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Abstract—The demand for vehicular mobile data services has
increased exponentially, which necessitates alternative data pipes
for vehicular users other than the cellular network and dedicated
short-range communication. In this paper, we study the performance of underlaid vehicular device-to-device (V-D2D) communications, where the cellular uplink resources are reused by V-D2D
communications, considering the characteristics of the vehicular
network. Specifically, we model the considered urban area by a
grid-like street layout, with nonhomogeneous distribution of vehicle density. We then propose to employ a joint power control
and mode selection scheme for the V-D2D communications. In the
scheme, we use channel inversion to control the transmit power,
in order to determine transmit power based on path loss rather
than instantaneous channel state information (CSI), and avoid
severe interference due to excessively large transmit power; the
transmission mode is selected based on the biased channel quality,
where D2D mode is chosen when the biased D2D link quality is
not worse than the cellular uplink quality. Under the proposed
scheme, two performance metrics of V-D2D underlaid cellular
networks, i.e., signal-to-interference-plus-noise outage probability
and link/network throughput, are theoretically analyzed. Simulation results validate our analysis and show the impacts of design
parameters on the network performance.
Index Terms—Cellular networks, device-to-device communication, heterogeneous networks, mobile data offloading, vehicular
communication.

I. INTRODUCTION
UTURE vehicles are expected to be not only faster and
safer but also greener and more comfortable and entertaining for passengers. One major technology to meet this expectation is vehicular ad hoc networks (VANETs): Automobiles are
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equipped with wireless communication capabilities, enabling
them to communicate with each other, as well as with other networks, such as the Internet. VANETs can facilitate a variety of
applications, such as safety applications (e.g., collision warning
and lane change warning), road traffic management, and vehicular mobile data services (e.g., content uploading and sharing,
mobile video streaming, online gaming) [1]–[3]. The soaring
number of connected cars with Internet access, along with the
emerging vehicular mobile data services will altogether impose
stringent requirements toward its enabling technology solutions.
For example, the update of smart vehicle software and upload of
user generated data need a high data rate, while the mobile highquality video streaming requires low communication delay, high
data rates, and high reliability jointly.
Currently, cellular technologies and dedicated short-range
communication (DSRC) are the two main means for vehicular data services. Cellular access technology, such as long-term
evolution (LTE), provides reliable and ubiquitous Internet access to vehicles, thanks to its well-planned and widely available
cellular infrastructure. Many car manufacturers have chosen
cellular technologies as their vehicular Internet access solutions
(e.g., GM OnStar and BMW ConnectedDrive). However, the exponential growth of mobile data traffic makes cellular network
straining to meet the growing demand of mobile data, resulting in an increasingly severe overload problem [4]. Based on a
mobile data forecast from Cisco, the number of interconnected
mobile devices will exceed 11 billion in 2019, and the global
mobile data will exceed 20 exabytes per month by the same
time [5]. It is fairly clear that simply using cellular networks for
vehicular Internet access may only worsen the existing overload
problem, further degrading the performance for both nonvehicular and vehicular users (VUs). In addition, the cost structure of
cellular network could also put significant economic burden on
the car manufacturers and car owners.
With specifically designed protocols and dedicated spectrum,
DSRC also supports a rich variety of vehicular applications,
including, but not limited to, safety applications, proximate
file sharing, and Drive-Through Internet access [6]. However,
when comparing to ever-growing mobile data demand, the
bandwidth offered by DSRC solution is rather limited as well.
This will be particularly worse in urban environments where
there tends to have high vehicle density [7], [8]. Moreover, due
to the contention-based channel access model, the performance
of vehicular mobile data services can hardly be guaranteed as
in the cellular-based technologies.
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To address these issues, additional data pipes for VUs are
desirable, which mitigate the congestion in cellular networks
or in DSRC spectrum, and provide data services to vehicles with quality-of-service (QoS) guarantee. Device-to-device
(D2D) communication is envisioned as a promising solution
for next-generation vehicular communication system [9]. The
basic tenet of D2D communications is that mobile users in
proximity can communicate directly with each other on licensed cellular spectrum (or other spectrum bands) without
traversing base stations (BSs) or the cellular backhaul networks [10]–[12]. By utilizing the proximity of mobile users,
concurrent transmissions can reuse the same spectrum band
without severely interfering each other, which significantly enhances the spectrum efficiency. In addition to spectrum utilization, vehicular D2D (V-D2D) communication can provide
more benefits. Comparing to the transmitter–BS–receiver twohop cellular transmission, V-D2D communication offers much
shorter communication latency due to the one-hop proximate
transmission, which facilitates delay-sensitive vehicular data
services. Moreover, unlike distributed DSRC, V-D2D communications are controlled by the (centralized) cellular networks,
in both control plane functions (e.g., connection setup and
maintenance) and data plane functions (e.g., resource allocation). Thus, a better performance is expected thanks to collision avoidance and careful interference mitigation. In addition, varied QoS requirements, such as rates, can be satisfied
by resource (subcarrier) allocation mechanisms. Finally, D2D
communications could be less expensive than conventional cellular communications because of its inherent nature of spectrum
reuse [13].
Due to the advantages of the D2D technology, it is suitable for
many vehicular use cases, and can enable novel location-based
and peer-to-peer applications and services. For example, considering the huge number of connected smart cars (90% of new
cars in 2020), the update of smart cars software can put a significant burden on the cellular network, and cost a lot of money
of car manufacturers and car owners. Thus, the software update package can be first downloaded by chosen vehicles, and
exchanged among other vehicles by vehicular D2D (V-D2D)
communications. In the process, the cellular network can apply
efficient algorithms to choose downloading vehicles, assist pair
devices to reduce delay, and allocate resources (subcarriers) to
mitigate interference, satisfy different QoS requirements, and
optimize the performance. In this way, most of the traffic can
be offloaded to local V-D2D transmissions and, thus, much cellular bandwidth and money can be saved. Moreover, due to the
loose delay requirement of software update, the vehicular delay
tolerant network (VDTN) can be employed where the package
can be disseminated in a store-carry-and-forward manner, which
can further offload the cellular network and save the cost. Another type of data service is gaming and video/audio streaming
among VUs, such as in the vehicular proximity social network
[14]. Normally, these services are supported by DSRC or WiFidirect communication, which may not satisfy the requirements
due to the collisions and long device paring time. With V-D2D
communication, such services can be better sustained due to
cellular-controlled connection setup with shorter delay, and resource (subcarrier) allocation which can support varied rates.
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Somewhat to our surprise, we realize that there have been
no theoretical studies that systematically investigate the performance of D2D communication for vehicular network scenarios. Indeed, this topic is a challenging research problem. First, unique mobility patterns of vehicles impact the
network performance differently, when comparing to wellunderstood human mobility patterns. Second, the grid-like vehicular network topology degrades the spectrum reuse efficiency, since V-D2D communications only happen on roads.
Last but not least, the interference pattern is even more difficult
to model than normal D2D communications where the spatial
user distribution can be modeled by the Poison point process
(PPP) [15].
To bridge this gap, in this paper, we establish a theoretical framework to analyze the performance of V-D2D communications underlaying cellular networks, by taking the unique
characteristics of VANETs into consideration. To the best of
our knowledge, our study is first of this kind to look into this
emerging topic. Specifically, we model the urban road layout
as a grid-like pattern. The cellular coverage areas are thus also
considered as a square area, with the capability to extend to any
other coverage patterns. The density of vehicles is modeled by
nonhomogeneous distributions in the considered area, because
vehicles are more likely to move around social spots [16]. We
then apply D2D communication in the modeled VANETs scenario. A channel inversion transmit power control mechanism
is utilized to keep the receive power threshold ρ0 . In addition,
we employ a biased channel quality based mode selection strategy, where a biased factor ϕ explicitly controls the preference
on V-D2D mode over cellular mode. Based on these models,
two critical performance metrics, signal-to-interference-plusnoise (SINR) outage probability and link/network throughput,
are theoretically analyzed, and the relation with the important
design parameters ρ0 and ϕ is obtained, followed by simulation validation. A counter-intuition observation is found that
the network throughput does not always increase with larger ϕ
(more D2D transmissions). Plus, the impact of ϕ on the network
throughput also depends on ρ0 . The contributions of the paper
are as follows.
1) Our proposed V-D2D underlay cellular network is governed by simple yet effective mechanisms. In particular,
a channel inversion power control scheme avoids high interference level in the V-D2D system, and a biased mode
selection strategy based on channel quality optimally controls the appropriate portion of VUs selecting D2D mode
or cellular mode.
2) Our proposed theoretical framework, which takes into account the unique characteristics of VANETs, is able to
systematically evaluate the performance of V-D2D underlay cellular networks. We specifically examine the impact
of the inversion power control mechanism and the biased
mode selection strategy on such V-D2D networks. The two
most critical performance metrics—SINR outage probability and throughput—are thoroughly analyzed and systematically validated via extensive simulations. The relation between performance metrics and design parameters
offers deep insights on the emerging V-D2D communications underlaying cellular network.
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The proposed analytical framework provides theoretical insights into the performance of emerging V-D2D underlaying
cellular networks. For cellular network operators, our framework not only offers guidelines to plan and deploy such cellular
infrastructures and better utilize cherished spectrum resources,
but obtains the close-form relation between critical performance
metrics and major system design parameters that could be used
to further optimize the system efficiency of V-D2D networks as
well.
The remainder of the paper is organized as follows. Section II
studies the related works. Section III describes the system
model. Section IV theoretically analyzes the network performance, followed by framework validation via simulation in
Section V. Finally, Section VI concludes the paper.
II. STATE OF THE ART
D2D underlaying communications in cellular network has
been extensively investigated. By utilizing spatially proximate
communication opportunities, the spectrum efficiency of cellular network can be greatly improved. However, the interference
introduced by D2D communications should be carefully managed. Interference management techniques, such as interference
reduction [17]–[21] and interference avoidance [22]–[24], have
been proposed and discussed to manage the interference and
improve the spectrum efficiency.
As one important topic, the performance of D2D communications underlaying cellular networks has also been well studied
in the literature. In [25], Ni et al. analyzed the throughput bound
of underlaying D2D communications. To manage the interference, different guard distances are introduced, including the
guard distance between a D2D receiver and D2D transmitters
and transmitting cellular user equipments (CUEs), and the guard
distance between D2D transmitters and cellular BS. Based on
the geometric model, the maximum number of concurrent D2D
communications is analyzed, and the impact of different parameters is studied. In [23], Min et al. analyzed the capacity of a
D2D underlaying network in which a D2D user and M cellular
users share a uplink channel (multiple antennas are employed).
To enhance the overall network capacity, a δD -interference limited area control scheme is proposed, in which CUEs are not
allowed to transmit within the area where the transmission will
cause interference to a D2D receiver higher than a predefined
threshold. Then, the coverage of δD -interference limited area
is analyzed and the lower bound of the ergodic capacity is derived as a closed form. Many works studied the performance of
D2D communication through stochastic geometry analysis [15],
[26], [27]. In [15], Elsawy et al. introduced the mode selection
and power control models for D2D-enabled uplink cellular networks. D2D users, cellular uplink users, and cellular BSes are
modeled by independent PPPs with different intensities, and a
truncated power control model, as well as a mode selection strategy, are employed. The performance metrics, i.e., the average
SINR outage probability and link spectrum efficiency, are theoretically analyzed. In [26], Lin et al. proposed a tractable hybrid
network model in which the D2D user locations are modeled

5411

by a PPP, and based on this, a unified performance analysis approach is proposed, and the expressions of analytical rate are
obtained for both overlay and underlay D2D transmission. In
spite of the rich research works of D2D communications, the
results of existing works cannot be directly applied to VANETs,
where the vehicle locations cannot be modeled by a PPP.
There are also several works that investigate the issues of applying D2D communications in VANETs. In [9], Cheng et al.
studied the feasibility of D2D communication for the intelligent
transportation systems (ITS), considering the spatial distribution of vehicles, and the channel characteristics given the high
mobility of vehicles. Through a simulation study, it is observed
that the D2D-underlay mode achieves the highest spectrum efficiency, and the data rate increases with the decrease of D2D
distance. In addition, the average spectrum efficiency first increases and then decreases with the increase of V-D2D link
density, due to the fact that when V-D2D link density is high,
the interference becomes more severer. In [28], Sun et al. proposed a spectrum resource allocation scheme for both CUEs and
vehicular UEs, in order to maximize the CUEs’ sum rate while
guarantee the strict delay and reliability requirements of VUEs’
services. In [29], Ren et al. proposed a joint channel selection
and power control framework to achieve optimal performance
of the V-D2D system, where a series simplifications are made to
reduce the requirement of full channel state information (CSI).
In a nutshell, although the D2D communication technology
has been intensively discussed, the research of vehicular D2D
communication is still in its beginning stage, with many open
issues. On one hand, the high mobility of vehicles and variable traffic load can greatly affect the signal propagation, and
makes it difficult to obtain reliable CSI which is required for
accurate resource allocation in D2D communication. On the
other hand, the correlation of vehicles (e.g., vehicle clusters)
and the awareness of location information (e.g., GPS devices)
can provide more opportunity to the location-based V-D2D applications. In this paper, we focus on V-D2D communications
underlaying cellular network in urban area, apply power allocation and mode selection schemes, and theoretically analyze the
network performance.
III. SYSTEM MODEL
In this section, the system model of the analytical framework
is presented. We first describe the street pattern of the considered area, followed by the network model, including the D2D
and cellular transmission distances, the transmit power control,
and channel characteristics. Then, the mode selection strategy
is given, where a bias factor ϕ is used to reflect the preference of D2D transmissions over cellular transmissions. A summary of the mathematical notations used in this paper is given
in Table I.
A. Street Pattern
We consider an urban area fully covered by the LTE cellular
network. The considered area has a grid-like street pattern, as
the downtown area of many cities, such as Houston and Portland
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TABLE I
USEFUL NOTATIONS
Symbol
ri
L
ΩC
ΩT
M
i
dD
dC , i
γC , γD
h
ρ0
ϕ
ZC , i , ZD , i
I
η
p o , i (ω )
n0
σ

Description
Road segment i
Length of a road segment
The considered cellular coverage area
Intercell interference area of Ω C
Side length of Ω C
Vehicle density on r i
D2D transmission distance
Cellular uplink distance of r i
Path-loss exponent of cellular transmission and D2D transmission
Channel gain
Receive power threshold
Bias factor
Transmit power given D2D (resp. cellular) mode is selected
Interference
SINR
SINR outage probability, where ω is SINR outage threshold
Noise power
Average link throughput

Fig. 1.

System model.

[30]. The network geometry consists of a set of north–south
(vertical) roads intersected with a set of east–west (horizontal)
roads, as shown in Fig. 1. The lengths of each road segment
ri are identical, which is denoted by L, leading to equal-sized
square street blocks with side length L. We further consider the
coverage area of an LTE eNB to be a square, with the side length
M normalized by L. We also denote the considered cellular
coverage area by ΩC . Note that we consider M is even in the
analysis, while the methodology can be easily applied when
M is odd. Denote the set of road segments within a cellular
coverage area by MC with |MC | = 2M (M + 1). There are
two things worth to be noted. First, we focus on the urban
area because in these areas V-D2D communication is more
urgent due to the heavy-loaded data traffic, and we will leave
the analysis of suburban and rural areas in the future works;
second, the analysis can be easily applied to coverage patterns
other than the square pattern, such as hexagon coverage, and
Vorinoi coverage which is a common coverage pattern of
LTE networks.
The density of vehicles in road segments can impact the network performance, since V-D2D communication can happen
only when two vehicles are close to each other. According to
Thakur et al. [31], the vehicle density at a location can be ac-

curately modeled by different heavy-tail distributions, such as
Weibull, log-logistic, and log-gamma distribution. We consider
that on road segment ri , the probability density function (PDF)
and cumulative density function (CDF) of the vehicle density i
are f,i (x) and F,i (x), respectively.
B. Network Model
The frequency-division duplexing LTE network is considered, where uplink and downlink transmissions use orthogonal sets of channels. We consider V-D2D communications
for vehicle-to-vehicle data services in this paper, e.g., direct video/audio streaming or Internet contents sharing, while
vehicle-to-infrastructure data services can be supported by normal cellular transmissions. Two VUEs can transmit data via the
cellular network, and as an alternative, if they are close to each
other, they can transmit directly without going through the LTE,
i.e., V-D2D transmissions. It is assumed that V-D2D transmissions can happen only when two VUEs are in the same road
segment ri , for the reasons that V-D2D transmissions are only
available for vehicles in proximity, and it is usually difficult for
the signal to transmit between two intersected road segments in
urban areas due to the block of buildings. In addition, vehicles
in the same road segment are more likely to preserve a longer
and more reliable connection, which avoids frequent D2D connection set up and tear down. Therefore, the eNB can schedule
V-D2D communication only within one road segment. A similar consideration can be found in [16]. Since the existence of
a transmission in ri requires not less than two vehicles in ri ,
the probability a transmission request exists in ri can then be
calculated by pT ,i = 1 − F,i (2). Then, the D2D transmission
distance dD ∈ [0, L].1 It is further considered that within a road
segment ri , the location of an arbitrary VUE follows a uniform
distribution, which means that within ri , a VUE appears in any
location equally likely. Consequently, given that a V-D2D link
exists in ri , the V-D2D transmission distance dD ,i follows a triangular distribution, and thus, the PDF of dD ,i can be expressed
by
x
2
1−
.
(1)
fd D , i (x) =
L
L
Since fd D , i (x) does not depend on i, D2D transmission distances in all road segments are independent and identically distributed (i.i.d.) random variables with the PDF given in (1). Note
that the distribution of locations a vehicle may appear in a road
segment can be extended to a general model, and the distribution of V-D2D distances can be obtained in a similar way. For
cellular uplink transmission, denote by dC ,i the cellular uplink
distance if the transmitting VUE is in ri . For the simplicity of
analysis, we consider that dC ,i is independent of dD ,i and is
approximated by the distance from the eNB to the middle point
of ri , because usually, the cellular uplink distance is much larger
than the D2D distance. Therefore, due to the symmetry of the
road pattern, the probability mass function (PMF) of the cellular
1 Since the D2D communication often involves bidirectional communication,
we do not differentiate D2D transmitter and receiver in this paper.
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uplink distance dC ,i , which is denoted by pd C (x), can be easily
obtained as
⎧ 4
L
⎪
, x=
⎪
⎪
⎪
|M
|
2
C
⎪
√
⎪
⎪
⎪
8
5L
⎪
⎪
, x=
⎪
⎨ |MC |
2
3L
4
pd C (x) =
(2)
, x=
⎪
⎪
⎪
|M
|
2
C
⎪
⎪
⎪
13L
8
⎪
⎪
, x=
⎪
⎪
2
⎪
⎩ |MC |
...
Due to the high mobility of vehicles, the rapid channel variations results in difficulty in obtaining real-time full CSI that
contains the actual channel fading parameters. Thus, large-scale
fading effects including path loss and shadowing are preferred
when designing V-D2D communication protocols [28], [29],
[32]. In [9], a simulation has been conducted, showing that the
performance degradation of V-D2D communication is very little
when only path loss is considered. Based on these observations,
in this paper, we only consider the large-scale fading effects.
Following [15] and [20], we consider a general power-law pathloss model with the decay rate d−γ , where d is the distance
between the transmitter and the receiver, and γ > 2 is the pathloss exponent. The cellular uplink and V-D2D links may have
different path-loss exponents, which are denoted by γC and
γD , respectively. We consider a Rayleigh fading environment2 ,
where the channel gain h between any two locations follows
i.i.d. exponential distribution with unit mean, i.e., h ∼ exp(1).
The transmit power is regulated by a channel inversion power
control model, in which the path loss is compensated by the
transmit power such that the average received signal power at
the intended receiver (i.e., eNB for uplink transmissions and
receiving VUE for V-D2D transmission) equals a certain receive power threshold ρ0 . Therefore, the instant received power
can be expressed by ρ0 h. In general, if the channel inversion
power control is employed, a power truncate outage may happen due to that the required transmit power is larger than the
maximum transmit power Pm [15]. However, in the considered urban V-D2D scenario, power truncate outage does not
happen since Pm is large enough to compensate the path loss
of a cellular edge transmission, the distance of which is much
larger than the maximum D2D transmission distance L. The
V-D2D communications underlaying cellular network may have
multiple channels. However, since the interference statistics of
all channels are similar, we restrict our analysis to one channel, which is shared by V-D2D transmissions and maximum
one uplink transmission in the considered cellular coverage
area.

employed: The data packet is first transmitted from the transmitting VUE to the eNB through uplink channels, and then from
the eNB to the receiving VUE through downlink channels. In
D2D mode, two VUEs can directly transmit data reusing the cellular uplink resources. The cellular uplink resources are reused
by V-D2D transmissions, since the interference caused at the
BS can be efficiently managed [34]. The mode selection greatly
impacts the network performance. If more VUEs select D2D
mode, the frequency spatial reuse can be improved; however,
more interference is introduced to both D2D and cellular uplink transmissions. Therefore, more D2D transmissions do not
always enhance the throughput or offloading performance, as
demonstrated in [9].
In this paper, we employ a biased channel quality based mode
selection strategy to model the tradeoff among SINR, frequency
reuse, throughput, and offloading performance. In the biased
channel quality based mode selection, a VUE selects D2D mode
if the biased quality of D2D channel is not worse than the quality
of the cellular uplink channel, i.e.,
D
C
≥ d−γ
.
ϕd−γ
D
C

2 Methods

to relax to general fading models can be found in [33].

(3)

Otherwise, the cellular mode will be chosen. The bias factor ϕ
reflects the preference on D2D mode over cellular mode, where a
larger ϕ indicates that D2D transmissions are more likely to happen, leading to higher frequency reuse and more interference.
With this model, the interference to the cellular uplink transmissions can be controlled. To satisfy (3), a D2D transmission closer
to the eNB tends to have a smaller transmission distance dD ,
and a correspondingly smaller transmit power due to the channel
inversion power control. We show that the interference power
from any D2D transmission to the eNB can be upper bounded by
ϕρ0 in Appendix VI-A. Fig. 2 shows the mode selection results
in terms of ϕ, in a scenario with L = 100 m and M = 10. It
can be seen that the number of V-D2D transmissions (shown as
red dots) increases when the value of ϕ becomes larger, since a
larger ϕ indicates D2D mode is more preferred. Moreover, in the
area closer to the BS, the D2D transmission is less likely to happen, which protects the cellular uplink transmission from severe
interference.
Under the mode selection strategy, we can calculate the probability that D2D/cellular mode is selected. In road segment ri ,
the cellular uplink distance dC ,i is a constant. Thus, given a
transmission request among two VUEs in ri , the probability
that D2D mode is selected can be obtained by


−γ C
D
pD ,i = P ϕd−γ
D ,i ≥ dC ,i

γC
1
γ
= Fd D ϕ γ D dCD,i

C. Mode Selection Strategy
VUEs can transmit data using either cellular mode or D2D
mode. In cellular mode, eNB routed two-hop transmission is
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γC
γ

1

=

ϕ γ D dCD,i
L

⎛
⎝2 −

γC
γ

1

ϕ γ D dCD,i
L

⎞
⎠

(4)

where Fd D (·) is the CDF of D2D distance dD . Accordingly, the
probability that the cellular mode is selected is pC ,i = 1 − pD ,i .
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Fig. 2.

Mode selection result.

IV. NETWORK PERFORMANCE ANALYSIS
In this section, we analyze the performance of the V-D2D
communications underlaying cellular networks. We start with
the probability distribution of the transmit power of an arbitrary
V-D2D transmission and cellular uplink transmission. Then, we
analyze the interference from both V-D2D transmissions and
uplink transmission in the considered cellular coverage area
and the first tier around the considered cellular coverage area,
based on which the probability distribution of SINR is derived.
Then, the performance metrics, the SINR outage probability
and throughput, are theoretically obtained. Note that for integer
values of path-loss exponents, the SINR outage probability can
be expressed in closed-form.

A. Transmit Power
In this part, we analyze the transmit power of both D2D mode
and cellular mode. According to the channel inversion power
control and mode selection model, the maximum D2D transmission power in road segment ri is PD m , i = min (PD m , ϕρ0 dγCC,i ),
where PD m = ρ0 Lγ D is the maximum transmit power due to
the maximum V-D2D distance L, and ϕρ0 dγCC,i is the maximum
transmit power due to the mode selection strategy. Given D2D
mode is selected, the D2D transmit power ZD ,i is the transmit power required to compensate the path-loss conditioned on
−γ C
−γ D
−γ C
D
ϕd−γ
D ,i ≥ dC ,i , i.e., ZD ,i = {PD ,i : ϕdD ,i ≥ dC ,i }, where

PD ,i is the unconditioned V-D2D transmit power. The PDF of
ZD ,i is given in Lemma 1.
Lemma 1: In the urban V-D2D communication underlaying
cellular network with channel inversion power control and biased channel quality based mode selection, the PDF of the D2D
transmit power in ri , which is denoted by ZD ,i , is given by
⎛
⎞
1
2
−1
−1
1 ⎝ 2x γ D
2x γ D
⎠ , ZD ,i ≤ PD m , i
−
fZ D , i (x) =
1
2
pD ,i
γD
γD
2
γD Lρ0
γD L ρ0
(5)
where PD m , i = min (PD m , ϕρ0 dγCC,i ).
Proof: See Appendix B.
For cellular mode, the transmit power ZC ,i is the transmit
power from the VUE to the eNB (denoted by PC ,i ) condi−γ C
γC
D
tioned on ϕd−γ
D ,i < dC ,i . Since PC ,i = ρ0 dC i is a constant,
γC
ZC ,i = PC ,i = ρ0 dC i is a constant. The PMF of ZC ,i and ZC
is described in the following lemma.
Lemma 2: In the urban V-D2D communications underlaying cellular network with channel inversion power control and
biased channel quality based mode selection, the cellular uplink
transmit power in ri , which is denoted by ZC ,i , is a constant
ZC ,i = ρ0 dγCCi .
Proof: The transmit power of a VUE is a constant equal
to ρ0 dγCC . Therefore, given the cellular mode is selected, the
transmit power remains unchanged.
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selects cellular mode gets smaller [i.e.,



r i ∈MC 1 − pT ,i (1
p T , i (1−p D , i )
.
r ∈M p T , i (1−p D , i )

−

pD ,i ) gets smaller], and P (1C ,i = 1) ≈
i
C
With the total interference Ii given in (6), the SINR of a
D2D/uplink transmission in road segment ri ∈ MC can be expressed by


ηi =

n0 +


r j ∈MI \r i

ρ0 h
D
C
1D ,j ZD ,j hd−γ
+ 1C ,j ZC ,j hd−γ
ji
j0
(7)

where n0 is the noise power.
Fig. 3.

Interference area with N t = 2.

C. Performance Metrics
B. Interference and SINR Ratio
In cellular networks, the interference is caused by cochannel
transmissions in the same cell and neighboring cells, which
is called intracell interference and intercell interference, respectively. In V-D2D communications underlaying cellular networks, the interference is caused not only by cellular uplink
transmission but by D2D transmissions which reuse uplink resources as well. In this section, we consider intracell and intercell interferences from both cellular uplink transmissions and
V-D2D transmissions. For inter-cell interference, we consider
the interference from Nt tiers of cells around the considered cell,
as shown in Fig. 3. Usually considering Nt = 1 is sufficient to
analyze the intercell interference, and the interference power
from transmissions of even further areas can be considered
as noise.
Denote the considered cellular coverage area by ΩC ,
the area where intercell interference originates by ΩT , and
ΩI = ΩC + ΩT . Denote the sets of road segments in ΩC ,
ΩT , and ΩI by MC , MT , and MI , respectively. Consider a D2D/uplink transmission in road segment ri ∈ MC .
The total interference to the D2D/uplink transmission can be
expressed by
Ii = ID,i + IC ,i

D
C
=
1D ,j ZD ,j hd−γ
+ 1C ,j ZC ,j hd−γ
ji
ji

(6)

r j ∈MI \r i

where ZD ,i (respectively, ZC ,i ) is the transmit power of V-D2D
(respectively cellular uplink) transmission in road segment ri .
dji is the distance from the interferer to the receiver, and dj 0
denotes the distance from the interferer to the eNB of ΩC . For
simplicity, when the interference to the V-D2D transmission
is considered, dji is the distance between the middle points
of rj and ri ; when the interference to uplink transmission is
considered, dj 0 is the distance from the middle point of rj to the
location of eNB of ΩC . 1D ,i and 1C ,i are indicator functions
where 1X ,i = 1 if a transmission request exists in ri and chooses
mode X, and 1X ,i = 0, otherwise. Based on the vehicle density
distribution and the mode selection strategy, P (1D ,i = 1) =
pT ,i pD ,i . Furthermore, for the analysis tractability, we consider
that cellular uplink scheduling is round-robin [15]. Therefore,
when |MC | becomes larger, the probability that no transmission

V-D2D communications can improve the frequency spatial
reuse, and therefore the spectrum efficiency and throughput can
be increased. On the other hand, more interference is introduced, resulting in decreasing SINR for both D2D and cellular
transmissions. Therefore, in this section, we consider two performance metrics, i.e., SINR outage probability and throughput,
to analyze the performance of the V-D2D communications underlaying cellular network, as in (8), shown bottom of the next
page.
Given the SINR outage threshold ω, the SINR outage probability of the transmission in ri is
po,i (ω) = P (ηi ≤ ω)

ω
= P h ≤ (n0 + ID,i + IC ,i )
ρ0


ω
i
= 1 − exp − (n0 + ID,i + IC ,i )
ρ0




ω
ω
ωn0
ii
= 1 − exp −
LD ,i
LC ,i
ρ0
ρ0
ρ0

(9)

where LX (·) denotes the Laplace transform of the PDF of the
random variable, when mode X is chosen, and LD ,i (·) and
LC ,i (·) are calculated in Appendix C. In (9), (i) follows since h
is a exponential random variable with unit mean, and (ii) follows
because the transmission modes in each road segment are independent. Then, a V-D2D transmission in ri , the SINR outage
probability poD ,i (ω) is given in (8), where H(·) is hypergeometD
PD m , i . Therefore, the average
ric function, and β = − ρω0 d−γ
ji
V-D2D SINR outage probability in ΩC , which is denoted by
poD (ω), can be calculated by

pT ,i pD ,i poD ,i (ω)
C
.
(10)
poD (ω) = r i ∈M
r i ∈MC pT ,i pD ,i
For cellular uplink transmissions, the interference is caused
at the eNB of ΩC . Therefore, for an arbitrary cellular uplink
transmission, the SINR outage probability can also be calculated
by (8), where dji is replaced by dj 0 . Note that for integer value
of γC and γD , (8) has closed-form expression.
Another important performance metric is the link/network
throughput. Since the V-D2D communications introduce interference to the network, the throughput of the cellular uplink is
degraded. However, at the network level, the throughput can
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where dji and dj 0 can be calculated from the geographic information of road segments. With SINR obtained, the performance
metrics such as SINR outage probability and spectrum efficiency can be then theoretically analyzed similar to the methods
in Section IV-C.

be enhanced by spatial spectrum reuse due to concurrent transmissions. The average link throughput in a unit spectrum (or
spectrum efficiency) when the transmitter is in ri , denoted by
σi , can be calculated based on the SINR outage probability:
σi = E[log2 (1 + SINRi )]
 ∞
P (log2 (1 + SINRi ) > x)dx
=

V. EVALUATION

0


=

∞

In this section, we conduct a simulation to validate the proposed analytical framework. In an urban area with grid-like
road system, the length of road segment L = 100 m, and the
side length of a cellular BS coverage area is set to M = 10
road segments. Each road segment has two lanes with bidirectional vehicle traffic. We use VANETMobisim [36] to generate
the mobilities of vehicles. Speed limit is set to 50 km/h. The
vehicle mobility is controlled by Intelligent Driver Model with
Lane Changes model, in which vehicle speed is based on movements of vehicles in neighborhood. Unless otherwise stated,
we set the channel inversion threshold ρ0 = −80 dBm, noise
power N0 = −90 dBm, the path-loss exponents γC = γD = 4
[37], the SINR outage threshold ω = 2, and Nt = 1 tier of cells
where intercell interference is considered. All simulation results
are plotted with 90% confidence intervals.
In the simulation, two arbitrary vehicles in the same road
segment can request a transmission between each other. If more
than two transmission requests happen in the same road segment, the cellular network randomly schedules one request with
V-D2D transmission (called potential V-D2D transmission) and
schedules the others to use traditional cellular transmissions,
i.e., the transmitter–BS–receiver two-hop transmissions. A potential V-D2D transmission selects the D2D mode if the D2D
selection condition (3) is satisfied; otherwise, the cellular mode
is selected. Note that only one cellular uplink transmission can
be scheduled in one time and subchannel.
Fig. 4 shows the average SINR outage probability in the considered area ΩC , including V-D2D transmissions and cellular
uplink transmissions, with respect to (w.r.t.) the SINR outage
threshold ω, and varied values of ρ0 and ϕ. Straightforwardly,
the SINR outage probability increases with the increase of the
outage threshold ω. Different vehicular services and applications
may require different data rates, which correspond to different
SINR requirements. Thus, the results of Fig. 4 indicate that for
data-craving applications, such as high-quality video streaming,
the SINR outage probability could be higher, which can be an
important design concern of the V-D2D communications underlaying cellular network. Fig. 4(a) shows the impact of the

P (ηi > 2x − 1)dx

0


=

∞

1 − po,i (2x − 1)dx,

(11)

0

where po,i (·) is the SINR outage probability given in (9). Therefore, the average total spectrum efficiency in a cellular coverage
ΩC can be calculated by


1 − pD ,i
σC ,i
pT ,i pD ,i σD ,i + 
σ=
r i ∈MC pT ,i (1 − pD ,i )
r i ∈MC

(12)
D. Extension of the Results
As mentioned in Section III, the analytical results obtained
above are not limited to the grid-like street pattern and square
cellular coverage area. In this section, we show how the results
are extended to other scenarios where the street patterns are
irregular, and the cellular coverage is more general, such as
hexagon and Vorinoi coverage, provided that the geographic
information and vehicle density of each road segment is known.
Consider an urban area with a set of road segment r =
{r1 , r2 , . . . , rW }. For each road segment ri , the geographic information, such as the locations of end points, is known. This
information can be obtained from geolocation databases, such
as TIGER/Line Shapefiles [35]. The vehicle density in ri is
denoted by i , with the PDF and CDF denoted by f,i (x) and
F,i (x), respectively. Consider a cellular coverage area ΩC , the
set of road segment r is divided into two subsets, rc the set
of road segments within ΩC , and r¯c the set of road segments
outside ΩC . Then, we can calculate the SINR of uplink/D2D
transmissions in road segment ri ∈ rc by a method similar
to (7):
ηi =

n0 +


r j ∈r\r i

poD ,i (ω) =

1 − exp

· 

−ωn0
ρ0

ρ0 h
D
C
1D ,j ZD ,j hd−γ
+ 1C ,j ZC ,j hd−γ
ji
j0
(13)

⎛

 
1
γ
 ⎜ 2pT ,j PD Dm , j H 1, γ1D , 1 +
⎝
1
γ
r j ∈MI \r i
Lρ0 D

1
r i ∈MC pT ,i (1 − pD ,i )


r j ∈MI \r i

pT ,j (1 − pD ,j )
C
(1 + sZC ,j d−γ
)
ji

1
γD




,β

2

pT ,j PD Dm , j H
γ

−



 
1, γ2D , 1 +
2
γD

2
γD




,β

⎞
⎟
+ 1 − pD ,j pT ,j⎠

L2 ρ0

(8)
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Fig. 5.

Fig. 4. SINR outage probability w.r.t. ω. (a) Varied channel inversion threshold
ρ0 and (b) varied bias factor ϕ.

channel inversion threshold ρ0 on the SINR outage probability.
ρ0 influences the SINR in two different ways. On one hand,
with a smaller value of ρ0 , the V-D2D/cellular transmitters can
use a smaller power and, thus, cause less interference to each
other; on the other hand, the received signal power ρ0 h is also
smaller. In the simulated scenario, the latter, i.e., the impact on
the received signal power dominates, and thus, the SINR outage
probability increases with the decrease of ρ0 . Note that the conclusion may vary with different VANETs topology patterns and
topology parameters L and M , the analysis of which is considered as one of our future works. Fig. 4(b) shows the impact of
the bias factor ϕ on the SINR outage probability. With a larger
value of ϕ, more transmission requests will choose D2D mode,
which, in turn, causes more interference and results in higher
SINR outage probability.
Fig. 5 shows the SINR outage probability w.r.t. the bias factor ϕ. One important observation is that the SINR outage probability increases monotonously with ϕ. Different from ρ0 , ϕ
does not impacts the received signal power, but influence the
interference in the following ways. First, a higher value of ϕ
leads to a higher D2D selecting probability according to (4)
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SINR outage probability w.r.t. ϕ.

and, thus, more concurrent transmissions. Second, with a higher
value of ϕ, it is more likely for V-D2D transmission to use a
higher transmit power based on (5). Therefore, a higher value
of ϕ will lead to a higher level of interference and, thus, result in a higher average SINR outage probability. However,
a higher average SINR outage probability does not necessarily indicate a lower cell throughput, which will be discussed
later. When ϕ surpasses a certain value, most V-D2D transmissions can use the possibly maximum transmit power, i.e.,
PD m , i = min (PD m , ϕρ0 dγCC,i ) = PD m , and consequently, further increasing ϕ will have little impact on the SINR outage
probability, as shown in Fig. 5, where ϕ > 0.9 × 10−3 .
Fig. 6 shows the throughput performance of the V-D2D underlaying cellular network w.r.t. the bias factor ϕ. The throughput
is presented in the form of spectrum efficiency, and thus, the
unit is bits/s/Hz. It can be seen that a larger value of channel
inversion threshold ρ0 leads to a higher throughput due to a
higher SINR, as discussed in Fig. 4(a). In Fig. 6(a), we consider the average throughput of the cellular uplink transmission,

p
(1−p D , i )
σC ,i , which reflects the
i.e., σC = r i ∈MC  T , i p T , i (1−p
D ,i )
r i ∈MC
cellular uplink throughput from the perspective of the network
operator. As shown in the figure, the cellular uplink throughput decreases with the increase of ϕ. This is because with a
larger ϕ, both D2D selecting probability and D2D transmission power increase, resulting in a larger interference at the
BS. The SINR of the cellular uplink transmissions thus decreases, leading to a lower throughput. Different from Fig. 5,
even when ϕ is large, there is still an obvious decrease of the
cellular uplink throughput with the increase of ϕ. This is because the throughput of cellular uplink is mainly influenced by
the D2D transmissions in the road segments close to the BS.
When ϕ is large, the transmit power of these transmissions still
increases with ϕ, as PD m , i = min (PD m , ϕρ0 dγCC,i ) = ϕρ0 dγCC,i ,
which causes more interference at the BS. Fig. 6(b) shows the
total average throughput in a cellular coverage area, including
all V-D2D transmissions and the cellular uplink transmission.
By comparison with Fig. 6(a), it is shown that V-D2D communications can greatly boost the spectral efficiency of the cellular
networks. In addition, for different values of channel inversion
threshold ρ0 , the bias factor ϕ impacts the throughput in different
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VUs. Two performance metrics, i.e., SINR outage probability
and throughput, have been theoretically analyzed. Simulation
has been conducted, which validates our analysis, and shows
the impact of design parameters on the performance metric.
For future works, we will analyze the V-D2D performance
in different scenarios, e.g., highway and more general road
systems with varied intersection degrees (i.e., the number of
roads connected to an intersection), lengths of road segments,
and sizes of the cellular coverage areas. In addition, considering
the cost issues and user preferences, the network performance
under different mode selection schemes, such as auction-based
mode selection, will be studied.
⎧
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APPENDIX A
UPPER BOUND OF INTERFERENCE
Fig. 6. Throughput performance w.r.t. ϕ. (a) Cellular uplink throughput and
(b) total throughput.

ways. For the cases of ρ0 = −75 dBm and ρ0 = −80 dBm, the
total throughput increases from ϕ = 0.1 × 10−3 to 0.3 × 10−3
but decreases slightly with the further increase of ϕ. This is
because when ϕ is small, the interference is low, and with the
increase of ϕ, there are more concurrent V-D2D transmissions,
leading to larger total throughput. However, when ϕ is relatively
large, the interference becomes the dominating factor, and thus,
the increase of ϕ leads to a decrease of total throughput. For the
case of ρ0 = −85 dBm, the total throughput increases with ϕ,
even when ϕ is larger than 0.3 × 10−3 because when ρ0 is small,
the transmit power is small according to the channel inversion
model, and thus, the interference is small. Therefore, as the value
of ϕ increases, more concurrent transmissions lead to a higher
throughput. Compared with the results of Fig. 5, it can be seen
that even though the increase of ϕ degrades the SINR outage
performance, it can influence the total throughput in varied ways.

Consider an arbitrary D2D transmission in road segment
ri . According to the mode selection, D2D mode is selected
−γ C
γD
γC
D
if ϕd−γ
D ,i ≥ dC ,i . Then, we have dD ,i ≤ ϕdC ,i and the D2D
transmit power PD ,i = ρ0 dγDD,i ≤ ϕρ0 dγCC,i . Therefore, the interference at the eNB from the D2D transmission is given by
−γ C
C
ID
,i = PD ,i dC ,i ≤ ϕρ0 .

(15)

From (15), we can see that the interference from any D2D transmission to the cellular uplink transmission is upper bounded
by ϕρ0 .
APPENDIX B
PROOF OF LEMMA 1
Given that D2D mode is selected, the D2D transmit power
−γ C
γD
D
ZD ,i is ZD ,i = {PD ,i : ϕd−γ
D ,i ≥ dC ,i } = {PD ,i : ρ0 dD ,i ≤
γC
ϕρ0 dC ,i } = {PD ,i : PD ,i ≤ ϕPC ,i }. Therefore, the PDF of
ZD ,i can be obtained by
fZ D , i (x) = fP D , i |P D , i ≤ϕP C , i (x)

VI. CONCLUSION
We have theoretically studied the performance of V-D2D
underlaying cellular networks. We have modeled the urban
road system and the vehicle density distribution and employed
channel inversion model and biased channel quality based mode
selection to control the transmit power and mode selection of

fP D , i (x)
P (PD ,i ≤ ϕPC ,i )
⎛
⎞
1
2
γ D −1
γ D −1
1 ⎝ 2x
2x
⎠
=
−
1
2
pD ,i
γD
γ
γD Lρ0
γD L2 ρ0 D
=

(16)
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where PD ,i is obtained in (4), and fP D , i (x) can be derived
from the PDF of D2D distance dD in (1) and the fact that
PD ,i = ρ0 dγDD,i .
APPENDIX C
LAPLACE TRANSFORMS OF IC AND ID
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where H([·], [·], v) is hypergeometric function, and β =
D
PD m , j . Note that for integer values of γC and γD , (17)
−sd−γ
ji
has closed-form expression. For example, when γC = γD = 4,
LIDD , i (s) is shown in (14), where x = PD m , j .
The interference from all cellular uplink transmissions in ΩI
to a V-D2D transmission in road segment ri is denoted by ICD,i .
Similarly, the Laplace transform of the PDF of ICD,i , which is
denoted by LICD , i (s) can be calculated by
LICD , i (s)


−s r ∈M \r
j
I i
=E e
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1

=
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r j ∈MI \r i



is similar to (17) and (18), by replacing dji with the distances
from the road segments in MI to the BS of ΩC .
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