relationship between the distri-
bution and the characteristic function, the PDF of 𝜇𝑖(𝑡) (𝑖 =1, 2) can be proved as

𝑝𝜇1 (𝑡, 𝑧1) = ∫∞

−∞
Ψ𝜇1 (𝑡, 𝑥) 𝑒−𝑗2𝜋𝑥𝑧1d𝑥

= 2∫∞

0
[[

𝑁∏
𝑛=1

𝐽0 (2𝜋𝑥√ Ω̃V (𝑡)𝑁 (�̃� (𝑡) + 1))]]⋅ cos (2𝜋𝑥𝑧1) d𝑥.
(17)

Substituting (16) and (17) into (15), we can obtain the joint
distribution 𝑝Ṽ1 Ṽ2(𝑡, 𝑧1, 𝑧2) of two random variables Ṽ1(𝑡) and
Ṽ2(𝑡).

Then, let us set 𝑧1 = 𝑧 cos 𝜃 and 𝑧2 = 𝑧 sin 𝜃 [25]; the
time-variant joint PDF of the envelope 𝜉(𝑡) = |Ṽ(𝑡)| and phase𝜗(𝑡) = arg{Ṽ(𝑡)} can be derived as

𝑝𝜉𝜗 (𝑡, 𝜃, 𝑧) = 𝑧𝑝Ṽ1 Ṽ2 (𝑡, 𝑧 cos 𝜃, 𝑧 sin 𝜃) = 2𝜋𝑧∫∞

0
[[

𝑁∏
𝑛=1

𝐽0 (2𝜋𝑥√ Ω̃V (𝑡)𝑁 (�̃� (𝑡) + 1))]]
⋅ 𝐽0 (2𝜋𝑥√𝑧2 + �̃� (𝑡) Ω̃V (𝑡)�̃� (𝑡) + 1 − 2𝑧√ �̃� (𝑡) Ω̃V (𝑡)�̃� (𝑡) + 1 cos(𝜃 − 2𝜋∫𝑡

0
𝑓𝜌 (𝑡) d𝑡 − 𝜃𝜌))𝑥 d𝑥, (18)

where 𝑧 ≥ 0 and 𝜃 ∈ (−𝜋, 𝜋). Finally, 𝑝𝜉(𝑡, 𝑧) can be obtained
by integrating (18) over 𝜃 with [26, (6.684-1)] as

𝑝𝜉 (𝑡, 𝑧) = ∫𝜋

−𝜋
𝑝𝜉𝜗 (𝑡, 𝜃, 𝑧) d𝜃 = (2𝜋)2

⋅ 𝑧 ∫∞

0
[[

𝑁∏
𝑛=1

𝐽0 (2𝜋𝑥√ Ω̃V (𝑡)𝑁 (�̃� (𝑡) + 1))]]
⋅ 𝐽0 (2𝜋𝑥√ �̃� (𝑡) Ω̃V (𝑡)�̃� (𝑡) + 1 ) 𝐽0 (2𝜋𝑧𝑥) 𝑥 d𝑥, 𝑧 ≥ 0.

(19)

Eq. (19) shows that 𝑝𝜉(𝑡, 𝑧) is completely determined by the
parameters of 𝑁, Ω̃V(𝑡), and �̃�(𝑡), whereas the frequency
parameters have no influence. Since Ω̃V(𝑡) and �̃�(𝑡) are
fixed at any given time instant, by using [26, (6.618-5)] one

can demonstrate that the PDF tends to the theoretical Rice
distribution as (2) with 𝑁 → ∞. Similarly, by integrating𝑝𝜉𝜗(𝑡, 𝜃, 𝑧) over 𝑧 and using [26, (6.52)], the instantaneous
phase PDF at any time instant can be proved to tend to the
reference PDF as (3).

4.2. ACF. The ACF of nonstationary channels is also no
longer time-invariant as (5) and becomes a function of both
time lag 𝜏 and time 𝑡. The time-variant ACF of (8) can be
defined as 𝑟ṼṼ (𝑡, 𝜏) = 𝐸 [Ṽ (𝑡) Ṽ∗ (𝑡 + 𝜏)]

= Ω̃V (𝑡)�̃� (𝑡) + 1𝑟𝜇𝜇 (𝑡, 𝜏)
+ �̃� (𝑡) Ω̃V (𝑡)�̃� (𝑡) + 1 𝑟�̃��̃� (𝑡, 𝜏) ,

(20)
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Figure 1: The computation method of frequency parameters.

where 𝑟𝜇𝜇(𝑡, 𝜏) and 𝑟�̃��̃�(𝑡, 𝜏) denote the ACFs of the NLOS
component and LOS component, respectively. In reality, the
time lag range is much smaller than the updating interval(𝜏 ≪ 𝑇𝑢), and 𝑟�̃��̃�(𝑡, 𝜏) can be approximately calculated by

𝑟�̃��̃� (𝑡, 𝜏) = 𝑒𝑗2𝜋 ∫
𝑡+𝜏

𝑡
𝑓𝜌(𝑡
)d𝑡 = 𝑒𝑗𝜋𝜏(𝑓𝜌(𝑡)+𝑓𝜌(𝑡+𝜏)). (21)

The result in (21) clearly shows that the ACF of the LOS com-
ponent changes over time. It reduces to the corresponding
part of reference result as (5) when the frequency parameter𝑓𝜌(𝑡) is constant.

The time-variant ACF of the NLOS component with the
VM distribution for AoAs can be expressed as follows:

𝑟𝜇𝜇 (𝑡, 𝜏) = 12𝜋𝐼0 (𝜅) ∫𝜋

−𝜋
√𝑒𝜅cos(𝛼𝑛(𝑡)−�̃�𝛼(𝑡))

⋅ √𝑒𝜅cos(𝛼𝑛(𝑡+𝜏)−�̃�𝛼(𝑡+𝜏))𝑒𝑗2𝜋 ∫
𝑡+𝜏

𝑡
𝑓𝑛(𝑡
)d𝑡d𝛼𝑛.

(22)

The distribution factor 𝜅 is almost unchanged during a short
time interval, so 𝑟𝜇𝜇(𝑡, 𝜏) can be simplified by using 𝛼𝑛(𝑡+𝜏)−�̃�𝛼𝑛(𝑡 + 𝜏) ≈ 𝛼𝑛(𝑡) − �̃�𝛼𝑛(𝑡) as

𝑟𝜇𝜇 (𝑡, 𝜏) = 12𝜋𝐼0 (𝜅) ∫𝜋

−𝜋
𝑒𝜅 cos(𝛼𝑛(𝑡)−�̃�𝛼(𝑡))

⋅ 𝑒𝑗2𝜋 ∫
𝑡+𝜏

𝑡
𝑓maxcos(𝛼𝑛(𝑡))d𝑡d𝛼𝑛 = 12𝜋𝐼0 (𝜅)

⋅ ∫𝜋

−𝜋
𝑒𝜅 cos(𝛼𝑛(𝑡)−�̃�𝛼(𝑡))

⋅ 𝑒𝑗𝜋𝑓max𝜏(cos(𝛼𝑛(𝑡+𝜏))+cos(𝛼𝑛(𝑡)))d𝛼𝑛,
(23)

where �̃�𝛼𝑛(𝑡) denotes the mean angle of AoAs. Setting and
substituting Δ 𝑛(𝑡, 𝜏) = 𝛼𝑛(𝑡 + 𝜏) − 𝛼𝑛(𝑡) into (23), it yields

𝑟𝜇𝜇 (𝑡, 𝜏) = 12𝜋𝐼0 (𝜅) ∫𝜋

−𝜋
𝑒𝜅cos(𝛼𝑛(𝑡)−�̃�𝛼(𝑡))

⋅ 𝑒𝑗2𝜋𝑓max𝜏cos(Δ 𝑛(𝑡,𝜏)/2)cos(𝛼𝑛(𝑡)+Δ 𝑛(𝑡,𝜏)/2)d𝛼𝑛. (24)

With the help of [26, (3.338-4)], the closed-form solution of𝑟𝜇𝜇(𝑡, 𝜏) is given as

𝑟𝜇𝜇 (𝑡, 𝜏) = 𝐼0 (√𝜅2 + 𝑗2𝜋𝜅𝑓max𝜏 (cos (�̃�𝛼𝑛 (𝑡)) + cos (�̃�𝛼𝑛 (𝑡) − Δ 𝑛 (𝑡, 𝜏))) − 2 (𝜋𝑓max𝜏)2 (cos (Δ 𝑛 (𝑡, 𝜏)) + 1))𝐼0 (𝜅) . (25)

Finally, the theoretical ACF 𝑟ṼṼ(𝑡, 𝜏) of the proposed simulator
can be obtained by substituting (21) and (25) into (20).

4.3. DPSD. The time-variant DPSD of (8) can be defined as

𝑆ṼṼ (𝑡, 𝑓) = Ω̃V (𝑡)�̃� (𝑡) + 1𝑆𝜇𝜇 (𝑡, 𝑓)
+ �̃� (𝑡) Ω̃V (𝑡)�̃� (𝑡) + 1 𝑆�̃��̃� (𝑡, 𝑓) . (26)

Combining with (10), the DPSD of LOS component can be
calculated as

𝑆�̃��̃� (𝑡, 𝑓)
= 𝛿(𝑓 − 𝐹𝑙

𝜌 − 𝐹𝑙+1
𝜌 − 𝐹𝑙

𝜌𝑇𝑢
[𝑡 − (𝑙 − 1) 𝑇𝑢]) . (27)

Base on (11), we can obtain the instantaneous phase caused by
the time-variant frequency of NLOS component as

𝜙𝑛 (𝑡) = 2𝜋∫𝑡

0
𝑓𝑛 (𝑥) d𝑥

= 2𝜋(𝑏𝑙
𝑛𝑡 − (𝑙 − 1) 𝑘𝑙

𝑛𝑇𝑢𝑡 + 𝑘𝑙
𝑛2 𝑡2) . (28)

Substituting (28) into (8), the NLOS component can be
rewritten as

𝜇 (𝑡) = 𝑁∑
𝑛=1

√ 1𝑁𝑒𝑗[2𝜋(𝑏𝑙𝑛𝑡−(𝑙−1)𝑘𝑙𝑛𝑇𝑢𝑡+(𝑘𝑙𝑛/2)𝑡
2)+𝜃𝑛]. (29)
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With the help of the Wigner-Ville distribution [19, 27], the
DPSD of (29) can be expressed as

𝑊𝜇𝜇 (𝑡, 𝑓)
= 𝑁∑

𝑛=1

1𝑁𝛿 (𝑓 − (𝑏𝑙
𝑛 − (𝑙 − 1) 𝑘𝑙

𝑛𝑇𝑢 + 𝑘𝑙
𝑛) 𝑡)

+ 4𝑁−1∑
𝑛=1

𝑁∑
𝑚=2,𝑚>𝑛

1√𝛽𝑛𝑚
cos(𝜋4 + 𝛼𝑛𝑚 − 4𝜋𝛾2

𝑛𝑚𝛽𝑛𝑚
) ,

(30)

where

𝛼𝑛𝑚 = 𝜃𝑛 − 𝜃𝑚 + 𝜋 (𝑘𝑙
𝑛 − 𝑘𝑙

𝑚) 𝑡2
+ 2𝜋 (𝑏𝑙

𝑛 − 𝑏𝑙
𝑚 − (𝑙 − 1) (𝑘𝑙

𝑛 − 𝑘𝑙
𝑚) 𝑇𝑢) 𝑡

𝛽𝑛𝑚 = 𝑘𝑙
𝑛 − 𝑘𝑙

𝑚


𝛾𝑛𝑚 = 𝑓 − 𝑏𝑙
𝑛 + 𝑏𝑙

𝑚 − (𝑙 − 1) (𝑘𝑙
𝑛 + 𝑘𝑙

𝑚) 𝑇𝑢2 − 𝑘𝑙
𝑛 + 𝑘𝑙

𝑚2 𝑡.
(31)

The initial phase is random and uniformly distributed over(0, 2𝜋], so the second term in (30) can be removed by
averaging over the phases. Therefore, the DPSD of NLOS
component can be rewritten as

𝑆𝜇𝜇 (𝑡, 𝑓) = 𝑊𝜇𝜇 (𝑡, 𝑓)𝜃𝑛
= 𝑁∑

𝑛=1

1𝑁𝛿 (𝑓 − (𝑏𝑙
𝑛 − (𝑙 − 1) 𝑘𝑙

𝑛𝑇𝑢 + 𝑘𝑙
𝑛) 𝑡) . (32)

Finally, substituting (27) and (32) into (26), the theoretical
DPSD 𝑆ṼṼ(𝑡, 𝑓) of the proposed simulator can be obtained.

5. Simulation and Validation

We validate the proposed simulator in a typical downlink
channel of the mobile communication systems. The base
station (BS) and MS are both equipped with normalized
omnidirectional antennas, the carrier frequency is 2.4GHz,
and the AoAs follow the VM distribution with 𝜅 = 3. The
initial distance between the BS and MS is 140m, and the MS
moves away from the BS with the angle of 𝜃 = 45∘ and the
speed of V = 20m/s. It is also assumed that the LOS andNLOS
components exist during the simulation.

The simulator is configured as 𝑁 = 32, 𝑁𝑠𝑓 = 10, and𝑇𝑢 = 20ms. The generated channel phase, fading envelope,
and Doppler frequency within 2 s are given in Figure 2. For
comparison purpose, the corresponding output results of
the simulators in [10, 11, 13, 14] and the theoretical Doppler
frequency are also given in the figure. It shows that the
output phases of two kinds of simulators are different, which
results in the difference of channel envelopes. Moreover, the
Doppler frequency of the proposed simulator is much closer
to the theoretical one. Submitting𝑁 = 32 and other channel
parameters into (19), the theoretical PDF can be obtained and
given in Figure 3. It is clearly showed that the PDF changes
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Figure 2: Output channel fading phases, envelopes, and Doppler
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Figure 3: Time-variant theoretical PDF of channel fading envelope(𝑁 = 32).
over time due to the time-variant channel parameters. In
addition, the output PDFs of the proposed simulator at three
time instants 𝑡 = 0 s, 1 s and 2 s are compared with the
corresponding theoretical results in Figure 4. The reference
PDFs which can be viewed as the theoretical results with𝑁 =∞ are also given in Figure 4. It is showed that the simulated
results match well with the corresponding theoretical and
reference ones, which verifies the theoretical derivations as
well as the simulator.
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Under the same condition, by using (20), the absolute
value of the theoretical ACF is calculated and given in
Figure 5. For comparison purpose, the theoretical ACFs at
three time instants 𝑡 = 0 s, 1 s, and 2 s are extracted from
Figure 5 and the corresponding simulated ACFs are shown
in Figure 6. Similarly, the theoretical DPSDs calculated by
(26) are given in Figure 7(a) and the simulation results are
given in Figure 7(b). Figure 7 clearly demonstrates the time-
variety of the LOS component and NLOS components along
the trajectory of the MS. It also can be seen that Figure 7
has an asymmetric DPSD, which is the consequence of the
nonisotropic scattering condition. In addition, the trends and
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Figure 7: (a) Theoretical and (b) simulated time-variant DPSDs
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shapes of theoretical and simulated DPSDs are very similar,
which verifies the correctness of both the simulator and
derivations. Finally, the good agreements of theoretical and
simulated results in Figures 6 and 7 confirm the derivations
of (25) and (32), as well as the proposed simulator.

6. Conclusion

Further research on the simple and efficient nonstationary
channel simulators is highly desirable for the development
and performance evaluation of future wireless communica-
tion systems. In this paper, we have presented a new simulator
to reproduce the nonstationary Rice fading channels under
nonisotropic scattering scenarios. The proposed simulator
can also be applied to simulate Rayleigh fading channels by
adjusting channel parameters. The computation methods of
time-variant simulation parameters, that is, initial phases and
frequencies of the LOS component and NLOS component,
have been analyzed and given in detail. Based on the new sim-
ulator, the theoretical expressions for the PDFs of envelope
and phase, ACF, and DPSD under VMdistribution scattering
environment have also been derived. Finally, the simulation
results have demonstrated that our proposed simulator can
reproduce the nonstationary fading channels with accurate
statistical properties such as PDF, ACF, and DPSD.
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