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ABSTRACT Unmanned aerial vehicle (UAV) assisted cell-free communications hold promise for enhancing
the coverage and capacity of heterogeneous cellular networks. However, the network interference in such
scenarios must be accurately modeled for efficient system design. The spatial characteristics of the desired
and interfering signals can be jointly modeled by considering the characteristics of the signal-to-interference
ratio (SIR). This work proposes a generalized framework for modeling the spatial statistics of the SIR
encountered in 3-D volumetric inter-vehicular communication channels. Though the novel paradigm of
UAV-assisted cell-free vehicular communications is analyzed in particular, the proposed framework is more
general in that it incorporates 3-D mobility at both link ends. Also, this framework is shown to include
as its special cases, several notable 2-D propagation models of network interference including those for
terrestrial vehicle-to-vehicle and fixed-to-vehicle scenarios. Analytical expressions are derived for the SIR
level-crossing-rate (LCR), average-fade-duration (AFD), spatial auto-covariance (SAC), and coherence
distance (CD). Both single- andmulti-cluster scattering environments are analyzed and the impact of channel
parameters such as the direction and velocity of mobile nodes as well as the altitudes of the UAV and
scattering cluster(s) on the SIR fading statistics is investigated. Finally, some future extensions of this work
are also discussed such as the integration of intelligent reflective surfaces in the propagation scenario to
generate favorable channel conditions.

INDEX TERMS Channel modeling, cell-free communications, fading, interference, inter-vehicular, signal-
to-interference ratio, second-order statistics, unmanned aerial vehicle (UAV).

I. INTRODUCTION
The deployment of the 5th generation (5G) of cellular net-
works commenced with Release-15 of the 3rd generation
partnership project (3GPP) [1] and it is set to gain momentum
with the 3GPP Release-16 expected during the year 2020 [2],
[3]. The 5G incorporates several revolutionary technologies
such as massive multiple-input multiple-output (mMIMO),
small cells, millimeter wave (mmWave), mobile edge com-
puting (MEC), and software-defined networking (SDN) –
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to name a few. These innovations are expected to facilitate
massive machine type communications (mMTC), enhanced
mobile broadband (eMBB), and ultra-reliable low-latency
communications (URLLC) [4].

The 5G networks have necessitated a three dimen-
sional (3-D) volumetric modeling of the propagation chan-
nel due to the provision of unmanned aerial vehicles
(UAVs) serving as base stations (BSs) [5] as well as
small-cells that have rich scattering at both link-ends.
Thus 5G has extended the conventional concept of two
dimensional (2-D) terrestrial networks to 3-D volumetric
networks.
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A. SIGNIFICANCE OF 3-D SPATIAL STATISTICS IN 5G
COMMUNICATIONS
The combination of small-cells and mMTC in 5G net-
works is expected to incur increased inter-tier interference
due to an aggressive frequency reuse in these ultra-dense
5G heterogeneous networks (HetNets). However, this net-
work interference can be mitigated by deploying large-scale
multi-antenna systems that provide a very fine 3-D angular
resolution of the multipath [6]–[8]. For example, the chan-
nel capacity can be increased by exploiting knowledge of
the angular statistics of the desired and interference signals
for beam-steering and null-steering, respectively. The useful
and interference channels can be jointly characterized by
investigating the statistics of the signal-to-interference ratio
(SIR) [6]. Thus, 3-D angular modeling of the interference
is necessary for an accurate performance characterization
of the volumetric vehicle-to-vehicle (V2V) 5G networks.
Such V2V communication scenarios include aerial-vehicle-
to-aerial-vehicle (AV2AV), aerial-vehicle-to-ground-vehicle
(AV2GV), and ground-Vehicle-to-ground-vehicle (GV2GV)
communications. Airborne internet access through mesh net-
work topology between the aerial vehicular nodes is a notable
emerging example of AV2AV communications [9].

The spatial statistics of the radio channels are useful in
deriving second order fading statistics such as the level-
crossing-rate (LCR), average-fade-duration (AFD), spatial
auto-covariance (SAC) and the coherence distance (CD) [10].
LCR is defined as the measure of the average rate at which
the given signal envelope crosses a threshold level, where
the AFD is defined as the average duration for which the
signal envelope stays below the threshold level. SAC rep-
resents the correlation of the received signals at different
spatial positions along the mobility route of communicating
nodes, while CD determines the maximum spatial separa-
tion between two points over which the normalized corre-
lation coefficient remain higher than a minimum defined
level (e.g., ≥ 50%). In [11], a 2-D V2V channel was
considered and analytical expressions for the second-order
fading statistics were derived that independently investi-
gate the desired channel or the interference channel only.
In [12]–[15] and [16], the authors derived analytical expres-
sions for second-order fading statistics by using spatio-
temporal correlation functions for Nakagami-q and Rician
fading channels, respectively, which can be used to indepen-
dently study desired or interference channels.

As the research interest in mMIMO has increased [17],
[18], the 3-D angular characterization of the desired and inter-
ference signals has become an essential task [19]. In previous
cellular network generations, the cell-users were typically
located far from the BS such that the elevation angle could
be neglected and an azimuth-only channel characterization
sufficed for predicting network performance. However, due
to the presence of small cells with reduced coverage area and
UAVBSs in 5G networks, the elevation angle needs to be con-
sidered, which necessitates a full 3-D spatial characterization
of the desired and interference channels.

B. MULTI-ANTENNA INTEGRATED CELL-FREE
INTER-VEHICULAR COMMUNICATIONS
Recently, cell-free communications have been proposed to
meet the capacity demands of emerging wireless networks
[2], [20]. Such cell-free communications may build either
on UAV BSs or on distributed multi-antenna systems. In
[21], the authors thoroughly reviewed the potential benefits
and challenges of UAV-based cell-free (also referred as fluid
cells) communications, whereas cell-free communications
based on small cells was discussed in [22]. In [23], a UAV-
assisted cell-free mMIMO communications architecture was
proposed, whereas the authors in [24] proposed mMIMO
communications for providing long-range connectivity and
space division multiple access to the highly mobile UAV
network nodes. To quantify the benefits of cell-free mMIMO
systems in terms of energy- and cost-efficiency, the authors in
[25] provided a comprehensive survey of cell-free mMIMO
systems. Some signal processing based manipulations for
decreasing the fronthaul responsibilities in terms of joint
channel estimation and precoding are proposed. The authors
in [26] study the statistics of mixed radiofrequency/free-
space optical (RF/FSO) relay systems for V2V networks. The
channel is modeled as gamma-gamma (G-G) and product
of Nakagami-m and G-G of mixed RF/FSO relay systems
and study the second-order statistics of infrastructure-to-
infrastructure (I2I) FSO links and the RF/FSO/RF V2V cas-
caded relay links. In particular, the closed-form analytical
expressions for cumulative distribution function (CDF), LCR,
and AFD using different propagation models are derived.
In [27], [28], the authors analyzed the performance of the
relay-assisted vehicular networks. The outage probability and
bit error rate (BER) expressions are derived with a for-
mulation of the power allocation problem and the authors
optimized the power allocation values to minimize BER.
Data-driven approaches (e.g., machine learning) has recently
received a significant research interest for providing solutions
to various challenges in wireless communication networks as
an alternative to the mathematical models-based algorithmic
solutions [2]. In [29], the authors proposed a practical solu-
tion for channel estimation in cell-free mmWave mMIMO
systems by deploying a fast and flexible denoising convolu-
tional neural network (FFDCNN) based solution.

In [30], stochastic geometry was used to analyze the inter-
ference in directional UAV communications. In summary,
characterizing the network interference in angular domain as
well as investigating the channel’s second-order fading statis-
tics are important for good transceiver design in vehicular
cell-free communications.

C. MULTIPATH SHAPE FACTORS AND FADING STATISTICS
OF INTERFERENCE
The higher-order statistics (HOS) of wireless channels are
regarded as important for modeling and studying of wireless
communication systems. In [31], characterization of HoS of
channel capacity for κ-µ and κ-µ shadowed fading channel
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are studied. In wireless communications, multipath shape
factors are acquainted with the representation of first and
second-order statistics of the received signal fluctuations. In
[10], the authors proposed a theory of multipath shape fac-
tors for analyzing the small-scale fading for fixed-to-vehicle
(F2V) radio propagation channels. The authors used these
shape factors to derive analytical expressions for the second-
order fading statistics of a Rayleigh fading channel assuming
radio propagation in the 2-D azimuthal plane. This theory
was revisited in [32] and [33] for Rician and Nakagami-m
fading channels, respectively. In [34], the authors extended
the multipath shape factor theory, previously proposed for
2-D propagation, to 3-D multipath propagation in a F2V
communication setting. In [35], the authors further gener-
alized the multipath shape factor theory by considering a
3-D geometry for vehicle-to-vehicle communications and
jointly exploiting the 3-D angle-of-arrival (AoA) and angle-
of-departure (AoD) of the multipath. It is noteworthy that the
work in [35] includes all previous proposals on the multipath
shape factors as its special cases.

In [10], the authors used the theory of 2-D multipath shape
factors to model the network interference by an interference
azimuth spectrum (IAS). The IASwas utilized to jointly char-
acterize the fading statistics of the desired and the interference
channels in terms of the SIR. This work was extended to
3-D space in [6] and analytical expressions were derived
for the second-order fading statistics of SIR in terms of
LCR, AFD, and CD. In [36], the authors jointly investigated
the fading statistics of the interference and desired channels
for a F2V communication scenario. Although the work in
[36] claimed to model interference for vehicle-to-everything
(V2X) communications, i.e., inclusive of mobility at both
link ends, the actual expressions derived in that work were
restricted to the F2V communication case only. To the best of
the author’s knowledge, spatial modeling and second-order
fading statistics of the SIR in 3-D volumetric inter-vehicular
communication channels have not been previously reported
in the literature.

D. CONTRIBUTIONS AND ORGANIZATION
This work proposes an analytical framework for modeling the
network interference in 3-D spatial domain for ultra-dense
HetNets. In contrast to the work of [6], [36], the proposed
framework can accommodate 3-D node-mobility at both ends
of the communication link, i.e., node-mobility in both the
horizontal and the vertical planes can be considered. Different
to the work in [37], the proposed work jointly investigates
the second-order fading statistics of interference and desired
channels in terms of SIR. Also, in [37], Rayleigh distribution
is considered to model the channel fading behaviour, while
it is modeled as Nakagami-m distributed in the proposed
work which is a more generalized consideration. The pro-
posed generalized framework is flexible enough to model
several interesting scenarios in emerging wireless networks,
e.g., the communication channel between a UAV BS and a
terrestrial vehicular node can be modeled, which was not

possible with previously reported models. For the reader’s
benefit, Table 1 briefly summarizes the notable literature
on angular modeling of interference in wireless networks,
where the contributions of this work are also briefly high-
lighted. The main contributions of this work are listed as
follows:

• An analytical framework formodeling the network inter-
ference in 3-D angular domain for inter-vehicular volu-
metric communication networks is proposed.

• Analytical expressions for jointly (in terms of SIR) char-
acterizing the second-order fading statistics of desired
(main) and interference channels are derived. The con-
sidered quantifiers for second-order fading statistics are
LCR, AFD, SAC, and CD.

• The impact of various physical channel parameters on
the channel second-order fading statistics with respect
to SIR is thoroughly investigated. Moreover, emerging
inter-vehicular communication scenarios are studied,
e.g., UAV to ground vehicle communications.

The rest of this paper is organized as follows. Section II
presents the considered systemmodel. Section III presents the
derivation of second-order fading statistics of 3-D volumet-
ric inter-vehicular communication networks. In Section IV,
the conducted simulations, obtained results, and related dis-
cussions are provided. Finally, the paper is concluded in
Section V.

II. SYSTEM MODEL
The considered inter-vehicular 3-D volumetric HetNet is
illustrated in Fig. 1. This figure shows the communication
networks between different vehicular nodes, where AV2GV
links are mainly focused. The aerial vehicular (AV) and
ground vehicular (GV) nodes are labeled as AVq and GVp,
respectively, where q and p represent the node indices. Afixed
ground BS (GBSf ) provides the backhaul links to AV nodes,
which is indicated as fixed-to-aerial vehicular (F2AV) links in
the figure. The basic definition of the main physical parame-
ters of the proposedmodel is given in Table 2. In suchHetNets
the aggressive reuse of radio resources and dense network
connectivity causes an increased level of network interfer-
ence. The desired and interference multipath signals are
shown by blue dotted and red dashed lines, respectively. In a
profoundly dense urban communication scenario, the vicinity
of both the ends of communication links usually constitutes
rich scattering volume. The behavior of the scattering phe-
nomenon in such environments is usually characterized as
clustered in spatial domain [6], [39]. The typical composition
of angular profiles perceived in such scattering scenarios for
both desired and interference channels are also indicated in
the figure. The gth cluster of angular domain of interference
and desired channel is labeled as C(·),g where as the cluster
of physical scattering points (SP) is labeled as C(·),g, where
the (·) takes the label as I and S for interference and desired
channel, respectively. The physical clusters can be modeled
with different geometrical volumes (i.e. spherical [6] and/or
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FIGURE 1. Illustration of the considered 3-D volumetric inter-vehicular ultra-dense wireless communication
networks.

TABLE 1. Summary of notable literature on angular/spatial domain modeling of interference and desired channels.

elliptical [37] etc.) depending upon the physical composition
of the clusters.

The geometric composition drawn from the considered
3-D volumetric inter-vehicular HetNets is depicted in Fig. 2.
The composition of scattering clusters in the proposed frame-
work is represented as spherical volumes with different radii
and spatial positions in the illuminated 3-D spatial region,
where the SP in each cluster are taken as uniformly dis-
tributed. Moreover, the scattering clusters are modeled as
non-overlapping. The proposed work is generalized in the
context of the altitude of the vehicular nodes, while we have
illustrated and focused mostly on the interesting emerging
scenario of AV2GV communication (e.g. UAV BSs serving
ground vehicular user nodes). The coordinates of a certain
node (e.g. pth node) at a certain time instant are represented
by (xp, yp, zp). For the case illustrated in Fig. 2, the desired
AV node’s coordinates are taken as xp = 0, yp = 0, and
zp = hAV. The azimuth AoA, elevation AoA, azimuth AoD
and elevation AoD for each multipath in a desired or inter-
ference channel between pth GV and qth AV are represented
as αp, βp, αq, and βq, respectively. SP are taken as loss-
less omnidirectional reradiating sources with equal scatter-
ing coefficients and uniform random phases. The scattering

clusters for desired or interference channel can be taken as
common or independent depending upon the spatial positions
and visible regions of the desired and interfering sources.
Moreover single bounce scattering signals are assumed. The
length of a certain multipath constitute the delay of the path
i.e. τ = `q+`p

c , where c is the speed of light. In Fig. 2,
{ϑvp , ϑvq} and {ϕvp , ϕvq} indicate the directions of motion of
communicating nodes (i.e., p and q) in azimuth and elevation
planes, respectively.

A. DELAY AND DIRECTIONAL SPECTRUM
The independent channel response of desired or interference
channels as a function of delay and 3-D directional parame-
ters can be written as given in [6], as follows,

h(·)(τ, αp, βp, αq, βq)

=

B∑
b=1

√
P◦l

−kPL
2

b κ̂b exp(jθb)δ(τ − τb)δ(αp − αp,b)

× δ(βp − βp,b)δ(αq − αq,b)δ(βp − βp,b), (1)

where
√
P◦l

−kPL
2

b κ̂b exp(jθb) is the complex gain of the bth

path, P◦ is the power measured at 1m distance from the
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TABLE 2. Definition of proposed model parameters.

FIGURE 2. Geometric configuration of the proposed system model for interference and desired channels
between vehicular (aerial and/or ground) nodes.

source, κ̂b exp(jθb), and kPL indicate the complex path coef-
ficient and path-loss exponent. The lowest received power
(Pmin) is associated to the path with longest path-length
(i.e., lmax), which can be related as lmax = (P◦/Pmin)1/kPL .
Subsequently, the delay of the longest path can be found
as, τmax = lmax/c. The phase-shift and gain associated to
a certain multipath are represented by θb and κ̂b, respec-
tively, which can be modelled as independent and identically
distributed (i.i.d). An empirical study based node’s height-
dependant path-loss model is proposed in [40], [41], where
the range of path-loss exponent to be considered for differ-
ent nodes heights (between 1.5m and 120m) is provided.
In [42], [43], measurement-based path-loss models for V2V
communications are presented for different propagation envi-
ronments (e.g., rural, suburban, urban, and highway). These
models can help in choosing an appropriate value for kPL for
different altitude levels of the considered AV nodes for dif-
ferent propagation environments. The joint delay directional
spectrum (DDS) for independently defining the desired and
interference channels can be written as,

4(·)-DDS(τ, αp, βp, αq, βq)

=

B∑
b=1

|h(·),b|2δ(τ − τb)δ(αp − αp,b)

×δ(βp − βp,b)δ(αq − αq,b)δ(βp − βp,b), (2)

where h(·),b =
√
P◦l

−kPL
2

b κ̂b exp(jθb) as stated before. By inte-
grating (2) with respect to delay over its appropriate limits
(i.e. 4(·)-DiS =

∫
τ

4(·)-DDSdτ ), the directional spectrum (DiS)

in 3-D propagation context can be given by,

4(·)-DiS(αp, βp, αq, βq)

=

∫
τ

E
[
4(·)-DiS(τ, αp, βp, αq, βq)

]
dτ,

∝

∫
τ

E
[
|h(·),b|2|τ,αp,βp,αq,βq

]
×fτ,αp,βp,αq,βq (τ, αp, βp, αq, βq)dτ,

∝ fαp,βp,αq,βq (αp, βp, αq, βq)

×

∫
τ

E
[
|h(·),b|2|τ,αp,βp,αq,βq

]
dτ, (3)

where E[·] represents the statistical expectation and
fτ,αp,βp,αq,βq (τ, αp, βp, αq, βq) represents the joint probabil-
ity distribution function (jPDF) of ToA, 3-D AoA, and
3-D AoD. Subsequently, the reduced function fαp,βp,αq,βq
(αp, βp, αq, βq) represents the jPDF of 3-D AoA and 3-D
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AoD. The azimuth spectrum (AS) can be obtained by,

4(·)-AS(αA)

=

∫
βq

∫
βp

∫
αÂ

E
[
4(·)-DiS(αp, βp, αq, βq))

]
dαÂdβpdβq,

∝

∫
βq

∫
βp

∫
αÂ

E
[
|h(·),b|2|αp,βp,αq,βq

]
×fαp,βp,αq,βq (αp, βp, αq, βq)dαÂdβpdβq, (4)

and elevation spectrum (ES) as follows,

4(·)-ES(βA)

=

∫
αq

∫
αp

∫
βÂ

E
[
4(·)-DiS(αp, βp, αq, βq))

]
dβÂdαpdαq,

∝

∫
αq

∫
αp

∫
βÂ

E
[
|h(·),b|2|αp,βp,αq,βq

]
×fαp,βp,αq,βq (αp, βp, αq, βq)dβÂdαpdαq, (5)

where the A, Â ∈ [p, q]. If A takes the value as p then the
value of Â must be taken as q and vice versa.

B. GEOMETRIC COMPOSITION OF SCATTERING
CLUSTERS AND ANGULAR STATISTICS
For evaluating the analytical expressions derived for second-
order fading statistics of the desired and interference chan-
nels, a multi-cluster scattering scenario is considered. The
mobility context of communicating nodes can be considered
restricted to within a certain local-region (or observation
span) in which the channel statistics can be assumed as
stationary. Such local-region (or observation-span) can be
defined as a region along the mobility of nodes in which the
channel statistics remain 50% or more correlated. The scale
of such stationary local-region depends on the mobility con-
ditions (direction and velocity of node’smotion) and nature of
considered propagation environment. For different V2V radio
propagation environments, both stationary and non-stationary
spatial channel models have been proposed in the literature,
see e.g., [44] and [45], respectively. In the considered 3-D
ellipsoidal channel model, the boundary of the effective scat-
tering region (ESR) is defined as limited by a predefined
minimum-power threshold level. This threshold determines
the length of the longest effective multipath. By exploiting
the geometric property of ellipsoids that the composite length
of the two lines drawn from two different foci points of an
ellipsoid to a point on it surface remains the same for all the
points on the surface of the ellipsoid, the boundary of ESR can
be drawn as ellipsoidal shaped [46]. This bounding ellipsoid
contains the communicating vehicular nodes fixed on its foci
points, while the ellipsoid moves and transforms along the
mobility of the nodes. Due to the motion of nodes the dimen-
sions of the bounding ellipsoid changes in order to ensure
the length of the lowest-power (longest) multipath remains
constant. The time-evolution in the ESR for the considered

system model is shown in Fig. 3, where three consecutive
time-snaps are illustrated. The definition of fully illuminated,
partially illuminated and inactive scattering clusters is also
labeled in the figure. Given the initial coordinates (position)
of the communicating nodes and the direction and velocity
of motion of the nodes, the expression for time-evolving
bounding ellipsoid can be written as given in (6).

The axes of the time-evolving bounding ellipsoid can
be expressed as amax(t) = lmax/2 and bmax(t) =

cmax(t) = 1
2

√
l2max − d

2
LoS(t). The shift parameters (i.e.,g

the coordinates of the origin of the bounding ellipsoid
(x◦(t), y◦(t), z◦(t))) and rotation parameters (αLoS and βLoS)
can be expressed as follows,

αLoS = arctan
( ∣∣∣∣yp(t)− yq(t)xp(t)− xq(t)

∣∣∣∣ ) ,
βLoS = arctan

 ∣∣zp(t)− zq(t)∣∣√
(xp(t)− xq(t))2 + (xp(t)− xq(t))2

 ,
x◦(t) =

(xp(t)+ xq(t))
2

,

y◦(t) =
(yp(t)+ yq(t))

2
, and

z◦(t) =
(zp(t)+ zq(t))

2
.

The coordinates of pth and qth mobile nodes at any time
instant t can be computed by using the coordinates of their
initial position, direction of motion in horizontal and vertical
axes, and velocity of motion. For example, the coordinates of
pth node are expressed as follows,

xp(t) = xp(t◦)+ vp 1t cosβp cosαp,

yp(t) = yp(t◦)+ vp 1t cosβp sinαp, and

xp(t) = xp(t◦)+ vp 1t sinβp,

where 1t = t − t◦, where t is current time instant and t◦
is the initial time instant. This time difference between cur-
rent and initial positions can also be modeled as discretely
sampled; i.e., 1t = nTs, where n indicates the sample index
and Ts represents the sample interval.

At a given time instant, only the clusters that lie within the
bounding ellipsoid are considered as the effective scattering
clusters. The scattering clusters can be modeled as spherical
shaped with each cluster having different radius and spatial
position. A spherical shaped scattering cluster (e.g., gth clus-
ter) can be expressed as,

(xIP − xC(·),g)
2

l2g
+

(yIP − yC(·),g)
2

l2g
+

(zIP − zC(·),g)
2

l2g
≤ 1, (7)

where lg represents the radius of gth, and g ∈ {1, 2, . . . ,G}.
The ESR is thus defined as the intersection region of the
bound ellipsoid and the scattering clusters, i.e., (6) ∩ (7).
If the intersection point of the lines drawn along the given
direction of departure (αq, βq) and direction of arrival (αp, βp)
lies within the overlapping region of bounding ellipsoid (as
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FIGURE 3. Illustration of the transformations in the composition of ESR for a certain channel (i.e.,
desired or interference) caused by the mobility of communicating nodes.

defined by (6)), as shown at the bottom of the this page and
any scattering cluster (as defined by (7)), then the probability
of occurrence of multipath is Vb/VESR. The parameter Vb
represents the volume of region of intersection of two cones
originated from the transmitter and receiver sides as oriented
along the direction of departure and arrival, while VESR rep-
resents the total volume of effective scattering region. For
achieving mathematical simplicity in the normalization of
probability density function (PDF), Vb may be taken as 1. The
jPDF of AoA and AoD can be written as follows,

f(·)(αp, βp, αq, βq) =


1

VESR
; (xIP, yIP, zIP) ∈ ESR

0; otherwise.
(8)

The coordinates of the intersection points (IP) for a given
direction of departure and direction of arrival can be evaluated
as,

xIP =
d ′LoS cosαq sinαp
sin(π − αq − αp)

, (9)

yIP =
d ′LoS sinαq sinαp
sin(π − αq − αp)

, (10)

and

zIP =
d ′LoS sinαq sinβp

sin(π − αq − αp) cosβp
. (11)

The random fluctuations that occur in the received signal
can be expressed as a function of directional statistics of
desired and interference channels. The joint angular power
distribution (APD) of a certain channel (desired or interfer-
ence) for the considered system model can be defined as,

p(αp, βp, αq, βq) = f (αp, βp, αq, βq)

×G(αp, βp, αq, βq), (12)

where G(., ., ., .) represents the combined antenna-array
beam pattern of transmitter and receiver sides. As the trans-
mitter and receiver side antenna beam patterns are inde-
pendent of each other, therefore, it can be expressed as
G(αp, βp, αq, βq) = G(αp, βp)G(αq, βq)). These beam pat-
terns can be modeled as 3-D Gaussian shaped [47] or any
other shape depending upon the antenna element’s shape and
configuration. In the joint APD presented in (12), the joint
gain of antenna-arrays at transmiter and receiver sides is
a dominating factor when compared to the angular pro-
file resulted purely from the radio propagation environ-
ment. Therefore, in order to purely investigate the impact
of physical environment, the contributions caused by the
antenna-array gain are ignored in this work. In this con-
text, the antenna-array gain parameter G(αp, βp, αq, βq) is
taken as equal to 1. The function f (., ., ., .) represents jPDF
of 3-D AoA and 3-D AoD, which is described in equation
(8) for a typical multi-cluster scattering environment. The
total power from the APD function can be obtained as

(
(xp(t)− x◦(t)) cosαLoS(t) cosβLoS(t)+ (yp(t)− y◦(t)) sinαLoS(t) cosβLoS(t)+ (zp(t)− z◦(t)) sinβLoS(t)

)2
a2max(t)

+

(
(yp(t)− y◦(t)) cosαLoS(t)− (xp(t)− x◦(t)) sinαLoS(t)

)2
b2max(t)

+

(
(zp(t)− z◦(t)) cosβLoS(t)− (yp(t)− y◦(t)) sinαLoS(t) sinβLoS(t)− (xp(t)− x◦(t)) cosαLoS(t) sinβLoS(t)

)2
c2max(t)

≤ 1. (6)
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∫ ∫ ∫ ∫
E
p(αp, βp, αq, βq)de = PT. The azimuth AoA and

AoD (i.e. αp and αq) are bounded by 0 to 2π , while elevation
AoA and AoD (i.e. βp and βq) bounded by −π2 to +π2 . E
shows the unit sphere where de is an elemental part of the
unit sphere in 3-D space.

III. SECOND-ORDER FADING STATISTICS OF DESIRED
AND INTERFERENCE CHANNELS
The jPDF of 3-D AoA and 3-D AoD can be used to com-
pute complex double spherical harmonics coefficients, Sa,uv,w.
The important harmonics for quantification of 3-D angular
spread/deviation, as given by [37], in V2V communication
context can be obtained as follows,

Sa,uv,w =

π∫
−π

π
2∫

−
π
2

π∫
−π

π
2∫

−
π
2

{
f (αp, βp, αq, βq)

×Y a,uv,w
∗
}
dβpdαpdβqdαq, (13)

where the simplified parameters of double spherical harmon-
ics Y a,uv,w are later utilized in the definition of second-order
fading statistics, are listed as follows,

Y 0,0
0,0 = 1,Y 0,0

1,0 = sinβp,Y
0,0
0,1 = sinβq,

Y 1,0
1,1 = cosβp exp(jαp) sinβq,

Y 1,1
1,1 = cosβp cosβq exp(j(αp + αq)),

Y 1,−1
1,1 = cosβp cosβq exp(j(αp − αq)),

Y 1,0
1,0 = cosβp exp(jαp,Y

0,1
1,0 ) = cosβq exp(jαq),

Y 0,0
2,0 =

(
2 sin2 βp −

2
3

)
, Y 0,0

0,2 =

(
2 sin2 βq −

2
3

)
,

Y 0,1
0,2 = sin 2βq exp(jαq,Y

0,1
0,1 ) = cosβq exp(jαq),

Y 0,−1
0,1 = cosβq exp(−jαq,Y

0,0
1,1 ) = sinβp sinβq,

Y 1,0
2,0 = sin 2βp exp(jαp,Y

2,0
2,0 ) = cos2 βp exp(j2αp),

Y 0,1
1,1 = cosβq exp(jαq sinβp,Y

0,2
0,2 ) = cos2 βq exp(j2αq).

(14)

A. ANGULAR SPREAD QUANTIFICATION
The integration of the multi-antenna systems with 3-D volu-
metric vehicular communications provides the capability of
manipulations in spatial domain of the channel. For example,
directional beams can help in reducing the angular spread
through spatial filtering of multipaths, which further reduces
the Doppler spread and increases the channel coherent time.
Quantification of angular spread in 3-D space is of high
significance. There are various quantifiers proposed in the
literature, see e.g., [6], [10], [34], [37], [48]. In this study,
we have utilized the quantifiers proposed in [37] for quan-
tification of the energy dispersion in 3-D space in an inter-
vehicular context.

Table 3 summarizes the angular spread quantifiers (also
referred to as multipath shape factors) proposed in [37]. The
values increasing from 0 to 1 for Angular Spread represent the

increase in overall joint 3-D spatial spread, where the value 1
shows themaximum spread. In Elevational Constriction−0.5
demonstrates the probability of the received signal along a
single elevational cone; whereas signals coming from two
opposite elevational angles at one azimuthal angle give a
value of 1. In 45◦-Inclined Constriction values range from 0
to 1. Value of 0 represents a symmetric nature of the received
signal along the vertical and/or horizontal axis; 1 demon-
strates the arrival of the signal from two vertical directions
from mirror-symmetric headings in respect to a 45◦-inclined
axis. Value of Azimuthal Constriction also ranges from 0 to
1. Value of 1 represents signals received from two different
path having same elevation; value of 0 indicates no clear
bias. Azimuth of Maximum Fading at 45◦ Elevation gives the
azimuthal angle which causes most fading at an elevation of
45◦. Azimuth of Maximum Fading at 0◦ Elevation, Azimuth
of Jointly Maximum Fading at 0◦ Elevation and Azimuth of
Jointly Maximum Cross-Angular Fading give the accurate
physical direction of the maximum fading. In Joint Eleva-
tional Constriction, Positive and Negative Joint Azimuthal
Constriction and Joint Cross-Angular Constriction value of 1
demonstrates the convergence of signals about precisely two
paths, while 0 indicates no clear bias.

B. FADING RATE VARIANCE OF COMPLEX ENVELOPE
The mobility conditions (direction and velocity) of the vehic-
ular nodes and the spatial characteristics of radio propagation
environment determine the channel fading behaviour. The
essential stochastic processes for studying the wireless chan-
nel fading characteristics are the received signal envelope and
power [49]. The rate of fluctuations in these variables can be
measured in terms of their variance or standard deviation. The
expected value of the mean-square of the process represents
fading rate variance. Fading rate variance in a 2-D radio
propagation environment in a F2V communication context is
derived in [49]. For a V2V communication context in 3-D
radio propagation environment, the fading rate variance (for
independent interference and desired channels) derived in
[37], is given in (15), as shown at the bottom of the next page.

This fading rate variance of independent interference and
desired channels is further utilized to determine the joint
second-order fading statistics of the interference and desired
channels in the following subsections.

C. LEVEL CROSSING RATE (LCR)
The mathematical expression of LCR can be written as fol-
lows,

NR =

∞∫
0

ṙ fRṘ(R, ṙ)dṙ, (16)

where R, ṙ , and fRṘ(R, ṙ) represent the threshold-level being
observed, derivative of the envelope along time, and jPDF of
envelope and its time derivative, respectively.

Nakagami-m distribution to model the channel fading
behaviour is considered as notable [50] for its ability to
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TABLE 3. 3-D multipath shape factors for V2V communications [37].

represent Rayleigh, Exponential, andWeibull distributions as
its special cases. Moreover, despite the behaviour of Rician

and Nakagami-m distributions is approximately equivalent,
especially around the mean value, Nakagami-m distribution

σ 2
˙̃V (·)
=
ω2
maxPT(·)

3

{
ϒ2
p (·)

(
1+

3
2

(
ξp(·)

(
2 sin2 ϕvp −

2
3

)
+ χp(·) sin

(
2ϕvp

)
cos

(
ϑvp − φ

max
βp45(·)

)
+ζp(·) cos

2 ϕvp × cos
(
2
(
ϑvp − φ

max
βp0 (·)

))))
+ ϒ2

q (·)

(
1+

3
2

(
ξq(·)

(
2 sin2 ϕvq −

2
3

)
+ χq(·) sin 2ϕvq

× cos
(
ϑvq − φ

max
βq45(·)

)
+ ζq(·) cos

2 ϕvq cos
(
2
(
ϑvq − φ

max
βq0 (·)

))))
+

(
ϒ2
p (·)
+ ϒ2

q (·)

)(
4(·) sinϕvp sinϕvq

+1+(·) cos
(
ϑvp − ϑvq −

(
φmax
pq0 (·)

− φmax
qp0 (·)

))
+1−(·) cos

(
ϑvp + ϑvq −

(
φmax
pq0 (·)

+ φmax
qp0 (·)

))
+ κqp (·)

× cos
(
ϑvp − φ

max
p/βq (·)

)
× sinϕvq + κ

p
q (·)

cos
(
ϑvq − φ

max
q/βp (·)

)
sinϕvp

)}
. (15)
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is mathematically more tractable [51]. Considering these
aspects, Nakagami-m fading channels are considered this
work. The Nakagami-m PDF can be expressed as given by
[52], as follows,

fr (r) =
( m
PT

)m( 2
0(m)

)
×r (2m−1) exp−

(mr2
PT

)
, r ≥ 0 and m ≥

1
2
, (17)

where PT = E[r2], 0(·) is the Gamma function, and m =
E[r2]

VAR[r2] . It should be noted that, in contrast to the instanta-
neous power distribution, the amplitude distribution of R(t)
and its rate of change ṙ(t) are statistically independent. There-
fore, fRṘ(R, ṙ) = f (R)f (ṙ), where f (ṙ) represents the PDF of
time derivative of the envelope. So, the jPDF of envelope and
its time derivative can be written as [53],

fRṙ (R, ṙ) =
( m
PT

)m( 2
0(m)

)
r (2m−1) exp

(−mr2
PT

)
×

√
4m
PT

1
√
2π |r̈(0)|

exp
( 2mṙ2

PT|r̈(0)|

)
. (18)

An expression for LCR can be obtained by substituting (18)
in (16), as given by [53], which is shown as follows,

NR(·) = σ ˙̃V (·)

{
exp (−m(·)R̃2(·))

×
R̃
(2m(·)−1)
(·) m

(m(·)−1/2)
(·)

0(m(·))
√
πPT(·)

}
, (19)

where the subscript (·) ofNR(·) takes the label as S or I to repre-
sent the LCR of desired (NRS ) or interference channels (NRI ),
respectively. The parameter R̃(·) represents the normalized
threshold level of observation, i.e., R̃(·) = R(·)/PT(·) . LCR for
both the desired and interference channels can be jointly char-
acterized in terms of SIR (i.e., η). To this end, the joint density
function of the desired and interference signals and their
derivatives at any spatial position, i.e., frI,ṙI,rS,ṙS (rI, ṙI, rS, ṙS),
can be utilized. The threshold level for the LCR of SIR (NRη )

is defined as Rη =
r2S
r2I
. When the interference and desired

signals are assumed to be independent, then the LCR of SIR
for a 3-D propagation environment constituting Nakagami-m
fading derived in [38] can be given by,

NRη =

∞∫
0

frI (rI)frS
(√

r2I R̃η
)
d(rI)

∞∫
−∞

ṙS∫
−∞

fṙI (ṙI)

×fṙS (ṙS)


√
R̃η

min
{∣∣∣ 1ṙI ∣∣∣, ∣∣∣√R̃ηṙS

∣∣∣}
 d(ṙI)d(ṙS). (20)

The PDF of the time derivative of envelopes ṙS and ṙI fol-
lows Gaussian distribution with standard deviation of desired
and interference signal given by σVS/2mS and σVI/2mI,
respectively. The equation for LCR in terms of SIR given in

(20) can be further solved for two special cases, which are
discussed as follows.
Case I: The first special case represents the case when

the rate of fluctuations in the interference signal is much
lower than the the rate of fluctuations in the desired signal,
i.e., NRI � NRS . The threshold level of observation for SIR

can be defined as R̃η =
R̃2SPTS
r2I

. Mathematical expression for

LCR for this case can be derived as,

NRη ∼=

∞∫
0

(
R̃ηr2I
PTS

)mS−
1
2
mmI
I m

mS−
1
2

S r2mI−1
I

0(mS)0(mI)
√
3PmI

TI

×σ ˙̃V S
ωmax

√
PTS exp

(
−r2I PTImSR̃η + mIPTS

PTSPTI

)
drI.

(21)

By substituting the value of σ ˙̃V S
given in (15) into (21),

we get the solution as given in (22).
Case II: This special case represents the scenario when the

rate of fluctuation in the interference channel is much higher
than that in the desired channel, i.e., NRI � NRS . The SIR

level of observation can be defined as R̃η =
r2S

R̃2I PTI
, and the

LCR expression of the SIR can be derived as follows,

NRη ∼=

∞∫
0

(
r2S

PTI R̃η

)mI−
1
2
mmS
S m

mI−
1
2

I r2mS−1
S

0(mI)0(mS)
√
3PmS

TS

×σ ˙̃V I
ωmax

√
PTI exp

(−r2SPTImSR̃η + mIPTS
PTSPTI R̃η

)
drS.

(23)

By substituting the equation for σ ˙̃V I
given by (15) in (23),

and performing simplifications operations, the solution can
be expressed as given in (24).

D. AVERAGE FADE DURATION (AFD)
AFD can be found from LCR and PDF of fading envelope as,

τ̄R =
1
NR

R∫
0

fr (r)dr . (25)

After substituting the expression of LCR given in (19) and
the PDF of signal envelope given in (17) into (25), a simpli-
fied expression for AFD can be obtained as,

τ̄R(·) =

√
πPT(·)

[
0(m(·))− 0̂

(
m(·),

m(·)R̃2(·)
PT(·)

)]
σ ˙̃V (·)

R̃
(2m(·)−1)
(·) m

(m(·)−1/2)
(·) exp (−m(·)R̃2(·))

, (26)

where the 0̂(., .) is the incomplete Gamma function. By sub-
stituting the individual arrangement of the multipath shape
factor for interference τ̄RI and desired signal τ̄RS in (26),
independent analysis can be conducted. In V2V propagation
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environments, due to rapid time variations observed in the
channel statistics, large-scale variations in the fade’s duration
are observed which further limit the efficient utilization of
different channel coding schemes. This can potentially result
in causing non-stationary burst error condition [54]. There-
fore, it is important to thoroughly investigate the behaviour
of fades duration for such V2V scenarios. AFD for jointly
studying the interference and desired channels (i.e., in terms
of SIR) can be defined as,

τ̄Rη =
I�̈(mS,mI)

NRη
, (27)

where

�̈ =
mSR̃η

mSR̃η + mI
, (28)

and I(·)(., .) represents the Incomplete Beta function. Sim-
plified solution for τ̄Rη can be obtained by substituting the
expression of NRη from (20) into (27) and performing math-
ematical simplifications. The two special cases discussed for
LCR can also be extended to derive expressions AFD for the
cases. By substituting (22) and (24), as shown at the bottom
of the this page, into (27), the AFD expressions for the two
specials cases can be obtained.

E. SPATIAL AUTO-COVARIANCE (SAC)
Another important second-order fading statistic quantifier of
the received signal envelope is SAC. The SAC for indepen-

dent interference and desired channels in V2V context (where
the separation distance between commnunicating nodes is
taken as l) can be derived, by extending the expression given
in [6] for F2V mobility context, given as follows,

%(·) (l) =
E
[
r(·){El0}r(·){El0 + l l̂}

]
− E2

[
r(·)
]

E
[
r2(·)
]
− E2

[
r(·)
] , (29)

where the parameters El0 and l̂ represent the relative reference
spatial position of the nodes and the unit vector representing
the direction pointing along the relative direction of nodes
mobility in 3-D space, respectively. The separation distance
l is a function of direction of motion of the communicating
nodes (i.e., αp, βp, αq, and βq) and their velocities (vp and
vq ). After reinterpreting the definition of SAC presented
in [6] from F2V to V2V mobility context, the approximate
envelope correlation function for independent characteriza-
tion of desired and interference channels can be expressed in
simplified form as,

%(·)(l) ≈ exp
{( l
λ

)2 σ 2
˙̃V (·)

ω2
maxPT(·)

×
−m(·)0

2(m(·))(
m(·)02(m(·))− 02(m(·) +

1
2 )
)}. (30)

From (30), the envelope correlation for the interference
and desired signal (i.e., %I(l) and %S(l)) can be determined

NRη ∼=

∞∫
0

(
R̃ηr2I
PTS

)mS−
1
2
mmI
I m

mS−
1
2

S r2mI−1
I

0(mS)0(mI)
√
3PmI

TI

×

{
ϒ2
p S

(
1+

3
2

(
ξpS

(
2 sin2 ϕvp −

2
3

)
+ χpS sin

(
2ϕvp

)
× cos

(
ϑvp − φ

max
βp45S

)
+ ζpS cos

2 ϕvp cos
(
2
(
ϑvp − φ

max
βp0 S

))))
+ ϒ2

q S

(
1+

3
2

(
ξqS ×

(
2 sin2 ϕvq −

2
3

)
+χqS sin 2ϕvq cos

(
ϑvq − φ

max
βq45S

)
+ ζqS cos

2 ϕvq cos
(
2
(
ϑvq − φ

max
βq0 S

))))
+

(
ϒ2
p S
+ ϒ2

q S

)(
4S sinϕvp sinϕvq

+1+S cos
(
ϑvp − ϑvq −

(
φmax
pq0 S
− φmax

qp0 S

))
+1−S cos

(
ϑvp + ϑvq −

(
φmax
pq0 S
+ φmax

qp0 S

))
+ κqp S

cos
(
ϑvp − φ

max
p/βqS

)
× sinϕvq + κ

p
q S

cos
(
ϑvq − φ

max
q/βpS

)
sinϕvp

)} 1
2

ωmax
√
PTS exp

(
−r2I PTImSR̃η + mIPTS

PTSPTI

)
drI. (22)

NRη ∼=

∞∫
0

(
r2S

PTI R̃η

)mI−
1
2
mmS
S m

mI−
1
2

I r2mS−1
S

0(mI)0(mS)
√
3PmS

TS

{
ϒ2
p I

(
1+

3
2

(
ξpI

(
2 sin2 ϕvp −

2
3

)
+ χpI sin

(
2ϕvp

)
× cos

(
ϑvp − φ

max
βp45I

)
+ ζpI cos

2 ϕvp × cos
(
2
(
ϑvp − φ

max
βp0 I

))))
+ ϒ2

q I

(
1+

3
2

(
ξqI

(
2 sin2 ϕvq −

2
3

)
+χqI sin 2ϕvq cos

(
ϑvq − φ

max
βq45I

)
+ ζqI cos

2 ϕvq cos
(
2
(
ϑvq − φ

max
βq0 I

))))
+

(
ϒ2
p I
+ ϒ2

q I

)(
4I sinϕvp sinϕvq

+1+I cos
(
ϑvp − ϑvq −

(
φmax
pq0 I
− φmax

qp0 I

))
+1−I cos

(
ϑvp + ϑvq −

(
φmax
pq0 I
+ φmax

qp0 I

))
+ κqp I

cos
(
ϑvp − φ

max
p/βq I

)
× sinϕvq + κ

p
q I
cos

(
ϑvq − φ

max
q/βp I

)
sinϕvp

)} 1
2

ωmax
√
PTI exp

(−r2SPTImSR̃η + mIPTS
PTSPTI R̃η

)
drS. (24)
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FIGURE 4. Comparison of simulation and analytical results for (a) LCR, (b) AFD, and (c) SAC.

FIGURE 5. Demonstration of modeling time-variation through the derived expressions of (a) LCR, (b) AFD,
and (c) SAC. The second-order fading statistics plotted at different time-snaps correspond to different
stationary increments of the non-stationary channel.

by appropriately utilizing the corresponding set of multi-
path shape factors for the both channels. CD is the distance
between two points at which the spatial correlation remains
higher than 0.5 (i.e., %(·)(l = Dc) ≥ 0.5). The expression
derived for CD in [6] for F2V communication context can
be extended to V2V communications context. The simplified
solution can be expressed as,

Dc(·) =
λ ωmax

σ ˙̃V (·)

{√
ln (2)PT(·)

×

√√√√(
m(·)02(m(·))− 02(m(·) +

1
2 )
)

m(·)02(m(·))

 . (31)

The CD is of high importance in measuring the spatial
selective behaviour of the channels. This analysis can further
be extended to jointly studying the SAC for interference and
desired channels (i.e., against SIR). To this end, the definition

of SAC against SIR, %η(l), as proposed in [6] can be given by,

%η (l) =
E
[
2η(l)

]
− E2 [η]

E
[
η2
]
− E2 [η]

, (32)

where 2η(l) = η{El0}η{El0 + l l̂} and its statistical expectation
can be expressed as given in [6], as follows,

E
[
2η(l)

]
=

E2 [2S(l)]
E2 [2I(l)]

+
3 P2TIE

2 [2S(l)]

mIE4 [2I(l)]
+

P2TS
mSE2 [2I(l)]

, (33)

where E[2(·)(l)] for both interference and desired channels
can be obtained as,

E
[
2(·)(l)

]
= %(·) (l)

(
PT(·) −

PT(·)
m(·)

(
0(m(·) + 1/2)
0(m(·))

)2 )

+
PT(·)
m(·)

(
0
(
m(·) + 1/2

)
0(m(·))

)2

. (34)
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FIGURE 6. The effect of change in the threshold level and the Nakagami m parameter on LCR (for a typical
stationary region of small-scale channel fading) for different inter-vehicular communication contexts; (a)
AV2AV mobility context for | ϑvp − ϑvq |= 180◦, | ϕvp − ϕvq |= 10◦, (b) AV2GV mobility context for
| ϑvp − ϑvq |= 0◦, | ϕvp − ϕvq |= 35◦, and (c) GV2GV mobility context for | ϑvp − ϑvq |= 180◦,
| ϕvp − ϕvq |= 0◦.

The solution forE
[
η2
]
provided in [6] can be reinterpreted

for the proposed context of V2V communications. By sub-
stituting the above findings in (32), the SAC can be studied
against SIR in V2V communication context.

2-D spatial channelmodels provide computational simplic-
ity; however this simplicity has an associated cost of compro-
mised accuracy in the description of propagation behaviour.
Notably, in AV2GV propagation environments, it is highly
essential not to ignore the elevation axis while modeling the
scattering behaviour. Furthermore, for the vehicular propaga-
tion channels, where the scattering environment in the vicin-
ity of both the link ends is vastly different from each other,
the simplification technique of transforming dual-end mobil-
ity into a single-end relative mobility context (i.e., assuming
one link-end as static and other as relatively mobile) does
not hold. The proposed expressions take a more accurate 3-D
description of scattering environments into account, model
the scattering environment in the vicinity of both the link-
ends, and jointly investigate both desired and interference
channels (i.e., against SIR); therefore, there is an additional
cost of complexity also associated to the derived expressions.

IV. RESULTS AND EVALUATIONS
This section conducts a performance evaluation of the pro-
posed framework for the characterization of interference of
inter-vehicular communication networks in the 3-D angular
domain. The 3-D communication context illustrated in Fig. 2
is considered for the analysis conducted in this section (i.e.,
composed of AV2GV andGV2GV links). Any channel model
which provides spatial description of the considered radio
propagation environment can be utilized with the expressions
derived in this paper for jointly studying the second-order
fading statistics of interference and desired channels. In this

context, a simple 3D ellipsoidal channel model described in
Sec. II is utilized to conduct the analysis and demonstrate
the usefulness of the derived expressions for channel fading
statistics. This fact underlies all the results and discussion
provided in this section. However, it is pertinent to highlight
that the use of the derived expressions are not restricted to the
considered 3D ellipsoidal channel model.

To analyze the fading statistics of a specific scenario,
the jPDF of 3-D AoA and 3-D AoD for the considered
propagation scene can be taken from a suitable analytical
channel model, or it can be generated through computer
simulations in a single or multi-cluster propagation modeling
context. In the conducted analysis, the jPDF is generated
through computer simulations for both single- and multi-
cluster scattering environments. In a multi-cluster scattering
scenario, the amount of scattering clusters is drawn from
Poisson distribution with its intensity proportional to the
volume of considered geographic region, while the spatial
position (coordinates of origin) of the clusters is drawn from
uniform distribution confined within the defined 3-D spatial
geographic region. The scattering clusters (interference and
desired) are modeled as spherical shaped with their radius
drawn from uniform distribution between the range 40m to
80m. The number of SP in each cluster are drawn from Pois-
son distribution with its intensity proportional to the volume
of the cluster, and the SP within each group are taken as
uniformly distributed. The spatial position of the desired and
interfering nodes is drawn from uniform distribution within
a defined suitable range based on the under consideration
communication context of AV2GV or GV2GV, e.g., the alti-
tude for the AV nodes is drawn between the range 50m to
150m. For the results obtained for a single scattering cluster
scenario, the interfering cluster is fixed as of 100m radius, and
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FIGURE 7. The effect of change in the threshold level and the Nakagami m parameter on AFD (for a typical
stationary region of small-scale channel fading) for different inter-vehicular communication contexts; (a)
AV2AV mobility context for | ϑvp − ϑvq |= 180◦, | ϕvp − ϕvq |= 10◦, (b) AV2GV mobility context for
| ϑvp − ϑvq |= 0◦, | ϕvp − ϕvq |= 35◦, and (c) GV2GV mobility context for | ϑvp − ϑvq |= 180◦,
| ϕvp − ϕvq |= 0◦.

FIGURE 8. The effect of change in the spatial separation between nodes normalized by the wavelength
and the Nakagami m parameter on SAC (for a typical stationary region of small-scale channel fading)
for different inter-vehicular communication contexts; (a) AV2AV mobility context for
| ϑvp − ϑvq |= 180◦, | ϕvp − ϕvq |= 10◦, (b) AV2GV mobility context for | ϑvp − ϑvq |= 0◦,
| ϕvp − ϕvq |= 35◦, and (c) GV2GV mobility context for | ϑvp − ϑvq |= 180◦, | ϕvp − ϕvq |= 0◦.

the cluster contains 500 SP taken as uniformly distributed.
For example, the spatial position (origin of the cluster) of the
cluster (interference or desired) is taken at coordinates (500,
500, zC(·),g ). Different values for zC(·),g are studied to investi-
gate the importance of elevation of the scattering clusters on
the fading statistics.

For independent characterization of fading statistics of
interference channels in GV2GV communication scenario,
the direction of motion of the communicating nodes (e.g.,
pth and qth node) in azimuth and elevation planes are set to
be {ϑvp = 180◦, ϑvq = 0◦} and {ϕvp = 0◦, ϕvq = 0◦},
respectively. Similarly, for the taken AV2GV communication

scenario, the direction of motion of the nodes in azimuth
and elevation planes are set to be {ϑvp = 90◦, ϑvq = 90◦}
and {ϕvp = 0◦, ϕvq = 35◦}, respectively. The receiving
node, desired transmitting node, and interference transmitting
node are taken as mobile with the velocity of 10m/s, 5m/s,
and 5m/s, respectively, and carrier frequency fc is taken as
2000MHz. Moreover, the fading severity parameter is also
varied over a reasonable range (to cover Rayleigh, Rician,
and other fading conditions). For AV2AV communication
environment, the value for zC(·),g is drawn from uniform
distribution in the range from 40m to 100m. The simulation
and analytical results for second-order fading statistics of
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FIGURE 9. For a single-cluster scenario, the impact of spatial position of interfering cluster on LCR, AFD, SAC, and CD (for a
typical stationary region of small-scale channel fading) of interference signal in (a),(b),(c), and (d), respectively.

FIGURE 10. The impact of direction of mobility of communicating nodes on LCR, AFD, SAC, and CD (for a typical stationary region
of small-scale channel fading) of interference channel for a single-cluster scattering scenario in (a),(b),(c), and (d), respectively.

interference signals obtained for a single cluster scenario are
compared in Fig. IV. All the physical model parameters are
set as exactly the same values for obtaining both simulation
and analytical results. The coordinates of scattering points
within the scattering cluster are drawn from homogeneous
Poisson point process (HPPP) with an intensity λSP = 0.02.
The computer simulations are performed by following the
approach presented in Chap. 5 of [55] for simulation of wire-
less propagation channels for characterizing second-order
fading statistics. The simulation results are averaged over 104

Monte carlo runs. Mean-square-error (MSE) can be used as
a goodness-of-fit metric. The MSE between the analytical
and simulation plots in Fig. (a), (b), and (c) is observed to
be 0.0371, 0.0518, and 0.0867, respectively, which can be
regarded as a good match.

The time-snaps of LCR and AFD against threshold level,
and SAC against the spatial separation between nodes nor-

malized by the wavelength of interference channel repre-
senting the results for three widely separated time-windows
of received signal envelopes in Fig. 5 (a), (b), and (c),
respectively. The mobility of nodes is set such that the LoS
link distance is decreasing with increasing time. These time
snapshots represent the second-order fading statistics of the
received signal envelope at widely separated spatial positions
of the nodes along their mobility route, where the channel
statistics become non-stationary (i.e., correlation is ≤ 50%).
In Fig. 6, the impact of variation in Nakagami shape fac-
tor m on LCR against the threshold level is investigated.
In Fig. 6(a), (b), and (c), the AV2AV, AV2GV and GV2GV
communicating environments are focused on the considered
direction of motions in 3-D space, respectively. It is observed
that regardless of the direction of motion of communicating
nodes, the average trend of LCR is decreasing over the
threshold level. However, the whole curve of LCR is shifted
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downward with the increase in Nakagami shape factor m.
The same considered assumptions are used to find the effect
of increasing Nakagami shape factor m on AFD against the
threshold and SAC against the ratio of separation distance to
the wavelength, moreover, the results are plotted in Fig. 7 and
Fig. 8, respectively. Independent of the direction of motion
of communicating nodes the overall behavior of AFD is
increasing over different values of the threshold. However,
the whole curve of AFD is shifted upward with the increase
in Nakagami shape factor m. Furthermore, the overall trend
of SAC gives vertical dilation when we increase the value of
Nakagami shape factor m.
The spatial position of the interfering cluster depends upon

the composition of radio propagation environment. For the
considered scenario, different spatial positions for the origin
of the interfering cluster is taken, i.e., elevated from the
ground as zCI,g = 50 and zCI,g = 100. The directions of
motion in azimuth and elevation planes for AV2GV scenario
in such conditions are taken as, {ϑvp = 90◦, ϑvq = 90◦}
and {ϕvp = 0◦, ϕvq = 35◦}, respectively. So, the effect of
change in the spatial position of interfering cluster on LCR,
AFD, SAC and CD is shown in Fig. 9 (a), (b), (c), and (d),
respectively, furthermore, Nakagami shape factor m is set to
be 3.

For the considered AV2AV communicating environment,
the four particular types of directional motions for exam-
ple, away from each other (i.e. {ϑvp = 0◦ and ϑvp =
180◦}), towards each other (i.e. {ϑvp = 180◦ and ϑvp =
0◦}), parallel to each other (i.e. {ϑvp = 90◦ and ϑvp =
90◦}) and non-parallel to each other (i.e. {ϑvp = 90◦

and ϑvp = 270◦}) are analyzed in Fig. 10. In Fig. 10(a),
(b), (c) and (d) the joint comparison for such direc-
tional motions are depicted for LCR, AFD, SAC and CD,
respectively.

The impact of variations in SIR, interference channel’s fad-
ing shape factormI, and desired channel’s fading shape factor
mS on LCR is shown in Fig. 11. The set of sub-figures {(a),
(b)} and {(c), (d)} represent the results for the discussed two
special cases {NRI � NRS} and {NRI � NRS}. In Fig. 11
(a) and (c) the value of the desired signal’s Nakagami fading
shape factor mS is set as 3 while the interference channel’s
fading shape factor mI is varied in the range between 1 and
5. In Fig. 11 (b) and (d), the value of interference channel’s
fading shape factormI is set as 3, while the impact of changes
in desired signal’s fading shape factor mS is demonstrated.
For the first special case, when observing along the axis rep-
resenting SIR threshold Rη, a non-linear decrease in NRη can
be observed. However, for the second special case, a converse
behaviour can be seen.

By adopting the same approach as applied for the analysis
conducted for LCR of SIR (i.e., NRη ), for the two special
cases, the AFD τ̄Rη can also be analysed, as plotted in Fig. 12.
To analyse the AFD of SIR (τ̄Rη ) the first special case is
plotted in the set of figures {Fig. 12 (a) and (b)}, while the set
of figures {Fig. 12 (c) and (d)} represents the second special
case.

TABLE 4. Substitutions required in proposed model parameters to
deduce other notable spatial interference models.

The proposed framework for the characterization of
second-order fading statistics of desired and interference
channels is a generalized framework which can be deduced
to a few notable existing models available in the literature.
The considered realistic amount of spatial dimensions for
the radio waves propagation, mobility as possible for all the
nodes, and flexibility in the direction of mobility of the nodes
has enabled in achieving this generalization of the proposed
framework. The list of substitutions required to deduce the
proposed framework to the existing works is given in Table 4.
This generalization property of the derived equations also
establishes their validity. The conducted study is of high
significance in designing of the multi-antenna inter-vehicular
communication transceivers. The angular characteristics of
the radio channels are of high importance in designing of the
antenna-elements separation in order to optimally steer the
beams and nulls towards the desired and interfering nodes,
respectively. Furthermore, this study can also be used as a
reference point for designing and studying of error correction
coding schemes (e.g., interleaving etc) in various interest-
ing inter-vehicular future HetNets, such as UAVs-assisted
cell-free communications. Moreover, the accurate under-
standing of physical directions that substantially contribute in
the increase in fading rate (i.e., shape factor indicating direc-
tion of maximum fading) for both interference and desired
channels in a certain inter-vehicular radio propagation sce-
nario can also help in optimally integrating the intelligent
reflective surfaces within the considered environment for
creating favourable propagation conditions.

The conducted analysis is of high significance in designing
and performance evaluation of high-capacity transmission
schemes in interference-limited wireless networks, as well as
in various aspects of transceiver designing, error-correcting
codes designing, and channel parameter estimation, etc. The
potential research directions for the extension of this work
are indicated as follows. Conducting a comprehensive study
to establish a direct analytical relationship between the shape
parameter m of Nakagami-m fading channels with the spa-
tial parameters representing the composition of scattering
environment is of high importance. Moreover, investigation
of second-order fading statistics against SIR by consider-
ing more generalized distribution for representing the fading
behaviour of desired and interference channels, such as κ-µ
distribution, η-µ distribution, α-η-µ distribution, and α-κ-µ
distribution, is another potential direction for extension of this
research work. The relationship of wireless channel fading
statistics with wireless network topology is another important
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FIGURE 11. The impact of SIR and fading shape factor of interference (mI) and desired (mS) channels on
joint LCR (for a typical stationary region of small-scale channel fading). The set of sub-figures {(a), (b)} and
{(c), (d)} represent the two special cases {NRI

� NRS
} and {NRI

� NRS
}, respectively.

FIGURE 12. The impact of SIR and fading shape factor of interference (mI) and desired (mS) channels on
joint AFD (for a typical stationary region of small-scale channel fading). The set of sub-figures {(a), (b)} and
{(c), (d)} represent the two special cases {NRI

� NRS
} and {NRI

� NRS
}, respectively.

direction for extending this work. Furthermore, The proposed
analytical framework is of high significance to be used as a
reference for conducting the measurement campaigns in the
future, in order to intensively study and model the second-
order statistics of network interference.

V. CONCLUSION
Spatial modeling of interference in a 3-D volumetric inter-
vehicular communication context (e.g., AV2GV, GV2GV,
etc) has been investigated. Second-order fading statistics
of the desired and interference channels have been jointly
studied in terms of SIR. Analytical expressions for LCR,
AFD, SAC, and CD have been derived for independently
and joint characterizing the interference and desired chan-
nels. Moreover, mathematical expressions for second-order
fading statistics quantifiers for two special cases have been
derived, i.e., when the fading rate in the interference channel
is much higher and much lower than the desired channel.
The proposed framework has been demonstrated as a gen-
eralized framework, where a few notable exiting models are
its special cases. This generalization of the derived expres-

sions also demonstrates the validity of the conducted study.
A comprehensive analysis has been conducted to investigate
the impact of various physical parameters. This includes the
investigation of the impact of mobility conditions of the
communicating and interfering nodes, altitude of the com-
municating and interfering nodes, elevation of the scattering
clusters, fading conditions as defined by the Nakagami shape
factorm, and other spatial spread quantifiers on the statistical
characteristics of the radio channel. The study emphasises the
importance of not excluding the elevation axis while mod-
eling the radio propagation environments and characterizing
the fading statistics.
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