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Abstract: Vehicular network communication technology is currently attracting a considerable amount

of attention. We consider a scenario in which vehicular communication nodes share the same spectrum

resources and generate interference with other nodes. Compared with traditional interference-avoiding

vehicular communications, this paper aims to increase the number of accessed communication links under

the premise of satisfying the required QoS. In our research, communication nodes have opportunities to

select relay nodes to both help improve their data transmissions and reduce their transmit power in order to

decrease interference with other links while still satisfying their QoS requirements. Based on these objectives,

we propose an innovative interference management method that considers link selection, power adaption,

and communication mode selection simultaneously to maximize the number of communication links with the

lowest power cost. Compared with traditional link-selection and power-adaption interference management

schemes, the proposed scheme improves QoS satisfaction with high energy efficiency. Simulation results

demonstrate both the efficiency and the effectiveness of the proposed scheme.
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1 Introduction

As one of the most critical technologies for 5G com-

munication networks of the future, VANETs (Ve-

hicular Ad-hoc Networks) have gradually attracted

more research interest[1-3]. Both the importance

and the potential impact of VANETs have been

confirmed by the rapid proliferation of consortia

involving car manufacturers, various government

agencies and academia[4]. Specifically, VANETs

can be formed among vehicles via V2V (Vehicle-

to-Vehicle) communication or between vehicles and

an infrastructure via V2I (Vehicle-to-Infrastructure)

communication[5-8]. However, high vehicle mobility
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results in channels instability of channels between

vehicles[9,10], which causes drawbacks for VANETs,

including higher probabilities of network partitioning

and lower guarantees of end-to-end connectivity.

On the other hand, frequency reuse is the most

direct way to satisfy the increasing system capac-

ity demands using the limited available spectrum re-

sources. According to Refs. [11-13], frequency reuse

is the simplest and most efficient way of increasing

system capacity of the four methods studied, (i.e., re-

source scheduling, adaptive modulation and coding,

bandwidth expansion, and frequency reuse). How-

ever, the most serious problem that frequency reuse

causes is interference among communications links

on the same frequency band[14]. Therefore, interfer-

ence management needs to be addressed urgently.

At present, there are several typical communi-

cation scenarios that consider interference manage-

ment specifically. In a CDMA (Code Division

Multiple Access) system, different users can ac-

cess the same frequency resources and communi-

cate by using orthogonal spreading codes[15]. In-

terference management is needed to reduce the im-

pact of multiple access interference. A cognitive ra-

dio system[16] contains both primary and secondary

users. For this type of network, an efficient in-

terference management scheme has to be designed

to limit the interference caused by secondary users

to primary users without affecting the normal com-

munications of primary users. In a D2D (Device-

to-Device) system[17-19], D2D communication links

share the same spectrum with cellular communica-

tion links. Therefore, an interference management

scheme should be utilized to guarantee that the inter-

ference between the D2D and cellular users is limited

to satisfy their respective QoS (Quality of Service)

requirements.

In vehicular networks, when either V2V or V2I

communication links require access to the networks,

they can access either the idle channels, in order to

avoid interference from the other links, or the chan-

nels which are occupied (i.e., they share spectrum

resources with other links). The first mode is called

the overlay mode and focuses on the design of the

channel access mechanism, while the second mode is

called the “underlay mode” and is more concerned

with either satisfying the basic QoS requirements or

maximizing the system capacity under interference-

limited circumstances. Currently, the underlay mode

is attracting much research interest because of its

advantages in improving spectrum efficiency. With

respect to the coexistence of V2I and V2V links in

vehicular networks, this scenario can easily be com-

pared with D2D underlaying cellular networks, in

which the D2D communication mode can be used

to support V2V communications in order to increase

the spectrum efficiency. However, because of the ex-

istence of unique vehicular scenarios[20-22] with high-

speed vehicle mobility and fast time-variant chan-

nels, the traditional D2D mode cannot be adopted

directly for V2V communications. Thus, signifi-

cant modifications and improvements are needed. In

Ref. [23], the authors investigated a scenario in which

V2V and V2I communication links are able to reuse

frequency resources for the first time and use graph

theory to solve the problem of maximizing system

capacity. Recently, the feasibility of the use of D2D

technology in VANETs was investigated comprehen-

sively in Ref. [24] and novel and practical D2D-based

vehicular communication systems were developed by

using both channel prediction and interference mod-

eling.

In this paper, we focus on the design of an inter-

ference management scheme in vehicular networks.

In contrast to Refs. [23,24], the main contributions

of this paper can be summarized as follows.

• A more practical scenario: In future vehicu-

lar networks, multiple types of services will co-exist.

Therefore, we consider a more practical scenario in

which the transmission priorities of different commu-

nication links are taken into account. We first focus

on satisfying the QoS of high-priority services with a

minimum power cost and then consider maximizing

the QoS requirements of low-priority services. For

this process, optimizing the system objective func-

tion becomes a sequencing optimization problem.

• An adaptive relay selection scheme: In a sce-

nario in which the V2V and V2I communication links
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share the same spectrum resources, their interference

relationship becomes very complicated. Because of

this, we propose an adaptive relay selection scheme

in which the V2V and V2I links can select the relay

transmission mode adaptively either to improve the

transmission rate or to reduce their interference with

other links when their QoS requirements have been

satisfied.

• A graph theory based heuristic algorithm:

Graph theory has been shown to be an effi-

cient method for solving the resource management

problem[25,26]. We propose a heuristic iterative algo-

rithm based on graph theory that considers the link

selection, power adaption, and relay mode selection

together in order to satisfy the QoS requirements

of as many communication links as possible, provid-

ing a sub-optimal solution. Comparisons with the

schemes considered in previous works demonstrate

both the efficiency and the effectiveness of our algo-

rithm in solving the formulated problem.

The rest of this paper is organized as follows. The

system model and problem formulation is presented

in section 2. The details of the CLPR algorithm are

given in section 3. In Section 4, the simulation re-

sults and analysis are provided. In section 5, our

conclusions are presented.

2 System model and problem formu-

lation

2.1 System description

Consider a D2D-based vehicular relay network com-

posed of M V2V pairs and N vehicle nodes for V2I

communications in which the desired channel access

opportunities are controlled by the RSU (Road Side

Unit), as illustrated in Figure 1. We denote the sets

of V2V and V2I communication links as M and N ,

respectively. In set M, the source and destination

nodes of each V2V communication link are denoted

as Sm and Dm, respectively, with m = 1, 2, · · · ,M .

For each V2I communication link in setN , the source

node is the RSU and the destination node is denoted

as Un for n = 1, 2, · · · , N . We use S, D, and U to

denote the sets of Sm, Dm, and Un, respectively. Un-

like conventional D2D cellular network communica-

tion in which the cellular users have higher transmis-

sion priorities than the D2D users, the transmission

priority of each communication link depends on the

urgency of its corresponding type of service in the

vehicular network. For example, the safety related

services have an absolute channel access advantage

over the services that are unrelated to safety. We

propose that there are L urgency levels for vehicu-

lar communication services and thus L corresponding

transmission priority levels.

V2I link
V2V link
Interference link

RSU communication range

vehicle communication range

available relay 
vehiclesRSU

mD

mS

nV

Figure 1 System model in support of V2I and V2V com-

munications

In order to achieve a high spectrum efficiency, the

V2V and V2I communications cooperate in an un-

derlay manner. As a result, each communication link

receiver experiences interference from the transmit-

ters of the other communication links that are access-

ing the channel at the same time. It is not feasible

to accommodate all of the links with transmission

requests without limitations, since an increase in the

number of links accommodated leads to higher inter-

ference. If the interference increases above a certain

level, the spectrum efficiency will deteriorate and the

QoS requirements for individual communications will

be violated. Therefore, it is desirable to implement

an interference management technique in the V2V

and V2I underlay communication scenario to achieve

the desired system performance while still guarantee-

ing the QoS requirements, especially for services with

high transmission priorities. In addition to consid-
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ering the two conventional interference management

dimensions (i.e., scheduling and power adaption), we

also consider relay technology to improve the inter-

ference management efficiency further, involving the

following two transmission modes in the system:

1. DTM (the Direct Transmission Mode), in

which the source node sends the data directly

to the destination node without the help of in-

termediate nodes.

2. RTM (the Relay Transmission Mode), where

the communication is completed in two trans-

mission phases. In transmission phase 1, the

source node sends the data to the relay node,

which retransmits the data to the destination

node with DF (Decode-and-Forward) protocol

in transmission phase 2.

The set of candidate relay nodes selected for the

RTM is denoted as R = {R1, R2, · · · , RK} and

is composed of the available vehicles without data

transmission requests. Relay technology can bring

benefits in two respects: one is in reducing the in-

terference with other communication links by split-

ting each long-range communication link with a high

power cost into two short-range relay links with low

power costs, and the other is in improving the trans-

mission rates under certain communication scenar-

ios. Although half of the achievable transmission

rate is sacrificed due to RTMs two-phase transmis-

sion, its transmission rate can still exceed that of

DTM with an equal power cost. Both analyses of

performance and a comparison between DTM and

RTM are presented in section 4. Mode switching be-

tween DTM and RTM as well as the power cost of

each communication link are controlled by the RSU.

Examples of both joint power adaption and mode

selection are shown in Figure 2, in which the RSU

adjusts the transmit power of the V2I communica-

tion link and the V2V communication link switches

to RTM. Compared to that in Figure 1, the inter-

ference between the V2V and the V2I communica-

tions is reduced in Figure 2. In addition to pursu-

ing throughput maximization as in conventional in-

terference management, we choose to maximize QoS

satisfaction of high transmission priority communi-

cations with a minimum power cost under a multi-

priority vehicular communications network scenario.

The QoS satisfaction of the communication link vi

(vi ∈ {M,N}) is indicated by

Qi =

ri/r̂i, if ri/r̂i < 1;

1, if ri/r̂i > 1,
(1)

where ri and r̂i denote the achievable and required

transmission rates of vi, respectively. Note that r̂i

depends on the QoS requirement of vi, while ri is

determined by the realistic communication environ-

ment in the charge of RSU through interference man-

agement using link selection, power adaption, and

mode selection together. Because the communica-

tion environment is complex, involving both power

control and relay technology, we utilize the graph

method to simplify the formulation of the interfer-

ence management problem. The process of formu-

lating the problem using the graph method will be

described in the following subsection.

RSU communication 
range

vehicle communication 
range

reduced interference link
V2I link
V2V relay link

RSU
power adaption 
& mode selection

kR

mD

mS

nV

Figure 2 Example of power adaption and mode selection

2.2 Graph-based problem formulation

Because the system under consideration utilizes two-

phase relay transmission, we assume that one trans-

mission frame T allocated to each communication

link is further divided into two equal subframes (i.e.,

{t1, t2}). For the communication links with DTMs,

the data is sent from the source node to the corre-

sponding destination node in both t1 and t2. For

the communication links with RTMs, the data is
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first sent from the source node to the selected re-

lay node in t1 and then relayed to the destination

node in t2. We denote the graph constructed by

the interference links among communication links

as G = (V, E), which is actually a kind of digraph

since the interference between any two communica-

tion links is directional. In the vertex set V, each

vertex vi (vi ∈ {M,N}) represents a V2V or a V2I

communication link, and both the data transmitter

and receiver of vi could be time-variant depending

on the transmission mode. Therefore, we specify the

link between the data transmitter and the receiver

of vi in t1 and t2 as vi (t1) and vi (t2), respectively.

If vi is in the DTM, the data transmitter and the

receiver of both vi (t1) and vi (t2) are the source and

destination nodes of vi, respectively. If vi is in the

RTM, the data transmitter and receiver of vi (t1) are

the source node and the selected relay node of vi, re-

spectively, and the data transmitter and the receiver

of vi (t2) are then the selected relay node and the

destination node of vi, respectively. For simplicity,

we denote the source node, destination node, and

relay node (if it exists) of vi as si, di, and ri, respec-

tively. Thus, we have si ∈ {S, RSU}, di ∈ {D,U},
and ri ∈ R. Accordingly, each edge eij = 〈vi, vj〉
(eij ∈ E) characterizing the interference link between

the transmitter of vi and the receiver of vj might

also varies between t1 and t2 due to the transmission

modes of vi and vj . We then use eij (ta) = Iij (ta)

(a = 1, 2) to denote the interference from vi (ta) on

vj (ta) in ta. Note that the interference between any

two communication links is affected by the factors of

power, interference channel gain, and transmission

mode. We specify the interference as that caused by

the latter.

Furthermore, we consider six attributes for each

vertex vi:

1. The schedule attribute αi.

2. The relay attribute βik.

3. The priority attribute li.

4. The QoS attribute qi.

5. The QoS satisfaction attribute Qi, which has

been defined in Eq. (1).

6. The power attribute Pi.

For the schedule attribute, we have αi = 1 if vi is

allowed to access the channel and αi = 0 otherwise.

With respect to the relay attribute, βik = 1 if vi

chooses the node Rk from R as the relay node in

RTM, and otherwise, βik = 0. Therefore, the re-

lay node ri selected for vi is equivalent to Rk with

βik = 1. If
K∑

k=0

βik = 0 and αi = 1, then this indi-

cates that the communication link vi receives chan-

nel access and works in DTM. With respect to the

priority attribute, li = 1 if the transmission prior-

ity level of vi is l, with l = 1, 2, · · · , L, and other-

wise, li = 0. With respect to the QoS attribute, we

consider qi = ri/r̂i, which indicates the relationship

between ri and r̂i. The power attribute Pi equals

the total transmit power cost of vi. Specifically, if vi

works in DTM, Pi is equal to the transmit power

of source node si (i.e., Psi), while if vi works in

RTM, we have Pi = Psi + Pri , where Psi and Pri

are the transmit power costs of the source node si in

t1 and the selected relay node ri in t2, respectively.

To achieve fairness, the total transmit power cost

should not increase when the communication mode

of a link changes between RTM and DTM.

An illustrative example of the interference graph

G in both t1 and t2 is shown in Fig. 3. We analyze

the achieved transmission rate of vi, (i.e., ri), based

on the interference graph G, and the problem under

consideration is formulated.

In transmission phase 1 (i.e., t1), the link vi (t1)

suffers interference from the source nodes of other

communication links that are also assigned channel

access. The interference experienced at the receiver

of vi (t1) is given by

Ii (t1) =
∑
j,j 6=i

Iji (t1)

=

(
1−

K∑
k=1

βik

) ∑
j,j 6=i

(
Psj

∥∥hsj ,di

∥∥2αj

)

+
K∑

k=1

βik
∑
j,j 6=i

(
Psj

∥∥hsj ,ri∥∥2αj

)
, (2)

where hsj ,di
denotes the channel coefficient between

sj and di, and hsj ,ri denotes the channel coefficient

between sj and ri. The first term of Eq. (2) repre-
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sents the interference experienced by the destination

node di of vi if it works in DTM, while the second

term of Eq. (2) represents the interference experi-

enced by the relay node ri of vi if it works in RTM.

In transmission phase 2, (i.e., t2), the link vi (t2)

receives interference from both the source nodes of

the communication links in DTM and the relay nodes

of the communication links in RTM. The interference

experienced at the receiver of vi (t2) is given by

Ii (t2) =
∑
j,j 6=i

Iji (t2)

=
∑
j,j 6=i

[
Psj

∥∥hsj ,di

∥∥2αj

(
1−

K∑
k=1

βjk

)]

+
∑
j,j 6=i

K∑
k=1

(
Prj

∥∥hrj ,di

∥∥2αjβjk

)
, (3)

where hrj ,di
denotes the channel coefficient between

rj and di. Therefore, the transmission rate vi can

achieve when it works in DTM is given by

rDi =
1

2

[
lb

(
1 +

Pi‖hsi,di‖
2

Ii (t1) +N0

)

+ lb

(
1 +

Pi‖hsi,di‖
2

Ii (t1) +N0

)]
, (4)

which is the average transmission rate throughout t1

and t2. When vi works in RTM, we have

rRi =
1

2

[
min

{
lb

(
1 +

Psi‖hsi,ri‖
2

Ii (t1) +N0

)
,

lb

(
1 +

Pri‖hri,di
‖2

Ii (t2) +N0

)}]
, (5)

which suffers from a rate loss because of the use of

two-phase transmission. We can further merge rDi
and rRi to unify the transmission rate ri of commu-

nication link vi as

ri = αi

[(
1−

K∑
k=1

βik

)
rDi +

K∑
k=1

(
βikr

R
i

)]
. (6)

Both the QoS attribute qi and the QoS satisfac-

tion attribute Qi can then be calculated with Eq. (6).

The system optimization problem for maximizing the

overall QoS satisfaction of high priority communica-

tion links with a minimum power cost is formulated

as

sort max
l=1,2,··· ,L

Ql =
∑

i,vi∈{M,N}
liQi (7)

min PT =
∑

i,vi∈{M,N}
αiPi (8)

s.t.

0 < Pi 6 Pimax (9)

li, αi, βik ∈ {0, 1} ,∀i, k, l (10)
K∑

k=1

βik ∈ {0, 1} ,∀i (11)∑
i,vi∈{M,N}

βik ∈ {0, 1} ,∀k (12)∑
i,vi∈{N}

αi ∈ {0, 1} , (13)

under the following five constraints:

• The power cost for each link vi is no greater than

the maximum power Pimax described in Eq. (9).

• Because li, αi, and βik are all indicators, the

constraints as described in Eq. (10) apply.

• For each V2I and V2V link, the transmitter se-

lects only one node as a relay to assist in its data

transmission, as described in Eq. (11).

• Each relay node can help only one node conduct

its data transmission, as described in Eq. (12).

• Only one V2I link can access the network at a

time in order to avoid data overlapping at the re-

ceiver, as described in Eq. (13).

3 Heuristic combined link-selection,

power-adaption and mode-selection

solution

3.1 CLPR scheme introduction

The system objective function, formulated in Section

2 includes three main aspects:

• Link selection: whether communication links

should access the network or not.

• Power adaption: the transmitters of different

links should adapt their transmissions to improve the

energy efficiency.
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transmission phase 1 transmission phase 2

notes:

   vertex attributes:

    edge attributes:

link of direct transmission mode

link of relay transmission mode

}1d→1s{)1t(1v }2d→2s{)1t(2v }2d→2s{)2t(2v}1d→1s{)2t(1v

}3d→3s{)1t(3v }4d→4s{)1t(4v }3d→3s{)2t(3v }4d→4s{)2t(4v

)1t(21I )2t(21I)1t(12I

)1t(31I

)1t(13I

)1t(41I )1t(32I

)1t(42I

)1t(14I

)1t(14I

)1t(34I
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}i,Pi,Qi,qi,lik,βiα→{iv

})2t(ij,I)1t(ijI→{ije

Figure 3 Communication link interference graph

• Mode selection: which means whether different

links should select DTM or RTM to implement the

transmission process.

Note that the optimization problem in Eqs. (7)-

(13) is an NP-hard problem, which cannot be solved

in polynomial time. Because of this, in Section

3, we propose a heuristic combined link-selection,

power-adaption, and mode-selection (CLPR) scheme

to give a near-optimal solution of the problem using

a heuristic method with low computational complex-

ity.

The basic concept of the CLPR scheme is to first

select links to access the network according to their

transmission priorities and then implement the joint

optimization process of power-adaption and relay-

mode selection. We aim to improve the QoS satisfac-

tion of low-priority links once the QoS requirements

of high-priority links have been satisfied. The details

of the CLPR scheme are shown in Figure 4.

The following is a detailed discussion of each step

in our proposed CLPR scheme.

Step 1: Initialization

We assume A is the set of links which access to

the network. A is initialized to be an empty set, i.e.,

A = ∅. On the other hand, we also assume there

are L sets, i.e., B1, B2, · · · , BL, which represent dif-

ferent link sets containing different service transmis-

sion priorities. Note that the links in set Bl are not

accessed to the network. At the beginning of our

CLPR scheme, we initialize N V2I links and M V2V

links as non-accessed state, and classify the commu-

nication links with priority l into link set Bl, where

l = 1, 2, · · · , L.

We assume A is the set of links that have access

to the network. A is initialized as an empty set (i.e.,

A = ∅). On the other hand, we assume that there

are L sets (i.e., B1, B2, · · · , BL) that represent dif-

ferent link sets containing different service transmis-

sion priorities. Note that the links in set Bl are not

accessing the network. In the initialization of our

CLPR scheme, N V2I links and M V2V links are

assigned non-access states, and the communication

links with priority l are classified into link set Bl,

where l = 1, 2, · · · , L.

Step 2: The calculation and sort of priority factors

According to the objective function, the system

will first consider providing access to the links in set

Bl that have the highest priority levels. If there are

multiple communication links in set Bl, they need to

be sorted according to the following two metrics:
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start

initialization:

  (1) set of accessed links: A=φ

joint optimization of power-adaption 
and relay-mode-selection of links in  

condition 1: QoS satisfaction of high-priority 
services

condition 1 and 2 
  are both true?  

sets refreshment:

(1) record the power cost and transmi-
ssion mode of links in A (after Step 4)
(2) record the QoS satisfaction of links 
in A

no

end

no

1

2

3

4

5

6

7

9

8

10

11

(2) set of non-accessed links: L subsets of 
transmission priorities B1,B2,···,BL 

condition 2: QoS satisfaction of low-priority 
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yes
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use the recorded power cost and relay mode 
of links in A in Step 8 to conduct data 
transmission

x+ˆA=A
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thento access the network
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HÂQ
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lÂQ

Figure 4 Flow chart for CLPR scheme

• The QoS satisfaction of the links.

• Minimal impact of network access on the QoS

of the links that already have access.

Therefore, we denote the access priority factor of link

x as:

ωx =
rx
r̂x
· 1[

1 +
∑
y∈A

(Qy − Q̂y(x))

] ,
(14)

where rx represents the attainable transmission rate

and Q̂y(x)(y ∈ A) represents the QoS satisfaction

factor when link x accesses the network. In Eq. (14),

the first term is the unmodified QoS satisfaction fac-

tor. As its value grows, the potential for optimiza-

tion grows as well. The second term in Eq. (14) rep-

resents the network impact of accessing link x . A

smaller value for this term indicates a lower impact.

Note that the constant value of one in the numerator

is used to avoid a zero denominator when accessing

link x and has no impact on the system.

The calculation of the QoS factor contains the cal-

culations of the transmission rates of different links,

(i.e., the calculations of their SINRs). During initial-

ization, we set the transmit power of various links to

the maximum transmit power and the transmission

mode to DTM. Note that if there is only one link

in set Bl, we do not need to calculate the priority
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factor.

Step 3: Access the link to the network with the

highest priority factor

When there are multiple communication links in

set Bl, we choose the link x̂ with the highest prior-

ity factor in Bl to access the network, and we have

Â = A + x̂, where Â represents the new set of links

with access. The system selects x̂ when there is only

one link in Bl.

Note that when set A includes a V2I communica-

tion link, because the system can support only one

V2I link, the V2V link with the highest priority fac-

tor in the V2V subset of Bl is selected to access the

network and the other V2I links are deleted from Bl.

Step 4: Joint optimization of power adaption and

relay-mode selection

The basic concept of the joint optimization pro-

cess is summarized in two aspects: 1) For those links

whose QoS requirements have been satisfied, the op-

timization process aims at reducing both the power

cost and the interference with other links in order to

improve their QoS satisfaction levels; 2) For those

links whose QoS has not been satisfied, the process

aims at improving the QoS itself. This will be dis-

cussed in more detail in the next subsection.

Steps 5-6: Judgement of link accessing condition

According to the system objective function, when

the system accesses link x̂ , the link accessing prin-

ciples are given by the following:

1. The QoS satisfaction cannot be smaller than

when link x̂ is not accessing the network (i.e.,

QÂH
> QAH

), where the priorities of the links

in subset AH are higher than the priority of x̂.

2. The sum of the QoS satisfaction of links

whose priorities are the same as x̂ has to be

higher than that of the non-accessing links

(i.e., QÂ`
> QA`

), where QA =
∑
x∈A

Qx (A =

{Â`, A`}).

When conditions (1) and (2) are both satisfied, the

RSU selects link x̂ to access the network, and goes

on to steps 7-8. Otherwise, link x̂ will not be receive

access because of the decreasing impact of the high-

priority links on the QoS satisfaction, and the RSU

will go on to step 9 as a consequence.

Steps 7-8: Refreshing the link set that has network

access and recording the system configuration

When link x̂ is accessing the system, we have

A = A + x̂, and B` = B` − x̂. After the joint opti-

mization process in step 4, several parameters have

to be recorded:

1. Both the transmit power and the transmission

mode of the links in the refreshed link set A.

2. The QoS satisfaction levels of the links in A,

(i.e., Qn) when the n-th V2I link belongs to

A), and Qm when the m-th V2V link belongs

to A. The records of QoS satisfaction can be

used in steps 5-6 for accessing the next link.

After all of the parameters have been recorded, the

RSU will continue to step 10.

Step 9: Refreshing the link set that does not have

network access

When link x̂ has accessed the system, we only need

to set the link set that does not have network access

B` as B` = B` − x̂.

Step 10: Selecting the next link to access the net-

work

After the processes in steps 7-8 and step 9 are com-

plete, link x̂ is deleted from set B`. If B =
L
∪
l=1

Bl is

not an empty set, the RSU will return to step 2.

Otherwise, it will go on to step 11 to process the

final resource allocation.

Step 11: Allocating resources

After the joint optimization of link-selection,

power-adaption and relay-mode selection, the re-

source allocation result recorded in steps 7-8 is ap-

plied to the transmissions of the communication links

that have network access.

3.2 Details of the joint optimization pro-

cess

In this subsection, we discuss the critical part of

the CLPR scheme, the joint optimization of power-

adaption and relay-mode selection, in detail. The
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Â
direct,q

Â
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Figure 5 Flow chart of the CLPR scheme’s joint optimization process

proposed algorithm adapts a heuristic method to ob-

tain a near-optimal solution. The details of this pro-

cess are shown in the flow chart in Figure 5.

Step 1: Initialization

We assume that during step 4 of the CLPR

scheme, Â = {x1, x2, · · · , xZ}. Each link xz is ini-

tialized to communication in DTM mode, and the

transmit power of each link transmitter is set to the

maximum value.

Step 2: Power-adaption and relay-mode selection

In this step, we traverse each link in to conduct

the power-adaption and relay-mode selection pro-

cess. Each link explores the best QoS satisfaction

for itself iteratively under both DTM and RTM and

then selects a relay mode and adjusts the transmit

power. We assume the present self-adaptive link is

xz. When xz transmits in DTM, we go on to step 3.

Otherwise, we go on to step 4.

Note that link QoS indicator qx = rx/r̂x is intro-

duced to justify whether the QoS of link x is satis-

fied or not. qx > 1 and qx < 1 represent the QoS

being satisfied and not satisfied, respectively. We

assume both that the initial QoS indicator vector is

qinit
Â

= {qxz′ |xz′ ∈ Â}, and that the initial power

vector is P init
Â

= {Pxz′ |xz′ ∈ Â}. In DTM, the total

transmit power of a link is the power of its source

node, while in RTM, the total power is the sum of

the transmit powers of the source and relay nodes.
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Step 2.1: DTM exploration

First, we calculate the QoS indicator vector qdirect
Â

under DTM. When link xz works in DTM, we have

qdirect
Â

= qinit
Â

, and when xz works in RTM, we reset

xz to DTM, and refresh the vector qdirect
Â

.

When qdirectxz
< 1, there is room for xz to reduce

its transmit power further, in order to both decrease

its interference with other links, and improve their

QoSs. Therefore, the transmit power of xz (i.e.,

P direct
xz min) should satisfy the following formula when

it works in DTM mode and when qdirectxz
= 1:

W

2

[
lb

{(
1 +

P direct
xz min

∥∥hdirectxz

∥∥2
Idirectxz1

+N0

)

·

(
1 +

P direct
xz min

∥∥hdirectxz

∥∥2
Idirectxz2

+N0

)}]
= r̂xz

. (15)

In Eq. (15), hdirectxz
represents the channel between

the source communication node and destination

node, and Idirectxz1 and Idirectxz2 represent the interfer-

ence from the f1 and f2 frequency bands, respec-

tively.

Step 2.2: RTM exploration

First, the QoS indicator vector qdirect
Â

is calculated

under DTM. We select the best relay node, to help

the system obtain the maximum QoS satisfaction,

Qrelay

Â
, from the unoccupied relay node set. Note

that Qrelay

Â
= 1 when qrelay

Â
> 1.

In order to reduce the computational complexity,

the selected relay nodes should be located between

the source node and the destination node of one link,

i.e., dSR < dSD and dRD < dSD, where dSR, dRD

and dSD represent the distances between source and

relay nodes, the relay and destination nodes, and the

source and destination nodes, respectively.

While exploring RTM, the transmit powers of the

source and relay nodes of link xz are represented by

PS
xz

and PR
xz

, respectively. Then, we have
PS
xz
‖hSR (r)‖2

IR1 (r) +N0
=
PR
xz
‖hRD (r)‖2

ID2 (r) +N0

PS
xz

+ PR
xz

= Pxz
.

(16)

In Eq. (16), hSR and hRD represent the channels

between source and relay nodes and relay and desti-

nation nodes, respectively, while IR1 and ID2 repre-

sent the interference experienced in subframes t1 and

t2, respectively. Note that Pxz
is the total transmit

power.

The transmit power can be reduced further when

the QoS indicator qrelayx > 1. Therefore, we can use

the formula below to calculate the minimum required

transmit power when link xz works in RTM mode:

W

2
lb

(
PS
xz
‖hSR (r)‖2

IR1 (r) +N0

)
= r̂xz

W

2
lb

(
PR
xz
‖hRD (r)‖2

ID2 (r) +N0

)
= r̂xz

PS
xz

+ PR
xz

= P relay
xz min.

(17)

Then, the transmit powers PS
xz

and PR
xz

can both be

refreshed according to Eq. (17).

Step 2.3: Self-adaptive selection of links

After steps 2.1 and 2.2, we obtain the QoS indi-

cator vectors qdirect
Â

and qrelay
Â

. xz selects the trans-

mission mode that both reduces its transmit power

and has no impact on the QoSs of other links. The

QoS satisfactions Qdirect
Â

, Qrelay

Â
, and Qinit

Â
can then

be calculated. The transmission mode that leads to

the largest sum of QoS satisfaction is selected.

Step 3: Further traversing and iterative explo-

ration

After the power-adaption and relay-mode selec-

tion processes, we go back to step 2 to continue

traversing other links in Â. When all of the links

in Â have been traversed, we conduct the next it-

erative exploration process because the interference

environment has changed. The exploration process

terminates when the number of iteration τ reaches

the maximum number τmax.

In conclusion, we proposed a CLPR scheme to

solve the joint optimization problem of system link-

selection, power-adaption, and relay-mode-selection.

4 Simulation results and analysis

In the investigated scenario, the range of the vehic-

ular network is a 20 m × 1 000 m rectangular road,

the RSU is located in the middle of the roadside,

and vehicles are randomly distributed over the road
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Table 1 Simulation parameters

parameters value

maximum transmit power of RSU P0max 40 dBm

maximum transmit power of vehicles Pvmax 20 dBm

large-scale fading 128.1 + 37.6 lg(d), where d represents transmission distance

small-scale fading rayleigh fading coefficient with zero mean and unit variance

range of vehicular network 20 m × 1 000 m

number of V2V links M

number of V2I links N

number of relay nodes K

priority number L 2

required transmission rate 10 Mbit/s

system bandwidth W 10 MHz

RSU position middle of roadside

V2V communication distance uniformly distributed from 20 to 200 m

noise power spectral density –174 dBm/Hz

area. The simulation parameters are shown in detail

in Table 1.

As listed in Table 1, services have two kinds of

priorities: high and low. We choose the high and

low priorities of the communication nodes randomly

and with equal probability. In our proposed CLPR

scheme, the system can support only one V2I com-

munication link (otherwise the transmission data will

overlap at the destination node). Therefore, we set

the V2I link number N as 1, and the total number

of V2I and V2V links is U = M +N = M + 1. Note

that the number of relay nodes is K = 4× (N +M),

which means that there are K/U relay nodes dis-

tributed uniformly between each V2I and V2V link.

In what follows, we conduct simulations to justify

the performance of our proposed CLPR solution in

four aspects: 1) the QoS satisfaction, 2) the system

transmission rate, 3) the energy efficiency, and 4)

the number of relay nodes. The performance com-

parisons include three schemes:

1. CLPR scheme: The proposed scheme that

handles the three-dimensional optimization

problem (i.e., combined scheduling, power-

adaption, and mode-selection) in order to max-

imize the system QoS satisfaction with the low-

est power cost.

2. CLP scheme: Because communication nodes

all work in DTM, this scheme contains only

two dimensions: link-selection and power-

adaption.

3. Traditional frequency reusing scheme: during

the scheduling process, communication nodes

can access the network from high priority to

low priority (i.e., we optimize the QoS of high-

priority links first, followed by low-priority

links).

Before conducting the simulations of our proposed

CLPR scheme, we should set the maximum iteration

number τmax. Under circumstances of different iter-

ation numbers, the changing process of the QoS sat-

isfaction, i.e., the real transmission rate divided by

the required transmission rate, is presented in Fig. 6.

From Fig. 6 we can see that the system QoS satisfac-

tion will converge to constant value as the iteration

number increases. This is because at the beginning

of the iteration process, the real transmission rate is

far more higher than the required rate. As the itera-

tion number increases, the real rate of different links

gradually approaches the required rate. As shown

in Fig. 6, we can set τmax as 20 to obtain the near-

optimal solution of the optimizing problem.
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Before conducting the simulations of our proposed

CLPR scheme, we determine the value of the number

of maximum iterations τmax. The changing QoS sat-

isfaction (i.e., the real transmission rate divided by

the required transmission rate) is presented in Fig. 6

for different numbers of iterations. From Fig. 6, it is

clear that the system QoS satisfaction converges to a

constant value as the number of iterations increases.

This is because at the beginning of the iteration pro-

cess, the real transmission rate is far higher than the

required rate. As the iteration number increases,

the real rates of different links gradually approach

the required rate. As shown in Fig. 6, we can set

τmax as 20 to obtain a near-optimal solution for the

optimization problem.
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Figure 6 Impact of iteration timeτmax on the QoS attribute

of the proposed CLPR scheme

As stated above, the following part contains sim-

ulation results of four aspects:

1. QoS satisfaction, which represents the sum of

QoS factor of each link according to Eq. (1). As

shown in Fig. 7 (in which HP represents high-priority

and LP represents low-priority), in terms of QoS

satisfaction, the performance of the CLPR scheme

exceeds that of the traditional frequency reusing

scheme, and our scheme demonstrates the best per-

formance overall. This confirms the efficiency of our

scheme in improving the system QoS when the re-

quired transmission rate is satisfied. At the same

time, it is clear that the QoS satisfaction of high-

priority links is higher than that of low-priority links,

which indicates the effectiveness of the priority factor

in designing the system model. When the number of

links increases, the QoS satisfaction of low-priority

links gradually decreases in order to satisfy the QoS

satisfaction of high-priority links.
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Figure 7 Comparison between proposed and conventional

schemes with respect to their communication link QoS satis-

faction performances

2. System transmission rate, which represents the

sum transmission rate of different communication

links. As shown in Figure 8, in comparison to other

schemes, the system rate of the proposed scheme is

lower than that of the traditional frequency reusing

scheme but higher than that the CLP scheme with

no relay communication nodes. We can also see that

the transmission rate is far higher than the required

rate, which demonstrates that there is plenty room

for the optimization of both power cost reduction

and reduction of interference with other links. On

the other hand, the proposed CLPR scheme achieves

a rate similar to the required rate. The achievable

system rate increases more slowly as the total num-

ber of links grows, which illustrates that the number

of links with network access gradually approaches a

saturation state.

3. Energy efficiency, which represents the ratio
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of the QoS satisfaction to the total power cost.

The larger the ratio, the higher the energy effi-

ciency. From Figure 9, we can see that the CLPR

scheme achieves a better performance than the other

two schemes do. Compared with the results shown
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in Fig. 7, the proposed scheme satisfies the QoS

of more links with a relatively low power cost,

which demonstrates the effectiveness of the three-

dimensional optimization method. The energy effi-

ciency of our scheme decreases as the number of links

grows. This is because the system needs to increase

power costs to satisfy the QoSs of greater numbers

of communication links with network access.

4. The number of relay communication nodes,

which represents the average number of links that

select the relay communication mode. As shown in

Fig. 10, in the proposed CLPR scheme, communi-

cation links are able to select either DTM or RTM

adaptively, which decreases the power cost further in

order to reduce the interference with other surround-

ing links. The average number of links selecting the

relay communication mode increases with the total

number of links, which explains why the proposed

CLPR scheme has better performances than the CLP

scheme does in terms of both QoS satisfaction and

energy efficiency.
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Figure 10 Average number of relay links in the proposed

scheme

5 Conclusions

In this paper, we considered a scenario in which ve-

hicular communication nodes shared the same spec-

trum resources and generated interference for other

nodes. Graph theory was used to build a system

model and formulate the QoS satisfaction optimiza-

tion problem. Based on our analysis, we proposed
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a CLPR scheme to consider link-selection, power-

adaption, and relay-mode-selection collectively to

maximize the number of communication links with

the lowest power cost. Simulation results verified

both the efficiency and the effectiveness of the pro-

posed scheme in improving the system QoS satisfac-

tion and the energy efficiency.
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