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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 (DSRC). 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 non-homogeneous
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 pathloss rather than instantaneous channel state
information, 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 no worse than the cellular uplink
quality. Under the proposed scheme, two performance metrics of
V-D2D underlaid cellular networks, SINR 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.

I. INTRODUCTION

Future vehicles are expected to be not only faster and safer,
but also greener, and more comfortable and entertaining for
the passengers. One major technology to meet this expectation
is VehiculAr NETworks (VANETS): automobiles are equipped
with wireless communication capabilities, enabling them to
communicate with each other, and with other networks, such
as the Internet. VANETSs can facilitate a variety of applica-
tions, 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], [2]. The soaring
number of connected cars with Internet access, along with
the emerging vehicular mobile data services will altogether
impose stringent requirements towards its enabling technology
solutions. For example, the update of smart vehicle software
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and upload of user generated data needs a high data rate,
while the mobile high-quality video streaming requires low
communication delay, high data rates, and high reliability
jointly.

Currently, cellular technologies and dedicated short-range
communication (DSRC) are two main means for vehicular data
services. Cellular access technology, such as Long-term Evo-
lution (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 solu-
tions (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 [3].
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 [4]. 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 non-vehicular 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 spec-
trum, DSRC also supports a rich variety of vehicular ap-
plications, including, but not limited to, safety applications,
proximate file sharing, and Drive-Through Internet access
[5]. 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
[6], [7]. 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.

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 QoS guarantee. Device-to-device (D2D) communication
is envisioned as a promising solution for next-generation
vehicular communication system [8]. The basic tenet of D2D
communications is that mobile users in proximity can commu-
nicate directly with each other on licensed cellular spectrum
(or other spectrum bands) without traversing base stations
or the cellular backhaul networks [9]-[11]. By utilizing the
proximity of mobile users, concurrent transmissions can reuse
the same spectrum band without severely interfering each
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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 two-hop 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 dis-
tributed 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 func-
tions (e.g., resource allocation). Thus, a better performance is
expected thanks to collision avoidance and careful interference
mitigation. Also, varied QoS requirements, such as rates, can
be satisfied by resource (sub-carrier) allocation mechanisms.
Finally, D2D communications could be less expensive than
conventional cellular communications because of its inherent
nature of spectrum reuse [12].

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%
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 (sub-carriers) to mitigate interference, satisfy dif-
ferent 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 vehicular
users, such as in the vehicular proximity social network [13].
Normally, these services are supported by DSRC or WiFi-
direct 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 (sub-carrier) allocation which can support varied
rates.

Somewhat to our surprise, we realize that there lacks a
theoretical study that systematically investigates the perfor-
mance of D2D communication for vehicular network sce-
narios. Indeed, this topic is a challenging research problem.
First, unique mobility patterns of vehicles impact the network
performance differently, when comparing to well-understood
human mobility patterns. Second, the grid-like vehicular net-
work topology degrades the spectrum reuse efficiency, since
V-D2D communications only happen on roads. Last but not
the least, the interference pattern is even more difficult to
model than normal D2D communications where the spatial

user distribution can be modeled by Poison point process
(P.P.P) [14].

To bridge this gap, in this paper, we establish a theoretical
framework to analyze the performance of V-D2D communi-
cations underlaying cellular networks, by taking the unique
characteristics of VANETsS 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 non-homogeneous distributions in the
considered area, because vehicles are more likely to move
around social spots [15]. We then apply D2D communica-
tion in the modeled VANETS scenario. A channel inversion
transmit power control mechanism is utilized to keep the
receive power to be a threshold pg. In addition, we employ
a biased channel quality based mode selection strategy, where
a biased factor ¢ explicitly controls the preference on V-
D2D mode over cellular mode. Based on these models, two
critical performance metrics, signal-to-interference-plus-noise
(SINR) outage probability and link/network throughput, are
theoretically analyzed, and the relation with the important
design parameters py and ¢ is obtained, followed by simu-
lation validation. A counter-intuition observation is found that
the network throughput does not always increase with larger
@ (more D2D transmissions). Plus, the impact of ¢ on the
network throughput also depends on py. The contributions of
the paper are as follows:

e Our proposed V-D2D underlay cellular network is gov-
erned by simple yet effective mechanisms. In particular,
a channel inversion power control scheme avoids high
interference level in V-D2D system, and a biased mode
selection strategy based on channel quality optimally con-
trols the appropriate portion of vehicular users selecting
D2D mode or cellular mode;

e 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 inversion power control mechanism and bi-
ased mode selection strategy on such V-D2D networks.
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.

The proposed analytical framework provides theoretical
insights into the performance of emerging V-D2D underlaying
cellular networks. For cellular network operators, our frame-
work not only offers guidelines to plan and deploy such
cellular infrastructures and better utilize cherished spectrum
resource, but also obtains the close-form relation between crit-
ical performance metrics and major system design parameters
that could be used to further optimize the system efficiency of
V-D2D networks.
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The remainder of the paper is organized as follows. Section
IT studies the related works. Section III describes the system
model. Section IV theoretically analyzes the network perfor-
mance, 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 proxi-
mate 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 [16]—[20] and interference avoidance
[21]-[23] have been proposed and discussed to manage the
interference and improve the spectrum efficiency.

As one important topic, the performance of D2D commu-
nications underlaying cellular networks has also been well
studied in the literature. In [24], Ni et al. analyzed the through-
put 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 base station (BS). Based on the geometric model,
the maximum number of concurrent D2D communications is
analyzed, and the impact of different parameters is studied. In
[22], 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 dp-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 dp-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
[14], [25], [26]. In [14], Elsawy et al. introduced the mode
selection and power control models for D2D-enabled uplink
cellular networks. D2D users, cellular uplink users, and cel-
lular 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 [25], Lin et
al. proposed a tractable hybrid network model in which the
D2D user locations are modeled by a PPP, based on which
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 VANETSs, 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 [8], 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, then decreases with the increase of
V-D2D link density, due to that when V-D2D link density
is high, the interference becomes severer. In [27], Sun et
al. proposed a spectrum resource allocation scheme for both
cellular user equipments (CUEs) and vehicular UEs, in order
to maximize the CUEs’ sum rate while guarantee the strict
delay and reliability requirements of VUEs’ services. In [28],
Ren er al. proposed a joint channel selection and power
control framework to achieve optimal performance of 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 frame-
work 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 ¢ 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 [29]. 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 r; 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. Also denote
the considered cellular coverage area by ()c. 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
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Table 1
USEFUL NOTATIONS

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 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
VUE:s are in the same road segment r;, for the reasons that V-

Symbol Description
ri Road segment %
L Length of a road segment
Qc The considered cellular coverage area
Qr Inter-cell interference area of Q¢
M Side length of Q¢
€ Vehicle density on r;
dp D2D transmission distance
do,i Cellular uplink distance of 7;
Yc, YD Path-loss exponent of cellular transmission and D2D transmission
h Channel gain
Po Receive power threshold
© Bias factor
Zc,i, Zp,i | Transmit power given D2D (resp. cellular) mode is selected
T Interference
n Signal-to-interference-plus-noise ratio (SINR)
Do,i(w) SINR outage probability, where w is SINR outage threshold
no Noise power
o Average link throughput
M segments
L
G,
DD
7
vehicle de
M
A segments
L
A itlgiit road seg m@nt
1A 22775
Coveralg/e of
acellular BS

Figure 1. System model.

road segments within a cellular coverage area by M 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 net-
work performance, since V-D2D communication can happen
only when two vehicles are close to each other. According
to [30], the vehicle density at a location can be accurately
modeled by different heavy-tail distributions, such as Weibull,
log-logistic, and log-gamma distribution. We consider that on
road segment r;, the probability density function (PDF) and
cumulative density function (CDF) of the vehicle density e;
are f.;(z) and F, ;(z), respectively.

B. Network Model

The FDD LTE network is considered, where uplink and
downlink transmissions use orthogonal sets of channels. We

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 [15]. Since the existence of a transmission in r; requires
no less than two vehicles in r;, the probability a transmission
request exists in r; can then be calculated by pr; = 1—F, ;(2).
Then, the D2D transmission distance dp € [0, L] . It is further
considered that within a road segment r;, the location of an
arbitrary VUE follows a uniform distribution, which means
that within r;, a VUE appears in any location equally likely.
Consequently, given that a V-D2D link exists in r;, the V-D2D
transmission distance dp; follows a triangular distribution,
and thus the PDF of dp ; can be expressed by

= 3(1 Y

f dD‘i(:E ) L L

Since fq,, ,(z) 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

)

I'Since the D2D communication often involves bi-directional communica-
tion, we do not differentiate D2D transmitter and receiver in this paper.
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the distribution of V-D2D distances can be obtained in a
similar way. For cellular uplink transmission, denote by dc ;
the cellular uplink distance if the transmitting VUE is in r;. For
the simplicity of analysis, we consider that d¢ ; is independent
of dp;, and is approximated by the distance from the eNB to
the middle point of r;, due to that 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 uplink distance d¢ ;, denoted
by pa. (x), can be easily obtained as

4 L
[Mcl? =73
8 __ /5L
[Mc|? r="
_ 4 __ 3L
Pic () = Mcl? T =5 2
8 __ 13L
[Mc|? r="3

Due to the high mobility of vehicles, the rapid channel
variations results in difficulty in obtaining real-time full CSI
which contains the actual channel fading parameters. Thus,
large-scale fading effects including path loss and shadowing
are preferred when designing V-D2D communication protocols
[27], [28], [31]. In [8], a simulation has been conducted,
showing that the performance degradation of V-D2D com-
munication 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 [14] and [19], we
consider a general power-law path-loss model with the decay
rate d~7, where d is the distance between the transmitter
and the receiver, and v > 2 is the path-loss exponent. The
cellular uplink and V-D2D links may have different path-
loss exponents, denoted by yc and ~yp, respectively. We
consider a Rayleigh fading environment?, 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 pg. Therefore, the instant received
power can be expressed by pgh. 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 P, [14]. However, in the
considered urban V-D2D scenario, power truncate outage does
not happen since P, 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.

2Methods to relax to general fading models can be found in [32]

C. Mode Selection Strategy

VUE:s can transmit data using either cellular mode or D2D
mode. In cellular mode, eNB routed two-hop transmission
is 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 up-
link resources are reused by V-D2D transmissions, since the
interference caused at the BS can be efficiently managed [33].
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 [8].

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
no worse than the quality of the cellular uplink channel, i.e.,

pdp'” > dg"% 3)

otherwise, the cellular mode will be chosen. The bias factor
@ reflects the preference on D2D mode over cellular mode,
where a larger ¢ 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 trans-
mission distance dp, 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 ¢pg in Appendix A. Fig. 2
shows the mode selection results in terms of ¢, 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 ¢ becomes larger, since a larger  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 seg-
ment r;, the cellular uplink distance d¢; is a constant. Thus,
given a transmission request among two VUEs in r;, the
probability that D2D mode is selected can be obtained by

p,i =Ppdp’” = do°)

afel
= Fup (975 d25)
, 2c e
D d P D dP
e e = @

where Fy, (-) is the cumulative density function (CDF) of
D2D distance dp. Accordingly, the probability that the cellular
mode is selected is pc; =1 — pp ;.
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Figure 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 trans-
missions 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 inver-
sion power control and mode selection model, the maximum
D2D transmission power in road segment r; is Pp,, ,
min (P, ppods;), where Pp, = pgL7P is the maximum
transmit power due to the maximum V-D2D distance L,
and gopod;’fi is the maximum transmit power due to the
mode selection strategy. Given D2D mode is selected, the
D2D transmit power Zp ; is the transmit power required to
compensate the path-loss conditioned on @dp,’” > dg ¢,
ie, Zp; = {Pp; : gadgff > da}c}, where Pp; is the
unconditioned V-D2D transmit power. The PDF of Zp ; is
given in Lemma 1.

(d) ¢ =102

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 ;, denoted by Zp ;, is given by

1 _q 2 _
1 ,2x7p 2z7D
fZD,i(x):T( 1 L)’ZDJ'SPDm,N
D,i ’.YDLP(’)YD '7DL2P(’)YD

&)

where Pp,, . = min (P, ¢pod/s;)-
Proof: See Appendix B. [ ]

For cellular mode, the transmit power Z¢; is the transmit
power from the VUE to the eNB (denoted by P ;) conditioned
on gpdfﬁf < da”f. Since Pc; = pod;’f is a constant, Z¢; =
Pc, = podgf is a constant. The PMF of Zc; and Z¢ is
described in the following lemma.

Lemma 2: In the urban V-D2D communications underlay-
ing cellular network with channel inversion power control
and biased channel quality based mode selection, the cellular
uplink transmit power in r;, denoted by Zc;, is a constant
Zci = podfs .

Proof: The transmit power of a VUE is a constant equal
to podgc. Therefore, given the cellular mode is selected, the
transmit power remains unchanged. [ ]

B. Interference and signal-to-interference-plus-noise ratio

In cellular networks, the interference is caused by co-
channel transmissions in the same cell and neighboring cells,
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Figure 3. Interference area with Ny = 2.

which is called intra-cell interference and inter-cell interfer-
ence, respectively. In V-D2D communications underlaying cel-
lular networks, the interference is caused by not only cellular
uplink transmission, but also D2D transmissions which reuse
uplink resources. In this part, we consider intra-cell and inter-
cell interference from both cellular uplink transmissions and V-
D2D transmissions. For inter-cell interference, we consider the
interference from IV, tiers of cells around the considered cell,
as shown in Fig. 3. Usually considering N; = 1 is sufficient to
analyze the inter-cell interference, and the interference power
from transmissions of even further areas can be considered as
noise.

Denote the considered cellular coverage area by (¢, the
area where inter-cell interference originates by Qp, and Q0 =
Qc+Q7p. Denote the sets of road segments in ¢, Q7, and €
by M¢, M+, and Mz, respectively. Consider a D2D/uplink
transmission in road segment r; € M. The total interference
to the D2D/uplink transmission can be expressed by

Zi=Ip;+Zc,

= Y 1p;Zp;hd;” +1c;Zchd;C,  (6)
TjEMI\Ti

where Zp; (resp. Zcg;) is the transmit power of V-D2D
(resp. cellular uplink) transmission in road segment 7;. dj;
is the distance from the interferer to the receiver, and djg
denotes the distance from the interferer to the eNB of 2. For
simplicity, when the interference to the V-D2D transmission
is considered, d;; is the distance between the middle points
of r; and 7;; when the interference to uplink transmission
is considered, d;o is the distance from the middle point of
7; to the location of eNB of {)¢. 1p; and 1¢; are indicator
functions where 1 x ; = 1 if a transmission request exists in 7;
and chooses mode X, and 1x ; = 0 otherwise. Based on the
vehicle density distribution and the mode selection strategy,
P(1p; = 1) = pr.pp,. Furthermore, for the analysis
tractability, we consider that cellular uplink scheduling is
round-robin [14]. Therefore, when |M¢| becomes larger, the
probability that no transmission selects cellular mode gets
smaller (i.e., HrieMc 1 —pri(1 —pp,;) gets smaller), and
]P(]lc,z' _ 1) ~ pr,i(1=pp,i)

2rieme Pri(1=pp i)

With the total interference Z; given in (6), the signal-to-
interference-plus-noise ratio (SINR) of a D2D/uplink trans-
mission in road segment 7; € M can be expressed by

poh
0 + 3, ema\r 10, Zp,5hd;"" + 1o Ze,jhd;g
)

N =

where ng is the noise power.

C. Performance metrics

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 part, we consider
two performance metrics, i.e., SINR outage probability and
throughput, to analyze the performance of the V-D2D com-
munications underlaying cellular network.

Given the SINR outage threshold w, the SINR outage
probability of the transmission in r; is

Do,i(w) =P(n; <w)
=P(h < pi(no +ZIp,;+Zc;))
0

L1 eXP{—pi(no +Zp,;+Zc;)}
0

% wno w w
B —exp{— 20 L ()L (), 9)
P2 L (D) Le (),

where L (-) denotes the Laplace transform of the PDF of the
random variable, when mode X is chosen, and L',D’i(‘) and
Lec ;(+) 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 r;, the SINR
outage probability p,p ;(w) is given in (8), where (-) is
hypergeometric function, and 8 = f;"—od;iw Pp,, .. Therefore,
the average V-D2D SINR outage probability in ¢, denoted
by pop(w), can be calculated by

> eMe PT.iPD.iPoD i (W)

(10)
EmEMc P1,iPD,i

PoD (W) =

For cellular uplink transmissions, the interference is caused
at the eNB of Q¢. Therefore, for an arbitrary cellular uplink
transmission, the SINR outage probability can also be calcu-
lated by (8), where dj; is replaced by d;o. Note that for integer
value of v¢ and ~vp, (8) has closed-form expression.

Another important performance metric is the link/network
throughput. Since the V-D2D communications introduce inter-
ference to the network, the throughput of the cellular uplink
is degraded. However, in the network level, the throughput
can 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 r;, denoted
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1
2pr; Ppl H([L, o,

]’ [1 + L]aﬁ) B pT,ng)D -H([L n,%]a [1 + %Lﬁ>

2

YD

m,j

—wny S~
Pop,i(w) =1 — exp(ip ) H ( .
0 r;EMz\r; Lp(;D

. 1 3 pri(—ppj)

> rieme Pri(1—ppyi) (14 sZc;d;")

r;EMz\r;

= +1—pp,;pr;)
L2 pSD

()

by o}, can be calculated based on the SINR outage probability:
o0
= / P(logy(1 + SINR;) > x)dx
0

o)
- / P(n; > 2% — 1)dx
0

o0
= / 1 —poi(2% — 1)dz,
0

where p,;(-) is the SINR outage probability given in (9).
Therefore, the average total spectrum efficiency in a cellular
coverage () can be calculated by

Y

1—-pp,
>reme Pri(l—ppi

o= Z pri(Ppiop.i + )O'C,i)
ri€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 part, 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 =
{r1,72,...,rw}. For each road segment r;, the geographic
information such as the locations of end points is known. This
information can be obtained from geo-location databases such
as TIGER/Line Shapefiles [34]. The vehicle density in r; is
denoted by ¢;, with the PDF and CDF denoted by f. ;(x) and
F. ;(z), respectively. Consider a cellular coverage area ()¢, the
set of road segment r is divided into two subsets, r. the set
of road segments within (2¢, and r. the set of road segments
outside 2¢. Then, we can calculate the SINR of uplink/D2D
transmissions in road segment r; € r. by a method similar to
7N):

poh
0 + 2, eevr 10,1 Z0,hd;" + 10,570, hd;g° ’
13)

where dj; and djo can be calculated from the geographic
information of road segments. With SINR obtained, the perfor-
mance metrics such as SINR outage probability and spectrum
efficiency can be then theoretically analyzed similar to the
methods in Section IV-C.

N =

V. EVALUATION

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 [35] 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 (IDMLC) model, in which vehicle
speed is based on movements of vehicles in neighborhood.
Unless otherwise stated, we set the channel inversion threshold
po = —80 dBm, noise power Ny = —90 dBm, the path-loss
exponents Yo = vp = 4 [36], the SINR outage threshold
w =2, and N; = 1 tier of cells where inter-cell 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
sub-channel.

Fig. 4 shows the average SINR outage probability in the
considered area ()¢, including V-D2D transmissions and cel-
lular uplink transmissions, with respect to (w.r.t.) the SINR
outage threshold w, and varied values of py and ¢. Straight-
forwardly, the SINR outage probability increases with the
increase of the outage threshold w. Different vehicular ser-
vices 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 channel inversion threshold
po on the SINR outage probability. py influence the SINR
in two different ways. On one hand, with a smaller value of
po, 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 pgh 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
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Figure 4. SINR outage probability w.r.t. w.

increases with the decrease of pg. Note that the conclusion may
vary with different VANETS topology patterns and topology
parameters L and M, the analysis of which is considered one
of our future works. Fig. 4(b) shows the impact of the bias
factor ¢ on the SINR outage probability. With a larger value of
, 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 ¢. One important observation is that the SINR outage
probability increases monotonously with . Different from py,
¢ does not impacts the received signal power, but influence
the interference in the following ways. First, a higher value
of  leads to a higher D2D selecting probability according to
(4), and thus more concurrent transmissions. Second, with a
higher value of ¢, it is more likely for V-D2D transmission to
use a higher transmit power based on (5). Therefore, a higher
value of ¢ 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 ¢ surpasses a certain value, most of V-D2D
transmissions can use the possibly maximum transmit power,

Figure 5. SINR outage probability w.r.t. ¢.

ie., Pp, , = min (P}, ,¢podl;) = Pp, , and consequently
further increasing ¢ will have little impact on the SINR outage
probability, as shown in Fig. 5 where ¢ > 0.9 x 1073,

Fig. 6 shows the throughput performance of the V-D2D
underlaying cellular network w.r.t. the bias factor . 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 py 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, ie., o¢ = Y., pT’i(lfz’D’i) —~0C,

i€Me 3 cme pri(1—pp,i) 7%
which reflects the cellular uplink throughput from the per-
spective of the network operator. As shown in the figure,
the cellular uplink throughput decreases with the increase
of ¢. This is because with a larger ¢, 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 ¢ is large, there is still
an obvious decrease of the cellular uplink throughput with
the increase of . This is because the throughput of cellular
uplink is mainly influenced by the D2D transmissions in the
road segments close to the BS. When ¢ is large, the transmit
power of these transmissions still increases with ¢, as Pp,, , =
min (P, ,@podl;) = ppodys;, which causes more interfer-
ence 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 comparing to Fig.
6(a), it is shown that V-D2D communications can greatly
boost the spectral efficiency of the cellular networks. Also,
for different values of channel inversion threshold pg, the bias
factor o impacts the throughput in different ways. For the cases
of pg = —75 dBm and py = —80 dBm, the total throughput
increases from ¢ = (0.1 x 1073 to 0.3 x 1073, but decreases
slightly with the further increase of . This is because when
¢ is small, the interference is low, and with the increase of
¢, there are more concurrent V-D2D transmissions, leading to
larger total throughput. However, when ¢ is relatively large,
the interference becomes the dominating factor, and thus the
increase of ¢ leads to a decrease of total throughput. For

0018-9545 (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TVT.2016.2627582, IEEE

Transactions on Vehicular Technology

.35
N -
E ana,p,=—75 dBm
% 3t x simu,poz—75 dBm |
E = = =anap,=-80 dBm
N—
.54 250 o simu,po:fao daBm| |
g— Soo Rl e ana,p=-85 dBm
%» \Q +  simu,p;=-85 dBm
o Ty ]
£ Aoy
= 1sf : LT 1
= %, o
Q| T, S
S5 ..., e D~ - D
— Eoo, . ~ 4
8 T Foo T T
= | TR Ed
[]
O o5 i i i i i i i i

0.1 0.3 0.5 0.7 0.9 1.1 13 1.5 1.7 19

bias factor x107

(a) Cellular uplink throughput.

Sl = I
S S S S5 S A N

ana,p,=-75 dBm

x simu,pO:—75 dBm

I‘ yyyyy I ““““ I ““““ I ‘‘‘‘‘ I '{ = = —anap;=-80 dBm H

o simu,p0=—80 dBm

250

200

150

T

total throughput (bits/s/Hz)

"""" ana,p;=-85 dBm

+ simu,pO:—BS dBm

100 i i i i i T T T
0.1 0.3 0.5 0.7 0.9 11 13 15 17 19

bias factor x107

(b) Total throughput.

Figure 6. Throughput performance w.r.t. .

the case of pg = —85 dBm, the total throughput increases
with ¢ even when ¢ is larger than 0.3 x 1073, The reason is
that when pg is small, the transmit power is small according
to the channel inversion model, and thus the interference is
small. Therefore, as the value of ¢ increases, more concurrent
transmissions lead to a higher throughput. Compared with the
results of Fig. 5, it can be seen that though the increase of ¢
degrades the SINR outage performance, it can influence the
total throughput in varied ways.

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 em-
ployed channel inversion model and biased channel quality
based mode selection to control the transmit power and mode
selection of vehicular users. Two performance metrics, 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 a 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.

APPENDIX

A. Upper bound of interference

Consider an arbitrary D2D transmission in road segment
r;. According to the mode selection, D2D mode is selected
if pd"” > d;°. Then, we have d})), < ¢d/Y;, and the
D2D transmit power Pp ; = pod}y; < ¢pod/s;- Therefore, the
interference at the eNB from the D2D transmission is given
by

1§ =PpdC < opo. (15)

From (15), we can see that the interference from any D2D
transmission to the cellular uplink transmission is upper
bounded by ¢pg.

B. Lemma 1

Given D2D mode is selected, the D2D transmit power Zp ;
is ZD,i = {PD,i : (de:‘/lD Z da’};c} = {PD,i : podg::l S
cppodszi} ={Pp,;: Pp; < @PC;Z-}. Therefore, the PDF of
Zp,; can be obtained by

fZD,i(m) = fPD,i‘PD,iSWPC,i(]")
_ fPD,i(m)
P(Pp,; < pPci)
1 2wt )
- 1 2 )
PbD,i ,YDLpgD 7DL2paD
where Pp ; is obtained in (4), and fp, ,(x) can be derived
from the PDF of D2D distance dp in (1) and the fact that
Ppi = podp;

(16)

C. Laplace transforms of Zo and ITp

First we consider the interference from all V-D2D transmis-
sions to a V-D2D transmission in road segment r;, denoted by
Zpp ;. The Laplace transform of the PDF of Zpp ;, denoted
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where H([-],[-],v) is hypergeometric function, and 8 =
—sdj?D Pp,, ;- Note that for integer values of v¢ and yp, (17)
has closed-form expression. For example, when y¢ = vp =4,
,CIDDJ(S) is shown in (14), where = Pp, ..

The interference from all cellular uplink transmissions in
Q to a V-D2D transmission in road segment r; is denoted by
Zcp ;- Similarly, the Laplace transform of the PDF of Z¢p ;,
denoted by Lz, ,(s) can be calculated by

‘CIC”D,i (5)

=E[e* 2 e Mo\ ]lc’iZC‘J'hdi_ivc}

=E| H

rjEMz\r;
3" P(loy = 1)E[e %o

rjEMz
1
>

ZTiEMC pTai(l - pri) ri€Mz\r:

e—slciZc,; hdj’jc]

pr,;(1 —=pp,j)
(1+ SZ(j’jdj_iﬂyc)
(18)

When considering the interference to a cellular uplink
transmission in road segment r;, the calculation of Zp¢ ; and
Iec ; is similar to (17) and (18), by replacing dj;; with the
distances from the road segments in Mz to the BS of Q¢.
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We would like to take this opportunity to sincerely thank the associate editor and the reviewers for their
valuable comments on our paper. We have carefully revised our manuscript taking all the comments and

suggestions into consideration. The details can be found in the following responses.

I. RESPONSE TO REVIEWER 1

Thank you for the valuable comments on our paper. The responses are provided as follows, and the
manuscript has been carefully revised accordingly.
Comment 1: In the network model, what is the reason that only large-scale fading (i.e.,) path loss is
considered when calculating the received power? According to the high mobility of vehicles, the small-scale
fading and full CSI should also be considered, since they may have essential impacts on the results.

Response: Due to the high mobility of vehicles, the rapid channel variations results in difficulty in
obtaining real-time full CSI which contains the actual channel fading parameters. Thus, large-scale fading
effects including path loss and shadowing are preferred when designing V-D2D communication protocols
[1]-[3]. In addition, in [4], 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 [5] and [6], we consider a general
power-law path-loss model with the decay rate d~7, where d is the distance between the transmitter and
the receiver, and v > 2 is the path-loss exponent. We have modified the manuscript accordingly.

Comment 2: [n Section III.C, a biased mode selection scheme between D2D and the cellular mode is

employed. What is the main purpose and benefits of employing such a paradigm? For the most important
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parameter (bias factor), who will be in charge of calculating and deciding the value of it?

Response: The aim of the paper is to investigate the performance of V-D2D communications in a
D2D underlay cellular network, which is affected by the number and locations of V-D2D users within
the cellular network. Therefore, the biased channel quality based mode selection scheme is employed to
model how different communication modes (cellular two-hop mode or D2D mode) are selected by cellular
users. There are three main reasons for utilizing such a mode selection scheme. First, it uses a simple yet
effective mode selection criterion that is tractable. The criterion is based on the comparison between the
cellular channel quality (d,"“) and the biased D2D channel quality (pd,,"”). For each vehicular user, if
d"® > @d;'™, cellular mode will be selected; otherwise, the D2D mode will be employed to transmit
data. Due to the difference between cellular mode and D2D mode, such as cost, reliability, data rate, and
delay, a bias factor ¢ is used to model the preference on D2D mode over cellular mode. Second, with
this scheme, the interference to the cellular uplink transmissions can be controlled. A D2D transmission
closer to the eNB tends to have a smaller transmission distance dp, and a correspondingly smaller transmit
power due to the channel inversion power control. Third, the biased channel quality based mode selection
scheme provides a straightforward way to analyze the D2D network performance while adjusting the V-
D2D user number. Adjusting the value of bias factor ¢ can change the preference of users on D2D mode
over cellular mode, and thus changes the probability distribution of mode selection results.

The choice of bias factor ¢ can be determined by each user or the cellular operator, according to different
concerns such as cost issues, interference control, network throughput, and so forth.

Comment 3: The paper studies the typical grid-like street pattern, which is a common street pattern
in the urban area of big cities. However, for D2D communication, it should be able to apply to other
areas with cellular coverage, and different street patterns? In this way, can the analysis in the paper be
extended to other street patterns?

Response: 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
difference is that in non-regular coverage patterns such as the Vorinoi coverage, the detailed knowledge
of the road segments within the coverage area, such as the lengths and locations, should be known to
apply our analysis. Specifically, if such knowledge is provided, the transmit power distribution Zp ; and

Zc, can be obtained, and the power-to-interference-plus-noise ratio for each V-D2D or cellular uplink
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Fig. 1. Random road network model.

transmission can then be calculated by (7). In addition, the grid-like street pattern can be also extended to
general street patterns. According to the research in [7], a random road network model can be employed
to consider the effects of obstacles and shortcuts on the road network. For an intersection (i, j), there are
8 possible paths, as shown in Fig. 2. Two probability parameters p and ¢ are used to control the presence
of horizontal/vertical road segments and diagonal road segments, respectively. By employing such a model
in our analysis, the street pattern can be extended to a general case, and the performance is a function of
the probability parameters p and q. We will leave the extensions to our future works.

Comment 4: In the simulation figure 6B, for power threshold equaling -75 dBm and -80 dBm, the total
throughput first increases with bias factor, and then decreases. Please explain the reason for this fact.

Response: For the cases with pg = —75 dBm and py = —80 dBm, the total throughput increases from
@ = 0.1 x 1073 to 0.3 x 1073, but decreases slightly with the further increase of . This is because
when ¢ is small, the interference is low, and with the increase of ¢, there are more concurrent V-D2D
transmissions, leading to larger total throughput. However, when ¢ is relatively large, the interference
becomes the dominating factor, and thus the increase of ¢ leads to a decrease of total throughput. For the

case of py = —85 dBm, the total throughput increases with ¢ even when ¢ is larger than 0.3 x 1073, The
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Fig. 2. Fig 6b in manuscript: total throughput w.r.t. ¢ and po.

reason is that when pg is small, the transmit power is small according to the channel inversion model, and
thus the interference is small. Therefore, as the value of ¢ increases, more concurrent transmissions lead
to a higher throughput.

Comment 5: Some typos and grammar errors should be corrected.

Response: The typos and grammar errors have been corrected in the manuscript.

II. RESPONSE TO REVIEWER 2

Thank you for the valuable comments on our paper. The responses are provided as follows, and the

manuscript has been revised carefully accordingly.
Comment 1 In the abstract and introduction, the authors mention the non-homogeneous distribution of
vehicle density. However, in the following parts of the paper, this point is not discussed again. Could
the author clarify the impacts of the non-homogeneous vehicle distribution? Personally, I think the non-
homogeneous vehicle distribution may influence both equation (1) and (2).

Response: In the urban areas, the vehicle density is affected by many factors, and therefore not
homogeneous in different locations and at different times. In [8], Thakur ez. al investigated the vehicle
density of over 800 locations from six large cities around the world. It is shown that the vehicle density
changes with the time and location. This spatial and temporal variance in vehicle traffic density is due to
many reasons, such as social spots (shopping malls, office buildings, parking lots) which is more related

to people’s social life [9] and peak hours when the traffic to/from work places is heavy [10]. Though,
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in [8], the authors also found that the vehicle density in a location can be well modeled by heavy-tail
distributions, such as log-gamma distribution and Weibull distribution.

In the paper, we consider that non-homogeneous vehicle density in the city. When consider at a given
time and a certain location (denoted by road segment r;), the vehicle number in r; can be represented
by ¢;, with PDF f,;(x) and CDF F,,(x), respectively. In this way, the vehicle density ¢; will affect pr;,
which is the probability of a transmission request happening in road segment r;, and can be calculated by

pr; =1 — F.;(2). pr,; will further impact the aggregate SINR

poh

- — ey

;i =

1) ~ p7,i(1-pD.3)

= - ~. This means that the interference
rieMe pT,z(lpr,z)

where P(1p;, = 1) = pripp,, and P(1¢,; =
is generated from a road segment r; only if there is D2D or cellular transmission in that road segment.
Then, the system performance SINR outage probability and spectrum efficiency is affected by the vehicle
density.

Comment 2 the authors state that without the loss of generality, V-D2D transmissions can happen
only when two VUEs are in the same road segment. It may be better to consider this statement as an
assumption and this assumption does loses some generality of the practical system.

Response: As suggested, the statement ”V-D2D transmissions can happen only when two VUEs are in
the same road segment” is more suitable to be an assumption since the analysis of the paper cannot be
simply applied to other cases. Therefore, we assume that in the considered V-D2D underlaying cellular
network, the V-D2D transmissions can happen when the two VUE are in the same road segment r;, and
justify the assumption. 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, it is
reasonable to assume that the eNB can schedule V-D2D communication only when two VUEs are within
one road segment. A similar assumption can be found in [9]. We have revised the manuscript accordingly.

Comment 3 the authors state that dc; is approximated by the distance from the eNB to the middle
point of r;. This approximation could be good for far-away road segments. However for nearby road

segments, it may not model the system well because the interference from nearby vehicles may influence
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the system significantly. Could the author model the far-away and nearby area separately or find some
supporting arguments for such approximation?

Response: When analyzing the scenario where the road segment r; is close enough to the eNB, such an
approximation is no further suitable. In this case, the distribution of D2D transmission distance dp (we
consider the road segment r; and thereafter the index ¢ is ignored) is related to the locations of VUEs. As
shown in Fig. 3(a), consider r; starts at point 0 and ends at point L, and one VUE (assuming transmitting
VUE) is located at point x. Next, we derive the distribution of dp conditioned on z, fp(dp|z). From the

figure, we can easily obtain that for x < %, we have

2%, dp < x
fD\x(dD|$) = ()
1 — 22 otherwise

T
and for © > £, fp.(dp|z) = fpjo(dp|L — z). Note that given z, the cellular transmission distance dc
can be easily calculated. Then, we can derive the probability of mode selection results given z. Denote
by pp, the probability of selecting D2D mode given x. According to the biased channel quality mode

selection, pp|, can be calculated by

poie = Blodyl? > dg°)

L m
= Fpp(p™pde”|x), 3)

where Fp,(d|x) is the cumulative distribution function (CDF) of dp conditioned on x. Then, from Fig.
3(b), we can easily obtain the value of pp,. To analyze the network performance, it is required to obtain

the unconditioned mode selection probability pp, which can be calculated by

L
0

where f(z) = % Obtaining pp, we will be able to analyze the SINR and network performance following
the methods in the manuscript.

In addition, it is worth to note that to analyze the overall network performance, the approximation of
dc; by the distance from the eNB to the middle point of 7; is sufficient and simple. Due to the mode
selection scheme, it is more unlikely for a VUE to choose D2D mode with a smaller distance from the

VUE to the eNB. And since only one cellular mode VUE can be scheduled, the “inner area” (small area
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Fig. 3. Calculate pp using exact d¢.

around the eNB) has less impact on the network performance than the “outer area”. This can be validated
by the simulation in which the exact dx is employed other than a proximate one. We can see that in
simulation figures, the analyzed results match the simulation results well. Moreover, in practice, the two
VUE:s in a V-D2D pair often mutually transmit, and therefore it is difficult to determine d¢. In this way,
a proper approximation of d¢ is needed.

Comment 4 the author states in the considered urban V-D2D scenario, power truncate outage does
not happen since P,, is large enough. This statement is based on the assumption that the cellular and
D2D have similar path loss exponents, i.e., yo and vp. In the simulation part, the authors also adopt the

parameters Yo = Yp = 4, are there any arguments for such parameter settings?
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Response: According to [11], the typical form of path-loss model can be written as

flGHZ|

PL[dB] = Alog,y(d[m]) + B + C'log;( 50

)+ X, &)

where PL[dB] is the path-loss in dB, d[m] is the distance between the transmitter and the receiver in

meters, and f.[GH?z] is the system frequency in GHz. Among the three parameters A, B, and C, A is

A

related to the path-loss exponent v, where v = L

B is the intercept, C represents the frequency-dependent
part of path loss, and X is the environment-specific term. Since in the paper, we employ the power-law
path-loss model, we then focus on the path-loss exponent ~.

For v¢, i.e., the path-loss exponent for cellular transmissions, according to [11], 7o can be taken as the

path-loss in “urban macro cell” scenario. For this scenario, 7< can be expressed by

where hlz¢ and by, are the heights of the base station and mobile station, respectively. From (6), it is

clear that 7o = 4. For ~p, i.e., the path-loss exponent for V-D2D transmissions, we can still use (6).

However, due to the commonly short communication distances, it is more proper to apply the “urban
micro cell” scenario, where the path-loss can be expressed by

Therefore, we can know that for urban scenarios, yo = yp = 4 is a reasonable setting. We have revised
the manuscript accordingly.

Comment 5 The authors evaluate some performance metrics of D2D communication and cellular
uplink communication (first hop of vehicle-to-vehicle communication through cellular network). However,
the paper tries to compare the performance of vehicle-to-vehicle data service. Should the second hop
(downlink) communication of the cellular network be included and will it make make any difference?

Response: As the reviewer mentioned, the performance of vehicle-to-vehicle data service via cellular
transmission should consider both hops ,i.e., uplink (transmitting VUE to eNB) performance and downlink
(eNB to receiving VUE) performance. According to [5], since the end-to-end performance is determined
by the bottleneck link which is the cellular uplink, the end-to-end rate can be roughly estimated by 0.5, ,,,

where IR, is the uplink data rate. Therefore, in our paper, we first derive the cellular uplink performance.

8
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And if the vehicle-to-vehicle data service performance is considered, we can follow the same consideration
and estimate it by half of the cellular uplink rate.

Comment 6 Some typos, e.g., in the paragraph above equation (7), for the sentence with the total
interference I; given in (7), should the (7) be (6); in the figures, ¢ and ¢ are mixed together.

Response: We have carefully revised the manuscript.

III. RESPONSE TO REVIEWER 3

Thank you for the valuable comments on our paper. The responses are provided as follows, and the

manuscript has been revised carefully accordingly.
Comment 1 However, the assumed scenario is not so realistic by considering equal size street blocks.
The simulations are also run in the assumed scenario, which cuts into the value. The comparison between
realistic scenario and the assumed scenario is not studied or discussed in the analysis and simulation
part. The reviewer suggests the authors may compare the analytical results with that in some realistic
applications in the simulation part.

Comment 2 [t would be helpful to discuss how to extend the results in this paper in the grid topology
to other coverage patterns such as hexagon and Vorinoi coverage.

Response to comments 1 and 2: The analytical results obtained in the paper are not limited to the
grid-like street pattern and square cellular coverage area. Here we show how the results are easily 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 = {ry, 7, ...,y }. For each road segment r;, the
geographic information such as the locations of end points is known. This information can be obtained
from geo-location databases such as TIGER/Line Shapefiles [12]. The vehicle density in 7; is denoted by
€;, with the PDF and CDF denoted by f.;(x) and F,;(z), respectively. Consider a cellular coverage area
Qc, the set of road segment r is divided into two subsets, r. the set of road segments within (), and r.
the set of road segments outside (2. Then, we can calculate the SINR of uplink/D2D transmissions in

road segment r; € r. by

M0+ 2 envps 1032 0P + 1oy Ze hdyg
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Fig. 4. Simulation in realistic scenario: a 2.0 km X 2.0 km region road map of the downtown area of Washinton D.C.

where dj; and d;, 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 the paper.

To validate the extension, we conduct simulation in a 2.0 km x 2.0 km region road map of the downtown
area of Washinton D.C. Each street segment has two lanes with the bidirectional vehicle traffic. We use
VANETMobisim [13] to generate the mobilities of 300 vehicles. Speed limit is set to 50 km/h. The vehicle
mobility is controlled by Intelligent Driver Model with Lane Changes (IDMLC) model, in which vehicle
speed is based on movements of vehicles in neighborhood. We then simulate the network performance of
the cellular network with the coverage areas ()~ as shown in Fig. 4. To show that the analytical method
used in the paper can be easily and accurately extended, the comparison of simulation and theoretical
results of different road segments is plotted in Fig. 5. From the figures, we can see that the analytical
results and simulation results match well for different road segments, which validates the feasibility of
the extension of the analytical method to realistic scenarios.

Comment 3 As the derived outage probability and throughput are completed, please discuss the
traceability of the expressions.

Response: In this paper, we have derived the expression of the SINR outage probability and throughput
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Fig. 5. Simulation in real map scenario.

(spectrum efficiency) as

I wn w w
Poi(w) =P(ni < w) = 1 —exp{——}Lp ;(—)Le (=), ©)
£o Po £o
and
o; = E[logy(1 + SINR;)| = / 1 —p,i(2° — 1)dz, (10)
0

respectively. To validate the traceability of the expressions, we have conducted simulations, and compare
the simulation results and the theoretical results obtained from (9) and (10), while varying key design

parameters, i.e., bias factor ¢, receive power threshold pg, and the SINR outage threshold w. The com-
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parison of simulation and theoretical results are plotted in Fig. 6 to Fig. 8 with 90% confidence intervals.
From the figures, we can see that with different combinations of the design parameters ¢, pg, and w, the
simulation results and theoretical results match each other well, either for SINR outage probability and
throughput, which indicates that the expression obtained in this paper is well traceable. We have revised
the manuscript accordingly.

Comment 4 The references are not sufficient. Please add more relevant literatures in D2D communi-
cation and performance analysis, such as
1. Device-to-Device Communication in LTE-Advanced Networks: A Survey

2. On the Outage Probability of Device-to-Device Communication Enabled Multi-Channel Cellular Net-
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works: A RSS Threshold-Based Perspective

3. An Analysis Framework for Inter-user Interference in IEEE 802.15.6 Body Sensor Networks: A Stochastic
Geometry Approach

4. Device-to-Device Communications Achieve Efficient Load Balancing in LTE-Advanced Networks

Response: The reference has been updated with additional valuable references cited [14]-[17].
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