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Summary

In last two decades, intelligent transportation systems (ITS) have received consider-
able attention due to new road traffic safety applications that significantly improve
the efficiency of traffic flow and reduce the number of road accidents. Consequently,
there has been an increased interest in studying and developing car-to-car (C2C)
communication systems, which play a key role in ITS. C2C communications has
also gained the attention of standardization bodies, such as the IEEE1 and 3GPP
LTE2, which aim to provide improvements in C2C communication systems. As it
follows from the title, in this dissertation, we present the state-of-the-art regarding
the modeling and analysis of different C2C channels in C2C communication sys-
tems. In C2C communication systems, the underlying radio channel differs from
the conventional fixed-to-mobile (F2M) and fixed-to-fixed (F2F) channels in the
way that both the mobile transmitter and the mobile receiver are in motion. In this
regard, reliable and robust traffic telematic systems have to be designed, developed
and tested. This leads to a demand for new radio channel models for C2C com-
munication systems. Therefore, this dissertation is devoted to design, develop and
validate new geometry-based channel models for C2C communication systems. In
particular, two goals are aimed, which are study and investigation of the propaga-
tion characteristics of C2C fading channels and analyzing the performance of C2C
communication systems over those fading channels correlated in time and space.

For the development of future communication systems, efficient channel mod-
eling is essential, which allows designing, evaluating and optimizing wireless com-
munications. Designed channel models should be as accurate as possible, simple,
and easy to implement. In the literature, there exist several channel modeling ap-
proaches, such as the deterministic approach, the stochastic approach, the geometry-
based stochastic approach, and the measurement-based approach. In this disserta-
tion, the geometry-based stochastic approach is considered to model the channel for
C2C communications in urban street areas and tunnel environments. The usefulness
of this geometry-based stochastic approach is that the proposed channel models can
be easily implemented and enable us to predict the fading behavior for various prop-
agation environments in different communication scenarios.

The significant part of this work is that we consider such geometrical models,
which are close to realistic scenarios, i.e., the rectangle street scattering model,
curved street model, and the tunnel model. The most important statistical prop-
erties of the proposed channel models, such as the two-dimensional (2D) space

1Institute of Electrical and Electronics Engineer
2Third-Generation Partnership Project Long-Term Evolution

ix



cross-correlation function (CCF), the temporal autocorrelation function (ACF), and
the frequency correlation function (FCF) are studied and analyzed. Using the gen-
eralized principle of deterministic channel modeling, simulation channel models,
namely channel simulators, are obtained from the reference model by using a finite
number of scatterers. A validation of the usefulness of the proposed channel models
is demonstrated by the excellent fitting of the analytical results, such as the Doppler
statistics and the delay statistics of the reference model, to those of measured chan-
nels.

Moreover, another part of this dissertation is focused on the investigation of
the performance analysis of multiple-input multiple-output (MIMO) orthogonal fre-
quency division multiplexing (OFDM) communication systems used for C2C com-
munications. The performance of Alamouti coded OFDM systems over different
types of wideband MIMO C2C channels correlated in time and space is studied and
analyzed. A generalized expression of the time-variant transfer function (TVTF)
for wideband MIMO C2C channels is derived, which is used to describe the rect-
angle model, curve model, street line model, and the tunnel model as special cases.
Consequently, a generalized expression for the bit error probability (BEP) is pre-
sented. The proposed generalized channel model allows us to study the impact of
the channel model parameters on the system performance.
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Chapter 1

Introduction

1.1 Overview of C2C Communications

In recent years, the number of cars on traffic roads increased, which has in turn re-
sulted in an upsurge of interest in car-to-car (C2C) communication systems. The
reason is that C2C communications come along with many advantages such as
new traffic telematic applications that improve the efficiency of the traffic flow, re-
duce the number of road accidents as well as the fuel consumption, and provide
in-car Internet access, support convoy driving and automatic driving [1]. In the lit-
erature [2–5], several excellent papers appeared, which provide a comprehensive
overview of the state-of-the-art of traffic telematic applications, architectures, chal-
lenges and their proposed solutions in C2C communications. For example, Kara-
giannis et. al [3] provides an overview of a highway cooperative collision avoidance
safety application, in which cars send collision warning messages to avoid road ac-
cidents. Hence, reliable and fast warning message delivery is important to develop
efficient safety applications. These warning messages can be disseminated by using
roadside units (RSU) and on-board units (OBU) deployed on cars, which constitute
car-to-infrastructure (C2I) communications and C2C communications, respectively.
The reliability of traffic warning systems is ultimately dictated by the properties of
the wireless propagation channel. Thus, the radio propagation channel conditions,
in which C2C communications will be used, need to be evaluated before rushing
to any conclusions regarding the reliability and robustness of such systems. In this
context, a large number of research projects pertaining to C2C communications are
being carried out throughout the world [3, 5] aiming to improve the traffic flow and
road user safety [6, 7]. For example, in the USA, several research projects under the
broader umbrella of the Intelligent Transportation Systems (ITS) [8] program have
been carried out on the development of safety applications using C2C communica-
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2 Car-to-Car Communication Systems

tions, such as Driver Workload Metrics (DWM) Project [9], the Forward Collision
Warning (FCW) Requirement Project [10], and the Vehicle Safety Communications
(VSC) Project [11].

The development of future C2C communication technologies is also supported
in Europe by respected organizations, such as the European Road Transport Telem-
atics Implementation Coordinating Organization (ERTICO) [12] and the C2C Com-
munication Consortium (C2C-CC) [13]. In Europe, there are more than 60 past
and on-going research projects dealing with ITS [3, 14]. Cooperative C2C com-
munications are investigated in several projects, such as the Cooperative Vehicle-
Infrastructure Systems (CVIS) [15], the Cooperative Systems for Intelligent Road
Safety (COOPERS) [16], and the Compass4D [17], while the Preparing Secure
Vehicle-to-X Communication Systems (PRESERVE) [18] was focusing on secure
C2C and C2I communications by protecting the privacy of user data. A typical
propagation scenario for C2C communications is illustrated in Fig. 1.1, where the
buildings and trees can be considered as scatterers.

TMS

RMS

Figure 1.1: A typical C2C communication scenario.

The booming interest in C2C communication systems is also reflected in the
allocation of the 75 MHz of spectrum in the 5.9 GHz band dedicated for short-
range communications (DSRC) [19, 20]. Consequently, the IEEE 802.11p [21]
standard was approved by the IEEE Task Group, which was an enhancement of
the IEEE 802.11 [22] capabilities to support ITS [8]. Thus, this augmentation is
called Wireless Access in Vehicular Environments (WAVE) [21]. According to the
IEEE 802.11p [21], the frequency bands for DSRC will be between 5770 MHz and
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5925 MHz depending on the region. Thus, several countries have allocated a DSRC
frequency band. Hence, in Europe, the band 5795� 5815 MHz is designated for
Transport and Traffic Telematics (TTT), while the USA and Japan use the frequency
bands 5850�5925 MHz and 5770�5850 MHz, respectively.

Consequently, a large number of measurements have been carried out at differ-
ent frequency bands, for example, at 2.4 MHz [23], 3.5 GHz [24], 5 GHz [25, 26],
5.2 GHz [27], and 5.9 GHz [28]. These empirical studies in the context of C2C
communications have contributed to understand the properties of C2C channels.
As for any communication system, the development of C2C communication sys-
tems requires a detailed knowledge of the propagation channel characteristics. In
practice, highways, rural, urban, and suburban as well as tunnel environments are
considered as wireless propagation environments for C2C communications, which
are significantly different from traditional fixed-to-mobile (F2M) and fixed-to-fixed
(F2F) communications. It is widely accepted that in C2C communications, both
the mobile transmitter (MST ) and the mobile receiver (MSR) are in motion and
equipped with multiple antenna elements, which are mostly at the same height.
In addition, the propagation channel in C2C communications is dynamic and thus
subject to more rapid fluctuations than traditional F2M and/or F2F channels. In this
regard, accurate and proper C2C channels are required to develop, test, optimize,
and analyze reliable and robust C2C communication systems.

1.2 Motivation and Contributions of the Dissertation

Developing new C2C channel models and investigating their propagation character-
istics are expected to provide a foundation for the development of future ITS. From
the radio propagation perspective, the scattering environment in the C2C commu-
nication channel is different from that in the F2M or F2F communication channel.
Consequently, channel modeling for C2C communications has been attracting con-
siderable attention from researchers, standardization bodies, and industrial compa-
nies.

Over the last decade, researchers have investigated a significant number of C2C
channels [26, 28, 29] developed for different scattering environments. Many of
them found that the C2C channel cannot be described by a single model, but must
be represented by a set of many different channel models for various environments.
However, there are still open problems such as developing new C2C channel models
considering different geometrical propagation areas and analyzing the performance
of C2C communication systems over the proposed C2C channels for further ad-



4 Car-to-Car Communication Systems

vancements in future ITS. In the literature [30–35], a large number of fundamental
channel models have been proposed with various scatterer distributions and differ-
ent geometrical scattering areas to study the characteristics of multipath environ-
ments and to understand the propagation characteristics of wireless channels. C2C
channels addressing the multi-bounce scattering effect and non-isotropic scattering
conditions, where the angle-of-departure (AOD) and the angle-of-arrival (AOA) are
not uniformly distributed, have rarely been considered in the literature. To investi-
gate and analyze the spatial and temporal characteristics of C2C channels in con-
fined environments such as tunnels, underground roads, and parking garages are
also of great importance for C2C communications. Nevertheless, there is a scarcity
of literature regarding the effect of the distribution of scatterers on the spatial and
temporal properties of C2C channels inside tunnel environments.

Another area that requires further attention is the performance analysis of C2C
communication systems, which is of fundamental importance to provide reliable
communications especially for traffic safety applications. Although there exist a
number of research works focusing on the performance analysis of C2C communi-
cations [26, 36–40], there are still open problems in the analysis of C2C communi-
cation performance in different propagation scenarios and environments.

Motivated by the scarce availability of studies pertaining to the performance
analysis of C2C communication systems and the need for accurate and proper C2C
channel models, the main contributions of this dissertation are listed as follows:

1. Narrowband and wideband two-dimensional (2D) geometry-based stochastic
C2C channel models were developed. They are able to capture the scattering
effect of urban, rural, and highway propagation areas, in which straight street
and curved street scenarios are taken into account;

2. C2C channel models considering single- and double-bounce scattering effects
under line-of-sight (LOS) and non-LOS (NLOS) propagation conditions were
developed;

3. A new wideband three-dimensional (3D) geometry-based C2C channel model
was proposed for tunnel environments assuming both LOS and NLOS propa-
gation conditions;

4. All aforementioned channel models were validated by real-world measure-
ment campaigns.

5. The performance of space-time coded orthogonal frequency division multi-
plexing (OFDM) systems was analyzed over different types of wideband C2C
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channels correlated in time and space.

1.3 Organization of the Dissertation

This dissertation concentrates on the comprehensive investigations of different C2C
propagation scenarios. The covered topics range from developing new narrowband
and wideband geometry-based MIMO C2C channel models for different propaga-
tion environments up to the analysis of the performance of C2C communication
systems in terms of bit error probability (BEP). This dissertation summarizes the
research work presented in five selected papers, which are included at the end of
the dissertation as appendices (Appendices A-E). Papers addressing similar topics
are collected together to form chapters. The rest of the dissertation is organized as
follows:

• Chapter 2 is dedicated to model and analyze 2D narrowband single-input
single-output (SISO) and multiple-input multiple-output (MIMO) C2C chan-
nel models. Two different kinds of 2D geometry-based channel models, i.e.,
the geometrical street scattering model (rectangle model) and the geometrical
curved street scattering model (curved model), are introduced in the current
chapter. Furthermore, the extension from a narrowband MIMO C2C channel
model to a wideband model is discussed. Consequently, the statistical charac-
terization of the geometrical street scattering model in terms of the temporal
autocorrelation function (ACF) and the space-time cross-correlation function
(ST-CCF) is discussed. Afterwards, we validate the usefulness of the pro-
posed models. Papers I – III (Appendices A – C) that are summarized in
subsequent sections of Chapter 2 reveal key results pertaining to the statisti-
cal properties of the rectangle model and the curved model.

• Chapter 3 caters for the modeling and analysis of 3D geometry-based MIMO
channel models for C2C communication systems. The motivation behind
modeling 3D geometry-based C2C channels with LOS components comes
from the fact that such models can appropriately characterize real-life propa-
gation channels. Here, it is necessary to point out that the C2C fading channel
model illustrated in this chapter is a new 3D geometrical-semicircular-based
channel model, which characterizes the fading behaviour in tunnel environ-
ments. An insightful review of Paper IV (Appendix D) is included in Chap-
ter 3. In this paper, we have studied the statistics in terms of the space-time-
frequency CCF (STF-CCF), the time-frequency CCF (TF-CCF), the temporal



6 Car-to-Car Communication Systems

ACF, the frequency correlation function (FCF), the Doppler statistics, and the
delay statistics. Moreover, a validation of the proposed 3D semicircular tun-
nel (SCT) model by a measured channel is addressed.

• Chapter 4 shows our efforts to analyze the performance of MIMO OFDM
systems in different C2C channels. The performance analysis of Alamouti
coded OFDM systems over wideband C2C channels correlated in time and
space is discussed in the present chapter. A brief overview of Paper V (Ap-
pendix E) is given in this chapter, which deals with the derivation of a gener-
alized expression for the time-variant transfer function (TVTF) and analysis
of theoretical expressions for the BEP of the Alamouti coded OFDM systems.
This performance analysis is carried out assuming different propagation envi-
ronments, such as the rectangle model, the street line model, the curve model,
and the tunnel model.

• Chapter 5 summarizes the main contributions of this dissertation. We close
this chapter by highlighting some open problems pertaining to the design and
development of C2C communication systems that call for further attention.

Each chapter comprises various sections dealing with the subtopics addressed
in the chapter. The outline of each chapter has the following structure:

• Introduction gives an overview and the state of the art of the main topic
explored in the chapter.

• Section M presents preliminary and significant background information on
the topic of interest as well as a literature review of the prior research work
on the subject.

• Section N provides a joint discussion on the paper(s) dealing with the same
subtopic. Each section has the following structure:

– Each section begins with a brief introduction of the subject as well as
the motivations to address that particular problem.

– It then provides a problem description and elaborates the main work of
the paper(s) used in this section.

– Finally, the main results of the paper(s) are discussed and the signifi-
cance of the achieved outcome(s) is highlighted.

• Chapter Summary and Conclusion highlights the main findings of the chap-
ter.



Chapter 2

Statistical Modeling and Analysis of
2D Geometry-Based C2C Channel
Models

2.1 Introduction

In the past decade, MIMO C2C channel modeling has been gained a fair share
of attention by researchers, standardization bodies, and industries and thus many
different types of MIMO C2C channel models have been proposed. These proposed
several MIMO C2C channels can be classified in many different ways, for example,
with respect to the frequency-selectivity, stationarity, time-variant properties, the
multi-dimensional propagation environments, etc.

According to [41], there exist in general three fundamental channel modeling
approaches, namely the deterministic approach, stochastic approach, and geometry-
based stochastic approach [42–45]. The deterministic channel modeling approach
for C2C communications has been widely investigated by Maurer et. al [46]. In de-
terministic channel modeling, the propagation environment is described in a com-
pletely deterministic manner. The deterministic approach can be classified into two
different categories, the ray-tracing approach and the measurement-based approach.
In the ray-tracing approach, Maxwell’s equations are often solved under boundary
conditions imposed by a specific wireless channel propagation environment [41].
However, the deterministic channel modeling approach requires some effort due to
the intensive computations, which makes it challenging to adjust the model parame-
ters. It is well known that the measurement-based channel models are accurate, but
they are time consuming, site-specific, and costly.

In the stochastic channel modeling approach, the statistics of the propagation

7
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channels, such as delay, Doppler shift, and angle-of-arrival are modelled. Es-
pecially, the tapped-delay-line (TDL) [47] model is widely investigated for F2M
channels by assuming wide-sense stationary uncorrelated scattering (WSSUS) con-
ditions. The TDL model for proposed for C2C channels [29, 48] has been adopted
by the IEEE 802.11p standard group. However, the WSSUS condition is usually
violated in C2C channels due to the high mobility of the mobile cars. Hence,
the geometry-based stochastic channel models are developed to capture the non-
stationary features of C2C channels. In addition, the geometry-based stochastic
approach has a number of significant benefits, such as the modeling of MIMO
channels, enabling to change the environment to the desired one, and time-efficient
computation of the proposed channel. Original geometry-based stochastic models
for C2C communications were proposed in [49, 50]. An extension of these works
from 2D geometrical models towards 3D geometrical models has been done in [51],
where the Doppler spectrum and the ACF are investigated. More discussions on 2D
geometry-based C2C channels are provided in the following sections.

2.1.1 C2C Channel Measurements

Owing to a large difference between the F2M and the C2C channels, the chan-
nel statistics obtained from traditional F2M wireless channels cannot be directly
used for C2C communication systems. Thus, in the literature, a large number of
measured C2C channels have been reported for different C2C communications sce-
narios. Recent C2C channel measurements are classified according to frequency-
selectivity, carrier frequencies, multiple antennas configurations, propagation envi-
ronments, direction of motions of both the MST and MSR, and channel statistics.
In the literature [52], it was mentioned that the different carrier frequencies signif-
icantly affect the channel propagation even in similar environments. Thus, more
measurement campaigns are required to be performed at different frequencies, such
as 2.4 GHz, 5.2GHz, and 5.9 GHz for a better design of safety and non-safety ap-
plications for C2C communications. The directions of motion of the MST and the
MSR also affect the C2C channel statistics, such as the average Doppler shift and
the Doppler spread. Several measurement campaigns have been done in [23, 27, 53]
for C2C communications, where the MST and the MSR are moving in the same di-
rection, whereas C2C channel measurement for communicating cars moving in the
opposite direction are reported in [29, 54, 55]. A summary of important C2C chan-
nel measurements is presented in Table 2.1.
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2.1.2 C2C Channel Characteristics

The knowledge of the wireless channel is of fundamental importance to the optimal
design and performance of C2C communication systems. The propagation chan-
nel characterization must be as accurate as possible and easy to use in the analysis,
computer simulations and empirical experiments. On the other hand, the channel
characterization should not be too complex. Thus, the tradeoff between the com-
plexity and the accuracy must be taken into account. In C2C communication sys-
tems, a transmitted signal can propagate from the MST to the MSR via different
paths, which involve reflection, diffraction, scattering, waveguiding, etc. Hence,
the effect of propagation delays occurs due to the multipath scattering. Therefore,
the C2C channel is often characterized in terms of the time-variant channel impulse
response (CIR) and/or in terms of its inverse Fourier transform, i.e., the TVTF.
Moreover, there have also been derived other important channel statistics, such as
pathloss, amplitude distribution functions, Doppler spread and delay spread.

In [25, 28, 29], the analysis of amplitude distributions has been presented. The
authors of [28] observed that the amplitude distribution of the received signal grad-
ually changes from Ricean to Rayleigh distribution if the distance between the MST

and the MSR increases. Moreover, the amplitude distribution function can also be
described by the Weibull distribution [25], because of high speed and low elevated
antennas of the MST and the MSR as well as due to the fast moving scatterers in
propagation environments. Owing to the relatively high speed of the MST and the
MSR, the Doppler spread of C2C channels is higher than the spread of conventional
cellular channels. The Doppler PSD has been studied in [27] for a narrowband C2C
channel at 5.2 GHz. The joint delay and Doppler PSD measurements are available
in [23, 29, 55] for wideband C2C channels.

2.2 Narrowband 2D Geometry-Based C2C Channel
Models

In this section, we discuss narrowband 2D geometry-based C2C channel models
derived from different geometrical street scattering environments such as straight
street, cross street, and curved street scattering environments. Since the pioneering
works in [49, 50], there has been a huge amount of research works investigating
C2C fading channels. Research works presented in [49, 50] deal with the studies
of the statistical properties of narrowband SISO mobile-to-mobile (M2M) channels
under NLOS propagation conditions and provide a theoretical analysis based on
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simplified assumptions. The increasing demand for high data-rate wireless com-
munication services resulted in a significant upsurge of interest in MIMO systems,
due to a remarkable gain in the spectral efficiency of wireless communication sys-
tems [58, 59]. Thus, MIMO communication systems can also be of great interest
for C2C communications due to their higher throughput. In this regard, several
articles have been published addressing geometry-based MIMO C2C channel mod-
els, which are developed and analyzed under different scattering conditions induced
by, for example, the two-ring model [60], the elliptical model [61], the T-junction
model [62], the cross-junction model [63], the rectangle mode [64], the street line
model [65], and the curve model [66]. Many studies have revealed that geometry-
based channel modeling is a good starting point for deriving simulation models for
MIMO channels. Simulation models for narrowband MIMO M2M channels are
presented in [60, 67, 68]. A generic geometry-based MIMO M2M channel model
proposed in [68] combines the two-ring model and the elliptical model, where a
combination of single- and double-bounce scattering under LOS propagation condi-
tions is assumed. Geometry-based narrowband MIMO channel models are usually
characterized by their spatial and temporal correlation properties. Moreover, all
the aforementioned geometry-based MIMO C2C channel models are 2D channel
models, i.e., transmitted signals travel only in the horizontal plane.

In Paper I, a new geometry-based model for narrowband SISO C2C channel is
proposed. For our analysis, we have considered that scatterers are uniformly dis-
tributed within rectangles in the form of stripes parallel to both sides of the street
as shown in Fig. 2.1. This model is called the rectangle model. The novelty of the
proposed rectangle model arises from the non-isotropic scattering, which in turn
results in a non-uniformly distribution of the AODs and the AOAs. The proposed
model assumed single-bounce scattering under both LOS and NLOS propagation
conditions. The advanced rectangle model is an extension of the channel model
in [69], which is derived for indoor radio propagation environments. In [69], it has
been assumed that the scatterers are uniformly distributed within the 2D horizontal
plane of a room. In contrast to [69], we proposed the rectangle model for outdoor
propagation environments, which is of interest for C2C communications in urban,
rural, and highway environments. Moreover, the proposed rectangle model also in-
cludes the geometrical street scattering model presented in [65] as a special case if
the width of the scattering area, i.e., width of the rectangle, is very small. Starting
from the geometrical rectangle model, we derived a reference model by assuming
an infinite number of scatterers. Analytical expressions are presented for the prob-
ability density functions (PDFs) of the AOD and the AOA as well as the Doppler
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Figure 2.1: Geometrical street scattering (rectangle) model with local scatterers
uniformly distributed in two rectangular areas on both sides of the street.

frequency. Furthermore, we investigated the effect of the street parameters, such
as the width and the length of the rectangle, on the Doppler PSD. It was interest-
ing to observe that the shape of the Doppler PSD resembles a Gaussian function if
the width of the scattering area is very large. Finally, the proposed channel model
is validated by demonstrating an excellent fit of its Doppler statistics to those of a
real-world measured channel for urban and rural areas.

As alluded to earlier in the previous chapter, the roadways are considered as an
important propagation environment for C2C communications. In practice, there ex-
ist many different types of roads, such as intersections, cross-junctions, T-junctions,
roundabouts, and U-turns, which have different scattering environments due to their
geometry. The investigation of C2C propagation channel in curved road environ-
ments is of great importance for C2C communications, especially in mountain ar-
eas, where high terrains usually block the LOS path. In this context, in Paper III
(Appendix C), we presented a new narrowband MIMO C2C channel model based
on the geometrical curved street scattering environment. The propagation scenario
investigated in Paper III is shown in Fig. 2.2. In Paper III, we derive a reference nar-
rowband channel model by assuming a combination of single- and double-bounce
scattering under LOS and NLOS propagation conditions. It is noteworthy that the
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developed reference model is an analytical model, which is based on the assump-
tion that the number of local scatterers distributed on curves is infinite. However,
using an infinite number of scatterers for the reference model makes it ideal and
non-realizable. Thus, we obtain a simulation model by using the principle of de-
terministic channel modeling [70, Sec. 8.1], where a finite number of scatterers are
considered. In the literature, several models are available that can be used for the
simulation of mobile radio channels. The sum-of-cisoids (SOC) model [71, 72] is
an appropriate simulation model for mobile radio channels under non-isotropic con-
ditions. In [72], several parametrization techniques, such as the extended method of
exact Doppler spread (EMEDS) [60], the Lp-norm method (LPNM) [70, Sec5.4.3],
and the generalized method of equal areas (GMEA) [73], have been discussed and
analyzed. In Paper III, we use the LPNM, which is a high-performance parameter
computation method for the design of SOC channel simulator.
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Figure 2.2: Geometrical curved street scattering (curve) model with local scatterers
uniformly distributed in the outer and inner curves of the street

The significance of the works presented in Paper I and Paper III comes from
the fact that the proposed channel models can be employed in analyzing the spatial
and temporal behavior of C2C channels in non-isotropic propagation conditions.
Thus, in Paper III, we have derived analytical expressions for the 3D ST-CCF, the
temporal ACF, and the 2D space CCF. It was shown that the proposed curved model
includes the well-known geometrical one-ring model [32] as a special case, which
demonstrates the usefulness of the model.
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2.3 Wideband 2D Geometry-Based C2C Channel
Models

According to the DSRC [20] standard, 75 MHz of licensed spectrum has been allo-
cated including seven channels, where each of them has 10 MHz bandwidth. Such
C2C channels can be considered as frequency-selective, i.e., wideband channels
[52]. Thus, narrowband C2C channel measurements are not sufficient for devel-
oping C2C communication services based on the DSRC standard. Wideband mea-
sured C2C channels are therefore important to understand the frequency-selectivity
behavior of C2C channels and develop high-performance C2C communication sys-
tems. Therefore, most C2C measurement campaigns are based on wideband chan-
nel characterization (see Table 2.1 in Section 2.1.1). In wideband stochastic chan-
nel models, the signal bandwidth significantly exceeds the coherence bandwidth of
the channel. Owing to the upsurge demand of high date-rate wideband commu-
nication systems employing MIMO technologies, such as MIMO OFDM systems,
it is of fundamental importance to have accurate, proper, and realistic wideband
MIMO M2M channel models. Thus, in the literature [56, 74–76], several wideband
geometry-based MIMO M2M channel models have been proposed.

Paper II in Appendix B of this dissertation deals with the wideband 2D geometry-
based MIMO C2C channel model, which is an extension of the rectangle model in
Paper I (Appendix A) with respect to the frequency-selectivity and multiple anten-
nas. In the proposed wideband MIMO C2C channel model, we derive the reference
model by assuming an infinite number of scatterers under both LOS and NLOS
propagation conditions. In the literature, there mostly two kinds of scattering, i.e.,
single-bounce and double-bounce scattering, are assumed during derivation of the
reference channel model. From geometry point of view, in the single-bounce scat-
tering, the channel statistics such as the AOD and the AOA are dependent, which is
in contrast to the double-bounce models having independent AOD and AOA. Due
to this distinction, the statistical properties of the single-bounce models and the
double-bounce models are different. We derive a TVTF by taking into account a
single-bounce scattering, which in turn results in that the AOD and the AOA are
dependent. In the proposed model, the position of scatterers S(mn) [see Fig. 2.1]
is determined by the Cartesian coordinates (xm,yn). By using the locations of the
scatterers, we derive the relationship between the AOD and the AOA in terms of
the coordinates (xm,yn) of the local scatterers S(mn). Analytical expressions are de-
rived for the STF-CCF, the 2D space CCF, the 2D TF-CCF, the temporal ACF, and
the FCF. It is noteworthy that the study of these correlation properties is important
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for the development and analysis of C2C communication systems. As discussed
in Section 2.2, in this wideband model, we also used the LPNM method to de-
rive the simulation model. To verify the usefulness of the proposed 2D geometry-
based stochastic wideband MIMO C2C channel model, its statistical characteristics
need to be compared to empirical data obtained from real-world measured chan-
nels. Hence, by using the measured channel reported in [77], we computed the
measurement-based parameters of the geometrical street scattering model. Finally,
it was shown that the resulting mean Doppler shift and the Doppler spread of the ref-
erence model can be perfectly matched to the mean Doppler shift and the Doppler
spread of the measured channel reported in [77]. It is noteworthy that the computed
mean Doppler shift B(1)

kl = �110 Hz and the Doppler spread B(2)
kl = 941 Hz do not

closely agree with measured channel (B⇤(1)
kl =�176 Hz and B⇤(2)

kl = 978 Hz) in case
of the highway NLOS scenario. It was observed that for this scenario, a close agree-
ment in the analytical result and the measured channel can be found for sufficiently
small values of the Rice factor.

2.4 Chapter Summary and Conclusion

Increasing number of cars on traffic roads has triggered an enormous hike in the de-
mand for C2C applications and has spurred research in channel modeling for C2C
communication systems. Thus, a comprehensive as well as generic description of
real-world propagation environments are required for future C2C communication
systems. To achieve this goal, many geometry-based stochastic models have been
published in the literature for the characterization of C2C fading channels. For
this reason, the current chapter was dedicated to several 2D geometry-based C2C
channel models, which are proposed and investigated in various C2C communi-
cation scenarios under different propagation conditions, such as LOS and NLOS
propagation conditions. This chapter talked about both narrowband 2D geometry-
based MIMO C2C channels and wideband 2D geometry-based MIMO C2C chan-
nels. Furthermore, the statistical characterization of 2D geometry-based MIMO
C2C channel was addressed.

The chapter started by stressing the importance of the channel modeling in C2C
communications. Thereafter, fundamental channel modeling approaches and their
advantages and disadvantages were discussed. Moreover, C2C channel measure-
ment campaigns are reviewed and listed. Therein, characteristics of the C2C chan-
nels, such as the CIR, the TVTF, and the Doppler spread were highlighted. Then, the
chapter proceeded by addressing several narrowband geometry-based MIMO C2C
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channel models, which are derived from different geometrical structures. The C2C
channel statistics such as the Doppler PSD were discussed. The simulation model’s
parametrization techniques are addressed. The importance of the work provided in
Papers I and III (Appendices A and C) is highlighted.

The chapter then gave the reasons behind the use of wideband C2C channel
models than narrowband C2C channel models. Propelled by those reasons, in this
chapter we introduced wideband geometry-based MIMO C2C channel models. Fi-
nally, the chapter ended by summing up the main findings of Paper II (Appendix B),
which deal with the wideband geometry-based MIMO C2C channel model. The
correlation properties of the proposed wideband MIMO C2C channels were ad-
dressed. Finally, a measurement-based validation of the usefulness of the proposed
model was discussed.



Chapter 3

Statistical Modeling and Analysis of
3D Geometry-Based C2C Channel
Models

3.1 Introduction

In Chapter 2, the modeling of 2D narrowband and wideband geometry-based chan-
nel models were proposed for different C2C communications scenarios. The previ-
ously reported 2D channel models for both SISO M2M channels [49, 50, 78] and
MIMO M2M channels [60–62, 65, 66, 79] assume that waves travelling from the
transmitter antenna to the receiver antenna propagate only in the azimuth plane,
i.e., in the horizontal plane. However, this assumption is not valid for certain radio
propagation environments, such as urban areas or tunnel environments because of
the low-elevation antennas of the mobile transmitter and the mobile receiver. Hence,
all above mentioned channel models suffer from the fundamental limitation of be-
ing 2D models. In contrast, Chapter 3 accentuates the modeling and analysis of 3D
geometry-based channel models designed for C2C communication systems.

In a wireless propagation environment, the received signal is a sum of many sta-
tistically independent components, which propagate in the 3D plane through differ-
ent multiple paths. Consequently, studying and analyzing more realistic 3D geomet-
rical channel models are of fundamental importance. Thus, to improve performance
of wireless communications, the channel’s degrees of freedom in the vertical plane,
i.e., in the elevation plane should be used. Hence, considering the elevation direc-
tions in channel modeling results in designing 3D geometry-based channel models.
Moreover, 3D geometry-based channel models can easily be reduced to 2D channel
models, under special conditions, for example, if the received multipath signals are

17
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observed with fixed elevation angles [80].
Ossanna [81] was the first to propose a channel model that takes into account

vertically polarized horizontally traveling waves [82]. The model proposed by Os-
sanna is primarily suited for suburban areas, where he assumed that both direct
and reflected signals exist. In 1965, Gilbert [83] introduced three different models,
which were based on multipath scattering. In [83], it was observed that for a large
number N of travelling plane waves all three models are equivalent. In the second
model proposed by Gilbert [83], N waves have equal and fixed amplitudes. By using
this fact, Clarke proposed his well-known omnidirectional scattering mode in [84].

However, all aforementioned models have the common feature that the field in-
cidents on the transmitter and the receiver antennas are composed of a number of
waves and these waves are assumed to travel horizontally. Nevertheless, Aulin [82]
questioned this basic assumption, in which the transmission between the transmit-
ter and the receiver on an urban street would not be possible. Hence, he proposed
a 3D model, which is a generalization of the Clarke model in a way that vertically
polarized waves do not necessarily travel in the horizontal plane. In [82], it was
found that the shape of the signal spectrum was significantly affected even for small
deviations from the horizontal plane. Moreover, a PDF for the elevation angle was
derived, which was easy to handle and produced the closed-form solutions. How-
ever, the proposed PDF of the elevation angle was not realistic from a physical point
of view and the signal properties were determined in the horizontal plane. To fill this
gap, a new 3D model was introduced in [85] for fixed-to-mobile communications,
where the major characteristics of mobile radio signals, such as the autocovariance,
the cross-correlation function, and the power spectral density were determined.

The remainder of this chapter is organized as follows. Section 3.2 briefly ad-
dresses the 3D geometry-based channel models. The statistical analysis of 3D
geometry-based C2C channel models is described in Section 3.3. In Section 3.4,
a summary of interesting results of the statistics of 3D geometrical semicircular-
tunnel-based channel model is presented. Finally, the chapter summary is provided
in Section 3.5.

3.2 3D Geometry-Based Channel Models

The demand for improved system performance and higher spectrum efficiency in
wireless communication systems has directed recent research activities toward the
development of new propagation channel models that can describe most physical
phenomena related to radio propagation. A major characteristic of mobile radio
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channels is the multipath propagation, which is caused by diffraction and scattering
from terrain features and buildings. In this regard, the channel model should not
only describe the azimuth and elevation angles as well as time-of-arrival statistics
but should also consider different urban propagation environments parameters, such
as building heights, their densities, and real street propagation conditions.

In [86], the first channel model was proposed based on the vertical plane launch-
ing (VPL) simulation for urban environments. However, in this model [86], the
effect of the terrain features and antenna array positions with respect to the sur-
rounding obstacles was not taken into account. Consequently, a measurement-based
3D channel model has been introduced in [87], where different propagation mech-
anisms have been analyzed. Obviously, an accurate prediction analysis requires
performing several measurement campaigns with different calibration techniques
and for different types of propagation environments. In this context, a large num-
ber of measurement campaigns were carried out in different urban street environ-
ments [86]. Consequently, a number of 3D geometry-based channel models, such
as the 3D sphere model, the 3D hemisphere model [34], the 3D concentric-cylinder
model [88], and the 3D tunnel model [89] have been proposed in the literature. In
the following subsections, we will briefly review some of them.

3.2.1 3D Sphere Models

For a macrocellular propagation environment, a mobile station (MS) equipped with
an elevated antenna, which is usually surrounded by buildings, rooftops, and other
obstacles, communicates with a highly elevated base station (BS) antenna. In this
situation, the major scatterers are considered to be distributed around the MS in-
cluding trees, ground, rooftops, and buildings. This assumption leads to the design
of 3D geometrical sphere models to investigate the spatial-temporal characteristics
of the underlying propagation channel. In the literature, there exist several studies
dealing with the 3D geometrical sphere model, where the scatterers are distributed
inside a sphere or hemisphere, uniformly [34, 90] and Gaussian-like [91]. In [34], a
3D hemisphere model has been proposed, where the angle-of-arrival statistics of the
received signals is derived. Shortly after the proposed model in [34] was published,
the temporal and spatial characteristics of the received signal of 3D hemisphere
model were studied in [92]. However, all these models are proposed for fixed-to-
mobile communication systems. The authors of [93] have proposed a novel 3D two-
sphere model for non-isotropic MIMO M2M channels, where only double-bounced
scattering is assumed. Other 3D two-sphere models can be found in [80] and [94],
where 2⇥ 2 dual-polarized and 4⇥ 4 spatial-polarized MIMO M2M channels are
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proposed, respectively. A class of 3D sphere models is illustrated in Fig. 3.1, which
includes the hemisphere model Fig. 3.1 (a), the sphere model Fig. 3.1 (b), and the
two-sphere model Fig. 3.1 (c).
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Figure 3.1: A class of 3D sphere models.

In the 3D sphere models, it is considered that the BS and MS play the role of
the transmitter and receiver, respectively, where the MS is moving horizontally, i.e.,
in the xy-plane. The plane waves travel via scatterer S(m) (S(n)) in both vertical and
horizontal directions with the corresponding elevation b

(n) and azimuth a

(n) angles,
respectively, inside the spheres with radius Ri (i = T,R). For M2M communication
scenario, it is assumed that the mobile transmitter (i = T ) and the mobile receiver
(i = R) are placed at a certain distance D from each other.
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3.2.2 3D Cylinder Models

Nowadays, high buildings, tall and wide road bridges are being deployed in modern
motorways and urban streets, which make the urban street environment challenging
for radio propagation. In such a wireless scattering environment, the received signal
is composed of many statistically independent components, which travel in the 3D
space on different paths. This type of propagation environment can be addressed
as bad urban propagation environment [33]. Therefore, the 3D geometrical cylin-
der model has become an attractive model, because it describes the propagation
environment of densely developed areas with high rise buildings. Parson [85] pro-
posed one of the first 3D cylinder models, where a measurement-based distribution
function is used for the elevation angle b

(n). Consequently, for both narrowband
and wideband MIMO communication systems, reference channel models are pro-
posed based on the 3D two-cylinder model in [88] and [56], respectively. In [95]
and [96], 3D three-cylinder models were proposed for narrowband and wideband
MIMO M2M fading channels in relay-based amplify-and-forward (AF) coopera-
tive networks, respectively. Fig 3.2 shows an example of a 3D two-cylinder model
for M2M communication systems.
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Figure 3.2: 3D two-cylinder model for M2M communication systems.

3.3 Statistical Characterization of 3D C2C Channels

In recent years, several studies have been published focusing on 3D channel model-
ing for M2M communications, which can also be considered for C2C and C2I com-
munications. As discussed in Section 3.1, the existing 2D geometry-based channel
models do not describe accurately the propagation conditions for C2C communica-
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tion systems in urban street environments. Thus, Section 3.2 introduces some 3D
geometry-based channel models developed for C2C communications. In this sec-
tion, we address narrowband 3D geometry-based C2C channel models and wide-
band 3D geometry-based C2C channel models.

3.3.1 Narrowband 3D Geometry-Based C2C Channel Models

Narrowband 3D geometry-based channel models designed for C2C communica-
tions can be found in [88, 93, 97, 98]. In [88], the authors have developed a 3D two
concentric-cylinder geometry-based stochastic model for narrowband non-isotropic
scattering MIMO M2M channels. There, the spatial-temporal characteristics of the
received signal have been investigated in terms of the space-time (ST) correlation
function (CF). Using the sum-of-sinusoids (SOS) method, two SOS 3D channel
simulators are proposed for MIMO M2M channels. Other 3D two-sphere geometry-
based MIMO C2C channel models are proposed in [93, 97]. The 3D two-sphere
model in [93] allows us to jointly study the impact of the elevation angle and the
azimuth angle on the channel statistics. It has been shown that the proposed 3D
two-sphere channel model results in lower ST-CF than the corresponding 2D model
and it more accurately reflects a real propagation environment. A generalized 3D
model based on a two-concentric quasi-sphere model is presented in [97], where a
generalized expression is derived for the temporal ACF. A novel 3D MIMO C2C
regular-shaped geometry-based stochastic model has been proposed in [98] by us-
ing a combination of a 3D two-sphere model and an elliptical-cylinder model. In
the proposed model comprehensive statistical properties, such as the amplitude and
phase PDFs, ST-CF, Doppler PSD, envelope level crossing rate (LCR), and the av-
erage duration of fades (ADF) are derived and investigated. The impacts of the
elevation angle and the vehicular traffic density on the above mentioned the statis-
tical properties of the channel are studied and discussed by comparing them with
those of the corresponding 2D model. It has been shown that the proposed 3D
model more accurately characterizes the real C2C channels.

3.3.2 Wideband 3D Geometry-Based C2C Channel Models

Wideband 3D geometry-based MIMO C2C channels have been reported in [76]
and [26], in which a 3D two-concentric-cylinder model and a two-sphere model
are considered, respectively. The modeling of 3D geometry-based dual-polarized
and spatial-polarized MIMO M2M channel models is proposed in [80] and [94],
respectively, where a joint TF-CCF has been derived to investigate the system
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performance over different WSSUS channel realizations. A wideband 3D three-
concentric-cylinder MIMO M2M channel model has been proposed in [96] for
relay-based communications, where the WSSUS condition is assumed and straight
vertical scattering surfaces are emulated.

3.4 The 3D Geometrical Semicircular-Tunnel-Based
Channel Model

The radio propagation channel is the principal contributor to transmission qual-
ity degradation effects of wireless communication systems. In confined environ-
ments, such as underground tunnels, mines, and tunnel roads, wireless communi-
cations experience severe fading problems [99]. In reality, roads are often passing
through tunnels, which can have various geometrical shapes [100], such as circu-
lar, semicircular, oval, rectangular, and horseshoe shapes. Owing to the scattering
and reflection of incident waves on the tunnel walls, multipath propagation effects
are complicated. Therefore, modeling and understanding the radio propagation in
tunnel environments is of importance for C2C communication systems. In this re-
gard, the characteristics of mobile radio channels inside a tunnel environment have
been widely investigated, where a geometrical optical model [101], a wave-guide
model [102], and a full wave model [36] are used. Moreover, there have been carried
out many studies focusing on the wireless communications in tunnel environments
and some measurement are performed, where path-loss [102, 103], delay [104], and
Doppler spreads [105] are investigated. The authors of [104] measured a propaga-
tion channel inside an arched tunnel and analyzed the characteristics of the channel
in terms of the delay spread. Numerical results demonstrated that more than 90 %
of the extracted paths consist of single-bounce scattering and direct path, i.e., LOS
component.

A theoretical analysis of radio propagation in tunnels with vehicular traffic flow
has been provided in [99]. It was shown that the multipath signal propagation in
tunnel environments is influenced by the number, size, and position of the mobile
stations, i.e., cars, the size of the tunnel and the vehicular traffic flow. The im-
pact of vehicular traffic density in C2C communications has also been investigated
in [98], where a 3D geometry-based channel model is proposed for narrowband
MIMO C2C channels. In 3D channel models, incoming multipath signals take
place within both azimuth and elevation angles. Thus, the distribution of scatter-
ers is an important part affecting the azimuth and elevation angles of departure and
arrival statistics. In this regard, the knowledge of the distribution of the elevation



24 Car-to-Car Communication Systems

and azimuth angles of the transmitted plane waves is important because it allows us
to investigate the spatial-temporal characteristics of the underlying fading channel.
However, all aforementioned 3D channel models proposed for tunnel environments
do not consider the impact of the distribution of the scatterers on the propagation
channel statistics. To bridge this gap, we propose a new 3D SCT channel model for
a wideband MIMO C2C channel under LOS and NLOS propagation conditions.

Paper IV presents a wideband MIMO C2C channel model based on a geometri-
cal SCT scattering model with the purpose of characterizing fading behavior inside
tunnel environments. In the designed SCT channel model, it is considered that both
the MST and MSR are in motion and equipped with multiple antenna elements. The
geometrical SCT scattering model was originally presented in [89] for a SISO sce-
nario. A typical propagation scenario inside an SCT is illustrated in Fig. 3.3, where
scatterers are randomly distributed on the tunnel wall. Here, both the MST and MSR
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Figure 3.3: A typical propagation scenario in an SCT.

communicate with each other under LOS and NLOS propagation conditions. More-
over, the proposed SCT channel model considers single-bounce scattering, which
implies that homogeneous plane waves emitted from the MST are first captured by
scatterer S on the tunnel wall before reaching the MSR (see Fig. 3.3). Furthermore,
to simplify the mathematical analysis, we have assumed that the WSSUS assump-
tion is valid over a short observation time interval. This assumption is supported by
the study in [105], where the authors investigated the time interval over which the
fading process in a tunnel environment can be considered as wide-sense stationary.

Starting from the geometrical SCT channel model, we derive the reference
model in terms of the TVTF, which is a sum of the diffuse, LOS, and specular
components. With respect to the position of the mobile transmitter and the mobile
receiver antennas, the azimuth and elevation angles of departure and arrival are de-
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rived. The analytical expression is derived for the STF-CCF of the reference model,
in which the 2D time-frequency CCF, the 2D space CCF, the temporal ACF, and the
FCF are included as special cases. Furthermore, we derive an efficient SOC channel
simulator from the TVTF characterizing the reference model. It is shown that both
the temporal ACF and the FCF of the SOC channel simulator match very well with
those of the reference model. Finally, we evaluate and present the delay statistics
and the Doppler statistics of the proposed SCT channel model for both LOS and
NLOS propagation conditions. The usefulness of the proposed SCT channel model
is validated by demonstrating an excellent match of the delay spread of the refer-
ence model to that of the measured channel reported in [104]. Numerical results
also show the impact of the transmitter (receiver) antenna element spacing dT (dR)
on the delay statistics, where for small values of dT and dR the delay spreads are the
same for all transmission links. This means that the delay spread can be considered
as independent of antenna element indices. Our work includes a discussion on the
influence of the antenna element indices on the FCF of the reference model. Pre-
sented results show that the FCF has the same fluctuation curves for the transmission
links A(1)

T �A(2)
R and A(2)

T �A(1)
R , which illustrates the symmetrical positions of the

mobile transmitter and the mobile receiver (see Fig. D.3 in Appendix D). Moreover,
presented results demonstrate a good agreement between the FCF of the reference
model and the simulation model. Furthermore, it was concluded that the proposed
3D SCT channel model could also be considered as a frequency-non-selective chan-
nel model for DSRC systems [19, 20], where the system bandwidth is 10 MHz.

The fundamental procedure presented in Paper IV for the purpose of deriving the
novel 3D SCT channel model and confirming the validity of the proposed channel
model is general and can be applied to other tunnel environments with different
shapes. The derived SOC channel simulator can be used to study and optimize
future wideband channels in tunnel environments.

3.5 Chapter Summary and Conclusion

Efficient and accurate channel models are required for evaluating, analyzing and
designing future advanced C2C communication systems, which allows us to predict
the spatial and temporal characteristics of the received multipath signals. In a wire-
less scattering environment, the received signal is composed of many statistically
independent components, such as the diffuse component, specular component and
the LOS component, which travel in the 3D space via different paths. In this regard,
modeling and developing of 3D geometry-based channel models for C2C commu-
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nications are of crucial importance. Thus, in this chapter, we propose a new 3D
geometrical SCT channel model for C2C communications in tunnel environments.

The chapter began by highlighting the importance and advantages of design-
ing 3D geometry-based channel models. The literature study revealed that 2D
geometry-based channel models could not appropriately characterize the statistics
of the fading channel in urban street environments. To fill this gap in research, 3D
geometry-based channel models have been proposed and developed for different
propagation conditions, taken into account, single- and double-bounced scattering
as well as direct paths, such as the LOS component and ground specular compo-
nent. Consequently, different types of 3D geometry-based channel models, such as
the 3D sphere models, and the 3D cylinder models were briefly reviewed and dis-
cussed. Afterwards, we discussed and reviewed 3D geometry-based channel mod-
els derived for narrowband and wideband MIMO C2C communications. However,
those 3D channel models do not investigate radio propagation in tunnel environ-
ments, which is important for countries with mountainous areas, where many traffic
roads are passing through tunnels. Thus, the modeling of propagation channels in
tunnel environments is of importance for C2C communications. Motivated by this
fact, we proposed a 3D SCT channel model for wideband MIMO C2C channels.

The chapter then summarized the work presented in Paper IV (Appendix D),
which deals with the development of a wideband 3D SCT channel model for MIMO
C2C communication systems. The analytical expression for the STF-CCF has been
derived, from which the spacial, temporal, and frequency correlation properties of
the underlying channel are investigated. Interesting findings and the usefulness of
the proposed model are highlighted.



Chapter 4

Performance Analysis of C2C
Communication Systems

4.1 Introduction

Over the last few decades, there has been a growing interest in studying and devel-
oping C2C communication systems, which play a key role in ITS [8]. C2C commu-
nication systems aim to minimize traffic accidents and improve the traffic flow [4].
The design, development, performance analysis and test of C2C communication
systems highly depend on a detailed understanding of the underlying propagation
channel and the corresponding realistic easy-to-use channel model. In order to in-
vestigate and support C2C communications, the IEEE 802.11p [21] standard has
been developed, which is directly derived from IEEE 802.11a with some modifi-
cations to adapt to vehicular environments. The IEEE 802.11p standard makes use
of the OFDM physical layer and the quality of services (QoS) extension on the
medium access control (MAC) layer. Nevertheless, the basic characteristics of the
physical channel of C2C communications is still an open question for the research
community and the industry. C2C communications are characterized by a higher
mobility compared to the traditional F2M and mobile-to-fixed (M2F) communica-
tions. Specifically, in C2C communications, both the transmitter and the receiver
are in motion and both may be surrounded by multiple scattering objects, which are
also moving. Thus, the rate of fading can be twice as fast as in traditional cellular
channels. Moreover, in C2C communication systems, both the mobile transmitter
and the mobile receiver are equipped with multiple antenna arrays, where the range
of the antenna height is between 1 and 6 m [106, 107]. Owing to the low-elevation
antennas, the LOS paths are usually blocked in C2C communications, which may
have a high risk potential for road traffic accidents with serious injuries and even

27
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fatalities. These, antenna height differences have a major impact on the system
performance. Therefore, it is of crucial importance to have accurate C2C channel
models which can reflect the fading statistics of real-world channels [52, 106].

A number of authors have investigated the performance of C2C communication
systems in different types of propagation environments. In [107], a geometrical
blind bend model is proposed to derive a narrowband SISO C2I channel model. The
blind bend model takes into account single- and double-bounce scattering. There,
the performance of various digital modulations over C2I channels is evaluated by
using the PDF of the fading amplitude. A geometrical curved street scattering
model [66] can be considered as a blind bend environment. Paper III (Appendix C)
presents a narrowband MIMO C2C channel model developed for a curved street
environment where single- and double-bounce scattering are considered under LOS
and NLOS propagation conditions. An extension of this narrowband MIMO C2C
channel model towards frequency selectivity is introduced in Paper V (Appendix E).

The impact of fast-varying channels on C2C communication systems was stud-
ied in [37]. It was demonstrated that the channel estimation process is the most
affected part due to the rapid changes of the amplitude of the channel. The perfor-
mance of hybrid automatic repeat request (HARQ) with code combining (CC) and
with incremental redundancy (IR) over double Rayleigh fading channels is studied
in [108] and [38], respectively. In [108], analytical solutions for the characteristic
quantities of double Rayleigh fading channels are derived. In both cases [38, 108],
it is shown that HARQ with CC and IR enables the data rate to be close to the
ergodic capacity, where the channel state information (CSI) is unavailable at the
transmitter side. In [39], the frame success ratio and goodputs of C2I channels in
a tunnel environment were discussed and analyzed. There, it was shown that us-
ing higher-order modulation schemes with a constant packet length results in better
goodput. A summary of analyses and investigations on the system performance of
C2C communications over different channel models is listed in Table 4.1.

Modeling and simulation of 2D and 3D C2C channel models were the topic of
Chapter 2 and 3, respectively. Chapter 4 is devoted to assess the performance of
C2C communication systems in different propagation environments. Special em-
phasis is placed on geometrical scattering models, such as the rectangle model [79],
the curve model [66], the street line model [65], and the tunnel model [89]. In our
analysis, we assume single-bounce scattering [56] in an NLOS propagation envi-
ronment. In Paper II (Appendix B), we proposed a wideband MIMO C2C channel
model, which is derived from the geometrical street scattering model under the as-
sumption of single-bounce scattering in LOS and NLOS propagation environments.
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In this channel model [79], the effective scatterers are located within rectangle areas
on both sides of the street. For the performance evaluation of such a C2C channel
model, we consider only single-bounce scattering under NLOS propagation condi-
tions. The impact of the geometrical model parameters on the system performance
is investigated in Paper V.

To the best of our knowledge, a theoretical analysis of the performance of
C2C communication systems over different C2C channels under various geomet-
rical scattering conditions has not yet been performed. In order to fill this gap in
the research, we presented in this chapter our investigations on the performance of
Alamouti coded OFDM systems over wideband MIMO C2C channels correlated in
time and space.

The remainder of this chapter is structured as follows. Section 4.2 deals with the
performance analysis of C2C communication systems. Section 4.3 summarizes the
conclusions that can be drawn after exploring the performance of Alamouti coded
OFDM systems over wideband C2C channels. Finally, the chapter summary is
given in Section 4.4.
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4.2 STBC-OFDM Systems: Description and Prior
Work

Over the last few decades, an increasing demand for high data rate wireless com-
munication services and applications has placed high demands on reliable and ro-
bust communication link. In modern wireless communication systems, performance
degradation always occurs due to severe fading of the signal envelopes caused by
multipath propagation environments. In this regard, wireless communication sys-
tems with both high data rate and high quality transmission have been widely inves-
tigated [116]. In order to improve the transmission quality over fast and frequency-
selective fading channels, the transmit diversity technique is a promising method
to reduce fading effects in mobile wireless communication [117]. The space-time
coding (STC) scheme was first defined by Tarokh et al. [118, 119] to describe a
new 2D way of encoding and decoding transmitted signals over wireless fading
channels using multiple transmit antenna arrays. In the literature, there exist two
main types of STC, namely space-time block codes (STBCs) and space-time trellis
codes (STTCs) [118]. STBC is a well-known spectral efficient transmit diversity
technique, which has a significant performance improvements and low complex-
ity. On the other hand OFDM is robust against frequency-selective fading and
provides a relatively simpler receiver implementation. A traditional OFDM sys-
tem with a sufficiently long cyclic prefix transforms the frequency-selective fading
channel into a number of frequency-flat fading channels. Hence, orthogonal trans-
mit diversity techniques, such as STBC can be applied to OFDM systems. Thus,
the combination of STBC and OFDM is regarded as a promising solution to com-
bat frequency-selective fading, which is considered for the fourth-generation wide-
band communication systems. OFDM has become a widely used technique for
broadband wireless communication systems and has been adopted in several mod-
ern wireless communication standards, such as IEEE 802.11 (WiFi), IEEE 802.16
(WiMax), and LTE [120, 121]. Moreover, in the literature [122, 123], a number of
STBC-OFDM systems have been proposed and analyzed, e.g., the simple and popu-
lar Alamouti STBC [124]. The block diagram of an Alamouti coded MIMO-OFDM
system is shown in Fig. 4.1 for a 2⇥ 1 antenna configuration. The serial data bits
are first passed through a serial-to-parallel converter, and then the resulted data bit
is modulated by using different modulation rules. In the following, two consecutive
complex data symbols S1 and S2 are coded by the Alamouti scheme [124]. There-
after, the inverse Fourier transform is computed and a cyclic prefix is added to each
sequence to prevent intersymbol interference between successive OFDM symbols.
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Finally, the OFDM data sequences are transmitted over the MIMO channel.
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Figure 4.1: Block diagram of an STBC MIMO-OFDM system with 2⇥1 antennas.
DFT: discrete Fourier transform; IDFT: Inverse DFT; P/S: parallel to serial; S/P:
serial to parallel.

The symbols received at the time slots t1 and t2 can be presented as [125, p. 125]

y1 = y(t1) = g11(x1, t1)s1 +g12(x2, t1)s2 +n1 (4.1)

y2 = y(t2) = �g11(x1, t2)s⇤2 +g12(x2, t2)s⇤1 +n2 (4.2)

where g1k(xk, ti) denotes the complex channel gain in the time slot ti (i = 1,2) of the
transmission link from the kth transmitting antenna A(k)

T located at xk (k = 1,2) to
the single receive antenna A(1)

R , where si stands for the OFDM symbol and ni is the
additive white Gaussian noise (AWGN) component. In the performance analysis of
the Alamouti coded MIMO-OFDM system presented in Paper V (Appendix E), we
have studied the effect of both the space and the time correlation functions of the
underlying C2C channels on the system performance.

Recent studies have been performed on the application of STBC schemes to
C2C communication systems [37, 111, 113]. The IEEE 802.11p standard is also
based on OFDM. Table 4.2 lists the parameters of the IEEE 802.11p physical layer.
In [112], the performance of C2C communication systems is investigated and ana-
lyzed, where a new regular-shaped geometry-based stochastic model for non-isotropic
scattering wideband C2C Rician fading channels has been proposed. In order to
combat intercarrier interference (ICI), a new precoding-based cancellation (PBC)
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Table 4.2: Parameters of the IEEE 802.11p standard.

Parameter Value

Data rates (Mb/s) 3, 4.5, 6, 9, 12, 18, 24, 27
Forward error correction (FEC) rates 1/2, 2/3, 3/4

Modulation Binary phase-shift keying (BPSK),
quaternary PSK (QPSK),

Quadrature amplitude modulation (QAM)
Subcarriers 52
Bandwidth 10 MHz

Subcarrier spacing 156.25 kHz
OFDM symbol duration 8 µs

Cyclic prefix 1.6 µs
Fast Fourier transform (FFT) period 6.4 µs

Preamble 32 µs
Pilot subcarriers ±21, ±7

scheme has also been proposed in [112]. The impact of the Doppler shift on MIMO
OFDM systems used in C2C communications is studied in [37, 109]. In [37], it was
shown that the channel estimation process is most affected by rapid variations of the
channel, where ICI has little impact on the system performance at small data rates.
It was also shown that the use of multiple antennas improves the PER. To sum up, it
can be said that MIMO-OFDM systems can be very useful for C2C communication
systems due to their high spectral efficiency and their ability to mitigate multipath
fading effects.

4.3 Performance Analysis of Alamouti Coded OFDM
Systems over C2C Channels Correlated in Time
and Space

Paper V studies the performance of Alamouti coded OFDM systems over wideband
MIMO C2C channels correlated in time and space. The BEP is used to measure the
error rate of the Alamouti coded OFDM system for different types of C2C channel
models, such as the rectangle model [79], the tunnel model [89], the street line mode
[65], and the curve model [66], which are illustrated in Fig. 4.2. The effects of the
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maximum Doppler frequency and the spatial correlation on the system performance
are discussed. Furthermore, the impact of the geometrical model parameters on
the system performance is studied. The complete article that is summarized in this
section can be found in Appendix E.
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Figure 4.2: Typical geometrical C2C channel models for specific scenarios.

In Paper V, we presented a generalized expression of the TVTF by considering
different geometrical scattering models. In C2C communications, there are mainly
two classes of applications, namely safety and non-safety applications [4]. For
safety applications, generally the symbol duration is long due to the short safety
messages. In this case, the delay spread of the channel is such that the channel can
be considered as a narrowband channel. On the contrary, the non-safety applica-
tions require high data rates, where the delay spread of the channel is in the order
of the symbol duration. In this situation, the underlying channel is considered a
frequency-selective channel. Therefore, to deploy high data rate non-safety appli-
cations in C2C communications, wideband MIMO C2C channels are required. In
this regard, Paper V also aims at deriving a wideband MIMO C2C channel model
based on the geometrical curved street scattering model, which is an extension of
the narrowband MIMO C2C curve model in [66]. Moreover, MIMO communica-
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tion systems can be of great interest for C2C communications, due to their higher
throughput [59]. Consequently, in Paper V, we presented an extension of the SISO
C2C tunnel model [89] to a MIMO C2C tunnel channel model. Taking into ac-
count all the aforementioned derivations, we presented the corresponding correla-
tion functions of the generalized model, such as the 2D space CCF and the temporal
ACF. In our analysis, it is assumed that the perfect CSI is known at the receiver side.
Based on this assumption, the BEP of BPSK Alamouti coded OFDM systems over
wideband MIMO C2C channels correlated in time and space is derived. Finally,
a comparative study of the BEP of Alamouti coded OFDM systems is presented.
In Section 4.1, it is mentioned that single-bounce scattering is assumed where the
(m,n)th homogeneous plane wave emitted from the lth transmitter antenna element
A(l)

T travels over the local scatterer S(mn) before impinging on the kth receiver an-
tenna element A(k)

R . Hence, by computing the absolute value of the TVTF Hk,l( f 0, t),
we can see that the envelope of the TVTFs follows the Rayleigh distribution [107]
as shown in Fig. 4.3.
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Figure 4.3: PDF of the envelope of various C2C channel models.

The BEP of Alamouti coded OFDM systems can be computed by integrating
the conditional BEP over the PDF of an instantaneous output signal-to-noise ratio
(SNR) [126, 127]. In our analysis, we used a binary phase-shift keying (BPSK)
modulation scheme for the conditional BEP. In [114], an approximation for the in-
stantaneous output SNR is presented. Based on this approximation an analytical
expression for the PDF of the approximate instantaneous SNR is derived. Finally,
the performance of Alamouti coded OFDM systems over different types of C2C
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channels correlated in time and space is evaluated with the help of the BEP expres-
sion in [115, Eq. 21-22]. The influence of both the maximum Doppler frequency
and the antenna element spacings on the system performance is investigated and
discussed. Owing to the perfect CSI at the receiver side, the maximum Doppler
frequency fTmax ( fRmax) does not affect the system performance, which is illustrated
in the simulation results. It is noteworthy that all considered channel models behave
in the same way. Moreover, the theoretical BEPs are validated by simulation, where
an excellent fitting is demonstrated. On the contrary, the system performance can be
improved even if the antenna element spacings dT increase. This fact shows that the
spatial correlation between the TVTFs is smaller if the antenna element spacings
are large. However, all considered channel models have the same BEP curves for
a given antenna element spacing. The impact of the geometrical model parameters
on the system performance is listed below:

• The rectangle model. It turns out that the system performance improves
as the street length LA increases. Nevertheless, changing the distance D
[see Fig. 4.2(b)] between the mobile transmitter and the mobile receiver does
not affect the system performance. Analogously, the street width B1 and B2

[see Fig. 4.2 (b)] does not affect the BEP performance. This fact indicates
that a large number of scatterers are located on a street line.

• The curve model. Similarly to the system performance of the C2C tunnel
channel model, the BEP performance of the C2C curved model does not
change if the radius R [see Fig. 4.2(c)] of the curve varies in the considered
range.

• The tunnel model. The effects of the radius R [see Fig. 4.2(d)] of the tun-
nel arch and the distance D between the mobile transmitter and the mobile
receiver on the BEP performance are indistinguishable for the given antenna
element spacings. On the contrary, the system performance improves if the
antenna element spacings dT increase.

The obtained analytical results enable us to investigate the system performance
using different kinds of C2C fading channels in a straightforward and time-efficient
manner. Moreover, the proposed generalized channel model allows us to inves-
tigate different types of C2C channels and their spatial-temporal-frequency char-
acteristics. Furthermore, the proposed model can be applied to other propagation
environments, which results in 2D and 3D geometry-based C2C channel models,
by adjusting the corresponding model parameters. Thus, this model can be used to
study, investigate and optimize future C2C channels.
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4.4 Chapter Summary

In the development and test of any new communication system, the thorough evalu-
ation of its performance is imperative. It is especially required for the development
of future C2C communications to design and support reliable and robust C2C safety
applications. The performance analysis of C2C communications highly depends on
the detailed knowledge and understanding of the underlying radio channel. The
lack of performance analyses in the literature for C2C communication systems over
different real life geometrical channel models motivated us to dedicate this chapter
to the study and investigation of the performance of MIMO-OFDM systems over
different types of C2C channels.

The chapter began with an overview of the performance analysis of C2C com-
munication systems in different propagation environments by addressing their im-
portant statistical measures, such as the BER, PER, delay spread, Doppler spread,
and BEP. Therein, the description and previous work on the STBC-OFDM systems
are presented and discussed.

Thereafter, the chapter summarized the work presented in Paper V (Appendix E),
where the performance of an Alamouti coded OFDM system over wideband MIMO
C2C channels correlated in time and space is analyzed. The effects of temporal and
spatial correlations on the system performance have been discussed. The numerical
results show that the system performance of C2C communication systems is not
only impacted by the temporal and spatial correlation function but also by geomet-
rical model parameters. Finally, the chapter described the motivation behind the
presented work and its advantages for future C2C communication systems.
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Chapter 5

Summary of Contributions and
Outlook

5.1 Major Contributions

This dissertation dealt with the exploration of various aspects of C2C communi-
cation systems. The topics covered a range from the modeling of geometry-based
C2C channel models in different propagation conditions to the overall performance
analysis of the system. In the following, the main contributions of this doctoral
dissertation are summarized.

• A new geometry-based street scattering channel model (rectangle model) for
a narrowband SISO C2C channel was proposed, where the geometrical rect-
angle area on both sides of the street models the scattering environment.

• A stochastic narrowband MIMO C2C reference channel model and its cor-
responding channel simulation model were derived based on the geometrical
street scattering model. Spatial and temporal correlation functions of the ref-
erence and the simulation model were analyzed for LOS and NLOS propaga-
tion conditions.

• We have extended the geometrical street scattering (rectangle model) narrow-
band MIMO C2C channel model to the wideband MIMO C2C channel model.
A profound statistical analysis of the wideband MIMO C2C channel model is
presented by deriving analytical expressions for the STF-CCF, the temporal
ACF, and the FCF as well as the Doppler statistics. Moreover, the validity
of the proposed rectangle model for wideband MIMO C2C channel has been
confirmed by demonstrating an excellent match of the Doppler statistics, such

39
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as the mean Doppler shift and the Doppler spread, of the reference model to
those of the real-world measured channel.

• In practice, there exist many different street types, such as intersections, U-
turns, roundabouts, cross-junctions, which have different scattering environ-
ments. Thus, we proposed a novel geometrical curved street scattering model
for narrowband MIMO C2C communications. The complex channel gain of
the reference model was derived from the geometrical curved street scattering
model by taking into account single-bounced and double-bounced scattering
as well as the LOS components. Interesting findings pertaining to statistical
properties, such as the 3D ST-CCF, the temporal ACF, and the 2D space-CCF
were documented.

• The narrowband MIMO C2C channel model based on the curved model fur-
ther extended to the wideband model, which is a special case of the general-
ized wideband channel model.

• The characteristics of the propagation channel in tunnel environments are of
crucial importance for C2C communications. In this regard, we introduced a
new wideband 3D geometrical SCT model for MIMO C2C communication
systems in tunnel environments. The wideband 3D SCT C2C channel model
was proposed by taking into account the diffuse, the LOS and the specular
components under LOS and NLOS propagation conditions. The space, time,
and frequency correlation properties were evaluated in LOS and NLOS prop-
agation conditions. The impact of the tunnel arch radius on the correlation
functions was studied. Furthermore, the validation of the proposed 3D SCT
model was proven by fitting the delay spread of the reference model to that of
the measured channel.

• A generalized wideband channel model for MIMO C2C communication sys-
tems was proposed in which the rectangle model, street line model, curve
model, and the tunnel model are included as special cases. In the proposed
wideband channel model, a generalized expression for the TVTF was derived
by considering single-bounce scattering under NLOS propagation conditions.

• The performance analysis of C2C communication systems depends on the
detailed knowledge of the underlying propagation channel and its statistical
properties. Therefore, by using the generalized channel model, the perfor-
mance analysis of Alamouti coded OFDM systems over different types of
C2C channels correlated in time and space were analyzed. A generalized
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expression was presented for the BEP, which will be used to investigate the
performance of Alamouti coded OFDM systems over different types of C2C
channel models, such as the rectangle model, street line model, tunnel model,
and the curve model. The impact of the geometrical model parameters on the
BEP performance was discussed and presented. The effect of the maximum
Doppler shift and the antenna element spacing on the system performance
was investigated.

5.2 Outlook

This dissertation was an attempt to study and investigate the issues related to the
modeling and analysis of C2C fading channels considering different propagation
environments and conditions in C2C communication systems. The statistical char-
acterization and validation of the proposed C2C channel models and the perfor-
mance analysis of the Alamouti coded OFDM systems over different C2C channels
were also included. Although the discussion covered various aspects of C2C com-
munication systems, there are still open problems that remained unaddressed. Some
few problems are highlighted in the following.

• The entire analysis presented in this dissertation is based on the assumption
that the C2C channels are wide-sense stationary uncorrelated scattering. Al-
though the WSSUS assumption is still valid for a short observation time inter-
vals, it is of great importance to investigate C2C communications considering
the non-stationarity characteristics of C2C channels.

• The geometrical curved street scattering model for MIMO C2C communica-
tions was presented. However, measurements for curved road environments
are lacking, which are required for the validation of the curved model.

• Although, we provided expressions for the statistical properties of C2C chan-
nels, further studies are needed to obtain exact, simple and closed-form solu-
tions.

• In our performance investigations of Alamouti coded OFDM systems, we
have assumed perfect channel state information (CSI), which is not always
available in practice. Further research work is required to extend our per-
formance analysis to the case of unknown CSI. Additionally, extending the
Alamouti coded OFDM system to a general MIMO-OFDM system can also
be investigated in future work.
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• In recent years, there has been an upsurge of interest towards cooperative
communications, due to many advantages such as high data rate services,
diversity and multiplexing gains as well as infrastructure-less deployment.
Consequently, C2C communications has recently gained much attention of
researchers, standardization bodies, and industrial companies, since it offers
many applications. Hence, these applications are targeted to make transporta-
tion safer, more efficient, and more environmentally friendly. In this regard,
modeling and analysis of cooperative C2C communication channels are re-
quired for future C2C communications. In addition, the system performance
of cooperative C2C communications should be investigated in the future.
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H. Hofstetter, P. Kyösti, D. Laurenson, G. Matz, A. F. Molisch, C. Oest-
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A Geometric Street Scattering Channel Model for
Car-to-Car Communication Systems
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Abstract — This paper presents a geometric street scattering channel model
for car-to-car (C2C) communication systems under line-of-sight (LOS) and
non-LOS (NLOS) propagation conditions. Starting from the geometric model,
we develop a stochastic reference channel model, where the scatterers are uni-
formly distributed in rectangles in the form of stripes parallel to both sides of
the street. We derive analytical expressions for the probability density func-
tions (PDFs) of the angle-of-departure (AOD) and the angle-of-arrival (AOA).
We also investigate the Doppler power spectral density (PSD) and the autocor-
relation function (ACF) of the proposed model, assuming that the mobile trans-
mitter (MT) and the mobile receiver (MR) are moving, while the surrounding
scatterers are fixed. To validate the reference channel model, its Doppler pa-
rameters are compared to those of a real-world measured channel for urban
and rural areas. The numerical results show a good fitting of the theoretical
results to the computer simulations. The proposed geometry-based channel
model allows to study the effects of the street scatterers on the performance of
C2C communication systems.
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I. INTRODUCTION

C2C communications have recently received great attention due to some traffic
telematic applications that make transportation safer, more efficient, and more en-
vironmentally friendly [1]. Robust and reliable traffic telematic applications and
services require C2C wireless communication systems that can provide robust con-
nectivity. To develop such wireless communication systems and standards, accurate
channel models for the C2C communication systems are required. In this context,
several mobile-to-mobile (M2M) fading channels have been proposed, for example,
one-ring [2], two-ring [3], and elliptical [4] channel models. A two-dimensional
(2D) reference model for a single-input single-output (SISO) M2M Rayleigh fad-
ing channel has been proposed by Akki and Haber in [5]. In [6], a three-dimensional
(3D) model for wideband multiple-input multiple-output (MIMO) M2M channel is
studied. Its corresponding first- and second-order channel statistics have been in-
vestigated and validated by using an experimental MIMO M2M channel sounding
campaign.

In C2C communication systems, the transmitter and the receiver are in motion,
in this respect the underlying radio channel model differs from the traditional cellu-
lar channels. Consequently, new channel models are required for C2C communica-
tion systems. For instance, several geometry-based street models have been studied
and analyzed in [7–10]. Especially, the T-junction model has widely been investi-
gated by assuming different scattering scenarios. In [7], a geometry-based channel
model has been proposed, where scatterers are located in one line. A non-stationary
MIMO vehicular-to-vehicular (V2V) channel model based on the T-junction model
has been derived in [8]. The proposed channel model takes into account double-
bounced scattering from fixed scatterers. To study the statistical properties of the
proposed channel model, the Choi-Williams distribution has been used. In [11],
a GPS-enabled channel sounding platform for measuring V2V wireless channels
under LOS and NLOS propagation conditions has been presented.

In the literature, a number of fundamental channel models with different scat-
terer distributions, e.g., uniform, Gaussian, Laplacian, and von Mises, have been
used to characterize the AOD and AOA. For example, in [12] the author discusses
a Gaussian scatterer distribution model by assuming a circular scattering region
around a mobile station. It has also been analyzed the spatial and temporal proper-
ties of the first arrival path in multipath environments. The authors of [13] and [14]
focused on the modeling of narrowband and wideband SISO mobile fading chan-
nels for indoor radio propagation environments, respectively. It has been assumed
that scatterers are uniformly distributed in the 2D horizontal plane of a room. The



A – The Street Scattering Model for SISO C2C Fading Channels 63

base station is considered as the transmitter while the mobile station is the receiver.
In contrast to [13], in this paper, we propose a new geometric street scattering

channel model for outdoor propagation environments, while both the MT and the
MR are in motion. The main contribution of this paper is that it presents a geometric
street model with an infinite number of scatterers, which are uniformly distributed
in rectangles in the form of stripes parallel to both sides of the street. A typical
propagation scenario for the proposed model is shown in Fig. A.1, where the build-
ings and the trees can be considered as scatterers. The analytical expressions for the
PDFs of the AOD and the AOA, as well as the transmitter and the receiver Doppler
frequencies have been derived. We have also investigated the Doppler PSD and the
ACF of the proposed model. To confirm the correctness of the proposed model, the
Doppler parameters of the reference model have been compared to those of the mea-
sured channel in [11]. The numerical results show that the statistics of the proposed
model fit very well to those of the computer simulations.

The rest of this paper is organized as follows. Section II describes the geometric
street scattering model. In Section III, the reference channel model is reviewed. We
also study the statistical properties of the proposed geometry-based street scattering
model, such as the PDFs of the AOD and the AOA. In Section IV, the parameters
of a measurement-based model have been computed. The evaluation of the main
statistical properties of the proposed model is the topic of Section V. Finally, Sec-
tion VI provides the conclusion of the paper.

Tx

Rx

Figure A.1: A typical propagation scenario at a straight street.
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II. THE GEOMETRIC STREET SCATTERING MODEL

We consider the geometric street scattering model as depicted in Fig. A.2. In our
model, the geometric street scattering model describes the scattering environment
for an M2M channel, which constitutes the starting point for the derivation of the
reference model. We consider rectangle areas at both sides of the street with length
Ai (i = 1,2) and width Bi (i = 1,2). The MT and the MR are placed in the street
with distance D, denoted by D = xR +xT . We assume that the MT with coordinates
(xT ,yT ), moving with speed vT in the direction of the x-axis, is communicating with
the MR with coordinates (xR,yR), moving with speed vR in the opposite direction
of the x-axis. The transmitter (receiver) is located at a distance yT1 (yR1) from the
left-hand side of the street and at a distance yT2 (yR2) from the right-hand side of the
street. The symbols a and b stand for the AOD and the AOA, respectively.
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Figure A.2: Geometric street scattering model with local scatterers uniformly dis-
tributed in the rectangles at both sides of the street.
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III. THE GEOMETRIC STREET SCATTERING CHANNEL MODEL AND ITS

STATISTICAL PROPERTIES

In this section, we first review the reference channel model of M2M communi-
cation systems under LOS and NLOS propagation conditions. Then, we derive the
PDFs of the AOD and the AOA. Thereafter, by using the PDFs of the AOD and the
AOA, we obtain the PDFs of the transmitter and the receiver Doppler frequencies,
as well as the total Doppler frequency, which enables us to analyze the Doppler
PSD of the proposed geometric street scattering channel model.

A. Review of the Reference Channel Model

The reference channel model can be modeled by a complex process

µ

r

(t) = µ(t)+m(t) (A.1)

where µ(t) denotes the sum of the scattered components and m(t) represents the
LOS part. The LOS part of the received signal can generally be described by a
complex sinusoid (cisoid) of the form [14]

m(t) = re j(2p f
r

t+q

r

)
, (A.2)

where r , f
r

, and q

r

denote the amplitude, the Doppler frequency, and the phase
of the LOS part, respectively. If not otherwise stated, then it is supposed that the
parameters r , f

r

, and q

r

are constant; meaning that the LOS part m(t) is a time-
variant deterministic process.

Usually, it is assumed that the real and imaginary part of the scattered compo-
nent µ(t) are zero-mean Gaussian processes, each having the variance s

2
µ

/2. The
absolute value of µ

r

(t) in (A.1) leads to the Rice process, i.e., x (t) = |µ
r

(t)|. Un-
der NLOS conditions the Rice process x (t) reduces to the Rayleigh process, i.e.,
z (t) = |µ(t)| [15].

B. Derivation of the PDFs of the AOD and the AOA

We use boldface letters to denote random variables and normal letters for the val-
ues that the corresponding random variable can take. Let us assume that in Fig. A.2
the position of all scatterers in the rectangle is presented by (x,y). The positions of
the MT and the MR are denoted by (xT ,yT ) and (xR,yR), respectively, each having
non-zero positive value. Accordingly, the AOD a

a

a and the AOA b

b

b can be expressed
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as

a

a
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<

>

:

arctan yyy+yT
xxx+xT

, if xxx ��xT ,

p + arctan yyy+yT
xxx+xT

, if xxx < �xT and yyy ��yT ,

�p + arctan yyy+yT
xxx+xT

, if xxx > �xT and yyy < �yT ,

(A.3)

b

b

b =

8

>

<

>

:

arctan yyy�yR
xxx�xR

, if xxx � xR

p + arctan yyy�yR
xxx�xR

, if xxx < xR and yyy � yR,

�p + arctan yyy�yR
xxx�xR

, if xxx > xR and yyy < yR .

(A.4)

For ease of analysis of the AOD and the AOA, we shift the origin of the coordi-
nate system to the positions where the MT and the MR are located in Figs. (A.3a)
and in (A.3b), respectively. We introduce new coordinate systems for the MT and
the MR, where we have xxx0 = xxx + xT , yyy0 = yyy + yT and xxx00 = xxx � xR, yyy00 = yyy � yR,
respectively.
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Figure A.3: Geometric street scattering model: Illustrating a) the AOD a and b) the
AOA b .

It is mentioned in Section II that all scatterers are uniformly distributed in the
rectangle areas at both sides of the street. Hence, the random variables xxx0 and xxx00 are
also uniformly distributed over the ranges [�Ai/2 + xT ,Ai/2 + xT ], (i = 1,2) and
[�Ai/2�xR,Ai/2�xR], (i = 1,2), respectively; while yyy0 and yyy00 follow the uniform
distribution in the intervals [yT1 ,B1 + yT1 ][ [�B2 � yT2 ,�yT2 ] and [yR1 ,B1 + yR1 ][
[�B2 � yR2 ,�yR2 ], respectively. Thus, the densities pxxx0(x0), pxxx00(x00), pyyy0(y0), and
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pyyy00(y00) of xxx0, xxx00, yyy0, and yyy00, respectively, are given by

pxxx0(x0) =
1
Ai

, if yyy0 2 Ii, i = 1,2 , (A.5)

pxxx00(x00) =
1
Ai

, if yyy00 2 Ji, i = 1,2 , (A.6)

pyyy0(y0) = pyyy00(y00) =
1

B1 +B2
, (A.7)

where I1 = [yT1 ,B1 + yT1 ], I2 = [�B2 � yT2 ,�yT2 ], J1 = [yR1 , B1 + yR1 ],and J2 =

[�B2 � yR2 ,�yR2 ]. Assuming that the random variables xxx0, xxx00, yyy0, and yyy00 are inde-
pendent, the joint PDFs pxxx0yyy0(x0,y0) = pxxx0(x0) · pyyy0(y0) and pxxx00yyy00(x00,y00) = pxxx00(x00) ·
pyyy00(y00) of the random variables xxx0, yyy0 and xxx00, yyy00, respectively, can be expressed as

pxxx0yyy0(x0,y0) =
1

Ai(B1 +B2)
, if yyy0 2 Ii, i = 1,2 , (A.8)

pxxx00yyy00(x00,y00) =
1

Ai(B1 +B2)
, if yyy00 2 Ji, i = 1,2 . (A.9)

The transformation of the Cartesian coordinates (x0,y0) and (x00,y00) into polar
coordinates (z0,a) and (z00,b ) gives the joint PDFs pzzz0aaa(z0,a) and pzzz00bbb (z00,b ) of
zzz0 =

p

(xxx02 +yyy02) and zzz00 =
p

(xxx002 +yyy002) with the corresponding AOD a

a

a = arctan(yyy0/xxx0)
and AOA b

b

b = arctan(yyy00/xxx00), respectively. Hence, the joint PDFs pzzz0aaa(z0,a) and
pzzz00bbb (z00,b ) can be expressed as

pzzz0aaa(z0,a) =
z0

Ai(B1 +B2)
, if yyy0 2 Ii, i = 1,2 , (A.10)

pzzz00bbb (z00,b ) =
z00

Ai(B1 +B2)
, if yyy00 2 Ji, i = 1,2 . (A.11)

By integrating the joint PDFs pzzz0aaa(z0,a) and pzzz00aaa(z00,a) over z0 and z00, respectively,
we obtain the PDFs of the AOD a

a

a and AOA b

b

b , respectively, as

p
a

a

a

(a) =
z0max

2

2Ai(B1 +B2)
�

z0min
2

2Ai(B1 +B2)
, (A.12)

p
b

b

b

(b ) =
z00max

2

2Ai(B1 +B2)
�

z00min
2

2Ai(B1 +B2)
, (A.13)

where z0max, z0min (see Fig. (A.3a)), z00max, and z00min (see Fig. (A.3b)) stand for the
distance from the origin to the boundaries of the rectangle area.

Using the geometrical relationships, we derive an expression for z0max, z0min, z00max,
and z00min in form of a piecewise function depending on the AOD a and the AOA b ,
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respectively, and Ai, Bi. The AOD and AOA ranges are separated by dash lines in
Figs. (A.3a) and (A.3b), respectively. For brevity, we only present here the final
expressions for the PDFs of the AOD a

a

a in (A.31) and the AOA b

b

b in (A.32), which
can be found in Appendix A.A.
C. Derivation of the PDFs of the Transmitter and the Receiver Doppler Frequencies

Due to the assumption that the AOD a

a

a and the AOA b

b

b are random variables, it
follows that the corresponding transmitter and receiver Doppler frequencies defined
by

fff T = fT (aaa) = fTmax cos(aaa �jT ), (A.14)

fff R = fR(bbb ) = fRmax cos(bbb �jR), (A.15)

are also random variables. The quantities fTmax and fRmax stand for the maximum
Doppler frequencies of the transmitter and receiver, respectively, while jT ,and jR

denote the angles between the direction of the transmitter and receiver w.r.t the x-
axis, respectively.

The PDFs of the Doppler frequencies fff T and fff R, denoted by pfff T ( fT ) and pfff R( fR),
respectively, can easily be computed by using the fundamental theorem of trans-
formation of random variables [16]. Consequently, the PDFs pfff T ( fT ) and pfff R( fR)

can be defined as

pfff T ( fT ) =
m

Â
l=1

p
a

a

a

(a)

| ∂

∂a

|
a=al

(A.16)

pfff R( fR) =
v

Â
u=1

p
b

b

b

(b )

| ∂

∂b

|
b=bu

, (A.17)

where m and v are the number of the solutions of the equations in (A.16) and (A.17),
respectively, within the interval [�p,p). If fT  | fTmax | and fR  | fRmax | , we find
two real-valued solutions within the interval, which are known as

a1 = �a2 = arccos(
fT

fTmax

)+jT , (A.18)

b1 = �b2 = arccos(
fR

fRmax

)+jR, (A.19)

so that m = 2 and v = 2. After some mathematical computations and by using
(A.14)-(A.19), we find the following results for the PDFs pfff T ( fT ) and pfff R( fR)

pfff T ( fT ) =
p

a

a

a

(a1)+ p
a

a

a

(a2)
q

f 2
Tmax

� f 2
T

|
a1=�a2 , (A.20)
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pfff R( fR) =
p

b

b

b

(b1)+ p
b

b

b

(b2)
q

f 2
Rmax

� f 2
R

|
b1=�b2 . (A.21)

The final expressions for the densities pfff T ( fT ) [see (A.33)] and pfff R( fR) [see (A.34)]
are given in Appendix A.A.

Now, we introduce the total Doppler frequency, defined by fff = fff T + fff R, of
the geometric street scattering model. Consequently, the PDF pfff ( f ) of the sum fff =

fff T + fff R of two independent random variables, fff T and fff R is equal to the convolution
of their densities. To obtain the PDF pfff ( f ) of fff we use the characteristic functions
F fff T (w) and F fff R(w) of fff T and fff R, respectively, which are defined as

F fff T (w) = E
n

e jw fff T
o

=

•
Z

�•

pfff T ( fT )e jw fT d fT , (A.22)

F fff R(w) = E
n

e jw fff R
o

=

•
Z

�•

pfff R( fR)e jw fRd fR . (A.23)

By using (A.22) and (A.23), we can find the characteristic function F fff (w) of the
total Doppler frequency fff by the product of two characteristic functions as

F fff (w) = F fff T (w) ·F fff R(w) . (A.24)

Consequently, by using the Fourier transform inversion formula for (A.24), we can
derive the PDF pfff ( f ) of fff as

pfff ( f ) =
1

2p

•
Z

�•

F fff (w)e� jw f dw . (A.25)

Since no closed-form solution exists for the PDF pfff ( f ) in (A.25), this integral has
to be solved numerically.

D. Derivation of the Doppler PSD and the ACF

The Doppler PSD S
µ

r

µ

r

( f ) of the process µ

r

(t) in (A.1) can be presented as,

S
µ

r

µ

r

( f ) = S
µµ

( f )+r

2
d ( f � f

r

) (A.26)

which is the sum of the Doppler PSD S
µµ

( f ) of µ(t) and a weighted delta func-
tion at f = f

r

. In our model, we consider that the number of scatterers is infinite;
therefore, the Doppler PSD S

µµ

( f ) of the scattered component µ(t) is continu-
ous. According to [15], the mean power within an infinitesimal frequency interval
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d f can be represented by S
µµ

( f )d f . Therefore, due to
R •
�• S

µµ

( f )d f = s

2
µ

and
R •
�• pfff ( f )d f = 1, it follows the relation

S
µµ

( f ) = s

2
µ

pfff ( f ). (A.27)

By taking (A.27) into account and using (A.31), (A.32), (A.33), (A.34), and (A.25)
we compute the Doppler PSD S

µµ

( f ) of µ(t). Thus, the Doppler PSD S
µ

r

µ

r

( f ) of
µ

r

(t) can easily be derived by substituting (A.27) into (A.26).
From the S

µµ

( f ), we can directly compute the ACF of the scattered compo-
nents µ(t) by taking the inverse Fourier transform of the Doppler PSD S

µµ

( f ), i.e.,
r

µµ

(t) =
R •
�• S

µµ

( f )e j2p f td f . Consequently, we can express the ACF r
µ

r

µ

r

(t) in
terms of the ACF r

µµ

(t) of µ(t) as follows

r
µ

r

µ

r

(t) = r
µµ

(t)+r

2e j2p f
r

t

. (A.28)

IV. MEASUREMENT-BASED MODEL PARAMETERS

The objective of this section is to compute the model parameters Ai, Bi, yTi, yRi,
(i = 1,2), xR, xT , fTmax, and fRmax such that the average Doppler shift B(1)

µ

r

µ

r

and the

Doppler spread B(2)
µ

r

µ

r

of the reference model are close to those
⇣

B?(1)
µ

r

µ

r

and B?(2)
µ

r

µ

r

⌘

of the measured channel reported in [11]. To solve this parameter computation
problem, we compute the model parameters such that the following errors

E
B(1)

µ

r

µ

r

=
�

�

�

B?(1)
µ

r

µ

r

�B(1)
µ

r

µ

r

�

�

�

(A.29)
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µ
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B?(2)
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r

µ

r

�

�

�

(A.30)

become a minimum. Finally, measurement-based model parameters and the corre-
sponding Doppler parameters are listed in Table A.1.

V. NUMERICAL RESULTS

In this section, we will discuss the main theoretical results by evaluating the
Doppler PSD and the ACF of the proposed model. We consider a rectangle area at
both sides of the street with length A1 = A2 = 200 m and width B1 = B2 = 40 m
as our outdoor street model. All theoretical results have been obtained by choosing
s

2
µ

r

= s

2
µ

+ r

2 = 1, f
r

= 65 Hz, q

r

= 0�, jT = 0�, jR = 180�, and fmax = 182
Hz. The Rice factor cR = r

2
/s

2
µ

was chosen from the set {0,2,4}.
The theoretical results for the Doppler PSD S

µµ

( f ) in (A.27) of the channel’s
scattered component µ(t) are presented in Figs. A.4 and A.5 for the different length
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Table A.1: Measurement-based parameters of the geometrical street scattering
channel model and its Doppler statistics.

Model Propagation Environment
parameters Urban LOS Urban NLOS Rural LOS
A1 (A2) (m) 993 (992) 1027 (1007) 1014 (957)

B1 (B2) (m) 50 (50) 51 (50) 5 (5)

fTmax ( fRmax) (Hz) 165 (165) 144 (164) 523 (574)

xT (xR) (m) 101 (103) 109 (169) 51 (51)

yT 1 (yT 2) (m) 12 (8) 13 (8) 12 (8)

yR1 (yR2) (m) 8 (12) 8 (12) 8 (12)

r

2 0.8 - 0.8

f
r

(Hz) 65 - 66

s

2
µ

0.2 - 0.2

Measured average Doppler -20 [11] 103 [11] 201 [11]
shift B?(1)

µ

r

µ

r

(Hz)

Theoretical average Doppler -20 103 201
shift B(1)

µ

r

µ

r

(Hz)

Model Propagation Environment
parameters Urban LOS Urban NLOS Rural LOS
A1 (A2) (m) 3814 (3446) 418 (421) 1206 (1399)

B1 (B2) (m) 46 (43) 51 (47) 5 (5)

fTmax ( fRmax) (Hz) 164 (153) 152 (162) 482 (581)

xT (xR) (m) 105 (93) 209 (386) 51 (52)

yT 1 (yT 2) (m) 12 (8) 3 (12) 12 (8)

yR1 (yR2) (m) 7 (12) 7 (8) 8 (12)

r

2 0.9 - 0.8

f
r

(Hz) 59 - 67

s

2
µ

0.2 - 0.2

Measured Doppler 341 [11] 298 [11] 782 [11]
spread B?(2)

µ

r

µ

r

(Hz)

Theoretical Doppler 340.9 298 780
spread B(2)

µ

r

µ

r

(Hz)
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and width of the rectangles at both sides of the street. Figure A.4 illustrates that by
increasing the length Ai, (i = 1,2), the shape of the Doppler PSD at f > 0 becomes a
U shape. The Doppler PSD S

µµ

for different values of the area width Bi, (i = 1,2)

−200 −150 −100 −50 0 50 100 150 2000

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

0.045

0.05

Doppler frequency, f (Hz)

D
o
p
p
le

r
P

S
D

,
S

µ
µ
(f

)

 

 

Theory (A1=A2=200 m)

Simulation (A1=A2=200 m)

Theory (A1=A2=300 m)

Simulation (A1=A2=300 m)

Theory (A1=A2=400 m)

Simulation (A1=A2=400 m)

B1=B2=40 m
xR=xT=50 m
yR1=yT2=4 m
yR2=yT1=8 m

Figure A.4: Doppler PSD S
µµ

( f ) of µ(t) for different values of the area length
A1 = A2 (B1 = B2 = 40 m, xR = xT = 50 m, yR1 = yT 2 = 4 m, and yR2 = yT 1 = 8 m).

are demonstrated in Fig. A.5. It shows that for different Bi values, the Doppler PSD
gets its maximum peaks at f = fmax. The shape of the Doppler PSD resembles a
Gaussian shape when the length of Bi is very large.

The theoretical results demonstrated in Figs. A.4 and A.5 are also confirmed
by simulations. In the simulation, we generate the scatterers, which are uniformly
randomly distributed in the rectangles. The locations of the scatterers have been
determined by outcomes of a random generator with uniform distribution in the in-
tervals [�Ai/2+xT ,Ai/2+xT ], (i = 1,2) ([�Ai/2�xR,Ai/2�xR], (i = 1,2)) and
[yT1 ,B1 + yT1 ][ [�B2 � yT2 ,�yT2 ] ([yR1 ,B1 + yR1 ][ [�B2 � yR2 ,�yR2 ]). By using
(A.3), (A.4), (A.14), and (A.15), we can obtained the densities of the transmitter
(receiver) Doppler frequencies. Thereafter, we can find the total Doppler frequen-
cies, i.e., f = fT + fR. Finally, we can numerically compute the Doppler PSD by
means of (A.27).

Figure A.6 shows the absolute value of the ACF r
µ

r

µ

r

(t) of the process µ

r

(t)
by considering different values for the Rice factor cR. As shown in Fig. A.6, under
NLOS condition (cR = 0) the curve of the ACF fluctuates with less peaks by gradu-
ally decreasing while the time lag increases. The obtained theoretical results in Fig.
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A.6 have also been confirmed by computer simulations.

VI. CONCLUSION
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We designed the geometric street scattering channel model with local scatterers,
which are uniformly distributed in the rectangles in the form of stripes parallel to
both sides of the street. We have derived analytical expressions for the PDFs of the
AOD (AOA) and the transmitter (receiver) Doppler frequencies. By obtaining the
PDF of the total Doppler frequency, we have numerically computed the Doppler
PSD and the ACF of the proposed geometric street scattering model. For the dif-
ferent size of scattering ranges we have studied the Doppler PSD of the proposed
model. We have also validated our model by fitting the Doppler parameters of the
reference model to those of the measured one. Numerical results show that the
theoretical results of the proposed model fit very well to the computer simulations.
To design an efficient C2C channel model, the properties of the wireless multipath
environments are of great importance. Therefore, the distribution behavior of the
scatterers and scattering regions play a key role in the design of future C2C com-
munication systems.

APPENDIX A.A

In this appendix, we provide the final results for the PDFs of the AOD a

a

a and
the AOA b

b

b , as well as the transmitter and the receiver Doppler frequencies fff T and
fff R, respectively.
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THE FINAL EXPRESSIONS FOR THE PDFS OF THE AOD a
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where g1(a) = 2(B1 +B2)cos2(a) and g2(a) = 2(B1 +B2)sin2(a) .
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where g1(b ) = 2(B1 +B2)cos2(b ) and g2(b ) = 2(B1 +B2)sin2(b ) .
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THE FINAL EXPRESSIONS FOR THE PDFS OF THE TRANSMITTER AND THE

RECEIVER DOPPLER FREQUENCIES
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Abstract — In this paper, we propose a wideband multiple-input multiple-
output (MIMO) car-to-car (C2C) channel model based on the geometrical street
scattering model. Starting from the geometrical model, a MIMO reference
channel model is derived under the assumption of single-bounce scattering
in line-of-sight (LOS) and non-LOS (NLOS) propagation environments. The
proposed channel model assumes an infinite number of scatterers, which are
uniformly distributed in two rectangular areas located on both sides of the
street. Analytical solutions are presented for the space-time-frequency cross-
correlation function (STF-CCF), the two-dimensional (2D) space CCF, the time-
frequency CCF (TF-CCF), the temporal autocorrelation function (ACF), and
the frequency correlation function (FCF). An efficient sum-of-cisoids (SOC)
channel simulator is derived from the reference model. It is shown that the
temporal ACF and the FCF of the SOC channel simulator fit very well to the
corresponding correlation functions of the reference model. To validate the
proposed channel model, the mean Doppler shift and the Doppler spread of
the reference model have been matched to real-world measurement data. The
comparison results demonstrate an excellent agreement between theory and
measurements, which confirms the validity of the derived reference model. The
proposed geometry-based channel simulator allows us to study the effect of
nearby street scatterers on the performance of C2C communication systems.
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I. INTRODUCTION

C2C communications is an emerging technology, which receives considerable
attention due to new traffic telematic applications that improve the efficiency of traf-
fic flow and reduce the number of road accidents [1]. The development of C2C com-
munication technologies is supported in Europe by respected organizations, such as
the European Road Transport Telematics Implementation Coordinating Organiza-
tion (ERTICO) [2] and the C2C Communication Consortium (C2C-CC) [3]. In this
context, a large number of research projects focussing on C2C communications are
currently being carried out throughout the world.

In C2C communication systems, the underlying radio channel differs from tra-
ditional fixed-to-mobile and mobile-to-fixed channels in the way that both the trans-
mitter and the receiver are in motion. In this connection, robust and reliable traf-
fic telematic systems have to be developed and tested, which calls for new chan-
nel models for C2C communication systems. Furthermore, MIMO communication
systems can also be of great interest for C2C communications due to their higher
throughput [4]. In this regard, several MIMO mobile-to-mobile (M2M) channel
models have been developed and analyzed under different scattering conditions
imposed, for example, by the two-ring model [5], the elliptical model [6], the T-
junction model [7], and the geometrical street model [8, 9]. A 2D reference model
for narrowband single-input single-output (SISO) M2M Rayleigh fading channels
has been proposed by Akki and Haber in [10, 11]. Simulation models for SISO
M2M channels have been reported in [12] and [13]. In [5, 14, 15], the 2D reference
and simulation models have been presented for narrowband MIMO M2M channels.
The proposed model in [15] combines the two-ring model and the elliptical model,
where a combination of single- and double-bounce scattering in LOS propagation
environments is assumed.

All aforementioned channel models are narrowband M2M channel models. In
contrast with narrowband channels, a channel is called a wideband channel or
frequency-selective channel if the signal bandwidth significantly exceeds the co-
herence bandwidth of the channel. Owing to increasing demands for high data rate
wideband communication systems employing MIMO technologies, such as MIMO
orthogonal frequency division multiplexing (OFDM) systems, it is of crucial im-
portance to have accurate and realistic wideband MIMO M2M channel models.
According to IEEE 802.11p [16], the dedicated frequency bands for short range
communications [17] will be between 5770 MHz and 5925 MHz depending on the
region. The range 5795–5815 MHz will be devoted to Europe, while 5850–5925
MHz and 5770–5850 MHz will be assigned to North America and Japan, respec-
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tively. Consequently, a large number of C2C channel measurements have been car-
ried out at different frequency bands, for example, at 2.4 GHz [18], 3.5 GHz [19],
5 GHz [20, 21], 5.2 GHz [22], and 5.9 GHz [23]. Real-world measurement cam-
paigns for wideband C2C channels can be found in [24–27]. In the literature, there
exist several papers [28–30] with the focus on the modeling of wideband MIMO
M2M channels. A reference model derived from the geometrical T-junction scatter-
ing model has been proposed in [7] for wideband MIMO vehicle-to-vehicle (V2V)
fading channels. In [29], a three-dimensional (3D) model for a wideband MIMO
M2M channel has been studied. Its corresponding first- and second-order statistics
have been investigated and validated on the basis of real-world measurement data.
In the same paper, it has been shown that 3D scattering scenarios are more realistic
than 2D scattering scenarios. However, 2D scattering models are more complexity
efficient and they provide a good approximation to 3D scattering models [31]. For
those reasons, we propose in our paper a 2D street scattering model.

In the literature, numerous fundamental channel models with different scatterer
distributions, such as the uniform, Gaussian, Laplacian, and von Mises distribution,
have been proposed to characterize the angle-of-departure (AOD) and the angle-of-
arrival (AOA) statistics. In [32], the author studied the effect of Gaussian distributed
scatterers on the channel characteristics in a circular scattering region around a mo-
bile station. The spatial and temporal properties of the first arrival path in multipath
environments have also been analyzed in [32]. The authors of [9] assume rect-
angular scattering areas on both sides of the street, in which an infinite number
of scatterers are uniformly distributed. It has been observed that the shape of the
Doppler power spectral density (PSD) resembles a Gaussian function if the width
of the scattering area is very large.

In contrast to our previous work in [9], where the focus was on the derivation
of a reference channel model for a narrowband SISO C2C channels, we design in
this paper a wideband MIMO C2C channel model by starting from the same ge-
ometrical street scattering model. We focus on the statistical characterization of
a wideband reference channel model assuming that an infinite number of scatter-
ers are uniformly distributed within two rectangular areas. The radio propagation
phenomena in street environments are modelled by a wide-sense stationary uncorre-
lated scattering process, where in addition a LOS component is taken into account.
The reference model has been derived from the geometrical street scattering model
assuming that the AOD and the AOA are dependent due to single-bounce scatter-
ing. To account for the nature of C2C channels, we take the mobility of both the
transmitter and the receiver for granted.
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In our model, we consider a 2D street scattering environment to reduce the com-
putational cost by still guaranteeing a good match between the reference model and
measured channels. A typical propagation scenario for the proposed model is il-
lustrated in Fig. B.1, where the buildings and the trees are considered as scattering
objects. Such a typical densely urban environment scenario allows us to assume that
the local scatterers are uniformly distributed in a specific area. An analytical expres-
sion will be derived for the STF-CCF from which the 2D space CCF, the TF-CCF,
the temporal ACF, and the FCF can be obtained directly. To validate the proposed
reference model, the mean Doppler shift and the Doppler spread of the reference
model have been matched to the corresponding quantities of the measured chan-
nel described in [25] for different propagation environments, such as urban, rural,
and highway areas. Furthermore, we have derived an SOC channel simulator from
the reference model. It is shown that the designed channel simulator matches the
underlying reference model with respect to the temporal ACF and the FCF.

The rest of this paper is organized as follows. Section II describes the geomet-
rical street scattering model. In Section III, the reference channel model is derived
from the geometrical street model. Section IV analyzes the correlation properties of
the reference model, such as the STF-CCF, the 2D space CCF, the TF-CCF, the tem-
poral ACF, and the FCF. The computation of the measurement-based model param-
eters and the characteristic quantities describing the Doppler effect are discussed
in Section V. Section VI describes briefly the simulation model derived from the
reference model. The illustration of some numerical results found for the correla-
tion functions of the reference model and the corresponding simulation model is the
topic of Section VII. Finally, Section VIII draws the conclusion of the paper.

TMS

RMS

Figure B.1: A typical propagation scenario along a straight street in urban areas.
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II. THE GEOMETRICAL STREET SCATTERING MODEL

This section briefly describes the geometrical street scattering model for wide-
band MIMO C2C channels. The proposed geometrical model describes the scatter-
ing environment in an urban area, where the scatterers are located in two rectangular
areas on both sides of the street as illustrated in Fig. B.2. We consider rectangular
grids formed by rows and columns, where the length and the width of the rectangu-
lar grids are denoted by LA = A1 + A2 and Bi (i = 1,2), respectively. The scatterer
located in the mth column of the nth row is denoted by S(mn) (m = 1,2, . . . ,M, n =

1,2, . . . ,N). It is assumed that the local scatterers S(mn) are uniformly distributed in
the rectangles. The symbols MST and MSR in Fig. B.2 stand for the mobile trans-
mitter and the mobile receiver, respectively. The symbol D represents the scalar
projection of the distance between the transmitter and the receiver onto the x-axis.
The transmitter (receiver) is located at a distance yT1 (yR1) from the left-hand side
of the street and at a distance yT2 (yR2) from the right-hand side of the street. Both
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Figure B.2: Geometrical street scattering model with local scatterers uniformly dis-
tributed in two rectangular areas on both sides of the street.

the transmitter and the receiver are in motion and equipped with MT transmitter
antenna elements and MR receiver antenna elements, respectively. The antenna ele-
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ment spacings at the transmitter and the receiver are denoted by dT and dR, respec-
tively. The symbols a

(mn)
T and a

(mn)
R denote the AOD and the AOA, respectively.

The angle gT (gR) describes the tilt angle of the transmitter (receiver) antenna array.
Moreover, it is assumed that the transmitter (receiver) moves with speed vT (vR) in
the direction determined by the angle of motion j

T
v (jR

v ).

III. THE REFERENCE MODEL

A. Derivation of the Reference Model

In this section, we derive the reference model for the MIMO C2C channel un-
der the assumption of LOS and NLOS propagation conditions. From Fig. B.2, we
can realize that the (mn)th homogeneous plane wave emitted from the lth antenna
element A(l)

T (l = 1, 2, . . . , MT ) of the transmitter travels over the local scatterer
S(mn) before impinging on the kth antenna element A(k)

R (k = 1, 2, . . . , MR) of the
receiver. The reference model is based on the assumption that the number of local
scatterers within both rectangular areas is infinite, i.e., M,N ! •. The temporal,
spatial, and frequency characteristics of the reference model are determined by the
MR ⇥MT channel matrix HHH( f 0, t) = [Hkl( f 0, t)]MR⇥MT , where Hkl( f 0, t) denotes the
time-variant transfer function (TVTF) of the channel for the link between the lth
transmitter antenna element A(l)

T and the kth receiver antenna element A(k)
R . The

TVTF Hkl( f 0, t) can be expressed as a superposition of the diffuse component and
the LOS component as follows

Hkl( f 0, t) = HDIF
kl ( f 0, t)+HLOS

kl ( f 0, t) (B.1)

where HDIF
kl ( f 0, t) and HLOS

kl ( f 0, t) represent the diffuse and the LOS components of
the channel, respectively.

Note that the single-bounce scattering components bear more energy than the
double-bounce scattering components. Hence, in our analysis, we model the dif-
fuse component HDIF

kl ( f 0, t) by only taking into account the single-bounce scatter-
ing effects, which is in accordance with the assumptions made in [28, 33]. From the
geometrical street scattering model shown in Fig. B.2, we can derive the TVTF of
the diffuse component, which results in the following expression

HDIF
kl ( f 0, t) = lim

M,N!•

1
p

(cR +1)MN

M,N

Â
m,n=1

al,mnbk,mncmn

·e j
h

qmn+2p

⇣

f (mn)
T + f (mn)

R

⌘

t�2p f 0t 0(mn)
kl

i

(B.2)
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where

al,mn = e jp(dT /l )(MT�2l+1)cos
⇣

a

(mn)
T �gT

⌘

(B.3)

bk,mn = e jp(dR/l )(MR�2k+1)cos
⇣

a

(mn)
R �gR

⌘

(B.4)

cmn = e
� j 2p

l

0

@

yT1

sin
✓

a

(mn)
T

◆+
yR1

sin
✓

a

(mn)
R

◆

1

A

(B.5)

f (mn)
T = fTmax cos

⇣

a

(mn)
T �j

T
v

⌘

(B.6)

f (mn)
R = fRmax cos

⇣

a

(mn)
R �j

R
v

⌘

(B.7)

t

0(mn)
kl =

1
c0

h

D(l,mn)
T +D(mn,k)

R

i

. (B.8)

In (B.6) and (B.7), the symbols fTmax = vT /l and fRmax = vR/l denote the maxi-
mum Doppler frequencies associated with the movement of the transmitter and the
receiver, respectively, and l is the wavelength. The symbol cR in (B.2) represents
the Rice factor, which is defined as the ratio of the power of the LOS component to
the power of the diffuse component, i.e., cR = E{|HLOS

kl ( f ,0 t) |2}/E{|HDIF
kl ( f ,0 t) |2

}. The phases qmn in (B.2) denote the phase shift introduced by the scatterer S(mn).
It is assumed that the phases qmn are independent, identically distributed (i.i.d.) ran-
dom variables, which are uniformly distributed over the interval [0,2p). The sym-
bols t

0(mn)
kl and c0 represent the propagation delays of the diffuse component and

the speed of light, respectively. In (B.8), the quantity D(l,mn)
T stands for the distance

from the lth transmitter antenna element A(l)
T to the scatterer S(mn), while D(mn,k)

R is
the distance between the scatterer S(mn) and the kth receiver antenna element A(k)

R .
It is assumed that (MT �1)dT ⌧ min{yT 1,yT 2} and (MR �1)dR ⌧ min{yR1,yR2}.
These assumptions, together with the approximation

p
1+ x ⇡ 1 + x/2 (x ⌧ 1),

allow us to approximate the two distances D(l,mn)
T and D(mn,k)

R as follows

D(l,mn)
T ⇡ D(mn)

T � (MT �2l +1)(dT /2)cos(a
(mn)
T � gT ) (B.9)

D(mn,k)
R ⇡ D(mn)

R � (MR �2k +1)(dR/2)cos(a
(mn)
R � gR) (B.10)

where D(mn)
T and D(mn)

R are given by D(mn)
T =

yT1

sin(a
(mn)
T )

and D(mn)
R =

yR1

sin(a
(mn)
R )

, re-

spectively.

It is noteworthy that one can also find articles [11, 34], in which only double-
bounce scattering is assumed for M2M communications. However, by following
a similar approach as in [15], one can easily extend our analysis on the basis of
single-bounce scattering to the case of double-bounce scattering, and thus also to a
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combination of single- and double-bounce scattering.

The TVTF of the LOS component is given by

HLOS
kl ( f 0, t) =

r

cR

(cR +1)
e j
h

2p( f (0)
T + f (0)

R )t� 2p

l

Dkl�2p f 0t 0(0)
kl

i

(B.11)

where

f (0)
T = fTmax cos

⇣

a

(0)
T �j

T
v

⌘

(B.12)

f (0)
R = fRmax cos

⇣

a

(0)
R �j

R
v

⌘

(B.13)

Dkl = D0 � (MT �2l +1)
dR

2
cos(gT )

+(MR �2k +1)
dR

2
cos(gR) (B.14)

D0 =
q

D2 +(yT1 � yR1)
2 (B.15)

In (B.11), f (0)
T and f (0)

R denote the Doppler shifts of the LOS component caused
by the movement of the transmitter and the receiver, respectively. The symbols
a

(0)
T and a

(0)
R in (B.12) and (B.13) represent the AOD and the AOA of the LOS

component, respectively. Finally t

0(0)
kl denotes the propagation delay of the LOS

component. The delay of the LOS component is defined by t

0(0)
kl = Dkl/c0 with

Dkl being the length of the direct path from the lth transmitter antenna element
A(l)

T to the kth receiver antenna element A(k)
R . The symbol D0 in (B.14) denotes the

Euclidean distance between the transmitter and the receiver. According to [35], the
LOS component HLOS

kl ( f 0, t) is assumed to be a deterministic process, while the
diffuse component HDIF

kl ( f 0, t) is a stochastic process.

B. Derivation of the AOD and the AOA

The position of all local scatterers S(mn) is described by the Cartesian coordi-
nates (xm,yn). In the reference model, the coordinates xm and yn are independent
random variables, which are determined by the distribution of the local scatterers.
With reference to Fig. B.2, we take into account that due to single-bounce scattering
the AOD a

(mn)
T and the AOA a

(mn)
R are dependent. By using the trigonometric iden-

tities, we can express the AOD a

(mn)
T and the AOA a

(mn)
R in terms of the coordinates

(xm,yn) of the local scatterers S(mn) as follows

a

(mn)
T (xm,yn) =

(

g(xm,yn), if yn 2 Ji , xm 2 [0,A2]

(�1)i+1
p +g(xm,yn) , if yn 2 Ji , xm 2 [�A1,0]

(B.16)
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a

(mn)
R (xm,yn) =

(

f (xm,yn), if yn 2 Ji , xm 2 [D,A2]

(�1)i+1
p + f (xm,yn), if yn 2 Ji , xm 2 [�A1,D]

(B.17)

for i = 1,2, where J1 = [yT1 ,yT1 +B1], J2 = [�yT2 �B2,�yT2 ], and

g(xm,yn) = arctan
yn

xm
(B.18)

f (xm,yn) = arctan
yn � yT1 + yR1

xm �D
. (B.19)

IV. CORRELATION PROPERTIES OF THE REFERENCE MODEL

In this section, we derive a general analytical solution for the STF-CCF, from
which other correlation functions, such as the 2D space CCF, the TF-CCF, the tem-
poral ACF, and the FCF can easily be derived.

A. Derivation of the STF-CCF

According to [10], the STF-CCF of the links A(l)
T � A(k)

R and A(l0)
T � A(k0)

R is
defined as the correlation between the channel transfer functions Hkl( f 0, t) and
Hk0l0( f 0, t), i.e.,

rkl,k0l0(dT ,dR,n

0
,t) = E{H⇤

kl( f 0, t)Hk0l0( f 0 +n

0
, t + t)}

= r

DIF
kl,k0l0(dT ,dR,n

0
,t)+r

LOS
kl,k0l0(dT ,dR,n

0
,t) (B.20)

where (⇤) denotes the complex conjugate operator and E{·} stands for the expec-
tation operator that applies to all random variables: the phases {qmn} and the coor-
dinates (xm,yn) of the scatterers S(mn). The first term r

DIF
kl,k0l0(dT ,dR,t,n

0) represents
the STF-CCF of the diffuse component. This correlation function can be expressed,
after substituting (B.2) in (B.20), by

r

DIF
kl,k0l0(dT ,dR,n

0
,t) = lim

M,N!•

1
(cR +1)MN

M,N

Â
m,n=1

E
n

c(mn)
ll0 d(mn)

kk0

·e j2p

h⇣

f (mn)
T + f (mn)

R

⌘

t�n

0
t

0(mn)
kl

i

�

(B.21)

where

c(mn)
ll0 = e j2p(dT /l )(l�l0)cos

⇣

a

(mn)
T �gT

⌘

(B.22)

d(mn)
kk0 = e j2p(dR/l )(k�k0)cos

⇣

a

(mn)
R �gR

⌘

. (B.23)
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The quantities f (mn)
T , f (mn)

R , and t

0(mn)
kl are given by (B.6), (B.7), and (B.8), respec-

tively. We recall that the AOD a

(mn)
T and the AOA a

(mn)
R can be expressed in terms

of the random variables xm and yn according to (B.16) and (B.17), respectively.

In Section II, it has been mentioned that all scatterers are uniformly distributed
in the two rectangular areas on both sides of the street, as illustrated in Fig. B.2.
Hence, the random variables xm and yn are also uniformly distributed over the rect-
angular areas. If the number of scatterers tends to infinity, i.e., M,N ! •, then the
discrete random variables xm and yn become continuous random variables denoted
by x and y, respectively. Thus, the probability density functions (PDFs) px(x) and
py(y) of x and y, respectively, are given by

px(x) =
1

LA
, if x 2 [�A1,A2] (B.24)

py(y) =

8

<

:

1
2B1

, if y 2 [yT1 ,B1 + yT1 ]

1
2B2

, if y 2 [�B2 � yT2 ,�yT2 ]

(B.25)

where LA = A1 +A2. Assuming that the random variables x and y are independent,
the joint PDF pxy(x,y) of the random variables x and y can be expressed as a product
of the marginal PDFs px(x) and py(y), i.e.,

pxy(x,y) = px(x) · py(y)

=

8

<

:

1
2LAB1

, if x 2 [�A1,A2] , y 2 [yT1 ,B1 + yT1 ]

1
2LAB2

, if x 2 [�A1,A2] , y 2 [�B2 � yT2 ,�yT2 ] .

(B.26)

The infinitesimal power of the diffuse component corresponding to the differen-
tial axes dx and dy is proportional to pxy(x,y)dxdy. As M,N ! •, this infinitesimal
contribution must be equal to 1/MN = pxy(x,y)dxdy. Consequently, it follows from
(B.21) that the STF-CCF of the diffuse component can be expressed as

r

DIF
kl,k0l0(dT ,dR,n

0
,t) =

1
2LAB1(cR +1)

yT1+B1
Z

yT1

A2
Z

�A1

cDIF
ll0 (dT ,x,y)dDIF

kk0 (dR,x,y)

·e j2p[( fT (x,y)+ fR(x,y))t�n

0
t

0
kl(x,y)]dxdy

+
1

2LAB2(cR +1)

�yT2
Z

�B2�yT2

A2
Z

�A1

cDIF
ll0 (dT ,x,y)dDIF

kk0 (dR,x,y)

·e j2p[( fT (x,y)+ fR(x,y))t�n

0
t

0
kl(x,y)]dxdy (B.27)
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where

cDIF
ll0 (dT ,x,y) = e j2p(dT /l )(l�l0)cos(aT (x,y)�gT ) (B.28)

dDIF
kk0 (dR,x,y) = e j2p(dR/l )(k�k0)cos(aR(x,y)�gR) (B.29)

fT (x,y) = fTmax cos
�

aT (x,y)�j

T
v
�

(B.30)

fR(x,y) = fRmax cos
�

aR(x,y)�j

R
v
�

(B.31)

t

0
kl(x,y) =

1
c0

h

D(l)
T (x,y)+D(k)

R (x,y)
i

. (B.32)

Using the functions in (B.9) and (B.10), the distances D(l)
T (x,y) and D(k)

R (x,y) can
be expressed as

D(l)
T (x,y) ⇡ yT1

sin(aT (x,y))
� (MT �2l +1)(dT /2)cos(aT (x,y)� gT ) (B.33)

D(k)
R (x,y) ⇡ yR1

sin(aR(x,y))
� (MR �2k +1)(dR/2)cos(aR(x,y)� gR) . (B.34)

In (B.20), the quantity r

LOS
kl,k0l0(dT ,dR,t,n

0), which represents the STF-CCF of
the LOS component, can be written as

r

LOS
kl,k0l0(dT ,dR,n

0
,t) =

cR

(cR +1)
c(0)

ll0 (dT )d(0)
kk0 (dR)

·e j2p

h⇣

f (0)
T + f (0)

R

⌘

t�n

0
t

0(0)
kl

i

(B.35)

where

c(0)
ll0 (dT ) = e j2p(dT /l )(l�l0)cos(gT ) (B.36)

d(0)
kk0 (dR) = e� j2p(dR/l )(k�k0)cos(gR)

. (B.37)

The Doppler shifts f (0)
T and f (0)

R are given by (B.12) and (B.13), respectively.
B. Derivation of the 2D Space CCF

The 2D space CCF rkl,k0l0(dT ,dR) is defined as rkl,k0l0(dT ,dR) = E{H⇤
kl( f 0, t)Hk0l0( f 0, t)},

which is equal to the STF-CCF rkl,k0l0(dT ,dR,n

0
,t) in (B.20) by setting n

0 and t to
zero, i.e.,

rkl,k0l0(dT ,dR) = rkl,k0l0(dT ,dR,0,0)

=
1

2LAB1(cR +1)

yT1+B1
Z

yT1

A2
Z

�A1

cDIF
ll0 (dT ,x,y)dDIF

kk0 (dR,x,y)dxdy
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+
1

2LAB2(cR +1)

�yT2
Z

�B2�yT2

A2
Z

�A1

cDIF
ll0 (dT ,x,y)dDIF

kk0 (dR,x,y)dxdy

+
cR

(cR +1)
c(0)

ll0 (dT )d(0)
kk0 (dR) . (B.38)

C. Derivation of the TF-CCF

The TF-CCF of the transmission link from A(l)
T (l = 1,2, . . . ,MT ) to A(k)

R (k =

1,2, . . . ,MR) is defined by rkl(n
0
,t) := E{H⇤

kl( f 0, t)Hkl( f 0 + n

0
, t + t)} [36]. The

TF-CCF can be obtained directly from the STF-CCF [see (B.20)] by setting the
antenna element spacings dT and dR to zero, i.e.,

rkl(n
0
,t) = r

DIF
kl,k0l0(0,0,n

0
,t)+r

LOS
kl,k0l0(0,0,n

0
,t)

=
1

2LAB1(cR +1)

yT1+B1
Z

yT1

A2
Z

�A1

e j2p[( fT (x,y)+ fR(x,y))t�n

0
t

0
kl(x,y)]dxdy

+
1

2LAB2(cR +1)

�yT2
Z

�B2�yT2

A2
Z

�A1

e j2p[( fT (x,y)+ fR(x,y))t�n

0
t

0
kl(x,y)]dxdy

+
cR

(cR +1)
e j2p

⇣

f (0)
T + f (0)

R

⌘

te� j2pn

0
t

0(0)
kl

. (B.39)

D. Derivation of the Temporal ACF and the Doppler PSD

The temporal ACF of the transmission link from A(l)
T (l = 1,2, . . . ,MT ) to A(k)

R
(k = 1,2, . . . ,MR) is defined by rkl(t) := E{H⇤

kl( f 0, t)Hkl( f 0, t + t)} [36, p. 376].
The temporal ACF can be obtained directly from the TF-CCF [see (B.39)] by setting
at n

0 to zero, i.e., rkl(t) = rkl(t,0), which gives

rkl(t) =
1

2LAB1(cR +1)

yT1+B1
Z

yT1

A2
Z

�A1

e j2p[ fT (x,y)+ fR(x,y)]tdxdy

+
1

2LAB2(cR +1)

�yT2
Z

�B2�yT2

A2
Z

�A1

e j2p[ fT (x,y)+ fR(x,y)]tdxdy

+
cR

(cR +1)
e j2p

⇣

f (0)
T + f (0)

R

⌘

t

. (B.40)

Notice that the expression in (B.40) reveals that the ACF rkl(t) is independent of k
and l.
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Computing the Fourier transform of the temporal ACF rkl(t) results in the
Doppler PSD Skl( f ), i.e.,

Skl( f ) =

•
Z

�•

rkl(t)e� j2p f tdt . (B.41)

The two most important statistical quantities characterizing the Doppler PSD
Skl( f ) are the average Doppler shift B(1)

kl and the Doppler spread B(2)
kl [35]. The

average Doppler shift B(1)
kl is defined as the first moment of Skl( f ), which can be

expressed as follows

B(1)
kl =

•
R

�•
f Skl( f )d f

•
R

�•
Skl( f )d f

. (B.42)

The Doppler spread B(2)
kl is defined as the square root of the second central mo-

ment of Skl( f ), which can be written as

B(2)
kl =

v

u

u

u

u

u

t

•
R

�•

⇣

f �B(1)
kl

⌘2
Skl( f )d f

•
R

�•
Skl( f )d f

. (B.43)

E. Derivation of the FCF

The frequency characteristics of the reference model are described by the FCF
rkl(n

0). The FCF rkl(n
0) of the transmission link from A(l)

T to A(k)
R is defined by

rkl(n
0) := E{H⇤

kl( f 0, t)Hkl( f 0 + n

0
, t)} for all l = 1,2, . . . ,MT and k = 1,2, . . . ,MR.

This function can be obtained directly from the TF-CCF [see (B.39)] by setting t to
zero, i.e., rkl(n

0) = rkl(0,n

0), which results in

rkl(n
0) =

1
2LAB1(cR +1)

yT1+B1
Z

yT1

A2
Z

�A1

e� j2pn

0
t

0
kl(x,y)dxdy

+
1

2LAB2(cR +1)

�yT2
Z

�B2�yT2

A2
Z

�A1

e� j2pn

0
t

0
kl(x,y)dxdy

+
cR

(cR +1)
e� j2pn

0
t

0(0)
kl

. (B.44)
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In contrast to the temporal ACF rkl(t), the FCF rkl(n
0) depends on k and l.

V. MEASUREMENT-BASED COMPUTATION OF THE MODEL PARAMETERS

The objective of this section is to determine the set of model parameters P =

{A1,A2,B1,B2, yT1 ,yT2 ,yR1 ,yR2 ,D, fTmax , fRmax ,cR} describing the reference model
in such a way that the average Doppler shift B(1)

kl and the Doppler spread B(2)
kl of

the reference model match the corresponding quantities
⇣

B?(1)
kl and B?(2)

kl

⌘

of the
measured channel reported in [25]. To determine the set of model parameters P ,
we minimize the following error

Emin = W1E
B(1)

kl
+W2E

B(2)
kl

(B.45)

where W1 and W2 denote the weighting factors. The symbols E
B(1)

kl
and E

B(2)
kl

in
(B.45) stand for the absolute errors of the average Doppler shift and Doppler spread,
respectively, which are defined as

E
B(1)

kl
= argmin

P

�

�

�

B?(1)
kl �B(1)

kl

�

�

�

(B.46)

E
B(2)

kl
= argmin

P

�

�

�

B?(2)
kl �B(2)

kl

�

�

�

. (B.47)

In (B.46) and (B.47), the notation argmin
x

f (x) stands for the argument of the
minimum, which is the set of points of the given argument for which f (x) reaches
its minimum value. At the beginning of the optimization procedure, the weighting
factors W1 and W2 are selected arbitrarily, but such that they satisfy the equality
W1 +W2 = 1. If the error E

B(i)
kl

(i = 1,2) in (B.45) is large, then we reduce the
corresponding weighting factor Wi and vice versa. We continue the optimization
procedure until the result in (B.45) reaches an error floor, meaning that the aver-
age Doppler shift and the Doppler spread of the reference model match best the
measured average Doppler shift and the measured Doppler spread, respectively.

For the measured channels in [25], the resulting optimized model parameters
and the corresponding average Doppler shift and Doppler spread are listed in Ta-
ble B.1. The results found for the reference model demonstrate an excellent fitting
to real-world measured channels for rural, urban, and highway propagation areas,
which validates the usefulness of the proposed reference model. It is worth mention-
ing that the computed average Doppler shift B(1)

kl =�110 Hz and the Doppler spread
B(2)

kl = 941 Hz do not closely agree with the measured channel (B?(1)
kl = �176 Hz

and B?(2)
kl = 978 Hz) in case of the highway NLOS scenario. For this scenario, a

close agreement can be found for sufficiently small values of cR 6= 0.
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VI. THE SIMULATION MODEL

The reference model described above is a theoretical model, which is based on
the assumption that the number of scatterers (M,N) is infinite. Owing to an infinite
realization complexity, the reference model is non-realizable. However, the refer-
ence model can serve as a ground for the derivation of stochastic and deterministic
simulation models. According to the generalized principle of deterministic channel
modeling [35, Sec. 8.1], a stochastic simulation model can be derived from the ref-
erence model introduced in (B.1) by using only a finite number of scatterers. In the
literature, several different models exist that allow for a proper simulation of mo-
bile channels. The SOC model is an appropriate simulation model for mobile radio
channels under non-isotropic scattering conditions. A detailed description and the
design of SOC models can be found in [37] and [38], respectively. In [38], sev-
eral parametrization techniques for SOC models have been discussed and analyzed.
Here, we use the Lp-norm method (LPNM), which is a high-performance parameter
computation method for the design of SOC channel simulators.

VII. NUMERICAL RESULTS

This section illustrates the analytical results given by (B.38), (B.39), (B.40), and
(B.44). The correctness of the analytical results will be verified by simulations. The
performance of the channel simulator has been assessed by comparing its temporal
ACF and the FCF to the corresponding system functions of the reference model [see
(B.40) and (B.44)].

As an example for our geometrical street scattering model, we consider rect-
angular scattering areas on both sides of the street with a length of LA = A1 + A2,
where A1 = 50m and A2 = 450 m, and a width of B1 = B2 = 100 m. With refer-
ence to Fig. B.2, the position of the transmitter and the receiver are defined by the
distances D = 400m, yT1 = yR2 = 20m, and yT2 = yR1 = 10m. For the reference
model, all theoretical results have been obtained by choosing the following param-
eters: gT = 90�, gR = 90�, j

T
v = 0�, j

R
v = 180�, and fTmax = fRmax = 91 Hz. The

Rice factor cR was chosen from the set {0,0.5,1}. The scatterers are uniformly
distributed over the considered rectangular areas. The Lp-norm method has been
applied to optimize the simulation model parameters by using a finite number of
scatterers (cisoids). For the simulation model, we use M ⇥N = 50⇥ 25 scatterers
(cisoids) within the rectangle on the left-hand side as well as on the right-hand side.

In Fig. B.3, the absolute value of the 2D space CCF |r11,22(dT ,dR)| of the ref-
erence model is presented for the NLOS propagation scenario (cR = 0). The results
have been obtained by using (B.38). From Fig. B.3, we can observe that the 2D
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Figure B.3: Absolute value of the 2D space CCF |r11,22(dT ,dR)| of the reference
model for an NLOS propagation scenario (cR = 0).
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space CCF decreases as the antenna element spacings increase. For the compari-
son reasons, the absolute value of the 2D space CCF |r11,22(dT ,dR)| is depicted in
Fig. B.4 for a LOS propagation scenario (cR = 1). From Fig. B.4, one can see that
the channel transfer functions Hkl( f 0, t) and Hk0l0( f 0, t) are highly correlated over a
large range of antenna element spacings dT and dR. This can be concluded from
the fact that even for large antenna element spacings, e.g., dT = dR = 3l , the abso-
lute value of the 2D space CCF |r11,22(dT ,dR)| equals approximately one half of its
maximum value. Comparing Figs. B.3 and B.4 shows that by increasing the Rice
factor cR, the 2D space CCF also increases.

Figs. B.5 and B.6 illustrate the TF-CCFs of the reference model under NLOS
and LOS propagation conditions, respectively. From Fig. B.5, we can observe that
the TF-CCF decreases as the time and frequency lags increase in NLOS propagation
environments. A comparison of Fig. B.5 and Fig. B.6 shows that the absolute value
of the TF-CCF is under LOS conditions in general higher than under NLOS.
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Figure B.5: Absolute value of the TF-CCF |r11(n
0
,t)| of the reference model for an

NLOS propagation scenario (cR = 0).

Figure B.7 depicts the absolute value of the temporal ACF |rkl(t)| according
to (B.40) if both the transmitter and the receiver are moving towards each other.
A good match between the temporal ACF of the reference model and that of the
simulation model can be observed in Fig. B.7. This figure demonstrates also that
the experimental simulation results of the temporal ACF match very well with the
theoretical results.
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Finally, Fig. B.8 illustrates the absolute value of the FCF |rkl(n
0)| for differ-

ent Rice factors cR = {0,0.5,1} if both the transmitter and the receiver are moving
towards each other. A close agreement between the reference model and the simu-
lation model can be seen in Fig. B.8 for all chosen Rice factors. One can realize that
the experimental simulation results of the FCF match very well with the theoretical
results.
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VIII. CONCLUSION

In this paper, a reference model for a wideband MIMO C2C channel has been
derived by starting from the geometrical street scattering model. Taking both LOS
and NLOS propagation conditions into account, we have analyzed the 2D space
CCF and the TF-CCF of the reference model. To find a proper simulation model,
the SOC principle has been applied. It has been shown that the SOC channel simu-
lator approximates the reference model with high accuracy with respect to the tem-
poral ACF and the FCF. An excellent fitting of the average Doppler shift and the
Doppler spread of the reference model to the corresponding quantities of measured
channels has validated the usefulness of the proposed reference model. Further ex-
tensions of the proposed wideband MIMO C2C channel model incorporating the
non-stationarity properties of real-world C2C channels are planned for future work.
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[22] J. Maurer, T. Fügen, and W. Wiesbeck, “Narrow-band measurement and analy-
sis of the inter-vehicle transmission channel at 5.2 GHz,” in Proc. 55th IEEE
Veh. Technol. Conf., VTC 2002-Spring, Birmingham, AL, vol. 3, May 2002,
pp. 1274 – 1278.

[23] L. Cheng, B. Henty, D. D. Stancil, F. Bai, and P. Mudalige, “Mobile vehicle-
to-vehicle narrow-band channel measurement and characterization of the 5.9
GHz dedicated short range communication (DSRC) frequency band,” IEEE J.
Select. Areas Commun., vol. 25, no. 8, pp. 1501–1516, Oct. 2007.

[24] A. Paier, J. Karedal, N. Czink, H. Hofstetter, and C. Dumard, “Car-to-car radio
channel measurements at 5 GHz: Pathloss, power delay profile, and doppler
delay spectra,” in Proc. 4th Int. Symp. on Wireless Communication Systems,
ISWCS’07, Trondheim, Norway, Oct. 2007, pp. 224–228.

[25] I. Tan, T. Wanbin, K. Laberteaux, and A. Bahai, “Measurement and analy-
sis of wireless channel impairments in DSRC vehicular communications,” in
Proc. IEEE International Communications Conference, ICC’08, May 2008,
pp. 4882–4888.

[26] J. Kunisch and J. Pamp, “Wideband car-to-car radio channel measurements
and model at 5.9 GHz,” in Proc. 68th IEEE Veh. Technol. Conf., VTC 2008-
Fall, Sept. 2008, pp. 1–5.

[27] O. Renaudin, V.-M. Kolmonen, P. Vainikainen, and C. Oestges, “Wideband
measurement-based modeling of inter-vehicle channels in the 5 GHz band,”
in Proc. 5th European Conference on Antennas and Propagation, EUCAP’11,
Apr. 2011, pp. 2881 –2885.

[28] A. Chelli and M. Pätzold, “A wideband multiple-cluster MIMO mobile-to-
mobile channel model based on the geometrical street model,” in Proc. IEEE
International Symposium on Personal, Indoor and Mobile Radio Communica-
tions, PIMRC 2008. Cannes, France, Sep. 2008, pp. 1–6.
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Abstract — This paper introduces a novel multiple-input multiple-output
(MIMO) car-to-car (C2C) channel model, which is based on a geometrical
curved street scattering model. Starting from the geometrical model, a MIMO
reference channel model is derived under the assumption of a combination
of single- and double-bounce scattering in line-of-sight (LOS) and non-LOS
(NLOS) propagation environments. The proposed channel model assumes an
infinite number of scatterers, which are uniformly distributed on the outer and
inner curves of the street. Expressions are presented for the three-dimensional
(3D) space-time cross-correlation function (CCF), the temporal autocorrela-
tion function (ACF), and the two-dimensional (2D) space CCF. An efficient
sum-of-cisoids (SOC) channel simulator is derived from the reference model.
It is shown that the temporal ACF of the SOC channel simulator fits very well
to that of the reference model. The validity of the derived reference model has
been verified by demonstrating an excellent match between the temporal ACF
of the reference model with that of the one-ring model.

I. INTRODUCTION

C2C communication systems are a cornerstone of the envisioned intelligent
transportation systems (ITS) [1] because of their key benefits in safety and trav-
eling ease. In C2C communication systems, both the transmitter and the receiver
are in motion, which makes the underlying channels different from the traditional
fixed-to-mobile or mobile-to-fixed channels in which the base-station is stationary
and elevated [2]. For the development of future C2C communication systems, it
is necessary to have a detailed knowledge of the statistical properties of the un-
derlying fading channel. Furthermore, C2C communication systems are usually
equipped with low elevation antennas. MIMO systems can also be of great benefit
for C2C communications due to their higher throughput [3].
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In the literature, several MIMO mobile-to-mobile (M2M) channel models have
been proposed, such as the one-ring model [4], the two-ring model [5, 6], the el-
liptical model [7], the T-junction model [8], and the geometrical street model [9].
Simulation models for single-input single-output (SISO) M2M channels have been
presented in [10, 11]. A narrowband SISO C2C channel model based on the ge-
ometrical street scattering model has been introduced in [9]. A generic and adap-
tive geometry-based stochastic model for non-isotropic MIMO M2M channels has
been proposed in [12], where a combination of single- and double-bounce scatter-
ing phenomena have been assumed under LOS propagation conditions. Real-world
channel measurements conducted for narrowband and wideband M2M communica-
tions have been reported in [13] and [14], respectively. Finally, we mention that 3D
reference models for narrowband and wideband MIMO M2M channels have been
proposed in [15] and [16], respectively.

In practice, there exist many different street types [17], such as intersections, T-
junctions, roundabouts, and U-turns, which have different scattering environments
according to their geometry. There are also roads passing through different types of
tunnels, which can have the shape of a rectangle or a semi-circle. M. Nilsson et al.
[18] suggested a simulation model to investigate radio propagation in curved road
tunnels at a carrier frequency of 925 MHz. The proposed simulation model rests
upon both waveguide methods and geometrical optics. In this paper, we propose a
novel geometrical curved street scattering model, which can be used as a starting
point for the development of curved, arch, and U-turn street scattering models.

This paper focuses on the statistical characterization of a narrowband refer-
ence channel model assuming that an infinite number of scatterers is uniformly
distributed on outer and inner curves of the street. The reference model will be de-
rived from the geometrical curved street scattering model assuming that the angle-
of-departure (AOD) and the angle-of-arrival (AOA) are dependent in case of single-
bounce scattering and independent for the double-bounce scattering components.
Moreover, it is assumed that both the mobile transmitter and the mobile receiver are
in motion. Expressions of the 3D space-time CCF, the temporal ACF, and the 2D
space CCF are derived. The validity of the proposed model is verified by fitting the
temporal ACF of the reference model to that of the one-ring model [4]. Further-
more, we derive an SOC channel simulator from the reference model by using the
concept [19, Sec. 8.1]. It is shown that the designed channel simulator matches very
good the underlying reference model with respect to the temporal ACF.

The rest of this paper is organized as follows. Section II describes the geomet-
rical curved street scattering model. In Section III, the reference channel model is



C – The Curved Street Scattering Model for MIMO C2C Fading Channels 109

derived from the geometrical curved street model. Section IV analyzes the correla-
tion properties of the reference model, such as the 3D space-time CCF, the temporal
ACF, and the 2D space CCF. Section V describes briefly the simulation model de-
rived from the reference model. The illustration of the numerical results found for
the correlation functions of the reference and simulation models are the topic of
Section VI. Finally, Section VII draws the conclusions of the paper.

II. THE GEOMETRICAL CURVED STREET SCATTERING MODEL

In this section, we briefly describe the geometrical curved street scattering model
for narrowband MIMO C2C channels shown in Fig. C.1. The proposed geometrical
curved street model is the starting point for the derivation of a reference channel
model. We assume that the scatterers are uniformly distributed on the outer and
the inner curves of the street as illustrated in Fig. C.1. The symbols MST and MSR

in Fig. C.1 stand for the mobile transmitter and the mobile receiver, respectively.
With regard to MST , we suppose that there are Mp scatterers located on the outer
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Figure C.1: Geometrical curved street scattering model with single-bounce (� �
�), double-bounce (� ·�), and LOS (—-) components for MIMO C2C channels.

(p = 1) and the inner (p = 2) semi-circles with radii R1 and R2, where the mpth
(mp = 1,2, . . . ,Mp) effective scatterer is denoted by S(mp)

T . Analogously, with regard
to MSR, we assume that there are Nq scatterers located on the outer (q = 1) and the
inner (q = 2) semi-circles with radii R1 and (R2), where the nqth (nq = 1,2, . . . ,Nq)

effective scatterer is denoted by S(nq)
R . The symbol b

(mp) (b (nq)) denotes the angle-
of-scatterer (AOS) associated with the scatterer S(mp)

T (S(nq)
R ). The transmitter (re-

ceiver) is located at the position xT and yT (xR and yR). Both the transmitter and the
receiver are in motion and equipped with MT transmitter antenna elements and MR
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receiver antenna elements, respectively. The antenna element spacings at the trans-
mitter and the receiver are denoted by dT and dR, respectively. The symbols a

(mp)
T

and a

(nq)
R denote the AOD and the AOA, respectively. The angle gT (gR) describes

the tilt angle of the transmitter (receiver) antenna array. Furthermore, it is assumed
that the transmitter (receiver) moves with speed vT (vR) in the direction determined
by the angle-of-motion j

T
v (jR

v ).

III. THE REFERENCE MODEL

This section presents the reference model for the MIMO C2C channel by con-
sidering a combination of single- and double-bounce scattering under the assump-
tion of LOS and NLOS propagation conditions shown in Fig. C.1. From Fig. C.1,
we can observe that the complex channel gain gkl(t) of the link between the lth
transmitter antenna element A(l)

T (l = 1,2, . . . ,MT ) and the kth receiver antenna ele-
ment A(k)

R (k = 1,2, . . . ,MR) can be expressed as a superposition of single-bounce,
double-bounce, and LOS components as follows

gkl(t) = gSB
kl (t)+gDB

kl (t)+gLOS
kl (t) (C.1)

where gSB
kl (t), gDB

kl (t) and gLOS
kl (t) denote the single-bounce, the double-bounce, and

the LOS components of the complex channel gain gkl(t), respectively.

A. Derivation of the Double-Bounce Scattering Component

In this subsection, we derive the double-bounce scattering component gDB
kl (t)

of the complex channel gain. As shown in Fig. C.1, we realize that the mpth ho-
mogeneous plane wave emitted from the lth antenna element A(l)

T of the transmitter
travels over the local scatterers S(mp)

T and S(nq)
R on the outer (p = q = 1) and the inner

(p = q = 2) semi-circles before impinging on the kth antenna element A(k)
R of the

receiver. The reference model is based on the assumption that the number of local
scatterers on the outer and the inner semi-circles are infinite, i.e., Mp,Nq ! •. Un-
der the flat-fading channel assumption, the double-bounce scattering component
gDB

kl (t) of the link between the lth transmitter antenna element A(l)
T and the kth

receiver antenna element A(k)
R can be expressed as a superposition of the double-

bounce scattering components from the outer and the inner semi-circles

gDB
kl (t) =

2

Â
p,q=1

gDB,p,q
kl (t) (C.2)
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where

gDB,p,q
kl (t) = lim

Mp,Nq!•

1
p

(cR +1)MpNq

Mp,Nq

Â
mp,nq=1

a(mp)
l b(nq)

k cmpnq

·e j
h

2p

⇣

f (mp)
T + f (nq)

R

⌘

t+qmpnq

i

(C.3)

and

a(mp)
l = e jp(dT /l )(MT�2l+1)cos

⇣

a

(mp)
T �gT

⌘

(C.4)

b(nq)
k = e jp(dR/l )(MR�2k+1)cos

⇣

a

(nq)
R �gR

⌘

(C.5)

cmpnq = e� j 2p

l

⇣

D(mp)
T +D(nq)

R

⌘

(C.6)

f (mp)
T = fTmax cos

⇣

a

(mp)
T �j

T
v

⌘

(C.7)

f (nq)
R = fRmax cos

⇣

a

(nq)
R �j

R
v

⌘

. (C.8)

In (C.7) and (C.8), the symbols fTmax = vT /l and fRmax = vR/l denote the max-
imum Doppler frequencies, and l is the wavelength. The symbol cR in (C.3)
represents the Rice factor, which is defined as the ratio of the power of the LOS
component to the power of the sum of single- and double-bounce components, i.e.,
cR = E{|gLOS

kl (t)|2}/E{|gSB
kl (t)+gDB

kl (t)|2}. In our model, we assume that the scat-
terers S(mp)

T and S(nq)
R introduce the phase shifts qmp and qnq , respectively. The phase

shifts qmp and qnq are assumed to be independent, identically distributed (i.i.d.) ran-
dom variables, which are uniformly distributed over the interval [0,2p). Hence, the
joint phase qmpnq in (C.3) can be expressed in the following form [5]

qmpnq = qmp +qnq . (C.9)

B. Derivation of the Single-Bounce Scattering Component

In Fig. C.1, the single-bounce scattering path from the scatterer S(mp)
T to the kth

antenna element A(k)
R of the receiver is denoted by a dashed line. In case of single-

bounce scattering, the mpth homogeneous plane wave emitted from the lth antenna
element A(l)

T of the transmitter travels over the local scatterer S(mp)
T before impinging

on the kth antenna element A(k)
R of the receiver. Hence, the single-bounce scattering

component of the complex channel gain gSB
kl (t) can be obtained by considering only
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the effective scatterers S(mp)
T [see Fig. C.1], for nq = mp and q = p, as

gSB
kl (t) =

2

Â
p=1

lim
Mp!•

1
p

(cR +1)Mp

Mp

Â
mp=1

a(mp)
l b(mp)

k cmp (C.10)

·e j
h

2p

⇣

f (mp)
T + f (mp)

R

⌘

t+qmp

i

where

a(mp)
l = e jp(dT /l )(MT�2l+1)cos

⇣

a

(mp)
T �gT

⌘

(C.11)

b(mp)
k = e jp(dR/l )(MR�2k+1)cos

⇣

a

(mp)
R �gR

⌘

(C.12)

cmp = e� j 2p

l

⇣

D(mp)
T +D(mp)

R

⌘

(C.13)

f (mp)
T = fTmax cos

⇣

a

(mp)
T �j

T
v

⌘

(C.14)

f (mp)
R = fRmax cos

⇣

a

(mp)
R �j

R
v

⌘

. (C.15)

C. The LOS Component

The LOS component gLOS
kl (t) in (C.1) is given by

gLOS
kl (t) =

r

cR

(cR +1)
a(0)

l b(0)
k c(0)e j2p

⇣

f (0)
T + f (0)

R

⌘

t (C.16)

where

a(0)
l = e jp(dT /l )(MT�2l+1)cos(gT ) (C.17)

b(0)
k = e� jp(dR/l )(MR�2k+1)cos(gR) (C.18)

c(0) = e� j 2p

l

p
(yR�yT )2+(xT +xR)2 (C.19)

f (0)
T = fTmax cos

⇣

a

(0)
T �j

T
v

⌘

(C.20)

f (0)
R = fRmax cos

⇣

a

(0)
R �j

R
v

⌘

. (C.21)

In (C.16), f (0)
T and f (0)

R denote the Doppler shifts of the LOS component caused by
the movement of the transmitter and the receiver, respectively. The symbols a

(0)
T

and a

(0)
R in (C.20) and (C.21), respectively, represent the AOD and the AOA of the

LOS component.

D. Derivation of the AOD and the AOA

The position of all local scatterers S(mp)
T and S(nq)

R is described by the AOSs
b

(mp) and b

(nq), respectively. With reference to Fig. C.1 and by using elementary
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trigonometric identities, we can express the relationships between the AOD a

(mp)
T

and the AOS b

(mp) as well as between the AOA a

(nq)
R and the AOS b

(nq). Hence,
by using the following two functions

gT (b (mp)) = arctan

0

B

@

Rpp
x2

T +y2
T

sinb

(mp)� sina

0
T

cosa

0
T +

Rpp
x2

T +y2
T

cosb

(mp)

1

C

A

(C.22)

gR(b (nq)) = arctan

0

B

@

Rqp
x2

R+y2
R

sinb

(nq)� sina

0
R

Rqp
x2

R+y2
R

cosb

(nq)� cosa

0
R

1

C

A

(C.23)

where a

0
T = arctan(yT /xT ) and a

0
R = arctan(yR/xR), we can express the AOD

a

(mp)
T (b (mp)) and the AOA a

(nq)
R (b (nq)) for the outer (p = q = 1) and the inner

(p = q = 2) semi-circles as follows:

1) Outer semi-circle

a

(m1)
T (b (m1))=

(

gT (b (m1)), if 0  b

(m1)  p � arccos( xT
R1

)

p +gT (b (m1)), if p � arccos( xT
R1

) < b

(m1)  p

(C.24)

a

(n1)
R (b (n1))=

(

gR(b (n1)), if 0  b

(n1)  arccos( xR
R1

)

p +gR(b (n1)), if arccos( xR
R1

) < b

(n1)  p .

(C.25)

2) Inner semi-circle

a

(m2)
T (b (m2)) = gT (b (m2)), if 0  b

(m2)  p (C.26)

a

(n2)
R (b (n2)) = p +gR(b (n2)), if 0  b

(n2)  p .

(C.27)

IV. CORRELATION PROPERTIES OF THE REFERENCE MODEL

In this section, we derive a general analytical solution for the 3D space-time
CCF from which other correlation functions, such as the temporal ACF and the 2D
space CCF can easily be derived.
A. Derivation of the 3D Space-Time CCF
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According to [2], the 3D space-time CCF of the links A(l)
T �A(k)

R and A(l0)
T �A(k0)

R
is defined as the correlation between the complex channel gains gkl(t) and gk0l0(t),
i.e.,

rkl,k0l0(dT ,dR,t) := E{g⇤kl(t)gk0l0(t + t)}
= r

SB
kl,k0l0(dT ,dR,t)+r

DB
kl,k0l0(dT ,dR,t)

+r

LOS
kl,k0l0(dT ,dR,t) (C.28)

where (⇤) denotes the complex conjugate operator, and E{·} stands for the ex-
pectation operator that applies to all random variables, namely the phases qmpnq

and the AOSs b

(mp) and b

(nq). The symbols r

SB
kl,k0l0(dT ,dR,t), r

DB
kl,k0l0(dT ,dR,t), and

r

LOS
kl,k0l0(dT ,dR,t) represent the 3D space-time CCF of the single-bounce, the double-

bounce, and LOS components, respectively.

The 3D space-time CCF r

DB
kl,k0l0(dT ,dR,t) of the double-bounce scattering com-

ponent gDB
k,l (t) is given by

r

DB
kl,k0l0(dT ,dR,t) =

2

Â
p,q=1

r

DB,p,q
kl,k0l0 (dT ,dR,t) (C.29)

where

r

DB,p,q
kl,k0l0 (dT ,dR,t) = lim

MpNq!•

1
(cR +1)MpNq

Mp,Nq

Â
mp,nq=1

E
n

c(mp)
ll0 d(nq)

kk0

·e j2p

⇣

f (mp)
T + f (nq)

R

⌘

t

�

(C.30)

and

c(mp)
ll0 = e j2p(dT /l )(l�l0)cos

⇣

a

(mp)
T �gT

⌘

(C.31)

d(nq)
kk0 = e j2p(dR/l )(k�k0)cos

⇣

a

(nq)
R �gR

⌘

. (C.32)

The quantities f (mp)
T and f (nq)

R are given by (C.7) and (C.8), respectively. We
recall that the AOD a

(mp)
T and the AOA a

(nq)
R can be expressed in terms of the

random variables b

(mp) and b

(nq) by using (C.22) and (C.23), respectively.
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The 3D space-time CCF r

SB
kl,k0l0(dT ,dR,t) of the single-bounce scattering com-

ponent gSB
k,l (t) can be obtained by considering only the effective scatterers S(mp), for

nq = mp and q = p, as

r

SB
kl,k0l0(dT ,dR,t) =

2

Â
p=1

lim
Mp!•

1
(cR +1)Mp

Mp

Â
mp=1

E
n

c(mp)
ll0 d(mp)

kk0

·e j2p

⇣

f (mp)
T + f (mp)

R

⌘

t

�

(C.33)

where

c(mp)
ll0 = e j2p(dT /l )(l�l0)cos

⇣

a

(mp)
T �gT

⌘

(C.34)

d(mp)
kk0 = e j2p(dR/l )(k�k0)cos

⇣

a

(mp)
R �gR

⌘

. (C.35)

The Doppler frequencies f (mp)
T and f (mp)

R are given by (C.14) and (C.15), respec-
tively.

In Section II, it has been mentioned that all scatterers are uniformly distributed
on the outer and inner semi-circles [see Fig. C.1]. Hence, the random variables
b

(mp) and b

(nq) are also uniformly distributed over the intervals [b
(p)
min,b

(p)
max] and

[b
(q)
min,b

(q)
max], respectively. If the number of scatterers tends to infinity, i.e., Mp,Nq !

•, then the discrete random variables b

(mp) and b

(nq) become continuous random
variables denoted by b

(p) and b

(q), respectively. Thus, the probability density func-
tions (PDFs) p

b

(p)(b (p)) and p
b

(q)(b (q)) of b

(p) and b

(q), respectively, are given
by

p
b

(p)(b
(p)) =

1

b

(p)
max �b

(p)
min

, b

(p) 2 [b
(p)
min,b

(p)
max] (C.36)

p
b

(q)(b
(q)) =

1

b

(q)
max �b

(q)
min

, b

(q) 2 [b
(q)
min,b

(q)
max] . (C.37)

The infinitesimal power of the diffuse component corresponding to the differ-
ential angles db

(p) and db

(q) is proportional to p
b

(p)(b (p))p
b

(q)(b (q))db

(p)db

(q).
As Mp,Nq ! •, this infinitesimal contribution must be equal to 1/(MpNq) =

p
b

(p)(b (p))p
b

(q)(b (q))db

(p)db

(q). Consequently, it follows that (C.30) can be ex-
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pressed as

r

DB,p,q
kl,k0l0 (dT ,dR,t) =

1
(cR +1)

b

(p)
max
Z

b

(p)
min

b

(q)
max
Z

b

(q)
min

c(p)
ll0 (dT ,b

(p))d(q)
kk0 (dR,b

(q))

·e j2p

⇣

f (p)
T (b (p))+ f (q)

R (b (q))
⌘

t p
b

(p)(b
(p))

·p
b

(q)(b
(q))db

(p)db

(q) (C.38)

where

c(p)
ll0 (dT ,b

(p)) = e j2p

dT
l

(l�l0)cos(aT (b (p))�gT) (C.39)

d(q)
kk0 (dR,b

(q)) = e j2p

dR
l

(k�k0)cos(aR(b (q))�gR) (C.40)

f (p)
T (b (p)) = fTmax cos

⇣

a

(p)
T (b (p))�j

T
v

⌘

(C.41)

f (q)
R (b (q)) = fRmax cos

⇣

a

(q)
R (b (q))�j

R
v

⌘

. (C.42)

In (C.41) and (C.42), we recall that the AOD a

(p)
T (b (p)) and the AOA a

(q)
R (b (q))

are functions of the AOSs b

(p) and b

(q) according to (C.24)–(C.27). Thus, after
substituting (C.38) in (C.29), we can express the 3D space-time CCF of the double-
bounce scattering component in integral form.

The 3D space-time CCF of the single-bounce scattering component is given by

r

SB
kl,k0l0(dT ,dR,t) =

1
(cR +1)

2

Â
p=1

b

(p)
max
Z

b

(p)
min

c(p)
ll0 (dT ,b

(p))d(p)
kk0 (dR,b

(p))

·e j2p

⇣

f (p)
T (b (p))+ f (p)

R (b (p))
⌘

t p
b

(p)(b
(p))db

(p)
. (C.43)

Finally, the 3D space-time CCF r

LOS
kl,k0l0(dT ,dR,t) of the LOS component gLOS

kl (t)
is obtained as

r

LOS
kl,k0l0(dT ,dR,t) =

cR

(cR +1)
c(0)

ll0 (dT )d(0)
kk0 (dR)e j2p

⇣

f (0)
T + f (0)

R

⌘

t (C.44)

where

c(0)
ll0 (dT ) = e j2p(dT /l )(l�l0)cos(gT ) (C.45)

d(0)
kk0 (dR) = e� j2p(dR/l )(k�k0)cos(gR)

. (C.46)
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The Doppler shifts f (0)
T and f (0)

R are given by (C.20) and (C.21), respectively.
B. The 2D Space CCF

The 2D space CCF rkl,k0l0(dT ,dR) is defined as rkl,k0l0(dT ,dR) := E{g⇤kl(t)gk0l0(t)},
which equals the 3D space-time CCF rkl,k0l0(dT ,dR,t) at t = 0, i.e.,

rkl,k0l0(dT ,dR) = r

SB
kl,k0l0(dT ,dR,0)+r

DB
kl,k0l0(dT ,dR,0)

+r

LOS
kl,k0l0(dT ,dR,0) . (C.47)

C. The Temporal ACF
The temporal ACF of the complex channel gain gkl(t) of the transmission link

from A(l)
T (l = 1,2, . . . ,MT ) to A(k)

R (k = 1,2, . . . ,MR) is defined by rgkl(t) := E{g⇤kl(t)gkl(t +
t)} [20, p. 376]. The temporal ACF can directly be obtained from the 3D space-
time CCF [see (C.28)] by setting the antenna element spacings dT and dR to zero.
By using (C.29), (C.38), (C.43), and (C.44), this results in

rgkl(t) = r

SB
kl,k0l0(0,0,t)+r

DB
kl,k0l0(0,0,t)

+r

LOS
kl,k0l0(0,0,t) . (C.48)

V. THE SIMULATION MODEL

The reference model described above can serve as basis for the derivation of
stochastic and deterministic simulation models [19, Sec. 8.1]. In the literature, a
large number of models exist that allow for a proper simulation of mobile channels.
The SOC model is an appropriate simulation model for mobile radio channels under
non-isotropic scattering conditions. A detailed description and design concept of
SOC models can be found in [21] and [22], respectively. For our model, we use the
Lp-norm method (LPNM) [19, Sec. 5.4.3], which is a high-performance parameter
computation method for the design of SOC channel simulators.

VI. PERFORMANCE EVALUATION

This section illustrates the results in (C.47) and (C.48). The performance of the
channel simulator has been assessed by comparison of its temporal ACF to that of
the reference model in (C.48). As our geometrical curved street scattering model,
we consider semi-circles with radii R1 = 14 m and R2 = 8 m for the outer and the
inner semi-circles, respectively. With reference to Fig. C.1, the positions of the
transmitter and the receiver are defined by the distances (xT ,yT ) = (10 m,2 m), and
(xR,yR) = (12 m,4 m), respectively. For the reference model, all theoretical results
have been obtained by choosing the following parameters: gT = 90�, gR = 90�,
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j

T
v = 90�, j

R
v = 90�, b

(p) 2 [0,180�] (p = 1,2), b

(q) 2 [0,180�] (q = 1,2), and
fTmax = fRmax = 91 Hz. The Rice factor cR was chosen from the set {0,0.5,1}.
The scatterers are uniformly distributed on semi-circles. The Lp-norm method [19,
Sec. 5.4.3] has been used to optimize the simulation model parameters by assuming
a finite number of scatterers (cisoids). For the simulation model, we use M1 =

N1 = 50 scatterers (cisoids) on the outer semi-circle and M2 = N2 = 50 on the inner
semi-circle.

Fig. C.2 illustrates the absolute value of the temporal ACF |rg11(t)| for the case
that both the transmitter and the receiver are moving towards each other. A good
fitting between the temporal ACF of the reference model and that of the simulation
model can be observed. This figure demonstrates also that the experimental simula-
tion results of the temporal ACF match very well with the theoretical results. From
Fig. C.2, we can observe that the approximation error caused by a limited number
of scatterers (cisoids) Mp, Nq can in general be ignored if Mp � 50 and Nq � 50.
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Figure C.2: Absolute values of the ACFs |rg11(t)| (reference model) and |r̃g11(t)|
(simulation model) for different Rice factors (cR = {0,0.5,1}, R1 = 14 m, R2 = 8 m,
xT = 10 m, xR = 12 m, yT = 2 m, and yR = 4 m).

Fig. C.3 presents the temporal ACF rg11(t) of the reference model given by
(C.48) under certain geometrical conditions, which meet the geometry of the one-
ring model [4, Eq. (9)], i.e., R1 = 14 m, R2 = 0 m, xT = 420 m, yT = 0 m, xR = 0 m,
and yR = 0 m . A perfect fitting between the temporal ACF of the proposed reference
model and that of the one-ring model can be observed in Fig. C.3, which validates
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the usefulness of the proposed model and demonstrates that the proposed model
includes the one-ring model as a special case.
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Figure C.3: Temporal ACF rg11(t) of the reference model [see (C.48)] in compari-
son with the temporal ACF of the one-ring model [4, Eq. (9)] for a NLOS propaga-
tion scenario (cR = 0, R1 = 14 m, R2 = 0 m, xT = 420 m, xR = 0 m, yT = 0 m, and
yR = 0 m).

In Fig. C.4, the absolute value of the 2D space CCF |r11,22(dT ,dR)| of the ref-
erence model is presented for a LOS propagation scenario (cR = 1). The result has
been obtained using (C.47). From Fig. C.4, we can realize that the complex chan-
nel gains gkl(t) and gk0l0(t) are highly correlated even for relatively large antenna
element spacings.

VII. CONCLUSION

In this paper, a novel MIMO C2C channel model has been developed based on
the geometrical curved street scattering model. By a combination of single- and
double-bounce scattering components, we have analyzed the temporal ACF and the
2D space CCF of the reference model under both LOS and NLOS propagation con-
ditions. To find a proper simulation model, the SOC principle has been applied. It
has been shown that the SOC channel simulator approximates the reference model
with respect to the temporal ACF with high accuracy. The usefulness of the pro-
posed model has been validated by demonstrating a perfect fit between the ACF of
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the reference model and that of the one-ring model. Further investigations focus-
ing on the effect of moving scatterers on the statistics of MIMO C2C channels are
planned in our future work.
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A Novel Wideband MIMO Car-to-Car Channel
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Abstract — In this paper, we present a wideband multiple-input multiple-
output (MIMO) car-to-car (C2C) channel model based on a geometrical semi-
circular tunnel (SCT) scattering model. From the geometrical SCT scattering
model, a reference channel model is derived under the assumption of single-
bounce scattering in line-of-sight (LOS) and non-LOS (NLOS) propagation en-
vironments. In the proposed reference channel model, it is assumed that an in-
finite number of scatterers are randomly distributed on the tunnel wall. Start-
ing from the geometrical scattering model, the time-variant transfer function
(TVTF) is derived, and its correlation properties in time, frequency, and space
are studied. Expressions are presented for the space-time-frequency cross-
correlation function (STF-CCF), the two-dimensional (2D) space CCF, the 2D
time-frequency CCF (TF-CCF), the temporal autocorrelation function (ACF),
and the frequency correlation function (FCF). Owing to the semi-circular ge-
ometry, we reduced the originally threefold integrals to double integrals in
the computations of the correlation functions, which simplifies the numerical
analysis considerably. From the TVTF characterizing the reference model, an
efficient sum-of-cisoids (SOC) channel simulator is derived. Numerical results
show that both the temporal ACF and the FCF of the SOC channel simulator
match very well with those of the reference model. A validation of the pro-
posed model has been done by fitting the delay spread of the reference model
to that of the measured channel, which demonstrates an excellent agreement.
The proposed channel simulator allows us to evaluate the performance of C2C
communication systems in tunnel environments.

Index Terms — Angle-of-arrival (AOA), angle-of-departure (AOD), car-to-
car (C2C), delay spread, diffuse component, frequency correlation function
(FCF), line-of-sight (LOS) component, semi-circular tunnel (SCT) scattering
model, time-variant transfer function (TVTF).
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I. INTRODUCTION

In recent years, there has been an increased interest in developing car-to-car
(C2C) communication systems that offer new traffic telematic applications for im-
proving safety and mobility on roads. Efficient C2C communication systems in-
tegrate information and communication technology into transport infrastructures,
cars, and end-user devices [1]. To improve safety in C2C communication envi-
ronments, many research projects have been carried out throughout the world, for
example, the C2C Communication Consortium [2], the European Road Transport
Telematics Implementation Coordinating Organization (ERTICO) [3] in Europe and
the Intelligent Transportation Systems (ITS) [4] in the United States. Despite many
research and technological development activities, C2C communication systems
still face some challenges, induced by safety requirements and wireless channel
conditions. One of the most important issues in C2C communications is the chan-
nel congestion, causing the loss of safety messages [5].

To achieve the best performance of future C2C communication systems, it is
important to have a detailed knowledge of the statistical properties of the underly-
ing radio channel. Numerous mobile-to-mobile (M2M) channel models have been
developed based on different geometrical scattering models, such as the two-ring
model [6], the elliptical model [7], the rectangular model [8], the T-junction model
[9], the cross-junction model [10], and the curve model [11]. Narrowband multiple-
input multiple-output (MIMO) C2C channel models can be found in [12, 13] for
5.9 GHz, which is the carrier frequency in dedicated short-range communication
(DSRC) [14] systems. However, all these models are 2D models, which have been
proposed for certain environments, such as suburban and rural areas. To provide
more appropriate radio propagation models for urban areas, three-dimensional (3D)
MIMO M2M channel models have been developed and studied in [15–17]. A 3D
geometrical scattering model based on concentric spheres at the transmitter and
the receiver is assumed in [16, 17]. In [17], a 3D parametric reference model for
2⇥2 M2M wideband dual-polarized multipath fading channels has been developed.
In [18], the importance of different propagation mechanisms in non-line-of-sight
(NLOS) propagation conditions are highlighted for merging lanes on highways and
four-way cross-junction scenarios. For vehicle-to-vehicle (V2V) communications,
new wideband single-input single-output (SISO) and MIMO channel models based
on measurement campaigns carried out at 5.2 GHz have been presented in [19]
and [20], respectively.

To characterize propagation channels and to evaluate the performance of wire-
less communication systems, it is important to distinguish between slow and fast
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fading. For example, it is well-known that the Doppler spread can be computed from
the temporal autocorrelation function (ACF). The Doppler spread is one of the most
important characteristic quantities of C2C channels. In the literature [12, 21–23],
several C2C channel measurements have been carried out to investigate the Doppler
spread of C2C channels. One advantage of geometry-based stochastic channel mod-
els is that their spatial and temporal correlation properties can be studied analyti-
cally. Thus, the temporal and spatial correlation properties of C2C channels influ-
ence the performance of C2C communication systems [24]. The effect of the tem-
poral and spatial correlation properties of C2C channels on the system performance
(bit error probability) of Alamouti-coded orthogonal frequency division multiplex-
ing (OFDM) systems has been studied in [25].

In [19], the geometry-based stochastic model (GBSM) approach [20] has been
used to model the discrete scattering component under the assumption that the
underlying V2V channel is non-stationary. In general, C2C channels are non-
stationary in nature. However, for non-stationary channels, it has been reported
in the literature [19, 20, 26] that the wide-sense stationary uncorrelated scattering
(WSSUS) assumption is still valid for short observation time intervals, commonly
referred to as stationary intervals [27]. The performance of C2C communication
systems has recently been studied in [28], where a new regular-shaped GBSM for
non-isotropic scattering wideband C2C Rician channels has been proposed.

Roads are often passing through tunnels, which can have different geometrical
shapes [29, p. 31], such as rectangular, horseshoe, oval, circular, and semi-circular
shapes. Modelling of channels in tunnel environments is of importance for the de-
velopment of C2C communication systems. It is especially important for countries
with mountainous areas, where many roads are passing through tunnels. The char-
acteristics of mobile radio channels inside a tunnel environment have been widely
investigated by using a geometrical optical model [30], a wave guide model [31],
and a full wave model [32]. A theoretical analysis of the wireless channel in tunnels
with vehicular traffic flow has been introduced in [33]. It has been shown that the
signal propagation in these tunnels is influenced by the number, size, and position
of the vehicles, the size of the tunnel, and the vehicular traffic load. In [34], a ray-
tube tracing method has been presented to simulate the wave propagation in curved
road tunnels. A parametric study has been carried out to investigate the influence
of the tunnel geometry and the carrier frequency on the path loss. A geometrical
stochastic channel model for train-to-train communications has been derived based
on the WINNER model in [35]. There, it has been shown that the channel statistics
of the WINNER-based model are close to the deterministic one, which are obtained
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from a 3D ray tracing simulator. In [36], a channel inside an arched tunnel was
measured and the radio propagation channel in terms of the delay spread and domi-
nant scatterers was analyzed. The investigations showed that more than 90% of the
extracted paths consist of LOS and single-bounce scattering components.

In channel modelling, the distribution of the scatterers is an important aspect
affecting the angle-of-departure (AOD) and the angle-of-arrival (AOA) statistics.
In 3D scattering models, the knowledge of the distributions of the elevation and
azimuth angles of the transmitted and the received plane waves is important, as it
allows us to investigate the temporal, frequency, and spatial correlation properties of
the underlying fading channel. In this regard, the proposed models for tunnel envi-
ronments [30–34] do not consider the impact of the distributions of the scatterers on
the statistics of the azimuth AOD (AAOD), azimuth AOA (AAOA), elevation AOD
(EAOD), and the elevation AOA (EAOA). To fill this gap, we have recently pro-
posed a wideband SISO C2C channel model based on a geometrical semi-circular
tunnel (SCT) scattering model [37].

In this paper, we expand the channel model proposed in [37] by considering the
effect of multiple antennas at both the mobile transmitter and the mobile receiver. In
this regard, we derive a wideband MIMO C2C channel model from the geometrical
SCT scattering model, in which the effect of LOS and NLOS propagation conditions
is taken into account.

To simplify the mathematical analysis, we have assumed that the WSSUS as-
sumption is valid over a short observation time interval. This assumption is sup-
ported by the study in [26], where the authors investigated the time interval over
which the fading process in a tunnel environment can be considered as wide-sense
stationary. The analysis of the measurement data in [26] has revealed that the mean
stationary intervals in LOS and LOS delay compensated tunnel scenarios are 0.97 s
and 1.6 s, respectively.

We study the statistical characteristics of a wideband reference channel model
assuming that an infinite number of scatterers are randomly distributed on the SCT
wall. Starting from the geometrical SCT scattering model, we derive the TVTF of
the reference model assuming single-bounce scattering. An analytical expression
is presented for the space-time-frequency (STF) cross-correlation function (STF-
CCF) from which the 2D space CCF, the 2D time-frequency (TF) CCF, the tem-
poral ACF, and the frequency correlation function (FCF) are derived directly. Fur-
thermore, we derive an sum-of-cisoid (SOC) channel simulator from the reference
model. For deriving our SOC channel simulator, we have used the Lp-norm method
(LPNM) [38, Sec. 5.4.3] to compute the model parameters. According to the study
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Figure D.1: A typical propagation scenario in an SCT.

in [39], the LPNM has the best performance among the five alternative methods.
It is shown that the designed channel simulator matches closely the underlying

reference model with respect to the temporal ACF and the FCF. Finally, we evalu-
ate and present the Doppler statistics and the delay statistics of the proposed SCT
channel model. The usefulness of the proposed reference model is validated by
demonstrating an excellent match between the delay spread of the reference model
and the one of the measured channel reported in [36].

The reminder of this paper is organized as follows. Section II describes the
geometrical SCT scattering model. In Section III, the reference channel model is
derived from the geometrical SCT scattering model. Section IV analyzes the corre-
lation functions of the reference model, such as the STF-CCF, the 2D space CCF,
the 2D TF-CCF, the temporal ACF, and the FCF. In Section V, the simulation model
is briefly discussed and a measurement-based computation of the proposed model
parameters is presented. The illustration of the numerical results found for the cor-
relation functions characterizing the reference and simulation models is the topic of
Section VI. Finally, Section VII provides the conclusion of the paper.

II. THE GEOMETRICAL SCT SCATTERING MODEL

Here, we briefly describe the geometrical SCT scattering model for a wideband
MIMO C2C channel. A typical propagation scenario in a tunnel is illustrated in
Fig. D.1. The proposed geometrical SCT scattering model describes the scattering
environment inside a tunnel with a length of L. It is assumed that the cross-section of
the tunnel is a semi-circle with radius R. We assume that the scatterers are randomly
distributed on the tunnel wall as shown in Fig. D.2.

The geometrical SCT scattering model is shown in Fig. D.3, where we use the
Cartesian coordinate system (x,y,z) to describe the position of the scatterers S(mn)
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Figure D.2: Randomly distributed scatterers (+) on a tunnel wall with radius R = 5
m and length L = 100 m.

for m = 1,2, . . . ,M and n = 1,2, . . . ,N. Owing to the semi-circular shape of the tun-
nel, we can describe the z-axis in terms of the y-axis as z =

p

R2 � y2. This allows us
to present the position of the scatterers S(mn) in the 3D plane by (xm,yn,

p

R2 � y2
n),

where xm and yn are random variables. Hence, the distribution of the scatterers S(mn)

is completely determined by the distribution of xm and yn.
The symbols MST and MSR in Fig. D.3 stand for the mobile transmitter and

the mobile receiver, respectively. We assume that the mobile transmitter (receiver)
is equipped with a uniform linear antenna array consisting of MT (MR) antenna
elements. The spacings between the antenna elements at the transmitter and the
receiver antennas are denoted by dT and dR, respectively. The orientations of the
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Figure D.3: Geometrical SCT scattering model with single-bounce components
(· · ·) and a LOS component (� ·�) for an MT ⇥MR MIMO C2C channel.

transmitter and the receiver antenna elements in the xy-plane relative to the x-axis
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are described by the angles gT and gR, respectively. Similarly, the elevation angles
of the transmitter and the receiver antenna arrays with respect to the xy-plane are
denoted by fT and fR, respectively. The positions of the antenna arrays of the mo-
bile transmitter MST and the mobile receiver MSR are determined by (xT ,yT ,zT )

and (xR,yR,zR), respectively. It is supposed that the mobile transmitter MST and
the mobile receiver MSR are inside the tunnel, such that 0  xT  xR  L and
�R < yT  yR < R. It is assumed that there is a LOS path between the mobile trans-
mitter and the mobile receiver. The angles a

(mn)
T , a

(mn)
R , b

(mn)
T , and b

(mn)
R denote the

AAOD, AAOA, EAOD, and the EAOA, respectively. Moreover, it is assumed that
both the transmitter and the receiver move with speeds vT and vR in the direction
determined by the angles of motion j

T
v and j

R
v , respectively. The distance D(l,mn)

T
denotes the path length between the lth transmitter antenna A(l)

T (l = 1,2, . . . ,MT )

and the scatterer S(mn), whereas D(mn,k)
R is the distance from the scatterer S(mn) to the

kth receiver antenna A(k)
R (k = 1,2, . . . ,MR). Finally, the symbol D(l,k)

T R denotes the
length of the LOS path from the lth transmitter antenna to the kth receiver antenna.
In our analysis, we assume single-bounce scattering and consider the scattering ef-
fects only from the scatterers which are located between the transmitter and receiver.
These scatterers are addressed as effective scatterers.

III. REFERENCE MODEL

Here, we present the reference model for the MIMO C2C channel under LOS
and NLOS propagation conditions. From the geometrical SCT scattering model
the TVTF will be derived and presented as a sum of diffuse, LOS, and specular
components.
A. The TVTF

The propagation environment inside the tunnel is characterized by 3D scattering,
where M ·N effective scatterers S(mn) are randomly distributed on the tunnel wall.
The reference model is based on the assumption that the number of local scatterers
on the tunnel wall is infinite, i.e., M, N ! •. The MIMO C2C channel can be de-
scribed by an MR ⇥MT channel matrix H(t 0, t) = [hkl(t

0
, t)]MR⇥MT , where hkl(t

0
, t)

denotes the time-variant impulse response. The time-variant impulse response of
the reference model can be expressed as

hkl(t
0
, t) = hDIF

kl (t 0, t)+hLOS
kl (t 0, t)+hSPE

kl (t 0, t) (D.1)

where hDIF
kl (t 0, t), hLOS

kl (t 0, t), and hSPE
kl (t 0, t) denote the impulse responses of the

diffuse, LOS, and specular components, respectively.
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To further simplify the analysis, we will use the TVTF instead of the impulse
response. The TVTF is the Fourier transform of the time-variant impulse response
hkl(t

0
, t) with respect to the propagation delay t

0, i.e., Hkl( f 0, t) = F
t

0{hkl(t
0
, t)}

[38, p. 59]. With reference to (D.1), Hkl( f 0, t) can be presented as

Hkl( f 0, t) = HDIF
kl ( f 0, t)+HLOS

kl ( f 0, t)+HSPE
kl ( f 0, t) (D.2)

where HDIF
kl ( f 0, t), HLOS

kl ( f 0, t), and HSPE
kl ( f 0, t) denote the diffuse, LOS, and specu-

lar components of the TVTF, respectively.

From investigations in [40], it is known that single-bounce scattering compo-
nents carry more energy than double-bounce scattering components. Therefore, in
our analysis, we model the diffuse component HDIF

kl ( f 0, t) by only considering the
single-bounce scattering effects. From the geometrical SCT scattering model shown
in Fig. D.3, we can observe that the (m,n)th homogeneous plane wave emitted from
the lth transmitter antenna element A(l)

T travels over the local scatterer S(mn) before
impinging on the kth receiver antenna element A(k)

R . Hence, the diffuse component
HDIF

kl ( f 0, t) of the TVTF of the link from A(l)
T to A(k)

R can be derived as

HDIF
kl ( f 0, t) = lim

M!•
N!•

1
p

(cR +1)MN

M,N

Â
m,n=1

e� j 2p

l

D(mn)
kl

⇥e j
h

2p f (mn)t+q

(mn)�2pt

0(mn)
kl f 0

i

(D.3)

where

D(mn)
kl = D(l,mn)

T +D(mn,k)
R (D.4)

f (mn) = f (mn)
T + f (mn)

R (D.5)

f (mn)
T = fTmax cos

⇣

a

(mn)
T �j

T
v

⌘

cos
⇣

b

(mn)
T

⌘

(D.6)

f (mn)
R = fRmax cos

⇣

a

(mn)
R �j

R
v

⌘

cos
⇣

b

(mn)
R

⌘

. (D.7)

The symbol D(mn)
kl in (D.3) denotes the total distance, which a plane wave travels

from the lth transmitter antenna element to the kth receiver antenna element via
the scatterer S(mn). The total distance D(mn)

kl is determined by (D.4) in which the
distances D(l,mn)

T and D(mn,k)
R are given by

D(l,mn)
T = D(mn)

T � (MT �2l +1)
dT

2

h

cosfT cos
⇣

b

(mn)
T

⌘

cos
⇣

gT �a

(mn)
T

⌘

+sinfT sin
⇣

b

(mn)
T

⌘i

(D.8)
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D(mn,k)
R = D(mn)

R � (MR �2k +1)
dR

2

h

cosfR cos
⇣

b

(mn)
R

⌘

cos
⇣

gR �a

(mn)
R

⌘

+sinfR sin
⇣

b

(mn)
R

⌘i

(D.9)

respectively, where

D(mn)
T =



(xm � xT )2 +(yn � yT )2 +(
q

R2 � y2
n � zT )2

�

1
2

(D.10)

D(mn)
R =



(xm � xR)2 +(yn � yR)2 +(
q

R2 � y2
n � zR)2

�

1
2
. (D.11)

In (D.6) and (D.7), the symbols fTmax = vT /l and fRmax = vR/l denote the max-
imum Doppler frequencies associated with the transmitter and the receiver, respec-
tively, where l is the wavelength. The symbol cR in (D.3) is the summation of the
Rice factors cLOS

R and cSPE
R , i.e., cR = cLOS

R + cSPE
R . The Rice factors cLOS

R and cSPE
R

will be defined in the paragraphs after (D.17) and (D.23), repectively. The phase
q

(mn) in (D.3) denotes the phase shift caused by the interaction of the transmitted
plane wave and the effective scatterers S(mn). It is assumed that the phases q

(mn) are
independent, identically distributed (i.i.d.) random variables, which are uniformly
distributed over the interval [0,2p). Finally, the symbol t

0(mn)
kl in (D.3) denotes the

propagation delay of the diffuse component. Using D(mn)
kl in (D.4), the propaga-

tion delays t

0(mn)
kl can be computed as t

0(mn)
kl = D(mn)

kl /c0, where c0 is the speed of
light. It is worth mentioning that one can easily extend our analysis on the basis
of single-bounce scattering to the case of double-bounce scattering by following a
similar approach as in [11].

In an analogous manner, the LOS component HLOS
kl ( f 0, t) of the TVTF can be

written as

HLOS
kl ( f 0, t) =

s

cLOS
R

cR +1
e� j 2p

l

D(l,k)
T R,LOSe j2p

h

f (0)t�t

0(0)
kl f 0

i

(D.12)

where

D(l,k)
T R,LOS = D(0)�(MT�2l +1)

dT

2
cosfT cosgT

�(MR�2k +1)
dR

2
cosfR cos

⇣

a

(0)
T �gR

⌘

(D.13)

D(0) =
⇥

(xR � xT )2 +(yR � yT )2 +(zR � zT )2⇤
1
2 (D.14)

f (0) = f (0)
T + f (0)

R (D.15)
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f (0)
T = fTmax cos

⇣

a

(0)
T �j

T
v

⌘

cos
⇣

b

(0)
T

⌘

(D.16)

f (0)
R = fRmax cos

⇣

a

(0)
R �j

R
v

⌘

cos
⇣

b

(0)
R

⌘

. (D.17)

In (D.15), f (0)
T and f (0)

R denote the Doppler shifts of the LOS component caused
by the movement of the transmitter and the receiver, respectively. The angles
a

(0)
T (b (0)

T ) and a

(0)
R (b (0)

R ) in (D.16) and (D.17) represent the AAOD (EAOD)
and the AAOA (EAOA) of the LOS component, respectively. The symbol cLOS

R
in (D.12) represents the Rice factor, which is defined as the ratio of the mean
power of the LOS component to the mean power of the diffuse component, i.e.,
cLOS

R = E{|HLOS
kl ( f 0, t)|2}/E{|HDIF

kl ( f 0, t)|2}. In (D.12), the symbol t

0(0)
kl stands for

the propagation delay of the LOS component. This quantity is given by t

0(0)
kl =

D(l,k)
T R /c0.

Similarly to the LOS component, the specular component HSPE
kl ( f 0, t) of the

TVTF Hkl( f 0, t) in (D.2) can be presented as

HSPE
kl ( f 0, t) =

s

cSPE
R

cR +1
e� j 2p

l

D(l,k)
T R,SPEe j2p

h

f (1)t�t

0(1)
kl f 0

i

(D.18)

where

D(l,k)
T R,SPE = D(1)�(MT�2l +1)

dT

2
cosfT cosgT

�(MR�2k +1)
dR

2
cosfR cos

⇣

a

(1)
T �gR

⌘

(D.19)

D(1) =



(xs � xT )2+(ys � yT )2+(
q

R2 � y2
n � zs)

2
�

1
2

+



(xs � xR)2+(ys � yR)2+(
q

R2 � y2
n � zs)

2
�

1
2

(D.20)

f (1) = f (1)
T + f (1)

R (D.21)

f (1)
T = fTmax cos

⇣

a

(1)
T �j

T
v

⌘

cos
⇣

b

(1)
T

⌘

(D.22)

f (1)
R = fRmax cos

⇣

a

(1)
R �j

R
v

⌘

cos
⇣

b

(1)
R

⌘

. (D.23)

The symbol cSPE
R in (D.18) represents the Rice factor, which is defined as the

ratio of the mean power of the specular component to the mean power of the diffuse
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component, i.e., cSPE
R = E{|HSPE

kl ( f 0, t)|2}/E{|HDIF
kl ( f 0, t)|2}. The symbol D(l,k)

T R,SPE
in (D.18) denotes the travelling distance of the plane wave from the lth transmitter
antenna element to the kth receiver antenna element via the specular reflection point
S(1). The position of the specular reflection point S(1) is determined by (xs,ys,zs).
The symbols f (1)

T and f (1)
R in (D.21) denote the Doppler shifts of the specular com-

ponent. The angles a

(1)
T (b (1)

T ) and a

(1)
R (b (1)

R ) in (D.22) and (D.23) represent the
AAOD (EAOD) and the AAOA (EAOA) of the specular component, respectively.
The symbol t

0(1)
kl in (D.18) stands for the propagation delay of the specular com-

ponent, which is given by t

0(1)
kl = D(l,k)

T R,SPE/c0. In analogy to [38, p. 61], the LOS
component HLOS

kl ( f 0, t) and the specular component HSPE
kl ( f 0, t) of the TVTF are

deterministic processes, while the diffuse component HDIF
kl ( f 0, t) is a stochastic pro-

cess.

B. The Elevation and the Azimuth Angles

In the reference model, the position of all effective scatterers S(mn) is described
by the Cartesian coordinates (xm,yn). With reference to Fig. D.3, we take into ac-
count that the AAOD a

(mn)
T and the AAOA a

(mn)
R are dependent. By using trigono-

metric identities, we can express the AAOD a

(mn)
T , AAOA a

(mn)
R , EAOD b

(mn)
T , and

EAOA b

(mn)
R in terms of the coordinates (xm,yn) of the position of the scatterers

S(mn) as follows:

ai(xm,yn) =

(

f (xm,yn), if yn � yi

� f (xm,yn), if yn < yi
(D.24)

bi(xm,yn) =

(

�g(xm,yn) , if
p

R2 � y2
n < zi

g(xm,yn) , if
p

R2 � y2
n � zi

(D.25)

where the index i refers to the transmitter (receiver) if i = T (i = R). The functions
f (x,y) and g(x,y) are given by

f (xm,yn) = arccos

 

(xm � xi)
p

(xm � xi)2 +(yn � yi)2

!

(D.26)

and

g(xm,yn) = arccos

0

@

p

(xm � xi)2 +(yn � yi)2
q

(xm � xi)2 +(yn � yi)2 +(
p

R2 � y2
n � zi)2

1

A (D.27)

respectively.
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IV. CORRELATION PROPERTIES OF THE REFERENCE MODEL

Here, we derive a general analytical solution for the STF-CCF, which will then
be used to compute the 2D space CCF, the 2D TF-CCF, the temporal ACF, and the
FCF.

A. The STF-CCF

Using (D.2), the STF-CCF between the TVTFs Hkl( f 0, t) and Hk0l0( f 0, t) can be
expressed as

rkl,k0l0(dT ,dR,n

0
,t) := E{H⇤

kl( f 0, t)Hk0l0( f 0 +n

0
, t + t)}

= r

DIF
kl,k0l0(dT ,dR,n

0
,t)+ r

LOS
kl,k0l0(dT ,dR,n

0
,t)

+r

SPE
kl,k0l0(dT ,dR,n

0
,t) (D.28)

where (⇤) denotes the complex conjugate, and E{·} stands for the expectation op-
erator that applies to all random variables: The phases q

(mn) and the coordinates xm

and yn defining the position of the scatterers S(mn).

Using (D.3), the STF-CCF r

DIF
kl,k0l0(dT ,dR,n

0
,t) of the diffuse component HDIF

kl ( f 0, t)
can be expressed as

r

DIF
kl,k0l0(dT ,dR,n

0
,t) = lim

M!•
N!•

1
(cR +1)MN

M,N

Â
m,n=1

E
n

c(mn)
ll0 d(mn)

kk0

⇥ e j2p

h

f (mn)
t�t

0(mn)
kl n

0
i

�

(D.29)

where

c(mn)
ll0 = e j2p

dT
l

(l�l0)cosfT cos
⇣

b

(mn)
T

⌘

cos
⇣

gT�a

(mn)
T

⌘

⇥e j2p

dT
l

(l�l0)sinfT sin
⇣

b

(mn)
T

⌘

(D.30)

d(mn)
kk0 = e j2p

dR
l

(k�k0)cosfR cos
⇣

b

(mn)
R

⌘

cos
⇣

gR�a

(mn)
R

⌘

⇥e j2p

dR
l

(k�k0)sinfR sin
⇣

b

(mn)
R

⌘

. (D.31)

The expression above has been obtained by averaging over the random phases
q

(mn). Here, it is important to note that the quantities c(mn)
ll0 , d(mn)

kk0 , f (mn) and t

0(mn)
kl

are functions of the coordinates xm and yn. The random variables xm and yn are
supposed to be uniformly i.i.d., such that their probability density functions (PDFs)
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are given by [37]

pxm(x) =
1

(xR � xT )
, if x 2 [xT ,xR] (D.32)

pyn(y) =
1

2R
, if y 2 (�R,R) (D.33)

respectively. Hence, the joint PDF pxmyn(x,y) of the random variables xm and yn can
be expressed as the product of the marginal PDFs pxm(x) and pyn(y), i.e.,

pxmyn(x,y) = pxm(x) · pyn(y)

=
1

2R(xR � xT )
, if x 2 [xT ,xR], y 2 (�R,R) . (D.34)

The infinitesimal power of the diffuse component corresponding to the differential
coordinates dx and dy is proportional to pxmyn(x,y)dxdy. In the limit as M, N ! •,
this infinitesimal contribution must be equal to 1/(MN), i.e., 1/(MN) = pxmyn(x,y)dxdy.
Consequently, the STF-CCF r

DIF
kl,k0l0(dT ,dR,n

0
,t) of the diffuse component in (D.29)

can be written as

r

DIF
kl,k0l0(dT ,dR,n

0
,t) =

1
2R(xR � xT )(cR +1)

R
Z

�R

xR
Z

xT

cll0(x,y)dkk0(x,y)

⇥e j2p[ f (x,y)t�t

0
kl(x,y)n

0]dxdy (D.35)

where

cll0(x,y) = e j2p

dT
l

(l�l0)cosfT cos(bT (x,y))cos(gT�aT (x,y))

⇥e j2p

dT
l

(l�l0)sinfT sin(bT (x,y)) (D.36)

dkk0(x,y) = e j2p

dR
l

(k�k0)cosfR cos(bR(x,y))cos(gR�aR(x,y))

⇥e j2p

dR
l

(k�k0)sinfR sin(bR(x,y)) (D.37)

f (x,y) = fT (x,y)+ fR(x,y) (D.38)

fT (x,y) = fTmax cos
�

aT (x,y)�j

T
v
�

cos(bT (x,y)) (D.39)

fR(x,y) = fRmax cos
�

aR(x,y)�j

R
v
�

cos(bR(x,y)) (D.40)

t

0
kl(x,y) =

1
c0

⇣

D(l)
T (x,y)+D(k)

R (x,y)
⌘

. (D.41)
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By using the functions in (D.8) and (D.9), the distances D(l)
T (x,y) and D(k)

R (x,y) in
(D.35) can be expressed as

D(l)
T (x,y) = DT (x,y)� (MT �2l +1)

dT

2

h

cosfT cos(bT (x,y))cos(gT �aT (x,y))

+sinfT sin(bT (x,y))
i

(D.42)

D(k)
R (x,y) = DR(x,y)� (MR �2k +1)

dR

2

h

cosfR cos(bR(x,y))cos(gR �aR(x,y))

+sinfR sin(bR(x,y))
i

(D.43)

respectively, where

DT (x,y) =
h

(x� xT )2 +(y� yT )2 +(
p

R2 � y2 � zT )2
i

1
2 (D.44)

DR(x,y) =
h

(x� xR)2 +(y� yR)2 +(
p

R2 � y2 � zR)2
i

1
2
. (D.45)

In (D.39) and (D.40), we recall that the AAOD (AAOA) aT (x,y) (aR(x,y)) and
the EAOD (EAOA) bT (x,y) (bR(x,y)) are functions of the coordinates (x,y) of the
scatterers according to (D.24) and (D.25), respectively.

The STF-CCF r

LOS
kl,k0l0(dT ,dR,n

0
,t) of the LOS component can be expressed as

r

LOS
kl,k0l0(dT ,dR,n

0
,t) =

cR

cR +1
c(0)

ll0 d(0)
kk0 e

j2p

⇣

f (0)
t�t

0(0)
kl n

0
⌘

(D.46)

where

c(0)
ll0 = e j2p

dT
l

(l�l0)cosfT cosgT (D.47)

d(0)
kk0 = e j2p

dR
l

(k�k0)cosfR cos
⇣

a

(0)
R �gR

⌘

. (D.48)

Analogously to the LOS component, the STF-CCF r

SPE
kl,k0l0(dT ,dR,n

0
,t) of the

specular component can be presented as

r

SPE
kl,k0l0(dT ,dR,n

0
,t) =

cSPE
R

cR +1
c(1)

ll0 d(1)
kk0 e

j2p

⇣

f (1)
t�t

0(1)
kl n

0
⌘

(D.49)

where

c(1)
ll0 = e j2p

dT
l

(l�l0)cosfT cosgT (D.50)

d(1)
kk0 = e j2p

dR
l

(k�k0)cosfR cos
⇣

a

(1)
R �gR

⌘

. (D.51)
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B. 2D Space CCF

The 2D space CCF rkl,k0l0(dT ,dR) is defined as rkl,k0l0(dT ,dR) := E{H⇤
kl( f 0, t)

Hk0l0( f 0, t)}, which is equal to the STF-CCF rkl,k0l0(dT ,dR,n

0
,t) at n

0 = 0 and t = 0,
i.e., rkl,k0l0(dT ,dR) = rkl,k0l0(dT ,dR,0,0). Hence, the 2D space CCF can be presented
as

rkl,k0l0(dT ,dR) =
1

2R(xR � xT )(cR +1)

R
Z

�R

xR
Z

xT

cll0(x,y)dkk0(x,y)dxdy

+
cLOS

R
cR +1

c(0)
ll0 d(0)

kk0 +
cSPE

R
cR +1

c(1)
ll0 d(1)

kk0 . (D.52)

C. The 2D TF-CCF

The 2D TF-CCF of the reference model is defined as the correlation of the
TVTFs Hkl( f 0, t) and Hkl( f 0, t), i.e., rkl(n

0
,t) := E{H⇤

kl( f 0, t) Hkl( f 0 + n

0
, t + t)}.

The 2D TF-CCF rkl(n
0
,t) can easily be obtained from the STF-CCF rkl,k0l0(dT ,dR,n

0
,t)

by setting the antenna element spacings dT and dR to zero, i.e., rkl(n
0
,t) =

rkl,k0l0(0,0,n

0
,t). Thus,

rkl(n
0
,t) =

1
2R(xR � xT )(cR +1)

R
Z

�R

xR
Z

xT

e j2p( f (x,y)t�t

0
kl(x,y)n

0)dxdy

+
cLOS

R
cR +1

e j2p

⇣

f (0)
t�t

0(0)
kl n

0
⌘

+
cSPE

R
cR +1

e j2p

⇣

f (1)
t�t

0(1)
kl n

0
⌘

. (D.53)

From the 2D TF-CCF two further correlation functions can be derived, such as the
temporal ACF and the FCF.

D. Temporal ACF

The temporal ACF of the TVTF H( f 0, t) of the transmission link from A(l)
T (l =

1,2, . . . ,MT ) to A(k)
R (k = 1,2, . . . ,MR) is defined by rkl(t) := E{H⇤

kl( f 0, t)Hkl( f 0, t + t)}
[41, p. 376]. Alternatively, the temporal ACF rkl(t) can be obtained directly from
the 2D TF-CCF rkl(n

0
,t) by setting the frequency separation variable n

0 to zero,
i.e., rkl(t) = rkl(0,t). In both cases, we obtain

rkl(t) =
1

2R(xR � xT )(cR +1)

R
Z

�R

xR
Z

xT

e j2p f (x,y)tdxdy

+
cLOS

R
cR +1

e j2p f (0)
t +

cSPE
R

cR +1
e j2p f (1)

t (D.54)
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for k = 1,2, . . . ,MR and l = 1,2, . . . ,MT . Note that the temporal ACF rkl(t) in
(D.54) is independent of k and l, which means that all TVTFs Hkl( f 0, t) modelling
the link from A(l)

T to A(k)
R are characterized by the same temporal ACF rkl(t) for all

k = 1,2, . . . ,MR and l = 1,2, . . . ,MT .

E. The FCF

The FCF of the TVTFs Hkl( f 0, t) and Hkl( f 0 + n

0
, t) is defined by rkl(n

0) :=
E{H⇤

kl( f 0, t)Hkl( f 0+n

0
, t)} [41, p. 376], which is equal to the 2D TF-CCF rkl(n

0
,t)

at t = 0, i.e., rkl(n
0) = rkl(n

0
,0). Thus, the FCF can be written as

rkl(n
0) =

1
2R(xR � xT )(cR +1)

R
Z

�R

xR
Z

xT

e� j2pt

0
kl(x,y)n

0
dxdy

+
cLOS

R
cR +1

e� j2pt

0(0)
kl n

0
+

cSPE
R

cR +1
e� j2pt

0(1)
kl n

0
. (D.55)

In contrast to the temporal ACF rkl(t), the FCF rkl(n
0) depends on k and l due to

the propagation delays t

0
kl(x,y), t

0(0)
kl , and t

0(1)
kl . However, by assuming that the an-

tenna element spacing of the transmitter (receiver) antenna array dT (dR) is small in
comparison to the radius R of the tunnel arch, we can take profit from the inequality
max{dT ,dR}⌧ R. Consequently, the total travelling distance D(mn)

kl in (D.4) can be
approximated as

D(mn)
kl ⇡ D(mn)

T +D(mn)
R (D.56)

where D(mn)
T and D(mn)

R are given in (D.10) and (D.11), respectively. Thus, the
propagation delays t

0
kl(x,y), t

0(0)
kl , and t

0(1)
kl will be independent of k and l.

F. The Doppler power spectral density

The Doppler power spectral density (PSD) is the Fourier transform of the tem-
poral ACF rkl(t) with respect to t , i.e., S f ( f ) = F

t

{rkl(t)} [38, Sec. 3.3]. Hence,
the Doppler PSD can be presented as

S f ( f ) =

•
Z

�•

rkl(t)e� j2p f tdt . (D.57)

The two most important statistical quantities characterizing the Doppler PSD
S f ( f ) are the average Doppler shift B(1)

f and the Doppler spread B(2)
f [38, Sec. 3.3].

The average Doppler shift B(1)
f describes the average frequency shift that a car-

rier frequency experiences during the transmission over a multipath fading channel.
The average Doppler shift is defined as the first moment of S f ( f ), which can be
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expressed as follows

B(1)
f =

•
R

�•
f S f ( f )d f

•
R

�•
S f ( f )d f

. (D.58)

The Doppler spread B(2)
f describes the frequency spread that a carrier frequency

experiences during the transmission over a multipath fading channel. The Doppler
spread is defined as the square root of the second central moment of S f ( f ), i.e.,

B(2)
f =

v

u

u

u

u

u

t

•
R

�•

⇣

f �B(1)
f

⌘2
S f ( f )d f

•
R

�•
S f ( f )d f

. (D.59)

According to [38, Sec. 3.3], the average Doppler shift B(1)
f and the Doppler spread

B(2)
f can alternatively be computed by using Fourier transform techniques enabling

to express these quantities in terms of the ACF rkl(t) and its first and second time
derivatives at the origin as follows:

B(1)
f =

1
2p j

· ṙkl(0)

rkl(0)
(D.60)

B(2)
f =

1
2p

s

✓

ṙkl(0)

rkl(0)

◆2
� r̈kl(0)

rkl(0)
. (D.61)

G. Power Delay Profile

The power delay profile (PDP) measures the average power associated with a
given multipath delay t

0
kl . The PDP is the inverse Fourier transform of the FCF

with respect to n

0, i.e., S
t

0
kl
(t 0kl) = F�1

n

0 {rkl(n
0)} [38, Sec. 7.3]. Hence, the PDP can

be expressed as

S
t

0
kl
(t 0kl) =

•
Z

�•

rkl(n
0)e j2pn

0
t

0
kl dn

0
. (D.62)

From the PDP S
t

0
kl
(t 0kl), we can derive two other important characteristic quantities,

namely the average delay and the delay spread. The average delay is denoted by
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B(1)
t

0
kl

and defined as the first moment of the PDP S
t

0
kl
(t 0kl), i.e.,

B(1)
t

0
kl

=

•
R

0
t

0
klSt

0
kl
(t 0kl)dt

0
kl

•
R

0
S

t

0
kl
(t 0kl)dt

0
kl

. (D.63)

The delay spread is denoted by B(2)
t

0
kl

and defined by the square root of the second
central moment of S

t

0
kl
(t 0kl), i.e.,

B(2)
t

0
kl

=

v

u

u

u

u

u

t

•
R
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⇣

t

0
kl �B(1)
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⌘2
S

t

0
kl
(t 0kl)dt

0
kl

•
R

0
S

t

0
kl
(t 0kl)dt

0
kl

. (D.64)

Alternatively, the equivalent expressions for B(1)
t

0
kl

and B(2)
t

0
kl

can be obtained by using

Fourier transform techniques, which allows us to present the average delay B(1)
t

0
kl

and

the delay spread B(2)
t

0
kl

in terms of the FCF rkl(n
0) as well as its first and second

frequency derivative at the origin as [38, p. 64]

B(1)
t

0
kl

=
1

2p j
· ṙkl(0)

rkl(0)
(D.65)

and

B(2)
t

0
kl

=
1

2p

s

✓

ṙkl(0)

rkl(0)

◆2
� r̈kl(0)

rkl(0)
. (D.66)

It is worth mentioning that owing to the inequality max{dT ,dR} ⌧ R, both the
average delay B(1)

t

0
kl

and the delay spread B(2)
t

0
kl

can be independent of k and l.

V. SIMULATION MODEL

Here, we describe the simulation model and we provide some background in-
formation on the parametrization methods usually used to determine the parameters
of the simulation model. Furthermore, we also present a measurement-oriented
method for the computation of the model parameters.
A. Description of the Simulation Model

The reference model presented in Section III is an analytical model, which as-
sumes an infinite number of scatterers (M,N ! •). Owing to the practical imple-
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mentation complexity, the reference model is non-realizable. However, the refer-
ence model described in Section III can serve as a starting point for the derivation
of stochastic and deterministic simulation models. Using the generalized principle
of deterministic channel modelling [38, Sec. 8.1], a stochastic simulation model
can be obtained from the reference model described by (D.2) by using only a finite
number of scatterers. By employing this concept, an accurate and efficient channel
simulator can be designed, which allows us to reproduce the statistical properties of
the reference model with high accuracy controlled by M and N. Several different
models are available that can be used for the simulation of mobile radio channels.
Here, we have used an SOC model, which allows the efficient modelling and simu-
lation of mobile radio channels under realistic nonisotropic scattering conditions. A
detailed description of SOC models can be found in [42] and [43]. In the literature,
several parametrization techniques for SOC models have been proposed, such as the
extended method of exact Doppler spread (EMEDS) [6], the LPNM [42], and the
generalized method of equal areas (GMEA) [44]. In our proposed model, we com-
puted the model parameters by using the LPNM, which is one of the best parameter
computation methods for the design of SOC channel simulators.

B. The Measurement-Based Computation of the Model Parameters

In this section, we determine the set of model parameters P = {R,xT ,yT ,zT ,xR,yR,zR,cR}
describing the SCT scattering model in such a way that the Doppler spread B(2)

f and

the delay spread B(2)
tkl of the reference model in (D.61) and (D.66) match the cor-

responding Doppler spread B?(2)
f and delay spread B?(2)

tkl of the measured channel,
respectively. To find the set of model parameters P , we minimize the error function

Emin = W1E1 +W2E2 (D.67)

where W1 and W2 denote the weighting factors. The symbols E1 and E2 in (D.67)
stand for the absolute errors of the Doppler spread and the delay spread, respec-
tively, which are defined as

E1 = argmin
P

�

�

�

B?(2)
f �B(2)

f

�

�

�

(D.68)

E2 = argmin
P

�

�

�

B?(2)
t

0
kl

�B(2)
t

0
kl

�

�

�

. (D.69)

In (D.68) and (D.69), the notation argmin
x

f (x) denotes the set of elements that
achieve the global minimum of f (x). At the beginning of the optimization proce-
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dure, the weighting factors W1 and W2 are selected such that they satisfy the equality
W1 +W2 = 1. There is a scarcity of measured channels with respect to both delay
statistics and the Doppler statistics in tunnel environments. Therefore, we use only
the delay spread of the measured channel reported in [36]. Thus, we have set the
weighting factor W1 to zero, implying that the error function Emin in (D.67) equals
Emin = E2.

By using the measured channel in [36], we have computed the measurement-
based model parameters under two different scenarios, called Scenarios I and II.
Scenarios I and II stand for the cases where the transmitter antenna height z?

T is set
to 8 and 2.5 m, respectively, while the receiver antenna height z?

R equals 2.5 m for
both cases. For Scenario I, two points were used for the mobile receiver MSR in
the x-axis, i.e., x?

R = {25,50}. However, for Scenario II, we have considered only
one point for MSR in the x-axis, where MST and MSR were separated from each
other by 50 m, i.e., x?

R = 50. For the computation of the model parameters, we
have considered 200 scatterers (cisoids), i.e., M ⇥N = 10⇥ 20. For the measured
channels in [36], the measured delay spreads B?(2)

t

0
kl

are presented for two different
scenarios in Table D.1. In the same table, we have also presented the resulting
optimized model parameters and the corresponding delay spreads B(2)

t

0
kl

. From the
results found for the simulation model, we observe an excellent fitting of delay
spreads of the simulation model to those of the measured channel, which proves
the validity of the proposed SCT scattering C2C channel simulator. It is worth
mentioning that not only the delay spreads but also the transmitter and receiver
antenna heights closely agree with those used in the measured equipment (see Table
D.1).

VII. NUMERICAL RESULTS

Here, we present numerical results obtained by evaluating (D.52)–(D.55) and
(D.66). The correctness of the analytical results will be verified by simulations.
The performance of the tunnel channel simulator has been assessed by comparing
the temporal ACF and the FCF with the corresponding correlation functions of the
reference model described by (D.54) and (D.55), respectively.

As our geometrical scattering model, we consider a SCT with a radius of R= 5m
and a length of L=100m. With reference to Fig. D.3, the locations of the transmitter
and the receiver are defined by the Cartesian coordinates (xT ,yT ,zT ) = (20m,2m,1m)

and (xR,yR,zR)=(40m,2m,1m), respectively. For the reference model, all numeri-
cal results have been obtained by choosing the following parameters: j

T
v =j

R
v =0�,

fT =fR =45�, gT =gR =45�, and fTmax = fRmax =91Hz.
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Table D.1: Measurement-based parameters of the SCT scattering model and the
resulting delay spread.

Scenario I Scenario II
SCT model z?

T = 8 m z?

T = 2.5 m
parameters z?

R = 2.5 m [36] z?

R = 2.5 m [36]
x?

R = 25 m x?

R = 50 m x?

R = 50 m

R (m) 9.87 6.83 7.14

xT (m) 0.01 0.01 0.012

yT (m) 0.01 0.01 0.01

zT (m) 8.2 7.9 2.57

xR (m) 22.4 54.66 53.9

yR (m) 0.01 0.01 0.01

zR (m) 2.7 2.64 2.62

cR 0.5 0.51 0.52

Measured
delay spread 10 5 5

B?(2)
t

0
kl

(ns) [36]

Theoretical
delay spread 10 5 5

B(2)
t

0
kl

(ns)

In [20], it is stated that the LOS component may contain more than just the true
LOS signal, for example, the ground specular component. In our numerical studies,
for the sake of simplicity, we do not take into account the effect of the specular
component, i.e., cSPE

R is set to zero. Thus, the Rice factor cR equals cR = cLOS
R +

cSPE
R = cLOS

R , which was chosen from the set {0,0.5,1}. The effective scatterers are
randomly distributed on the SCT wall over a length of xR � xT = 20m. The LPNM
has been used to optimize the parameters of the simulation model by assuming
a finite number of scatterers (cisoids). For the simulation model, the number of
scatterers was set to M⇥N = 30⇥20.

The absolute value of the 2D space CCF |r11,22(dT ,dR)| of the reference model
has been computed by using (D.52). The obtained results are illustrated in Fig. D.4
for an NLOS (cR = 0) propagation scenario. We can observe that the 2D space
CCF |r11,22(dT ,dR)| decreases as the antenna element spacings dT and dR increase.
For comparison reasons, the absolute value of the 2D space CCF is depicted in
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Figure D.4: Absolute value of the 2D space CCF |r1122(dT ,dR)| of the reference
model for an NLOS propagation scenario (cR = 0).

Fig. D.5 for a LOS (cR = 1) propagation scenario. As can be seen in Fig. D.5, under
LOS propagation conditions, the TVTFs H( f 0, t) and H( f 0 + n

0
, t + t) are highly

correlated even for relatively large antenna element spacings.
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Figure D.5: Absolute value of the 2D space CCF |r1122(dT ,dR)| of the reference
model for a LOS propagation scenario (cR = 1).

Similarly, the absolute value of the 2D TF-CCF |r11(n
0
,t)| of the reference

model has been evaluated by using (D.53). Figs. D.6 and D.7 illustrate the results
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Figure D.6: Absolute value of the 2D TF-CCF |r11(n
0
,t)| of the reference model

for an NLOS propagation scenario (cR = 0).
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Figure D.7: Absolute value of the 2D TF-CCF |r11(n
0
,t)| of the reference model

for a LOS propagation scenario (cR = 1).

for NLOS (cR = 0) and LOS propagation scenarios. Regarding the influence of a
LOS component, the 2D TF-CCF |r11(n

0
,t)| behaves similar as the 2D space CCF.

Fig. D.8 shows the absolute value of the temporal ACF |rkl(t)| for the case
that the transmitter and the receiver are moving with the same speed in the same
direction. A good match between the temporal ACF of the reference model and the
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Figure D.8: Absolute value of the temporal ACF |rkl(t)| of the reference model and
the temporal ACF of the simulation model for different Rice factors cR.

simulation model can be observed. Fig. D.8 demonstrates also that the experimental
simulation results of the temporal ACF match very well with the theoretical results.
The experimental results have been obtained by computing the time average of the
deterministic SCT simulation model making use of MATLAB function xcorr.m.

0 20 40 60 80 100
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Frequency separation, ν′ (MHz)

F
C
F
,
|r

1
1
(ν

′ )
|

 

 
Reference model

Simulation model (M=30, N=20)

Simulation (experiment)

cR = 1

cR = 0.5

cR = 0

Figure D.9: Absolute value of the FCF |r11(n
0)| of the reference model and the FCF

of the simulation model for different Rice factors cR.
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Fig. D.9 shows the absolute value of the FCF |r11(n
0)| for the same scenario. A

good agreement between the FCF of the reference model and the simulation model
can be seen. Again, it can be observed that the experimental simulation results of the
FCF match very well with the theoretical ones. From Fig. D.9, we can conclude that
our proposed SCT scattering model can be considered as a frequency-nonselective
channel model for dedicated short-range communications (DSRC) systems [14],
where the system bandwidth is 10 MHz. In both Figs. D.8 and D.9, we can observe
that the approximation errors caused by a limited number of scatterers (cisoids) M
and N can in general be neglected in the presented domains of t and n

0 if M � 30
and N � 20.
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Figure D.10: Absolute value of the FCF |rkl(n
0)| of the reference model for different

transmission links A(l)
T �A(k)

R (l,k = 1,2) under LOS propagation conditions (cR =
1).

In Fig. D.10, the absolute value of the FCF |rkl(n
0)| is shown for different

transmission links A(l)
T �A(k)

R (l,k = 1,2) under LOS propagation conditions. It is
interesting to see that the FCF |rkl(n

0)| has the same curves for the transmission
links A(1)

T � A(2)
R and A(2)

T � A(1)
R , which shows the symmetrical positions of the

mobile transmitter and the mobile receiver.
Figures D.11 and D.12 present the delay spread B(2)

t

0
kl

evaluated by using (D.66)
for different values of the SCT arch radius R under NLOS and LOS propagation
conditions, respectively. By increasing the tunnel arch radius R from 5 to 8 m, we
can observe that the delay spread increases. By comparing Figs. D.11 and D.12,
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we can see that the delay spread under LOS propagation conditions is smaller than
the one under NLOS conditions. This fact can be attributed to the presence of a
strong direct path.
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Figure D.11: Delay spread B(2)
t

0
kl

of the reference model for different values of the
radius R of the tunnel arch under NLOS propagation conditions (cR = 0).

Figure D.13 shows the delay spread B(2)
tkl for different transmission links from

A(l)
T to A(k)

R under NLOS propagation conditions, where the transmitter (receiver)
antenna element spacing dT (dR) is in the order of the tunnel radius R, such as
dT = dR = 3l . Similarly to Fig. D.10, from Fig. D.13 it can be observed that the
delay spread B(2)

tkl has identical graphs for the transmission links A(1)
T � A(2)

R and
A(2)

T �A(1)
R , which attributes to the symmetrical positions of the mobile transmitter

and the mobile receiver. For comparison reasons, in Fig. D.14, we present the
delay spreads B(2)

tkl for small values of dT and dR, i.e., dT = dR = 0.3l . One can
see that the delay spreads B(2)

tkl are the same for all transmission links from A(l)
T

to A(k)
R (l,k = 1,2), which means that the delay spread B(2)

tkl can be considered as
independent of l and k if the inequality max{dT ,dR}⌧ R holds.

VIII. CONCLUSION

In this paper, a reference model for a wideband MIMO C2C channel has been
derived by starting from the geometrical SCT scattering model. In this model, it
has been assumed that the scatterers are randomly distributed on the wall of an
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of the reference model for different values of the
radius R of the tunnel arch under LOS propagation conditions (cR = 1).

0 200 400 600 800 1000
0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

5.5

Distance, D (m)

D
el
a
y
sp
re
a
d
,
B

(2
)

τ
′ k
l
(n
s)

 

 
l = 1, k = 1
l = 1, k = 2
l = 2, k = 1
l = 2, k = 2

R = 5 m
δT = δR = 3λ
φT = φR = π/2
cR = 0

Figure D.13: Delay spread B(2)
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of the reference model for different transmission

links from A(l)
T to A(k)

R (l,k = 1,2) under NLOS propagation conditions (cR = 0), if
dT = dR = 3l .
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dT = dR = 0.3l .

SCT. Taking into account single-bounce scattering under LOS and NLOS propaga-
tion conditions, we have analyzed the STF-CCF of the reference model. To find a
proper simulation model, the SOC principle has been applied. It has been shown
that the designed SOC channel simulator approximates closely the reference model
with respect to the temporal ACF and the FCF. Moreover, the delay spread of the
reference channel model has been evaluated and presented for both LOS and NLOS
propagation environments. A validation of the usefulness of the proposed model has
been done by demonstrating an excellent fitting of the delay spreads of the reference
model to those of measured channels. Validating the proposed channel model with
respect to the other channel statistical quantities could be a topic for future stud-
ies, if the required measured data is available. Numerical results have shown that
the proposed model can be considered as a narrowband model for DSRC systems,
where the system bandwidth is 10 MHz. The proposed channel model allows us to
study the effect of multipath propagation on the performance of future C2C com-
munication systems under propagation conditions, which are typical for tunnels.
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Abstract — In this paper, the performance of Alamouti coded orthogo-
nal frequency division multiplexing (OFDM) systems over car-to-car (C2C)
fading channels correlated in time and space is analyzed. Taking different
geometrical scattering models into account, a generalized expression of the
time-variant transfer function (TVTF) is derived for wideband multiple-input
multiple-output (MIMO) C2C channels. We present a generalized expression
for the bit error probability (BEP), which will be used to describe the perfor-
mance of Alamouti coded OFDM systems over different types of C2C channel
models, such as the rectangle model, the tunnel model, the street model, and
the curve model. The effect of the maximum Doppler frequency and the an-
tenna element spacing on the system performance is discussed. Furthermore,
the proposed generalized model allows us to study the impact of the param-
eters of the geometrical model on the BEP. The proposed procedure enables
us to investigate the system performance using different kinds of C2C fading
channel models in a straightforward and time-efficient manner.

I. INTRODUCTION

Over the past few decades, there has been an increased interest in studying and
developing C2C communication systems, which offer numerous traffic safety ap-
plications to reduce the number of road accidents and to improve traffic flow. In
this regard, a large number of research projects focusing on C2C communication
systems have been carried out in Europe [1–3].

The development of C2C communication systems highly depends on a detailed
knowledge of the underlying radio channel. In the literature, numerous C2C channel
models have been developed and analyzed, such as the street line model [4], the
rectangle model [5], the cross-junction model [6], the curve model [7], and the
tunnel model [8]. The time-frequency selective properties of C2C channels are
significantly different from those of traditional fixed-to-mobile or mobile-to-fixed
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channels. Using OFDM systems can be of great advantage for C2C communications
due to their high spectral efficiency and their ability to mitigate multipath fading
effects.

In [9, 10], the performance of car-to-infrastructure (C2I) communication sys-
tems is analyzed. The frame success ratios and goodputs of C2I channels in a tunnel
environment were discussed and analyzed in [9], where it was shown that the use
of higher-order modulation schemes with constant packet length is more beneficial
to the total goodput than an increase in packet length. In [10], a narrowband single-
input single-output (SISO) C2I channel model for blind bent environments has been
derived. The authors of [10] studied the performance of different digital modulation
schemes over channels modelled by a sum of singly and doubly scattered compo-
nents. A computationally low-cost packet error model has been proposed for C2I
communications in [11], where the performance influence of different system con-
figurations and components were analyzed jointly.

The performance of C2C communication systems was analyzed in [12, 13]. The
impact of fast-varying channels on the C2C system performance was studied in [12].
It was shown that the channel estimation process is the most affected part due to
the rapid changes of the channel. In [13], the performance evaluation of the long
term evolution (LTE) technology in a C2C communication system was conducted.
The obtained results in [13] show the feasibility of broadband wireless access at
data rates of several Mbit/s. Another, recently published work dealing with the
performance analysis of C2C communications can be found in [14], where a new
regular shaped geometry-based stochastic model for non-isotropic scattering wide-
band C2C Rician fading channels has been proposed. There, to combat intercar-
rier interference (ICI), the authors proposed a new ICI cancellation scheme, called
precoding-based cancellation (PBC) scheme. Real-world measurement-based per-
formance results of C2C communications in various road configurations under vary-
ing LOS conditions were presented in [15]. There, the effect of objects blocking the
LOS path on the range of C2C communications was analyzed. Tapped delay line
C2C channel models have been designed in [16] based on the bit error rate (BER)
performance.

To the best of the authors’ knowledge, a theoretical analysis of the performance
of C2C communication systems over C2C channels under different scattering con-
ditions, as described in [4–8] has not been performed yet. Therefore, to fill this gap,
we have analyzed the performance of an Alamouti coded [17] OFDM system over
different C2C channel models, such as the rectangle model [5], the tunnel model [8],
the street line model [4], and the curve model [7].
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The main contributions and novelties of this paper are as follows:

1) We combine all abovementioned channel models [4, 5, 7, 8] to a general-
ized wideband MIMO C2C channel model assuming single-bounce scatter-
ing. The proposed model includes as special cases the rectangle model, the
tunnel model, the street line model, and the curve model.

2) We extend the wideband SISO C2C tunnel model in [8] to a MIMO C2C
tunnel channel model.

3) We also provide an extension of the narrowband MIMO C2C curve model
towards frequency selectivity.

4) Furthermore, we represent the corresponding correlation functions of the pro-
posed generalized model, such as the two-dimensional (2D) space cross-
correlation function (CCF) and the temporal autocorrelation function (ACF).

5) Finally, a comparative study of the BEP of Alamouti coded OFDM systems
is presented by using all abovementioned channel models [4, 5, 7, 8].

The rest of this paper is organized as follows. Section II describes the gener-
alized reference model. In Section III, the correlation functions of the reference
channel model, such as the 2D space CCF and the temporal ACF are briefly de-
scribed. Analytical expressions for the BEP of Alamouti coded OFDM systems are
presented in Section IV. The illustration of the numerical results found for the BEP
is the topic of Section V. Finally, Section VI provides the conclusions of the paper.

II. A GENERALIZED WIDEBAND MIMO C2C CHANNEL MODEL

In this section, we present a generalized reference channel model for a wide-
band MIMO C2C channel assuming single-bounce scattering. The proposed gen-
eralized reference channel model can be used to describe the geometrical rectangle
model and the tunnel model, as well as the street line model and the curve model
as a special case. The reference model is obtained by assuming that the number
of scatterers is infinite. The reference model serves as a basis for the derivation of
efficient MIMO channel simulators. In our proposed generalized channel model,
we consider two models, i.e., the rectangle model and the tunnel model, where the
positions of the scatterers S(mn) for m = 1,2, . . . ,M and n = 1,2, . . . ,N are described
as shown in [5, Fig. 2] and [8, Fig. 3], respectively. In both models, Cartesian co-
ordinates (xm,yn) are used to desribe the positions of the scatterers S(mn), where xm

and yn are random variables. The distribution of the scatterers S(mn) is completely
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determined by the distributions of xm and yn. In the following, we use the notation
and the definitions of the model parameters in [5, Fig. 2] and [8, Fig. 3], which are
summarized in Table E.1.

Table E.1: Definition of the parameters used in [5, Fig. 2] and [8, Fig. 3].

L The length of the tunnel.

R The radius of the semicircle tunnel.

(xT ,yT ,zT ) The position of the mobile transmitter (MST ).

(xR,yR,zR) The position of the mobile receiver (MSR).

D The distance between the MST and the MSR.

LA = A1 +A2 The length of the rectangular grids.

B1, B2 The width of the rectangular grids.

yT1 (yR1) The distance from the left-hand side of the street
to the MST (MSR).

yT2 (yR2) The distance from the right-hand side of the street
to the MST (MSR).

gT (gR) The orientation of the transmitter (receiver)
antenna array in the xy-plane relative to the x-axis.

fT (fR) The elevation angle of the transmitter (receiver)
antenna array w.r.t. the xy-plane.

dT (dR) The spacing between the antenna elements
at the transmitter (receiver) antenna.

vT (vR) The speed of the mobile transmitter (receiver).

j

T
v (jR

v ) The angle of motion of the MST (MSR).

a

(mn)
T , a

(mn)
R The azimuth angle of departure (AAOD) and

the azimuth angle of arrival (AAOA).

b

(mn)
T , b

(mn)
R The elevation angle of departure (EAOD) and

the elevation angle of arrival (EAOA).

D(l,mn)
T , D(mn,k)

R , The Euclidean distances d
⇣

A(l)
T , S(mn)

⌘

,

D(l,k)
T R , d

⇣

S(mn)
, A(k)

R

⌘

, and d
⇣

A(l)
T , A(k)

R

⌘

.

A. A Generalized TVTF
Let us assume a wideband MIMO C2C communication system employing MT

transmitter antennas and MR receiver antennas. The wideband MIMO C2C chan-
nel can be described by the channel matrix Hp( f 0, t) = [Hkl,p( f 0, t)]MR⇥MT , where
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Hkl,p( f 0, t) denotes the TVTF of the link from the lth transmitter antenna A(l)
T (l =

1,2, . . . ,MT ) to the kth receiver antenna A(k)
R (k = 1,2, . . . ,MR), and the index p in-

dicates the type of the geometrical channel model. We consider a rectangle model if
p = 1 and a tunnel model if p = 2. The TVTF Hkl,p( f 0, t) of the pth channel model
for the link A(l)

T �A(k)
R can be expressed as

Hkl,p( f 0, t) = lim
M!•
N!•

1p
MN

M,N

Â
m,n=1

e� j 2p

l

D(mn)
kl,p e j

h

2p f (mn)
p t+q

(mn)�2pt

0(mn)
kl,p f 0

i

(E.1)

where

D(mn)
kl,p = D(l,mn)

T,p +D(mn,k)
R,p , p 2 {1,2} (E.2)

f (mn)
p = f (mn)

T,p + f (mn)
R,p , p 2 {1,2} (E.3)

f (mn)
T,p = fTmax cos

⇣

a

(mn)
T,p �j

T
v

⌘

cos
⇣

(p�1)b
(mn)
T

⌘

(E.4)

f (mn)
R,p = fRmax cos

⇣

a

(mn)
R,p �j

R
v

⌘

cos
⇣

(p�1)b
(mn)
R

⌘

. (E.5)

The symbols D(mn)
kl.p , f (mn)

p , q

(mn), and t

0(mn)
kl,p in (E.1) denote the total path length,

the Doppler frequency, the phase, and the propagation delay of the reference model.
The distance D(mn)

kl,p is determined by (E.2) in which the distances D(l,mn)
T,p and D(mn,k)

R,p
are given by

D(l,mn)
T,p = D(mn)

T,p � (MT �2l +1)
dT

2

h

cos((p�1)fT )cos
⇣

(p�1)b
(mn)
T

⌘

·cos
⇣

gT �a

(mn)
T,p

⌘

+(p�1)sin(fT )sin
⇣

b

(mn)
T

⌘i

, p 2 {1,2} (E.6)

D(mn,k)
R,p = D(mn)

R,p � (MR �2k +1)
dR

2

h

cos((p�1)fR)cos
⇣

(p�1)b
(mn)
R

⌘

·cos
⇣

gR �a

(mn)
R,p

⌘

+(p�1)sin(fR)sin
⇣

b

(mn)
R

⌘i

, p 2 {1,2} (E.7)

respectively, where

D(mn)
T,p =



(xm � (p�1)xT )2 +(yn � (p�1)yT )2 +(p�1)(
q

R2 � y2
n � zT )2

�

1
2

(E.8)

D(mn)
R,p =

⇥

(xm � (p�1)xR +(p�2)Dx)
2 +(yn � (p�1)yR +(p�2)Dy)

2

+(p�1)(
q

R2 � y2
n � zR)2

�

1
2
. (E.9)
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The symbols Dx and Dy in (E.9) are defined as Dx = D and Dy = yT1 � yR1 , re-
spectively (see [5, Fig. 2]). It is assumed that the phases q

(mn) are independent,
identically distributed (i.i.d.) random variables, which are uniformly distributed
over the interval [0,2p). Using the distance D(mn)

kl,p in (E.2), the propagation delays

t

0(mn)
kl,p in (E.1) can be computed as t

0(mn)
kl,p = D(mn)

kl,p /c0, where c0 is the speed of light.
It is noteworthy that we have extended in this paper the SISO C2C semicircle tunnel
model in [8] to a MIMO model.

The proposed generalized channel model also includes the street line model
(p = 3) and the curve model (p = 4) as special cases. In these models, it is assumed
that an infinite number of scatterers are uniformly distributed on a street line (street
line model) [4] or on a curve (curve model) [7]. Hence, the double-sum in (E.1)
will be reduced to a single-sum, i.e., N = 1, by only taking into account the effect
of the scatterers S(m). Thus, the TVTF Hkl,p( f 0, t) of the reference model can be
represented as

Hkl,p( f 0, t) = lim
M!•

1p
M

M

Â
m=1

e� j 2p

l

D(m)
kl,pe j

h

2p f (m)
p t+q

(m)�2pt

0(m)
kl,p f 0

i

(E.10)

where

D(m)
kl,p = D(l,m)

T,p +D(m,k)
R,p , p 2 {3,4} (E.11)

D(l,m)
T,p = D(m)

T,p � (MT �2l +1)
dT

2
cos
⇣

a

(m)
T,p � gT

⌘

(E.12)

D(m,k)
R,p = D(m)

R,p � (MR �2k +1)
dR

2
cos
⇣

a

(m)
R,p � gR

⌘

(E.13)

f (m)
p = f (m)

T,p + f (m)
R,p , p 2 {3,4} (E.14)

f (m)
T,p = fTmax cos

⇣

a

(m)
T,p �j

T
v

⌘

(E.15)

f (m)
R,p = fRmax cos

⇣

a

(m)
R,p �j

R
v

⌘

. (E.16)

The symbols D(m)
T,p and D(m)

R,p in (E.12) and (E.13), respectively, can be found in [4]
for p = 3 and in [7] if p = 4, respectively.
B. Angle of Departure (AOD) and Angle of Arrival (AOA)

In the generalized reference model, the positions of all scatterers S(mn) are de-
scribed by the Cartesian coordinates (xm,yn) if p 2 {1,2}. For the special cases
p 2 {3,4}, the position of each scatterer is defined by the AOD and/or the angle
of scatterer (AOS). Thus, the angles a

(mn)
T,p (a(mn)

R,p ) [see (E.4) and (E.5)] and a

(m)
T,p

(a(m)
R,p ) [see (E.15) and (E.16)] are listed in Table E.2. According to [8, Eq. (15)],
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Table E.2: AODs and AOAs of the reference model

Geometrical AOD AOA
Model

Rectangle Model a

(mn)
T,1 given a

(mn)
R,1 given

(p = 1) in [5, Eq. (16)] in [5, Eq. (17)]

Tunnel Model a

(mn)
T,2 given a

(mn)
R,2 given

(p = 2) in [8, Eq. (15)] in [8, Eq. (15)]

Street Line Model a

(m)
T,3 given a

(m)
R,3 given

(p = 3) in [4] in [4, Eq. (14)]

Curve Model a

(m)
T,4 given a

(m)
R,4 given

(p = 4) in [7, Eq. (24)] in [7, Eq. (25)]

the EAOD b

(mn)
T and the EAOA b

(mn)
R can be expressed in terms of the coordinates

of the position (xm,yn) of the scatterer S(mn). In the curved street scattering model,
the position of the scatterer S(m) is described by the AOS b

(m). Hence, for p = 4,
the angle a

(m)
T,4 (a(m)

R,4 ) is defined in terms of the AOS as given in [7, Eq. (24)-(25)].

III. CORRELATION PROPERTIES OF THE REFERENCE MODEL

In [18], it was shown that the performance of Alamouti coded OFDM systems
depends on the temporal and spatial correlation properties of the underlying chan-
nel. In this regard, we will briefly review the main correlation functions, such as the
2D space CCF and the temporal ACF.

Starting from the derivation of the analytical expression for the space-time-
frequency CCF (STF-CCF) of the Type p C2C (C2Cp) channel model, we will
compute the corresponding 2D space CCF and the temporal ACF. The STF-CCF
of the TVTFs Hkl,p( f 0, t) and Hk0l0,p( f 0, t) is defined as rkl,k0l0,p(dT ,dR,n

0
,t) :=

E{H⇤
kl,p( f 0, t)Hk0l0,p( f 0 + n

0
, t + t)}. From the STF-CCF, we can obtain the 2D

space CCF rkl,k0l0,p(dT ,dR) of the reference model by setting t = 0 and n

0 = 0.
The 2D space CCF for p = 1, p = 3, and p = 4 can be found in [5, Eq. (30)], [4, Eq.
(27)], and [7, Eq. (47)], respectively. The 2D space CCF rkl,k0l0,p(dT ,dR) of the
reference model for p = 2, i.e., for the tunnel model, can be expressed as

rkl,k0l0,2(dT ,dR) =

R
Z

�R

xR
Z

xT

pxmyn(x,y)cll0(x,y)dkk0(x,y)dxdy

(E.17)
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where

cll0(x,y) = e j2p

dT
l

(l�l0)cosfT cos(bT (x,y))cos(gT�aT (x,y))

·e j2p

dT
l

sinfT sin(bT (x,y)) (E.18)

dkk0(x,y) = e j2p

dR
l

(k�k0)cosfR cos(bR(x,y))cos(gR�aR(x,y))

·e j2p

dR
l

sinfR sin(bR(x,y)) (E.19)

and pxmyn(x,y) denotes the joint probability density function of the random variables
xm and yn [8, Eq. (23)].

The temporal ACF rkl,p(t) of the TVTF of the transmission link A(l)
T �A(k)

R is
defined by rkl,p(t) := E{H⇤

kl,p( f 0, t)Hkl,p( f 0, t + t)} [19, p. 376]. By making use
of the results in [5, Eq. (32)], [8, Eq. (32)], [4, Eq. (26)], and [7, Eq. (48)], the
temporal ACF rkl,p(t) can be expressed for all considered C2Cp channel models.

IV. BEP OF ALAMOUTI CODED OFDM SYSTEMS

In this section, we present the expression of the BEP for Alamouti coded OFDM
systems over C2Cp channels correlated in time and space. The BEP of Alamouti
coded OFDM systems can be computed as

Pb =

•
Z

0

P
gS

(g) ·Pb|gS
(g)dg (E.20)

where P
gS

(g) denotes the joint PDF given by [18, Eq. (24)], and Pb|gS
(g) is the

conditional BEP of a digital modulation scheme for a given value of the signal-
to-noise ratio (SNR) g . For example, for the binary phase-shift keying (BPSK)
modulation scheme, the conditional BEP equals Pb|gS

(g) = erfc
�p

g

�

/2.
Under the assumption of perfect channel state information (CSI), the BEP Pb,p

of BPSK Alamouti coded OFDM systems over C2Cp channels correlated in time
can be written as [18, Eq. (27)]

Pb,p =
2s

2
0

16(s4
0 �r

2
T,p)

2
ḡ

•
Z

0

•
Z

0

w
Z

0

z2
Z

0

z2z3(w� z3)

z4(z2 � z4)w

·e
� s

2
0

2(s4
0�r

2
T,p)

[
(w�z3)2

z4
+z2+

z2
3

z2�z4
]

erfc(
p

g)

·I0

 

z3rT,p

s

4
0 �r

2
T,p

!

I0

 

(w� z3)rT,p

s

4
0 �r

2
T,p

!

dz4dz3dz2dg

(E.21)
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where s

2
0 is one half of the mean power of the received scattered components, the

upper limit w is given by w =
q

2s

2
0 gz2/ḡ , and rT,p = rkl,p(Ts)/2, where Ts is the

symbol duration.
In an analogous manner, the BEP Pb,p of a BPSK Alamouti coded OFDM sys-

tem over C2Cp channels correlated in space can be expressed as [18, Eq. (28)]

Pb,p =
2s

2
0

16(s4
0 �r

2
D,p)

2
ḡ

•
Z

0

•
Z

0

w
Z

0

z2
Z

0

z2z3(w� z3)

z4(z2 � z4)w

·e
� s

2
0

2(s4
0�r

2
D,p)
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(w�z3)2

z4
+z2+
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3
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p
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·I0

 

z3
p

z4rD,p

(s4
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2
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(w� z3)
p

z2 � z4rT,p

(s4
0 �r

2
T,p)

p
z4

!

dz4dz3dz2dg (E.22)

where rD,p = rkl,k0l0,p(dT ,0)/2.

V. PERFORMANCE ANALYSIS

This section presents the theoretical BEP results obtained by evaluating (E.21)
and (E.22). The correctness of the analytical results will be confirmed by system
simulations. For the system simulations, we consider an OFDM system with K = 64
subcarriers and Ts = 8µs. The geometrical model parameters used for computing
the BEP in (E.21) and (E.22) are presented in Table E.3. For the reference model, all
numerical results have been obtained by choosing the following parameters: j

T
v =

Table E.3: Model parameters.
Model parameters Value and unit

R 5 m

(xT ,yT ,zT ) (20 m, 2 m, 1 m)

(xR,yR,zR) (40 m, 2 m, 1 m)

D 400 m [5]

LA = A1 +A2 500 m [5]

B1, B2 100 m

yT1 (yR1) 20 m (10 m)

yT2 (yR2) 10 m (20 m)



170 Car-to-Car Communication Systems

j

R
v =0�, fT =fR=45�, gT =gR=45�, and fTmax = fRmax =100Hz. The corresponding

MIMO channel simulator has been designed by using the Lp-norm method, such
that the resulting simulation model is ergodic [20], i.e., the statistical average equals
the time average. This allows us to compute the BEP from single runs. For each
single run, we have generated 106 data symbols.

In Fig. E.1, the BEP of an Alamouti coded OFDM system over different C2C
fading channels correlated in time versus the SNR has been illustrated. In our analy-
sis, as mentioned in Section IV, it has been assumed that the CSI is known at the re-
ceiver side. Hence, from Fig. E.1, we can conclude that the maximum Doppler fre-
quency fTmax ( fRmax) does not affect the system performance if fTmax ( fRmax) changes
over the range from 100 Hz to 500 Hz. It is worth mentioning that all considered
C2C channels behave in the same manner, as the same BEP is demonstrated. More-
over, it should be mentioned that the system simulation results match those of the
theoretical BEPs.
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Figure E.1: BEP performance of an Alamouti coded OFDM system over different
C2C fading channels correlated in time.

Figure E.2 shows the BEP performance over different C2C fading channels
correlated in space for dT = 0.1l and dT = 3l . From this figure, we can con-
clude that the system performance can be improved by increasing the antenna spac-
ings. This fact indicates that the spatial correlation between TVTFs Hkl,p( f 0, t)
and Hk0l0,p( f 0, t) is smaller if the antenna element spacings are large. Similarly to
Fig. E.1, the curves obtained for the BEP are approximately the same for different
C2C channel models.
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Figure E.2: BEP performance of an Alamouti coded OFDM system over different
C2C fading channels correlated in space with dT = 0.1l and dT = 3l .

Figure E.3 shows the effect of the street length LA and the distance D between
MST and MSR on the BEP performance. The system performance improves as the
length of the street LA increases. However, the BEP performance does not change
for different values of the distance between MST and MSR. The change of the street
width B1 and B2 does not affect the BEP performance, which can be seen in Fig. E.4.
This fact can be attributed to the presence of a large number of scatterers located on
a street line. Nevertheless, the system performance can be improved by increasing
antenna spacings dT from 0.1l to 3l .

The effect of the tunnel model parameters, i.e., the radius R of the tunnel arch
and the distance D between MST and MSR, on the performance of C2C communi-
cation systems has been demonstrated for different antenna element spacings dT in
Fig. E.5. We can see the same performance in terms of the BEP for different values
of R and D, which means that small changes in R and D do not affect the system
performance. From Fig. E.5, one can see the effect of the antenna spacings dT , in
which the system performance is improved by increasing dT .

Finally in Fig. E.6, the system performance of the C2C channel model based
on the curve model is shown. Similarly to Fig. E.5, the BEP performance does not
change if the radius R of the curve varies in the considered range.

VI. CONCLUSION

In this paper, a generalized reference model for wideband MIMO C2C chan-
nels has been derived by assuming single-bounce scattering. An extension from the
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Figure E.3: BEP performance of an Alamouti coded OFDM system over a C2C
channel (rectangle model) for different values of LA and D.
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Figure E.4: BEP performance of an Alamouti coded OFDM system over a C2C
channel (rectangle model) for different values of B1 and B2.
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Figure E.5: BEP performance of an Alamouti coded OFDM system over a C2C
channel (tunnel model) for different values of R and D.
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Figure E.6: BEP performance of an Alamouti coded OFDM system over a C2C
channel (curve model) for different values of the curve radius R.
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SISO C2C tunnel model to the MIMO case has been performed. Furthermore, an
extension of the narrowband MIMO C2C channel model based on the curve model
to the wideband model has been provided. An analytical expression has been pre-
sented for the BEP of Alamouti coded OFDM systems over generalized C2C chan-
nels. The effect of the geometrical model parameters of the propagation area on the
system performance has been studied and discussed. It has been shown that using
large antenna element spacings improves the system performance. The proposed
generalized C2C channel model can serve as a highly flexible C2C channel simu-
lator, which allows system developers to simulate a variety of C2C channels and to
evaluate their performance under different propagation conditions.
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