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Abstract

In a vehicular network with high mobility, it is challenging to ensure reliable and efficient connections
among vehicles and between vehicles and roadside communication units (or infrastructure) such as base
stations or WiFi hot spots. In this paper, we propose a method that utilizes cooperative communica-
tions for a combined vehicle-to-infrastructure (V2I) with vehicle-to-vehicle (V2V) approach to improv-
ing quality of service (QoS) across the vehicular network. In this approach, we have obtained the closed-
form expressions of key QoS performances such as outage probability, throughput, energy efficiency,
packet delivery ratio, packet loss rate and average end-to-end-delay for different investigated transmis-
sion schemes. These performances can be optimized by adaptively selecting appropriate transmission
schemes and, as a results, good trade-offs between system reliability and efficiency can also be achieved
under various environmental conditions.

Keywords: QoS, V2V, V2I, cooperative communications.

1. Introduction

Recently vehicular communications technologies in the form of vehicle-to-vehicle (V2V) and vehicle-
to-infrastructure (V2I), or V2X as a whole, have attracted huge attention from researchers due to their
varied applications in connected and autonomous vehicles and the intelligent transportation system (ITS)
[1]. In a vehicular network, road users are able to access Internet services such as traffic condition broad-
cast, video streaming, digital map downloading, and information of road hazard and accident alarm, via
fixed roadside units though V2X communications. Most research in this area has been focused on the
vehicular ad-hoc network (VANET) [2, 3], including its connection to the Fourth-Generation or Long-
Term Evolution (LTE and LTE-Advance) cellular networks and solutions for ensuring low latency and
high reliability communications [4, 5, 6].

IEEE 802.11p is one of the commonly used standards for V2I and V2V to support communications in
highly mobile, often densely populated, and frequently non-line-of-sight environments [7, 8]. In addition,
the IEEE 802.15.4 standard, comprising a simple physical (PHY) layer and energy efficient medium
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access control layer, is also designed to support both real-time and contention-based services and has
been considered as a promising candidate for Internet of vehicles (IoV) and vehicular sensor networks
[9]. To tackle the problems encountered when improving QoS, cooperative communications techniques
can be applied to enhance transmission reliability by creating diversity [10]. In this case, mobile nodes
(vehicles) can help each other through relaying other node’s data and sharing their resources to improve
loss performance and increase transmission coverage. However, the performance enhancement by using
relays is constrained by the power (energy) budget imposed and high mobility in the vehicular network
[11]. This issue can potentially impede the delivery of QoS in V2I and V2V communications.

In this work, we investigate both cooperative and non-cooperative transmission schemes, and re-
veal how these schemes perform in the context of a vehicular network, in terms of energy consumption,
throughput, packet delivery ratio, packet loss rate and average end-to-end-delay under different condi-
tions, such as transmission distance, relaying method and channel quality (path loss exponent). These
findings are used to identify proper transmission schemes that can optimize the system performance for
the whole network in a changing environment. The proposed approach is unique in the sense that it pro-
vides an efficient way to find the best transmission method for V2I links, which is assisted by proper V2V
communications when needed. This method is evaluated based on the performance models we derive.
The remainder of this paper is organized as follows. Section 2 discusses the relevance of this research
with other work reported. The system models for both cooperative and non-cooperative transmission
schemes for V2I communications are presented in Section 3. Simulation results produced by Matlab and
NS-2 and discussions are presented in Section 4. Finally, the paper is concluded in Section 5.

2. Related Work

Technologies that support cooperative communications have been studied extensively for VANETs
and two of the most common protocols are Amplify-and-Forward (AF) and Decode-and-Forward (DF)
[12]. Cooperative or polarization diversity is created by applying these protocols which exploit the broad-
cast nature of wireless channels and use relays to improve link reliability and throughput in a vehicular
network [13]. In addition, the use of graph theory to formulate the problem of cooperative communi-
cations scheduling in vehicular networks is proposed in [14], in order to improve the throughput and
spectral efficiency of the system concerned. Furthermore, a novel cooperative V2V communication
method has been proposed by [15] for enhancing QoS and quality-of-experience (QoE) in V2V com-
munications. Also, [16] showed that the cooperative multiple-input–single-output (MISO) and multiple-
input–multiple-output (MIMO) techniques are more energy-efficient than the traditional multi-hop SISO
techniques for medium and long range transmissions.

Enhancing system efficiency is a key issue in applying cooperative communications in V2I ap-
proaches, depending on the connectivity in V2I and V2V communication scenarios in one-way and two-
way platoon based VANETs [17]. The smart antenna technology can also contribute to the increment of
the service coverage and system throughput of V2I [18]. The capacity of V2I communications can be
maximized by an iterative resource-allocation method [19] and the efficiency of V2I communications can
be improved by applying a scheme called Distributed Sorting Mechanism (DSM) [20]. To improve power
efficiency in V2I communication networks, [21] proposed a joint power and sub-carrier assignment pol-
icy under delay-aware QoS requirements. In addition, the strong dependence on the environment due to
multipath propagation is also presented for an energy efficient distributed routing method [22].
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Although there have been many reports demonstrating the possibility of improving the system per-
formance of vehicular networks by using proper communication protocols or data processing algorithms,
there is a lack of information regarding how to choose specific transmission schemes under different
conditions that can ensure the best QoS in changing environments. In this paper, our focus will be the
identification of the conditions for establishing appropriate transmission strategies among different com-
monly used transmission schemes, including both cooperative and non-cooperative schemes for V2X
communications. Our approach is based on the development of analytical models for these transmission
schemes and the assessment of their performances in reliability, energy efficiency and throughput. It also
reveals the trade-offs between cooperative and non-cooperative transmission schemes and shows how to
utilize this property to achieve the optimized performance through adaptive cooperative communications.

3. System Model

In this section, the analytical models of the required transmitting power, outage probability, energy
efficiency, throughput and packet loss rate in the context of a vehicular network are established for both
cooperative and non-cooperative transmission schemes. Based on these models, an adaptive transmission
strategy can be developed to optimize the system performance.

Given a V2X network with L vehicles, for any vehicle-to-infrastructure pair (V, I), where V ¹ {1, . . .
, L}, the goal of the optimization proposed in this work scheme in connection to the QoS requirement is
achieved by either minimizing the total energy consumed per bit (or energy efficiency) given an outage
probability target, or maximizing the end-to-end throughput (or minimizing the packet loss rate) based
on the transmission distance between V2I pairs, i.e.,

Min∑Ebi s.t.{poutV I} or

Max∑Sthi s.t.{dV I} . (1)

where Ebi and Sthi are the energy consumed per bit and the throughput, respectively, of the i-th path
between a vehicle (V) and the infrastructure (I), poutV I and dV I are the fixed outage probability target and
the total transmission distance between V and I.

Four transmission schemes in the context of V2X are identified in Figure 1, including single-hop
direct V2I (1a), multi-hop V2I via V2V (1b), cooperative V2I with a single relay (1c), and cooperative
V2I with multiple relays (1d). In this work, we intend to examine and compare their performance in
energy efficiency, throughput, packet delivery ratio, packet loss, average end-to-end delay and to optimize
the transmission scheme in different environmental conditions.

We consider a vehicular network in which the transmission links are subject to narrowband Rayleigh
fading with additive white Gaussian noise (AWGN) and resulting propagation path-loss. The channel
fades for different links are assumed to be statistically mutually independent. For medium access, vehicle
nodes are assumed to transmit over orthogonal channels through using the service channels specified in
IEEE801.11p [3], thus no mutual interference is considered in this system model. These channels can be
reused by other vehicles away from a certain distance.
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Figure 1: Different V2X transmission schemes.

3.1. Non-Cooperative Transmission Schemes

Consider the transmission scheme for a direct link (V, I) as shown Figure (1a) where no relaying
paths are involved. We use PSDir to denote the source transmission power for this case. For the direct
transmission in the V-I link, the received symbol rV I and the spectral efficiency RS (bits/s/Hz) can be
modelled as [23, 24]:

rV I =
√

PSDird−α

V I hV Is+nSD. (2)
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RS = log2 (1+SNRV I) . (3)

where dV I is the distance and hV I is the channel coefficient of the V-I link, α is the path loss exponent,
s is the transmitted symbol with unit power and nSD represents the AWGN noise vector, with variance
No/2 per dimension, where No is the thermal noise power spectral density per Hertz. The log-normal
environment shadowing path loss model at a distance di j between node i and node j is given by [25]:

γ i j = PL(do)+10αlog10

(
di j

do

)
+Xσ . (4)

where Xσ is a zero-mean Gaussian distributed random variable with standard deviation σ and with some
time correlation which is zero if no shadowing effect exists. PL(do) is the path loss at a reference distance
do in dB. The Signal-to-Noise Ratio (SNR) of the V − I link is [23]:

SNR =
PSDir |hV I|2 γ i j

N
. (5)

where N =No.B is the noise power, and B is the system bandwidth in Hertz.
An outage occurs when the SNR at the receiver falls below a threshold β which allows error free

decoding. This threshold is defined as β=22Rs-1, where Rs is the required system spectral efficiency. The
outage probability of the single-hop transmission is given by [23, 24]:

poutV I = p(SNRV I ≤ β ) = 1− e
−

(
(22Rs−1)N

PSDir|hV I |2γi j

)
. (6)

Energy consumption is largely proportional to the requirement of maintaining a certain level of trans-
mission reliability or the successful transmission rate. In order to maintain a required level of reliability,
denoted by U, which is related to the reliability of a transmission link, the minimum outage probability
is defined as:

pout ≤ 1−U. (7)

Combining (6) and (7) and taking the nature logarithm on the both sides of expression, we have:( (
22Rs−1

)
N

PSDir |hV I|2 γ i j

)
≤ ln

(
U−1) . (8)

The main objective for the performance optimization of a V2X network is to minimize the total energy
consumption under different environmental conditions.

Min∑EbDir s.t.{poutDir ≤ 1−U} . (9)

Thus, the transmit power required to satisfy the reliability requirement or be constrained by the outage
probability for the direct transmission must be:
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PSDir ≥
(
22Rs−1

) N

|hV I|2 γ i j

(
ln
(
U−1))−1

. (10)

Therefore, the total consumed energy per bit (J/bit) for the direct transmission mode can be expressed as:

EbDir =
PAM,Dir +PC

Rb
. (11)

where PC = PT x +PRx.

PAM,Dir =
ξ

η
PSDir. (12)

where PAM,Dir is the power amplifier consumption for direct transmission which depends on the drain
efficiency of the amplifier η , the average peak-to-peak ratio ξ , and the transmit power PSDir, Rb= RsB is
the data rate in bits/s, B is the system bandwidth, PC is the power consumed by the internal circuitry for
transmitting (PT x) and receiving(PRx). The throughput Sth, the packet delivery ratio PDR, packet loss rate
PLR and end-to-end delay E2E can simply be defined, i.e.:

Sth =
Total Received Payload
Total Transmitted Time

. (13)

PDR =
Total Received Packets

Total Sent Packets
. (14)

PLR =
Total Sent Packets−Total Received Packets

Total Sent Packets
. (15)

E2E =
∑received packets timespent todeliver packets

#received−packets
. (16)

In Figure (1b), a non-cooperative transmission scheme is used with multi-hop relays. We assume that
we have R relays, R ¹ {1, n}, and each of them is able to forward the original information received to the
next relay or the destination only when the packet is received correctly by them. Otherwise, the packet is
considered lost. In this case the received signal at each time slot can be expressed as:

ri j =
√

PSMHd−α

i j hi js+ni j. (17)

where i ¹ {V,R}, j ¹ {R,I}, PSMH is the transmit power required by the multi-hop transmission, which
must be lower than the direct transmitted power as in this condition the distance between two consecutive
nodes will be smaller than the total distance between the source and the destination. We can conclude
that for multi-hop transmission schemes the total outage probability is given by:

poutMH = 1− (1− poutV R1)(1− poutR1R2) · · · · · · · · · · · ·(1− poutRnI) . (18)

After some mathematical manipulation, the outage probability for direct transmission with a single
and multi-hop relays can be expressed as:
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PoutMH = 1− e−(22Rs−1)NA. (19)

where A =

(
1

PV R1 |hV R1 |
2
γV R1

+∑
n
i=2

1
PRi−1Ri |hRi−1Ri |

2
γRi−1Ri

+ 1
PRnI |hRnI |2γRnI

)
.

We set the transmit power to be proportional to the distance between two communicating nodes. For
broadcast transmission, e.g. when the source transmits, the longest distance, i.e. the distance between the
source and the destination dSD, is considered. So, the power between two communicating nodes is given
by:

Pi j = ν
α
i j PV I = XPV I. (20)

where νi j denotes the power coefficient between node i and node j and X=νi j
α . In our model, we assume

that the value of νi j depends on the distance of the source-destination, relay-relay or relay-destination
link. For example, the transmit power for the relay-destination link is:

PRI = ν
α
RIPV I =

(
dRI

dV I

)α

PV I. (21)

so Equation (19) can be rewritten as:

PoutMH ≈
(
22Rs−1

)
NA

PSMH
. (22)

We can formulate the power minimization problem for the non-cooperative transmission scheme with
multi-hop relays by specifying a required reliability level, in a similar way to the method expressed in
(7). The optimization problem can be stated as follows:

Min∑EbMH s.t.{poutMH ≤ 1−U} . (23)

and the power PSMH is bounded by:

PSMH ≥
(
22Rs−1

)
NA
(
ln
(
U−1))−1

. (24)

Therefore, the total consumed energy per bit for the direct transmission with multi-hop relays can be
expressed as:

EbMH = (poutV R)
PAM,MH +PC

Rb
+(1− poutV R)

(
∑

n
i=2XRi−1Ri +XRnI +1

)
PAM,MH +(n+1)PC

Rb
. (25)

The first term on the right-hand side corresponds to the consumed energy when the relay is not able
to correctly decode the message from the vehicle, which means that this link is in outage. In this case,
only the source vehicle consumes transmitting power, and the destination node and K relays consume
receiving power. The second term counts for the event that the V-I link is not in outage, hence the relay’s
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transmitting and processing power, and the extra receiving power at the infrastructure are involved. The
total consumed power can be expressed as:

PtotMH = (poutV R)(PAM,MH +PC)+(1− poutV R)
((

∑
n
i=2XRi−1Ri +XRnI +1

)
PAM,MH +(n+1)PC

)
. (26)

PtotMH can be minimized with one constraint variable through:

∂PtotMH

∂PSMH
+λMH

(∂ poutMH −1+U)

∂PSMH
= 0. (27)

where λMH represents the Lagrangian optimization factor for the multi-hop transmission scheme. Then,
the derivatives of the total power consumption PtotMH and the outage probability poutMH with respect to
the transmit power PSMH are given by:

∂PtotMH

∂PSMH
=

ξ

η
+Q

ξ

η
e−

bV R1
PSMH +Q

ξ

η

bV R1e−
bV R1
PSMH

PSMH
2 +n∗PC

bV R1e−
bV R1
PSMH

PSMH
2 . (28)

(∂ poutMH −1+U)

∂PSMH
=−T1e−

T1
PSMH

PSMH
2 . (29)

where Q = ∑
n
i=2XRi−1Ri +XRnI, T1 = bV R1 +bRi−1Ri +bRnI .

bV R1 =

(
22Rs−1

)
N

να
V R1
|hV R1 |

2
γV R1

, bRi−1Ri =

(
22Rs−1

)
N

να
Ri−1Ri

∣∣hRi−1Ri

∣∣2 γRi−1Ri

, bRnI =

(
22Rs−1

)
N

να
RnI |hRnI|2 γRnI

.

Substituting the previous formulas in Equation (26) by (27), the Lagrangian can be written in the follow-
ing simple form:

λMH =

ξ

η
+Q ξ

η
e−

bV R1
PSMH +Q ξ

η

bV R1 e
−

bV R1
PSMH

PSMH
2 +n∗PC

bV R1 e
−

bV R1
PSMH

PSMH
2

T1e
− T1

PSMH

PSMH
2

. (30)

3.2. Cooperative Transmission Schemes
In cooperative transmission, the sender V broadcasts its symbol to all potential receivers including the

destination I and relays in the current time slot. Both the destination and relays receive noisy versions of
the transmitted symbol. Then the relays transmit the received symbol after some processing to the relay
that follows or the destination. The received symbol by relays, rV R, and by the destination from relays,
rRI , and the spectral efficiency RS of the V2I link involved can be expressed as:

rV R =
√

PV d−α

V R hV Rs+nV R. (31)

rRI =
√

PCCd−α

RI hRIs+nRI. (32)

8



RS = log2 (1+SNRV R +SNRRI) . (33)

where PV is the transmitting power of the source and PCC is the transmitting power of relays, hV R and
hRI are the channel coefficients of the vehicle-relay link and the relay-infrastructure link, respectively.
In this paper we present two types of cooperative transmission schemes: 1) using multiple cooperative
relaying branches with one relay in each branch-shown in Figure (1c), and 2) using multiple cooperative
relaying branches with multiple relays in each branch-shown in Figure (1d). The selective decode and
forward (SDF) relaying protocol is used in these two schemes and relays perform cooperation when the
information from the source is correctly received by them. We assume that the selection combining
technique is used at the destination on the received packets. For the transmission scheme shown in Figure
(1c), the outage probability is given by jointly considering the outages in V-I, V-R and R-I links, i.e.

poutMB = poutV I (1− (1− poutV R)(1− poutRI)) . (34)

When we have multiple (K) branches Equation (34) becomes:

poutMB = poutV I (1− (1− poutV R)(1− poutRI))
K . (35)

So Equation (35) can be rewritten as:

poutMB ≈
(
22Rs−1

)K+1
NK+1B. (36)

where B =

(
1

PV I |hV I |2γV I

(
1

PV I |hV R|2γV R
+ 1

PRI |hRI |2γRI

)K
)

.

We can formulate the power minimization problem by specifying a required reliability level, in a
similar way to the method expressed in (7), which can be stated as:

Min∑EbMB s.t.{poutMB ≤ 1−U} . (37)

Here there are two variables involved in the optimization (contained in poutMB) for the cooperative
transmission mode, namely, the transmit powers PV I and PRI at the vehicle and relay nodes, respectively.
And the power of the selective decode-and-forward scheme with multiple relays is bounded by:

PSMB ≥
(
22Rs−1

)
NB

1
K+1
(
ln
(
U−1))−( 1

K+1) . (38)

Therefore, the total consumed energy per bit for this transmission scheme can be expressed as:

EbMB = (poutV R)
K PAM,MB +PC1

Rb
+
(

1− (poutV R)
K
) (

∑
K
l=1XRl I +1

)
PAM,MB +PC2

Rb
. (39)

where PC1 = (PT x +(K ∗PRx)) , PC2 = ((K +1)PT x +(2∗K +1)PRx) .
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Hence the relay’s transmitting and processing power, and the extra receiving power at the destination
are involved. The total consumed power can be expressed as:

PtotMB = pK
outV R (PAM,MB +PC1)+

(
1− pK

outV R
)((

∑
K
l=1XRl I +1

)
PAM,MB +PC2

)
. (40)

Again, PtotMB can be minimized with one constraint variable via the Lagrangian:

∂PtotMB

∂PSMB
+λMB

(∂ poutMB−1+U)

∂PSMB
= 0. (41)

where λMB represents the Lagrangian optimization factor for the cooperative transmission scheme using
multiple branches each with one relay. Then, the derivatives of the total power consumption PtotMB and
the outage probability poutMB with respect to the transmit power are given by:

∂PtotMB

∂PSMB
= K (poutV R)

K−1
(

1− poutV R

PSMB
2 bV R

)
(PC2−PC1)

+
ξ

η

(
1+E

(
1− (poutV R)

K +KPSMB (poutV R)
K−1

(
1− poutV R

PSMB
2 bV R

)))
. (42)

(∂ poutMB−1+U)

∂PSMB
=−T2e−

T2
PSMB

PSMB
2

(
1− e−

T3
PSMB

)K

+K
(

1− e−
T3

PSMB

)K−1
−e−

T3
PSMB T3

PSMB
2

(1− e−
T2

PSMB

)
.

(43)

where E = ∑
K
l=1XRl I, T2 = bV I,T3 = bV R +bRI .

bV I =

(
22Rs−1

)
N

|hV I|2 γV I

, bV R =

(
22Rs−1

)
N

|hV R|2 γV R

,bRnI =

(
22Rs−1

)
N

να
RI |hRI|2 γRI

.

.
Substituting the previous formulas in Equation (41), the Lagrangian can be written in the following simple
form:

λMB =

K(poutV R)
K−1(1−poutV R)bV R

PSMB
2 (PC2−PC1)+

ξ

η

(
1+E

(
1−K (poutV R)

K + K(poutV R)
K−1(1−poutV R)bV R

PSMB

))
(

T2e
− T2

PSMB

PSMB
2

(
1− e−

T3
PSMB

)K

+K
(

1− e−
T3

PSMB

)K−1
(

e
− T3

PSMB T3
PSMB

2

)(
1− e−

T2
PSMB

)) .

(44)
In Figure (1d), multiple relays are used in each cooperation branch. The transmit power at relays

can be reduced and the energy efficiency is improved as a result. This scheme is particularly suitable
for long-range transmission and the related results will be shown in Section 4. In this case, the outage
probability of this transmission scheme poutMHB is:
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poutMHB ≈
(
22Rs−1

)K+1
(

N
PSMHB

)K+1
(

1

|hV I|2 γV I

C

)
. (45)

where C =

(
1

|hV R1 |
2
γV R1

+∑
n
i=2

1
να

Ri−1Ri |hRi−1Ri |
2
γRi−1Ri

+ 1
να

RnI |hRnI |2γRnI

)K

.

We can formulate the power minimization problem for cooperative transmission scheme using mul-
tiple branches each with multiple relay by specifying a required reliability level, in a similar way to the
method expressed in (7). The optimization problem can be stated as follows:

Min∑EbMHB s.t.{poutMHB ≤ 1−U} . (46)

Thus, the power minimization problem is specified in a similar way to Equation (37) and the power PSMHB

is bounded by:

PSMHB ≥
(
22Rs−1

)
N

(
1

|hV I|2 γV I

C

) 1
K+1 (

ln
(
U−1))−( 1

K+1) . (47)

The total energy consumed per bit and the total power consumption for this transmission scheme can be
expressed as:

EbMHB = pK
outV R1

PAM,MHB +PC3

Rb
+
(
1− pK

outV R1

) (∑K
l=1
(
∑

n
i=2X(Ri−1Ri)l +X(RnI)l

)
+1
)

PAM,MHB +PC4

Rb
.

(48)

where PC3 = (PT x +(K ∗PRx)) , PC4 = ((K ∗n+1)PT x +(K ∗ (n+1)+1)PRx).

PtotMHB = pK
outV R1

(PAM,MHB +PC3)+
(
1− pK

outV R1

)((
∑

K
l=1
(
∑

n
i=2X(Ri−1Ri)l +X(RnI)l

)
+1
)

PAM,MHB +PC4
)
.

(49)
Again, PtotMHB can be minimized with one constraint variable via the Lagrangian:

∂PtotMHB

∂PSMHB
+λMHB

(∂ poutMHB−1+U)

∂PSMHB
= 0. (50)

where λMHB represents the Lagrangian optimization factor for the cooperative transmission scheme using
multiple branches with multiple relays. Then, the derivatives of the total power consumption PtotMHB and
the outage probability poutMHB with respect to the transmit power PSMHB are given by:

∂PtotMHB

∂PSMHB
= K (poutV R1)

K−1
(

1− poutV R1

PSMHB
2 bV R1

)
(PC4−PC3)
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+
ξ

η

(
1+F

(
1− (poutV R1)

K +K (poutV R1)
K−1

(
1− poutV R1

PSMHB
bV R1

)))
. (51)

(∂ poutMHB−1+U)

∂PSMHB
=−T2e−

T2
PSMB

PSMHB
2

(
1− e−

T4
PSMHB

)K

−K
(

1− e−
T4

PSMHB

)K−1
e−

T4
PSMHB T4

PSMHB
2

(1− e−
T2

PSMHB

)
.

(52)

where F = ∑
K
l=1
(
∑

n
i=2X(Ri−1Ri)l +X(RnI)l

)
T4 = bV R1 +bRi−1Ri +bRnI .

bV R1 =

(
22Rs−1

)
N

|hV R1 |
2

γV R1

, bRi−1Ri =

(
22Rs−1

)
N

να
Ri−1Ri

∣∣hRi−1Ri

∣∣2 γRi−1Ri

, bRnI =

(
22Rs−1

)
N

να
RnI |hRnI|2 γRnI

.

.
So the Lagrangian for this transmission scheme can be written in the following simple form:
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K−1
(1−poutV R1)bV R1

PSMHB

))
(

T2e
− T2

PSMB

PSMHB
2

(
1− e−

T4
PSMHB

)K

+K
(

1− e−
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PSMHB

)K−1(
e
− 4

PSMHB T4
PSMHB

2

)(
1− e−

T2
PSMHB

)) .

(53)
The related results of the proposed transmission schemes will be shown in Section 4.

4. Numerical Results and Discussion

In this section, we examine the performances of different transmission schemes through Matlab and
NS-2 simulations in terms of energy efficiency (energy consumption per bit), throughput and packet loss
rate. We then reveal the conditions for selecting the optimal transmission schemes through the analysis
of the results obtained. The network settings for the simulation are listed in Table 1. Assume the spectral
efficiency Rs in this scenario to be 2 bit/sec/Hz, and the required system reliability level to be 0.999.
Mobility files are created in NS-2 simulation. In addition, it is assumed that all the vehicles are running
at the same speed and keeping the same distance with each other.

In Figure 2 the energy performances of both cooperative and non-cooperative schemes are illus-
trated and compared. As we can see, the non-cooperative direct transmission has the lowest energy cost
than all others transmission schemes for short-range (dV I<33m); the non-cooperative transmission us-
ing multi-hop relays outperforms the direct transmission for the range 33m<dV I<43m and, in particular,
the transmission using two intermediate relays (n=2) nodes has the lowest energy consumption for this
range. The cooperative transmission outperforms the non-cooperative transmission schemes for the range
43m<dV I<58m, and the transmission using one branch with two relays (K=1, n=2) has the lowest energy
consumption for this range. As the distance continuously increases, the lowest energy consumption is
achieved by the transmission using two branches with one relay (K=2, n=1) for 58<dV I< 80m, and by the
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transmission using two branches with two relays (K=2, n=2) for dV I>80m. The optimum transmission
scheme for each transmission distance can be found in Table 2.

Table 1: SIMULATION PARAMETERS
Parameters Values

No -174 dBm
B 10 kHz
Rs 2 bit/sec/Hz[20]
PT x 97.9 mW[20]
PRx 112.2 mW [20]
ξ 0.5
η 0.35

Packet Size 512 bytes
fc 5.9 GHz
α 3

Simulation time 1000
Nodes 10/20/30/40/50/60/70/80/90/100

Velocity 5 km/h, 20 km/h, 60km/h
Traffic agent TCP

MAC protocol IEEE 802.11p
Queue PriQueue with size of 50 Packets

Propagation model Log-normal shadowing Model (LOS)
Antenna Omni-directional with height of 1m

Routing Protocol AODV
Number of Seed 3

Table 2: RECOMENDED TRANSMISSION SCHEMES VS TRANSMISSION DISTANCES
Schemes Distance

Direct Transmission <33m
Multi-hop Transmission scheme (n=2) Between 33m and 43m

Cooperative one branch with two relay nodes(K=1, n=2) Between 43m and 58m
Cooperative two branches with one relay node (K=2, n=1) Between 58m and 80m
Cooperative two branches with two relay nodes (K=2, n=2) >80m

As shown in Figure 3, the non-cooperative direct transmission has much higher energy consumption
than the optimum transmission scheme which is chosen based on the transmission distance between
vehicles and infrastructure.
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Figure 2: Overall energy consumption vs total transmitted distance.

Figure 3: Overall energy consumption vs number of vehicles.

The average system throughput is shown in Figure 4 for three different vehicle velocities where the
source-destination pairs are chosen randomly within the network, with an arbitrary distance between
them. The optimum transmission scheme which is chosen based on the transmission distance as demon-
strated in Table 2 clearly outperforms the direct transmission scheme in all cases due to the impact of
diversity created by cooperative transmission. It is also noticed that the throughput of the optimum trans-
mission scheme decreases when the number of transmitting vehicles increases. This is mainly due to
congestion in medium access and the increased operation overhead at the nodes that act as the source,
as well as the relay at the same time. In addition, Figure 5 demonstrates the throughput against the sim-
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ulation time for different vehicle densities and at a constant speed of 60 km/h. This figure shows that
the optimum transmission scheme outperforms the direct transmission scheme throughout the simulation
time.

Figure 4: Overall system throughput vs number of vehicles.
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Figure 5: Overall system throughput vs total simulation time.

The packet delivery ratio (PDR) is evaluated for all the transmission schemes, showing, in Figure
6, that the data packet efficiency of the optimum transmission scheme has an increasing tendency when
comparing it with the direct transmission scheme regardless of the selected speed. It is also shown that the
change in vehicle’s density has a significant effect on PDR. Especially in the direct transmission schemes,
PDR decreases gradually when the vehicle density increases, which is mainly due to the increased con-
gestion in the network and processing overhead as the density increases. When using the cooperative
transmission scheme, the distance between vehicles decreases and connectivity for vehicles is improved.
In this case, the added intermediate nodes promote easy and effective route selections for transmissions
between vehicles and the destination and consequently the PDR is increased in comparison with direct
transmission schemes. These results also conform to those in Figure 4, i.e. the higher the throughput, the
higher the PDR.
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Figure 6: Packet delivery Ratio vs number of vehicles.

Figure 7: Packet loss rate vs number of vehicles.
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Figure 7 depicts the overall system packet loss rate for direct transmission and optimum transmission
scheme versus the number of transmitting vehicles for different vehicle velocities. As it is shown, the
packet loss rate increases when the number of transmitted vehicles increases for all the transmission
schemes, which is caused by network congestion and correlated with the corresponding performance for
throughput as shown in Figure 4. It is worth mentioning that the optimum transmission schemes have
much lower packet loss rates than the direct transmission scheme. This is because when relays are used
the transmission distances between adjacent nodes are reduced and, at the same time, the transmission
reliability is improved due to the diversity generated in cooperative communications.

Finally, we evaluate the average end-to-end delay of both direct transmission and the optimum trans-
mission schemes by counting on all possible transmission distances at a vehicle velocity 60 km/h. As
illustrated in Figure 8 the direct transmission scheme has lower end-to-end delay than the optimum trans-
mission schemes, due to the processing and retransmission time taken by relays. In addition, it shows that
when the number of vehicles increases (more then 40) the longer delays are experienced in the optimum
transmission scheme due to the network congestion.

Figure 8: Average end-to-end delay vs number of vehicles.

Based on the above discussions the results presented in Figures 2-8, we give a summarized analysis
for the performance of both direct and cooperative transmission schemes. First of all, there are a number
of factors affecting energy consumption, throughput, packet delivery ratio and packet loss in V2I. Co-
operative transmission uses additional paths and nodes (relays) compared to direct transmission, which
seems to cost more energy, but the diversity it creates can save energy by reducing the probability of link
failure and consequently reducing the number of retransmissions. Diversity increases with the number
of relay branches used but this increase could be marginal when the number of branches is large as it is
difficult to ensure all the branches are uncorrelated. In addition, increasing the number of relays in each
branch reduces the transmission distance for each relaying hop, which results in lower transmit power for
relays as it is proportional to dα where d is either dRI or dRR. But when the number of relays increases,
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the total circuitry power will accumulate as it depends on the number of transmitting nodes and is in-
dependent from the transmission distance. This implies that the total energy consumption will increase
when more branches and relaying nodes are used to some extent.

Secondly, on the evaluation of the QoS performance of different transmission schemes, we demon-
strate a clear advantage of cooperative transmission over direct transmission. Specifically, as an impor-
tance performance for QoS, throughput is affected by both the packet lose rate and end-to-end (E2E)
delay. Although the E2E delay of cooperative transmission is higher than that of direct transmission and
the gaps increases when the number of vehicles is more than 40 as shown in Figure 8, the packet loss
rate of cooperative transmission is much lower than that of direct transmission when number of vehicles
increases as shown in Figure 7. As a result of an overall impact of these two factors on throughput, Fig-
ure 4 shows that cooperative transmission can always outperform direct transmission on throughput for a
wide range of the vehicle density.

Clearly, based on the requirement of a particular application, to achieve the best energy performance,
proper transmission schemes should be selected for the given transmission conditions, such as overall
distance, dSD, and channel quality in terms of α . Our work provide an effective guidance for deciding
when and how the cooperative or non-cooperative transmission scheme should be employed. For achiev-
ing high throughput as a main QoS requirement, cooperative transmission schemes are recommended and
the number of relaying branches and the number of relays in each branch should be determined appropri-
ately for the given transmission conditions. Therefore, based on our results, an energy-efficient or QoS
ensured transmission strategy can be formed in a V2X network by adaptively choosing cooperative or
non-cooperative transmission schemes under different network and transmission conditions, which may
involve determining the number of relaying branches and the number of relays if the cooperative scheme
is to be used.

5. Conclusion

We have investigated different transmission schemes for their energy and QoS performance in a ve-
hicular network, including the strengths and limitations of the cooperative transmission schemes in com-
parison with non-cooperative schemes. Based on the outage probability, energy efficiency, throughput,
packet delivery ratio, packet losses and average end-to-end delay models, we have shown that both co-
operative and non-cooperative transmission schemes can exhibit the best performance under a certain
environmental condition. The optimal transmission scheme can be identified on judging the distance be-
tween the source node and the destination node in a V2X link. The results presented in this paper can
be used to form an adaptive transmission strategy that is able to select appropriate transmission schemes
to achieve the best QoS performance for any source-destination pair selected. In this way, we can attain
either the highest throughput with a fixed energy consumption, or the lowest energy cost for the given
throughput target.
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