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ABSTRACT In recent years, the concept of non-orthogonal multiple access (NOMA) has gathered much
attention due to its potential to offer high spectral efficiency, present user fairness and grant free access
to sixth generation (6G) vehicular networks. This paper proposes a new optimization framework for
NOMA-enabled cooperative vehicular network. In particular, we jointly optimize the vehicle paring,
channel assignment, and power allocation at source and relaying vehicles. The objective is to maximize
the sum rate of the system subject to the power allocation, minimum rate, relay battery lifetime and
successive interference cancelation constraints. To solve the joint optimization problem efficiently, we adopt
duality theory followed by Karush-Kuhn-Tucker (KKT) conditions, where the dual variables are iteratively
computed through sub-gradient method. Two less complex suboptimal schemes are also presented as the
benchmark cooperative vehicular schemes. Simulation results compare the performance of the proposed
joint optimization scheme compared to the other benchmark cooperative vehicular schemes.

INDEX TERMS Sixth generation (6G), vehicular networks, non-orthogonal multiple access (NOMA),
optimal resource allocation, successive interference cancelation (SIC).

I. INTRODUCTION

THE EXPONENTIALLY growing number of connected
vehicles has brought an unconventional change in sixth

generation (6G) intelligent transportation systems [1], [2].
The aim of advance transportation systems is to support
massive vehicles connections and high transmission rate.
Recently, 3rd generation partnership project (3GPP) has also
started working on public safety intelligent transportation
solutions [3]. Although orthogonal multiple access (OMA)
techniques [4] have served as successful multiplexing scheme

The review of this article was arranged by Associate Editor Peter Han
Joo Chong.

in existing transportation networks, it seems less capa-
ble to meet the requirements of the large-scale vehicular
networks [5]. Several solutions have been proposed ranging
from exploring heterogeneous networks [6] to deploy-
ing multi antenna systems, among which non-orthogonal
multiple access (NOMA) techniques have emerged as the
attractive candidates and key enablers of advance vehic-
ular networks [7]. It has been well-established that the
NOMA techniques outperform the conventional OMA tech-
nologies in terms of spectral efficiency, quality of services
(QoS) requirements and fairness [8], [9]. Existing NOMA
techniques can be divided into two major categories,
i.e., code division multiplexing [10] and power domain
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multiplexing [11]. The code division NOMA is based
on distinguished spreading codes, whereas, multiple inde-
pendent signals are superimposed and are transmitted on
the same channel with different power levels for power
domain NOMA [12]. In the power domain NOMA, on
reception the successive interference cancelation (SIC) is
performed to decode the stronger signal first, thus for-
warding the interference-free signal to the weak user [13].
Since power domain NOMA offers higher flexibility and
less complexity compared to code domain NOMA tech-
niques [14], it has attracted key focus in many recent
works [15]–[18].

A. RELATED WORK
Recently, various works have been done on the performance
analysis of NOMA-enabled vehicular networks. For exam-
ple, the authors of [19] designed a system of cognitive radio
with simultaneous wireless information and power transfer
for NOMA-enabled vehicular networks. Their objective was
to obtained the exact expression for outage probability of
vehicles. In [20], the authors investigated the performance
of two-user NOMA-enabled vehicular networks. They first
derived the outage probability for the case when the system
rate falls below the target rate and for the case when the rate
of NOMA system drops below the OMA rate. Then, they
also derived the expressions of average bit error rate and
ergodic capacity. The work in [21] considered a full duplex
communication in device-to-device aided vehicular networks.
They proposed NOMA-enabled roadside units that operate
as relay nodes. The authors derived the exact and closed-
form expressions where the objective was to enhance the
ergodic capacity of the system. The work of [22] and [23]
proposed the decentralized algorithms in full duplex vehic-
ular networks. They derived closed-form expressions for the
exact capacity of the NOMA system in both urban and
crowded vehicular scenarios.
Beside the above mentioned studies, several optimization

problems have also been investigated in NOMA-enabled
vehicular networks. For instance, Khan et al. [24] integrated
backscatter communication with multi-cell NOMA vehicular
network to maximize the total achievable energy efficiency.
To maximize the total capacity of device-to-device aided
vehicular networks, the authors in [25] proposed a hyper-
graph based solution. For cooperative vehicular systems the
authors in [26] proposed a resource allocation framework
to maximize the sum rate of the system. In their con-
sidered system, an unmanned aerial vehicle serves as an
amplify and forward relay. The authors in [27] optimized
resource allocation to achieve fairness in NOMA-enabled
vehicular networks. In [23], the authors proposed a sum rate
maximization framework for NOMA-enabled vehicular com-
munications. The work in [28] designed an efficient power
control algorithm for NOMA-enabled vehicles. To improve
the reliability and reduce the latency, the authors of [29]
proposed an iterative distribution based algorithm. The work

of [30] optimized spectrum allocation and power load-
ing to enhance the reliability of NOMA-enabled vehicular
networks. For NOMA vehicular communications, the authors
in [31] studied the trade-off between energy efficiency and
sum rate of the system. The authors in [32] worked on max-
imizing the energy efficiency of vehicular NOMA network.
Moreover, the work in [15] studied the vehicular NOMA
systems from the perspective of network security. Of late,
Khan et al. [33] proposed an optimization framework for
backscatter-aided vehicular networks to maximize the sum
capacity while taken into account the minimum rate of
each vehicle.

B. MOTIVATION AND CONTRIBUTIONS
As discussed above, the problem of cooperative vehicular
communication using power domain NOMA has not been
studied well in the literature. In typical NOMA systems,
the vehicle with better channel gain, i.e., the strong vehi-
cle always decodes the signal of the weak vehicle, i.e.,
a vehicle with the lower value of channel gain, and per-
form the SIC operation. This also provides an opportunity
for cooperative NOMA transmission as the strong vehicle
always has the symbol of weak vehicle and can help in
relaying. It is anticipated that this would also remove the
additional cost of deploying independent relaying units. To
the best of our knowledge, the problem that jointly opti-
mizes the vehicle pairing, channel assignment, and power
allocation at source and relaying vehicle to maximize
the sum rate of has not yet been investigated. To fill
this gap, we provide a new joint optimization framework
to improve the performance of NOMA-enabled vehicular
network. The efficient solutions are derived by duality the-
ory followed by Karush-Kuhn-Tucker (KKT) conditions,
where the dual variables are iteratively computed through
sub-gradient method. Simulation results demonstrate the
superiority of the proposed optimization scheme over the
other benchmark schemes. The major contributions of this
paper are given below.

• A new network setup is considered where a source
serves multiple vehicles in downlink through multiple
channels. Meanwhile, the strong vehicles also coop-
erate with weak vehicles by relaying their data using
decode and forward (DF) protocols. We aim to jointly
optimize the vehicle pairing, channel assignment, and
power allocation at source and relaying vehicles.

• To maximize the sum-rate of the cooperative vehicu-
lar NOMA network, we formulate a joint optimization
problem while keeping in account the rate requirement
of each vehicle, battery capacity, and SIC constraints.
We use dual theory followed by KKT conditions to
obtain the efficient solutions.

• Two less complex solutions are also presented;
1) Vehicle paring, channel assignment, and relaying
power are optimized under the equal power allocation at
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FIGURE 1. System model of NOMA-enabled cooperative vehicular network.

each vehicle pair; 2) Channel assignment, Power allo-
cation at source and relaying vehicles for predefined
vehicle pairing.

The remaining of the paper is organized as follows. In
Section II the system model is explained. Section III presents
the mathematical formulation and solution of the consid-
ered problem. An intuition based solution is presented in
Section IV. Discussion on simulation results is provided in
Section V. Finally, the work is concluded in Section VI.

II. SYSTEM MODEL AND ASSUMPTIONS
A downlink transmission of vehicular communication is
assumed where a BS is serving � vehicles on �/2 channels,
as shown in Fig. 1. We consider NOMA based vehicu-
lar communication where each channel is shared by two
vehicles.1 This work assumes: 1) perfect channel state
information of vehicles is available at the BS, to focus on
vehicle pairing, channel allocation, and power control at BS
and near vehicles in this work [35]; 2) The channels con-
sidered in this network undergo independent and identical
Rayleigh fading [36]; 3) The BS and vehicles are equipped
with a single antenna as considered in [37], [38]. The BS
uses superposition coding to transmit the data to the vehi-
cles. If the wth and eth vehicles are sharing the rth channel,
then the received signals are given as

tw = hw,r
(√

pw,rsw + √
pe,rse

)+ nw,

te = he,r
(√

pe,rse + √
pw,rsw

)+ ne,

where sw, se, hw,r and he,r represent the transmitted sym-
bols of the wth and eth vehicle, and the complex channel
coefficients from the BS to the wth and eth vehicles at the
rth channel, respectively. The powers allocated for the trans-
mission of the wth and eth vehicle sharing the rth channel

1. Hardware complexity and processing delay due to SIC increases with
the increasing number of vehicles per channel. Thus, the proposed system
model consists of two vehicles per channel [34].

are denoted as pw,r and pe,r, respectively. Moreover, nw and
ne represent the additive white Gaussian noise (AWGN) at
the respective vehicles.
In the considered system, the strong vehicles (SVs) coop-

erate with the weak vehicles (WVs) by relaying their data.
The entire time slot is divided into two equal parts. In the
first interval, the BS transmits the data to all the vehicles. In
the second interval the SVs relay the data to the WVs after
re-encoding the information with a different set of code-
words as compared to the BS. Thus, WVs can employ code
combining and the sum rate of a WV can be written as
the sum of mutual information in both time slots [39]–[41].
Hence, under this cooperative transmission the rate of the
wth vehicle is given as [42]

Rw = 1

2
log2

(

1 + pw,r
∣
∣hw,r

∣
∣2

(1 − yw)pe,r
∣
∣hw,r

∣
∣2 + σ 2

)

+ (1 − yw)

min

(
1

2
log2

(

1 + Pre,w,r
∣
∣fe,w,r

∣
∣2

σ 2

)

,
1

2

× log2

(

1 + pw,r
∣∣he,r

∣∣2

pe,r
∣
∣he,r

∣
∣2 + σ 2

))

,

where yw = 1 if w belongs to the set of all strong vehicles,
denoted as S, and yw = 0 otherwise. Vehicle-e and vehicle-w
are considered to be sharing the same channel. The power
allocated by the BS for the transmission of the wth vehicle
at the rth channel is denoted by pw,r. The power invested
by the wth SV to relay the data of the eth vehicle at the
rth channel is denoted as Pre,w,r. While |hw,r|2 and |fe,w,r|2
are the gains of the rth channel from the BS to the wth
vehicle and from the wth to the eth vehicle, respectively.
The variance of AWGN is denoted by σ 2.

We aim to optimize vehicle pairing, channel assignment,
and power allocation such that the overall rate of the system
can be maximized. The available spectrum is divided into
�/2 channels of equal bandwidth. The objective function
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can be written mathematically as

max
pw,r,xw,e,r,ye,Pre,w,r

�∑

w=1

�∑

e=1

�/2∑

r=1

2Bxw,e,r
�

Rw, (1)

where B is the total available bandwidth. Each channel is
shared by two vehicles and there are � number of vehi-
cles in the system. Thus, the bandwidth of every channel is
given by 2B

�
. The binary variable xw,e,r in (1) facilitates the

mathematical formulation and is defined as

xw,e,r =

⎧
⎪⎪⎨

⎪⎪⎩

1, if the wth user is paired with the eth user at
the rth channel,

0, otherwise.

It is required that each vehicle should pair with one and only
one other vehicle, which is guaranteed by

�∑

e=1

�/2∑

r=1

xw,e,r = 1,∀w. (2)

The need of only one vehicle pair per channel dictates

�∑

w=1

�∑

e=1

xw,e,r = 2,∀r. (3)

To ensure that each pair has one SV and only one WV, we
have

�∑

w=1

�∑

e=1

ywxw,e,r = 1,∀r. (4)

We assume that exactly half of the vehicles in the system
are labeled as SVs, which is guaranteed by

�∑

w=1

yw = �

2
. (5)

The BS and the SVs have limited power budgets. Thus, we
have

�∑

w=1

�∑

e=1

�/2∑

r=1

xw,e,rpw,r ≤ PT , (6)

�∑

e=1

�/2∑

r=1

ywxw,e,rPre,w,r ≤ Pmaxw,∀w, (7)

where the maximum allowed transmit powers at the BS and
the wth SV are represented as PT and Pmaxw, respectively.
For successful SIC, it is required that the received power
of the WV’s signal should be greater than that of the SV’s
signal. Mathematically, it is given as

�∑

e=1

�/2∑

r=1

xw,e,ryw
(
pe,r − pw,r

) ≥ ψw,r,∀w, (8)

where ψw,r = Y
|hw,r|2 , and Y is the minimum required gap

in the received powers at the SV. Let Rtw be the minimum

acceptable rate of the wth vehicle. Then, for the feasibility
of the solution, we must guarantee

�∑

e=1

�/2∑

r=1

2Bxw,e,r
�

Rw ≥ Rtw,∀w, (9)

where Rtw is the minimum acceptable data rate of the wth
vehicle.

III. PROBLEM FORMULATION AND PROPOSED
SOLUTION
The achievable rate in the case of DF relaying is the
minimum of the rates on both links. Under the proposed
cooperative DF transmission, the rate at the second hop
should not exceed the received rate at the first hop. Thus,
for each SV the relaying constraint is written as

Bxw,e,ryw
�

(

log2

(

1 + pe,r
∣∣hw,r

∣∣2

pw,r
∣∣hw,r

∣∣2 + σ 2

)

≥ log2

(

1 + Pre,w,r
∣∣fe,w,r

∣∣2

σ 2

))

,∀w, e, r. (10)

With this, the problem of optimizing resource allocation to
maximize the sum-rate is given by

P1: max
pw,r,xw,e,r,ye,Pre,w,r

�∑

w=1

�∑

e=1

�/2∑

r=1

2Bxw,e,r
�

×
(

1

2
log2

(
1 + pw,r|hw,r|2

yepe,r|hw,r|2 + σ 2

)

+ ye
1

2
log2

(
1 + Pre,w,r|fe,w,r|2

σ 2

))
, (11)

s.t.
�∑

e=1

�/2∑

r=1

2Bxw,e,r
�

(
1

2
log2

(
1 + pw,r|hw,r|2

yepe,r|hw,r|2 + σ 2

)

+ ye
1

2
log2

(
1 + Pre,w,r|fe,w,r|2

σ 2

))

≥ Rtw, and (2) − (10) (12)

This problem is a mixed binary integer programming and
has non-trivial solution. To make P1 more tractable, we
reformulate the problem such that the power allocation at
the BS is obtained in two steps. Firstly, the power allo-
cation for each vehicle pair is calculated. Secondly, the
shares of transmission powers of SV and WV are obtained.
Without loss of generality, we assume that all the vehi-
cles are sorted in descending order of their channel gains.
Thus, replacing

∑�
e=1 with

∑�
e=w+1 ensures that in expres-

sion
∑�

w=1
∑�

e=w+1
∑�/2

r=1 xw,e,r, the subscript w will always
represent an SV and e will denote the WV in the pair.
This eliminates the requirement of binary variable yw. The
power allotted to the (n,m)th vehicle pair at the rth channel
is denoted as Pw,e,r. The fractions of Pw,e,r allocated for
the transmission of SV and WV are denoted as ηw,e,r and
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(1 − ηw,e,r), respectively. Then, the problem is written as

P2: max
Pw,e,r,Pre,w,r,ηw,e,r,xw,e,r

�∑

w=1

�∑

e=w+1

�/2∑

r=1

B

�/2

xw,e,r
2

×
(

log2

(

1 + ηw,e,rPw,e,r
∣
∣hw,r

∣
∣2

σ 2

)

+ log2

(
Pre,w,r

∣∣fe,w,r
∣∣2

σ 2
+ 1

)

+ log2

(

1 +
(
1 − ηw,e,r

)
Pw,e,r

∣∣he,r
∣∣2

ηw,e,rPw,e,r
∣
∣he,r

∣
∣2 + σ 2

))

, (13)

s.t.
�∑

w=1

�∑

e=w+1

�/2∑

r=1

xw,e,rPw,e,r ≤ PT , (14)

�∑

e=w+1

�/2∑

r=1

xw,e,rPre,w,r ≤ Pmaxw,∀w, (15)

�∑

w=1

�∑

e=w+1

xw,e,r
((

1 − ηw,e,r
)
Pw,e,r − ηw,e,rPw,e,r

)

≥ ψw,r,∀r, (16)
�∑

e=w+1

�/2∑

r=1

Bxw,e,r
�

log2

(

1 + ηw,e,rPw,e,r
∣
∣hw,r

∣
∣2

σ 2

)

≥ Rtw,∀w ∈ S, (17)
�∑

w=1

�/2∑

r=1

Bxw,e,r
�

(

log2

(

1 + (1 − ηw,e,r)Pw,e,r
∣
∣he,r

∣
∣2

ηw,e,rPw,e,r|he,r|2 + σ 2

)

+ log2

(

1 + Pre,w,r
∣
∣fe,w,r

∣
∣2

σ 2

))

≥ Rtw,∀e > w, e ∈ W, (18)

Bxw,e,r
�

(

log2

(

1 + (1 − ηw,e,r)Pw,e,r
∣
∣hw,r

∣
∣2

ηw,e,rPw,e,r
∣∣hw,r

∣∣2 + σ 2

)

≥ log2

(

1 + Pre,w,r
∣∣fe,w,r

∣∣2

σ 2

))

,

∀w, r, e > w (19)
�∑

e=w+1

�/2∑

r=1

xw,e,r = 1,∀w ∈ S, (20)

�∑

w=1

�∑

e=w+1

xw,e,r = 1,∀r, (21)

�∑

w=1

�/2∑

r=1

xw,e,r = 1,∀e > w, e ∈ W, (22)

where W represents the set of WVs. Note that the transfor-
mation to P2 has made the problem more tractable. However
the problem is still non-convex,2 we then apply the duality
theory to find the efficient solution3 in the case of mix inte-
ger programming problems. The corresponding dual problem
is given as

min
μw,μe,εw,e,r,τr,λ,λw

D
(
μw, μe, εw,e,r, τr, λ, λw

)

s.t. μw ≥ 0, μe ≥ 0, εw,e,r ≥ 0, τr ≥ 0, λ ≥ 0, λw ≥ 0,

(23)

2. A discussion on the convexity of the problem is provided in the
Appendix.

3. Duality theory based solution provide convergence to a local
maxima [43].

L(Pw,e,r,Pre,w,r, ηw,e,r, xw,e,r, μw, μe, εw,e,r, τr, λ, λw) =
�∑

w=1

�∑

e=w+1

�/2∑

r=1

Bxw,e,r
�

×
[

log2

(

1 + ηw,e,rPw,e,r
∣∣hw,r

∣∣2

σ 2

)

+ log2

(

1 + (1 − ηw,e,r)Pw,e,r
∣∣he,r

∣∣2

ηw,e,rPw,e,r
∣∣he,r

∣∣2 + σ 2

)

+ log2

(

1 + Pre,w,r
∣∣fe,w,r

∣∣2

σ 2

)]

+
�∑

w=1

μw

⎡

⎣
�∑

e=w+1

�/2∑

r=1

Bxw,e,r
�

log2

(

1 + ηw,e,rPw,e,r
∣∣hw,r

∣∣2

σ 2

)

− Rtw

⎤

⎦

+
�∑

e=w+1

μe

⎡

⎣
�∑

w=1

�/2∑

r=1

Bxw,e,r
�

(

log2

(

1 + (1 − ηw,e,r)Pw,e,r
∣∣he,r

∣∣2

ηw,e,rPw,e,r
∣∣he,r

∣∣2 + σ 2

)

+ log2

(

1 + Pre,w,r
∣∣fe,w,r

∣∣2

σ 2

))

− Rtw

⎤

⎦

+
�∑

w=1

�∑

e=w+1

�/2∑

r=1

εw,e,rBxw,e,r
�

[

log2

(

1 + (1 − ηw,e,r)Pw,e,r
∣
∣hw,r

∣
∣2

ηw,e,rPw,e,r
∣∣hw,r

∣∣2 + σ 2

)

− log2

(
Pre,w,r

∣
∣fe,w,r

∣
∣2

σ 2
+ 1

)]

+
�/2∑

r=1

τr

⎡

⎣
�∑

w=1

�∑

e=w+1

xw,e,r(Pw,e,r − 2ηw,e,rPw,e,r)− ψw,r

⎤

⎦+ λ

⎡

⎣PT −
�∑

w=1

�∑

e=w+1

�/2∑

r=1

xw,e,rPw,e,r

⎤

⎦

+
�∑

w=1

λw

⎡

⎣Pmaxw −
�∑

e=w+1

�/2∑

r=1

xw,e,rPre,w,r

⎤

⎦ (25)
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where μw, μe, εw,e,r, τr, λ, λw are the dual variables. The
dual function is defined as

D(μw, μe, εw,e,r, τr, λ, λw)

= max
Pw,e,r ,Pre,w,r,ηw,e,r

L(Pw,e,r,Pre,w,r, ηw,e,r, xw,e,r, μw, μe, εw,e,r, τr, λ, λw),

s.t. (20), (21), (22), (24)

where L is called the Lagrangian and is given in (25) on the
bottom of the previous page. Rewriting the Lagrangian, we
get

L =
�∑

w=1

�∑

e=w+1

�/2∑

r=1

xw,e,rθw,e,r(Pw,e,r, ηw,e,r,Pw,e,r)−
�∑

w=1

μwRtw −
�∑

e=w+1

μeRtw −
�/2∑

r=1

τrψw,r + λPT +
�∑

w=1

λwPmaxw,

(26)

where θw,e,r(Pw,e,r, ηw,e,r,Pre,w,r) is defined as (27) on the
bottom of the page.
For a given value of xw,e,r, (24) can be decomposed into

following ((
∑�−1

ı=0 �− i) �
2 ) sub-problems:

D
(
μw, μe, εw,e,r, τr, λ, λw

)

= max
Pw,e,r,Pre,w,r,ηw,e,r

θw,e,r
(
Pw,e,r, ηw,e,r,Pre,w,r

)
,∀w, k,m > n.

(28)

Applying Karush Kuhn Tucker (KKT) conditions [44]
to (28), we get (29) on the bottom of the page, where

βw = B+μwB
�

, φe = B+μeB
�

, ρw,e,r = εw,e,rB
�

and r =
τr(1 − 2ηw,e,r) − λ. We obtain the solution of P∗

w,e,r, by
selecting the maximum root that satisfies (29). By differ-
entiating (28) with respect to ηw,e,r we get the following
solution:

η∗
w,e,r =

(
−ω + √

ω2 − 4��

2�

)+
, (30)

where A+ = max(0,A) and

� = he,rhw,rP
2
w,e,r

(
he,rPw,e,r + σ 2

)(
hw,rPw,e,r + σ 2

)
�w,e,r,

� = σ 2
(
he,rPw,e,r + σ 2

)(
hw,rPw,e,r + σ 2

)

×
(
he,rPw,e,rVe + hw,rPw,e,r

(
Uw +Ww,e,r

)+ σ 2�w,e,r

)
,

ω = Pw,e,r
(
he,rPw,e,r + σ 2

)(
hw,rPw,e,r + σ 2

)

×
(
hw,rσ

2�w,e,r + he,r
(
hw,rPw,e,r

(
Uw + Ve +Ww,e,r

)

+σ 2�w,e,r

))
,

and �w,e,r = −2τw,e,rPw,e,r,Ue = B+μwB
�

,Ve =
−B−μeB

�
,Ww,e,r = −εw,e,rB

�
.

To find the solution of power allocation for relaying
at each SV, we differentiate (27) with respect to Pre,w,r

θw,e,r
(
Pw,e,r, ηw,e,r,Pre,w,r

) = B

�

[

log2

(

1 + ηw,e,rPw,e,r
∣∣hw,r

∣∣2

σ 2

)

+ log2

(

1 +
(
1 − ηw,e,r

)
Pw,e,r

∣∣he,r
∣∣2

ηw,e,rPw,e,r
∣∣he,r

∣∣2 + σ 2

)

+ log2

(

1 + Pre,w,r
∣∣fe,w,r

∣∣2

σ 2

)]

+ μw
B

�
log2

(

1 + ηw,e,rPw,e,r
∣∣hw,r

∣∣2

σ 2

)

μe
B

�

×
[

log2

(

1 +
(
1 − ηw,e,r

)
Pw,e,r

∣∣he,r
∣∣2

ηw,e,rPw,e,r|he,r|2 + σ 2

)

+ log2

(
Pre,w,r

∣∣fe,w,r
∣∣2

σ 2
+ 1

)]

+ εw,e,r
B

�

×
[

log2

(

1 +
(
1 − ηw,e,r

)
Pw,e,r

∣∣hw,r
∣∣2

ηw,e,rPw,e,r
∣∣hw,r

∣∣2 + σ 2

)

− log2

(

1 + Pre,w,r
∣∣fe,w,r

∣∣2

σ 2

)]

+τr
(
Pw,e,r − 2ηw,e,rPw,e,r

)− λPw,e,r − λwPre,w,r (27)

P4
w,e,r

(
η2
w,e,rh

2
e,rh

2
w,rr

)
+ P3

w,e,r

(
ηw,e,rhe,rhw,r

((
he,r + hw,r

)
rσ

2 + ηw,e,r

(
βwhe,rhw,r + (

he,r + hw,r
)
rσ

2
)))

+P2
w,e,r

(
σ 2
(
he,rhw,rrσ

2 + η2
w,e,rhe,rhw,r

(
−ρw,e,rhe,r − φehw,r + βw(he,r + hw,r)+rσ

2
)

+ηw,e,r
(
ρw,e,rh

2
e,rhw,r + βwhe,rh

2
w,r + φehe,rh

2
w,r + h2

e,rrσ
2 + 2he,rhw,rrσ

2 + h2
w,rrσ

2
)))

+Pw,e,r
(
σ 4
(
che,rhw,r + η2

w,e,r

(
βw − φe − ρw,e,r

)
he,rhw,r + ρw,e,rhe,rhw,r + he,rrσ

2 + hw,rrσ
2

+ηw,e,r
(
he,r + hw,r

)(
βwhw,r +rσ

2
)))

+σ 6
(
φe
(
he,r − ηw,e,rhe,r

)+ ηw,e,r
(
βw − ρw,e,r

)
hw,r + ρw,e,rhw,r +rσ

2
)

= 0 (29)
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and obtain:

Pr∗e,w,r =
⎛

⎜
⎝

B− εw,e,rB

�
+ μe

λw
− σ 2

fe,w,r

⎞

⎟
⎠

+

. (31)

Now for the solution of xw,e,r we substitute P∗
w,e,r, η

∗
w,e,r and

Pr∗e,w,r in (24):

D = max
xw,e,r

⎧
⎨

⎩

�∑

w=1

�∑

e=w+1

�/2∑

r=1

θw,e,r(P
∗
w,e,r, η

∗
w,e,r,Pr

∗
e,w,r)xw,e,r

−
�∑

w=1

μwRtw −
�∑

e=w+1

μeRtw −
�/2∑

r=1

τrψw,r + λPT +
�∑

w=1

λw

Pmaxw

∣∣∣∣

�∑

e=w+1

�/2∑

r=1

xw,e,r = 1, ∀w,
�∑

w=1

�∑

e=w+1

xw,e,r = 1, ∀r,

�∑

w=1

�/2∑

r=1

xw,e,r = 1, ∀e > w

⎫
⎬

⎭
. (32)

The solution of (32) is obtained by finding w∗, e∗, r∗
such that θn∗,m∗,k∗(P∗

n∗,m∗,k∗ , η
∗
n∗,m∗,k∗ ,Pr

∗
m∗,n∗,k∗) ≥

θw,e,r(P∗
w,e,r, η

∗
w,e,r,Pr

∗
e,w,r)∀w, e, r. This gives us the best

user pair present in the system and the best channel for
that pair. After this, we pair vehicle n∗ with m∗ and assign
channel k∗ to the pair by setting xn∗,m∗,k∗ = 1. Then we
remove these vehicle and channel from the pairing and
assignment process, and then find the next best pair and
channel allocation. This process is repeated �

2 times. In
vehicular networks the pairing and channel allocation may
need to be changed when a vehicle changes direction,
velocity or the distance from another vehicle. Thus, the
pairing and channel assignment needs to be updated after
every few iterations depending on the environment. In the
case of high speed vehicles the pairing and assignment
needs to be updated more often compared to slow speed
vehicles. The benefit of using the proposed pairing and
assignment scheme is that the performance improves in
each iteration. If, instead a brute-forcing approach is used
the performance of the system may be very poor until the
algorithm has checked for all possible combination. Thus,
in such cases it is advantageous to use to proposed scheme
or the sub-optimal framework proposed in the later section.
Now it remains to solve the dual problem. We adopt sub-

gradient method [45] to find the solution, where the gradients
are given as:

�λ =
⎛

⎝PT −
�∑

w=1

�∑

e=w+1

�/2∑

r=1

xw,e,rPw,e,r

⎞

⎠, (33)

�λw =
⎛

⎝Pmaxw −
�∑

e=w+1

�/2∑

r=1

xw,e,rPre,w,r

⎞

⎠, ∀w, (34)

�τr =
⎛

⎝
�∑

w=1

�∑

e=w+1

xw,e,r((1 − ηw,e,r)Pw,e,r − ηw,e,rPw,e,r)− ψw,r

⎞

⎠∀r,

(35)

Algorithm 1: Optimization Algorithm
1) Initialize all the system parameters and dual variables
2) Calculate the four roots (i.e., κ1, κ2, κ3, and κ4,) of

the equation in (29).
3) Set P∗

w,e,r = max(κ1, κ2, κ3, κ4).
4) Calculate η∗

w,e,r and Pr∗e,w,r using (30) and (31),
respectively.

5) Compute θw,e,r ∀w, e, r using (27).
6) Find n∗,m∗, k∗ such that θn∗,m∗,k∗ ≥ θw,e,r∀w, e, r.
7) Set xn∗,m∗,k∗ = 1, remove vehicles n∗, m∗ and channel

k∗ from the vehicle pairing and channel assignment
process.

8) Repeat steps 5–7, �2 times.
9) Update dual variables using (39).
10) Repeat steps 2–9, until convergence.

�μw =
⎛

⎝
�∑

e=w+1

�/2∑

r=1

log2

(
1 + ηw,e,rPw,e,r|hw,r|2

σ 2

)
Bxw,e,r
�

− Rtw

⎞

⎠, ∀w,

(36)

�μe =
⎛

⎝
�∑

w=1

�/2∑

r=1

(
log2

(
1 + (1 − ηw,e,r)Pw,e,r|he,r|2

ηw,e,rPw,e,r|he,r|2σ 2

)

+ log2

(
1 + Pre,w,r|fe,w,r|2

σ 2

))
Bxw,e,r
�

− Rtw

))
,

∀e > n, (37)

�εw,e,r =
((

log2

(
1 + (1 − ηw,e,r)Pw,e,r|hw,r|2

ηw,e,rPw,e,r|hw,r|2σ 2

)

− log2

(
1 + Pre,w,r|fe,w,r|2

σ 2

))
Bxw,e,r
�

)
, ∀w,m, k. (38)

The dual variable update at the (i + 1)th iteration is
given as:

χ i+1 = χ i + δ�χ, (39)

where δ is the step size and χ ∈ {λ, λw, τr, μw, μe, εw,e,r}.
The steps involved in finding the solution are summarized
in Algorithm 1.

IV. LOW COMPLEXITY SOLUTION
The framework proposed in Section III provides the solution
at the cost of high computational complexity. In this section
we will design two less-complex optimization methods.

A. SUB-OPT-1
In the considered problem there are three types of power allo-
cations: power allocated to each vehicle pair (Pw,e,r), power
distribution among the vehicle in each pair (ηw,e,r) and power
allocated by the SVs for relaying (Pre,w,r). The total compu-
tational complexity of finding these three power allocations is
O( 3�3

2 ). As we are also optimizing the user pairing and chan-
nel allocation. Thus, if we allocate equal power to each user
pair the optimization framework should be able to achieve
promising results by optimizing xw,e,r, αw,e,r and Pre,w,r for
the given value of Pw,e,r. In this case, the value of power allo-
cated to each vehicle pair is given by: Pw,e,r = 2PT

�
,∀w, e, r.

Note that, fixing the values of ηw,e,r and Pre,w,r may result
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in violating constraints (16) and (19), respectively. Hence,
in this technique, we optimized these parameters in the
same way as in Section III. The computational complex-
ity of power allocation using the Equal Power framework is
O(�3). As O(�3) < O( 3�3

2 ), This method takes less time to
converge. Further, for the fixed value of Pw,e,r, the problem
of resource allocation becomes convex in nature. Thus, the
optimal solution is guaranteed.

B. SUB-OPT-2
The proposed vehicle pairing and channel allocation scheme
in Section III first requires to check the pairing of each
vehicle with every other vehicle. This step has complexity
of O(�2). Then we check the rate of each possible vehicle
pair for every channel in the system. With �/2 channels,
the resultant complexity becomes O(�

3

2 ). In this section,
we propose a less complex algorithm, where vehicle pairing
is obtained from intuitive method, then, Hungarian algo-
rithm is applied for channel assignment. It is clear from
intuition that, to achieve a specific value of rate, the far-
away vehicle requires higher share of transmit power while
the nearest vehicle could achieve the required rate in a
comparatively small amount of power. Thus, to achieve over-
all better performance, the vehicle with strongest channel
gain is paired to the vehicle with weakest channel [47].
Otherwise, if we pair together two vehicle with compara-
tively bad channel conditions, this specific pair would require
a large amount of power to meet the rate requirement, leaving
behind a very small fraction of power for the transmission
of the vehicle with better channel conditions. So, we pro-
pose to pair the vehicle with best channel conditions (from
the BS) with the vehicle having lowest value of channel
gain, the second closest vehicle to the BS is paired to
the vehicle with the second lowest value of the channel
gain, and so on. Let the ith SV be paired with the jth WV
and we denote this vehicle pair with variable l. Then, the
sum rate of the l∗th vehicle pair at the rth channel can be
written as:

G(l∗, r) =
�∑

i=1

�∑

j=i+1

�/2∑

r=1

B

�/2

xi,j,r
2

×
(

log2

(
ηi,j,rPi,j,r

∣∣hi,r
∣∣2

σ 2
+ 1

)

+ log2

×
(

1 + (1 − ηi,j,r)Pi,j,r
∣∣hj,r

∣∣2

ηi,j,rPi,j,r|hj,r|2σ 2

)

+ log2

(

1 + Pri,j,r
∣∣fi,j,r

∣∣2

σ 2

))

. (40)

With this, we then face a one to one assignment problem
where one channel is assigned to exactly one vehicle pair
and only one channel is assigned to each pair. Let us define

a matrix Q such that:

Q =

⎡

⎢⎢⎢
⎣

G(1, 1) G(1, 2) . . . G(1,�/2)
G(2, 1) G(2, 2) . . . G(2,�/2)
...

...
...

G(�/2, 1) G(�/2, 2) . . . G(�/2,�/2)

⎤

⎥⎥⎥
⎦
, (41)

where the row and column indexes represent the channel and
user pairs, respectively. Hungarian algorithm is a well known
technique that gives the optimal solution to such assignment
problems [46]. Thus, we employ this technique to assign
channels to each vehicle pair.4 After assigning the channels
to the vehicle pairs, the problem of power allocation can
be solved using similar steps presented in previous section
and are omitted to avoid repetitions. The complexity of this
scheme is of order O((�2 )

3). Clearly, (�2 )
3 < �3

2 and, hence,
this scheme takes less time to converge.

V. SIMULATION RESULTS AND DISCUSSION
In this section, we present the simulation results for the
proposed schemes in Sections III and IV. We consider
Rayleigh fading channels chosen from independent and iden-
tically distributed Gaussian random variables. Unless stated
otherwise, we have taken � = 10, PT = 50W, Pmaxw = 3W,
B = 5Hz, ψw,r = 0.1W and σ 2 = 0.01 for generating the
simulation results. Further, the unit of rate is taken to be bits
per second. For the sake of fair comparison, the following
schemes are presented.

• Opt: In this scheme we jointly optimize all the
parameters (Pw,e,r,Pre,w,r, ηw,e,r, xw,e,r) as presented in
Section III.

• Sub-Opt-1: This corresponds to framework where the
values of Pre,w,r, ηw,e,r, xw,e,r are optimized in the same
fashion as in Opt, whereas, equal values of Pw,e,r is
allocated to each user pair in the system. This scheme
was explained in more detail in Section IV-A.

• Sub-Opt-2: In this technique, first the vehicle are paired
together according to the pairing scheme proposed
in [47]. Then, Hungarian algorithm is employed for
allocated channel to each pair and the values of
Pw,e,r,Pre,w,r, ηw,e,r are optimized as proposed in
Section III. The Sub-Opt 2 scheme is presented in
Section IV-B.

Fig. 2 demonstrates the impact of increasing the minimum
rate requirement of each vehicle on the sum-rate of the
proposed schemes. It can be seen that for Rtw ≤ 1.2 bps,
the sum-rate remains unchanged for Opt. However, a further
increase in Rtw results in decreasing the sum-rate because
more power is allocated for the transmission of SV, which
then reduces the transmission power at the WV. Similar
trend can be seen for Sub-Opt-1 and Sub-Opt-2. Moreover,
the schemes where Pw,e,r is calculated according to (29) can
vary the powers among pairs. Thus, for an increase in Rtw,
these schemes can allocate more power to the pairs with

4. For more details on Hungarian algorithm we refer the reader to [48].
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FIGURE 2. Effect of increasing Rtw on sum-rate.

better channel gains. Hence, for the increasing values of
Rtw, the gap between Opt and Sub-Opt-1 increases. On the
contrary, the gap among Sub-Opt-1 and Sub-Opt-2 decreases,
indicating their convergence at higher values of Rtw. It is
worth mentioning that although for small values of RTw
the gap in the rates of Opt and Sub-Opt-1 is small, the
main advantage of employing Opt over Sub-Opt-1 lies in the
feasibility of the solution. As, for Rtw > 1.5, the rate of some
vehicle pairs in the case of Sub-Opt-1 falls below Rtw and
the power allocated to other vehicle pairs having rate greater
than the minimum requirement cannot be reassigned to fulfill
the need of each vehicle. Thus, in such cases Sub-Opt-1
fails to provide a feasible solution. However, in the case
of Opt, when the rate of a vehicle falls below Rtw, the
power allocated to other vehicle pairs is reduced and the
extra power is allocated to the respective vehicle pair. This
results in satisfying the requirement of every user in the
system. Moreover, it can be seen from the figure that Opt
outperforms theSub-Opt-1 and Sub-Opt-2 for all values of
Rtw.
The impact of different values of Rtw on Pre,w,r for each

scheme is illustrated in Fig. 3. Initially increasing Rtw does
not affect Pre,w,r, and each SV relays the data with full
available power. However, further increasing the value of Rtw
reduces the power allocated for the transmission of SV. Thus,
the power allocated for relaying the message decreases. It can
be seen that in Opt, the SVs are able to relay with full power
even at higher values of Rtw as compared to Sub-Opt-1. The
Opt scheme is capable of varying the available power among
vehicle pairs, and hence power is subtracted from the vehicle
pairs where SVs are relaying with full available power and
have a rate greater than Rtw. This power is added to the pairs
where the rate of SV is equal to Rtw, thus power ratio can
be adjusted to relay with more power. This adjustment of
power results in all SV relaying with full available power.
Moreover, when Rtw is increased to the extent where the

FIGURE 3. Impact of increasing Rtw on the power used for relaying.

FIGURE 4. Rate of SVs versus Rtw .

SVs in Opt cannot relay with full power and Pw,e,r cannot
be adjusted. Then, Pw,e,r is allocated so that the sum-rate
can be maximized by allocating more Pw,e,r to the pairs with
better channels. Whereas, Sub-Opt-1 is incapable of adjusting
powers among vehicle pairs which makes the sum-rate of Opt
greater than Sub-Opt-1. All SVs in Sub-Opt-2 are capable
of relaying with full power even at higher values of Rtw.
Apparently, the performance of Sub-Opt-2 must be better
than the other schemes. However, we note that in Sub-Opt-2,
the user pairing does not account for the channel from the
SV to WV. Thus, these channels are weaker compared to
those selected in Opt and Sub-Opt-1. Hence, even with full
transmit power, the rate provided by relaying in Sub-Opt-2
is far less than that in other schemes. This results in less
overall rate, which is evident from the results of Fig. 3.
Fig. 4 shows the effect of increasing Rtw on the rates of

SVs for the proposed schemes. It is worth noting that for
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FIGURE 5. Effect of Pmaxw on the sum-rate of the system, where Rtw = 1 bps/Hz.

increasing values of Rtw, at first there is no change in the rate
of any user because the rate of each SV is already greater
than Rtw. Interestingly, we observe that in the schemes where
Pw,e,r is updated using (29), when the rate of an SV is below
the minimum requirement, the power allocated to the specific
user is increased to fulfill the threshold requirements. While
the power allocated to the other SVs having rate greater than
Rtw decreases. This is because, if for increasing the rate of
an SV we adjust ηw,e,r the SV might not be able to relay
the decoded data with full power. Hence, Opt and Sub-Opt-2
schemes adjust Pw,e,r by decreasing power of strong pairs
that are relaying with full power. This additional power is
added to the transmissions of vehicles where the rates of
the SVs needs to be increased. In contrast, for the case
of Sub-Opt-1, the value of Pw,e,r for each pair of vehicle
is fixed. Thus, the power allocation to the pairs cannot be
adjusted and consequently, a decrease in the allocated power
for relaying is observed. In this case, the rates of every other
SV remains unchanged. For all the proposed schemes, when
the rate of each SV becomes equal to Rtw, a further increase
in Rtw is required to adjust ηw,e,r, which reduces the power
allocated for the signal of WV, causing the power allocated
for relaying to decrease. Due to this reason, the overall
achievable rate of every scheme suffers in Fig. 2.
Fig. 5 shows the impact of Pmaxw on the sum-rate of each

scheme. For all the remaining results we consider Rtw= 1
bps/Hz. It can be seen that the performance of Opt is better
than the remaining two schemes for all values of Pmaxw.
In general, an increase in Pmaxw enhances the sum-rate of
each scheme. After a point the sum-rate of each scheme
is not affected by increasing Pmaxw because the achievable
rate of each SV in the system becomes equal to Rtw. Hence,
changing ηw,e,r and/ or Pw,e,r to increase the power allocated
for the signals of the WVs will result in violating Rtw of the
SVs. Both Opt and Sub-Opt-2 can vary Pw,e,r to take the
advantage of the increasing Pmaxw by allocating more power
to the pairs that have better channel gain between SV and

FIGURE 6. Total power used for relaying versus Pmaxw , where Rtw = 1 bps/Hz.

WV. Thus, with an increase in Pmaxw, the gap between Opt
and Sub-Opt-1 increases, whereas, the difference between
the sum-rate of Sub-Opt-1 and Sub-Opt-2 decreases.
The impact of increasing Pmaxw on the sum power allo-

cated for relaying by each scheme is illustrated in Fig. 6.
In general, the total power allocated for relaying increases
with increasing values of Pmaxw while becoming constant
at higher values. For higher values of Pmaxw, although the
power used for relaying by Sub-Opt-2 is greater than that
of other schemes, the achieved sum-rate is the lowest. This
is because the vehicle pairing in Sub-Opt-2 just accounts
for the response of channels from the BS to the vehicle.
Whereas, in Opt and Sub-Opt-1 the channel gains from SVs
to WVs are also considered. In Sub-Opt-1, initially each SV
relays with full power available. However, for Pmaxw > 3,
the rate of a few SVs approaches Rtw. Thus, Pw,e,r cannot
be varied, so, power allocated for the signal of WV does not
change. Consequently, the SVs cannot invest more power to
relay the data of WVs. For the SVs having a rate greater
than Rtw, ηw,e,r is adjusted to increase the power of the WV
signal. The increase in Pmaxw makes the rate of more SV
equal to Rtw, which explains the decrease in the slope of
Sub-Opt-1. Moreover, for Pmaxw >5.5 the power allocated
by Sub-Opt-1 surpasses the Opt. Yet, it was seen from the
results of Fig. 5 that the sum rate of Opt is greater. This
is because, for the case of OPT , the available power at the
BS is distributed between the vehicle pairs such that the
overall rate can be maximized. However, the same is not
true in the case of Sub-Opt-1, wherein, the available power
is distributed equally between the pairs.
Fig. 7 shows the effect of changing PT on sum-rate of

the proposed schemes. The rates offered by each scheme
increase with PT , whereas, the gap between OPT and Sub-
Opt-1 decrease. This is because at lower values of PT , some
SVs have rate equal to RtT that are unable to use full avail-
able power for relaying. When PT is increased, the power
used for transmitting the signal of WV increases. Hence,
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FIGURE 7. Impact of PT on the sum-rate.

FIGURE 8. Sum-rate versus number of vehicles in the system.

the corresponding SV can relay the data with more power.
It can be seen that when all the SV in OPT and Sub-Opt-1 are
relaying with full available power, there is a small difference
between the sum-rate of both schemes.
The effect of increasing the value of � on the sum-rate of

each scheme is presented in Fig. 8. It may be noted that the
rate of each scheme decreases with the increase in � because
of the reduction in the bandwidth of each channel. As the
value of � is increased, it can be seen that the decrease in the
sum-rate of Sub-Opt-2 is more rapid as compared to OPT
and Sub-Opt-1. This is mainly because the later schemes
intelligently pair vehicles together to compensate for the
decrease in rate. It is obvious that for two vehicles the rate
of each scheme will be the same. However, it is interesting
to note that for 4 and 6 users, Sub-Opt-2 performs better
than Sub-Opt-1. This is because for lower values of �, there
is a high probability that the vehicle pairing of Sub-Opt-2
will be the same as that of the OPT . Moreover, it is worth
noting that OPT outperforms the other schemes because the

sum-rate provided by OPT is always greater than or equal
to that of other schemes.

VI. CONCLUSION
This paper has provided a new optimization frame-
work for NOMA-enabled cooperative vehicular networks.
Specifically, a joint optimization problem of power loading,
vehicle pairing, and channel allocation has been provided
to maximize the sum rate of the system. The optimization
problem has also been accounted for the individual rate
requirement, battery capacity for relaying at each vehi-
cle, total source power, and a reasonable gap between the
received powers to facilitate NOMA transmission. Efficient
solutions have been derived using dual theory and KKT
conditions, where the dual variables have been iteratively
updated using the sub-gradient method. The simulation
results demonstrate that the proposed joint optimization
scheme outperforms the other benchmark cooperative vehic-
ular schemes.

APPENDIX
CONVEXITY ANALYSIS OF PROBLEM P2
Here we discuss the convexity of the problem in P2. First
we calculate the Hessian of the objective function as given
below.

Hessian1 =
⎡

⎣
�̄1 �̄1 0
χ̄1 ϑ̄1 0
0 0 ξ̄1

⎤

⎦,
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, χ̄1 = �̄1,

Applying row operations to convert the Hessian1 into an
upper triangular matrix we get:

Hessian2 =
⎡

⎣
�̄1 �̄1 0
0 ϑ̄2 0
0 0 ξ̄1

⎤

⎦,
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for ϑ̄2 as given below:
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Under the considered system we have |hw,r|2 > |he,r|2 and
ηw,e,r <

1
2 . Thus, for

σ 2

ηw,e,r
< |he,r|, we get �̄1 < 0, ϑ̄2 <

0 and ξ̄1 < 0. The eigenvalues of a triangular matrix are
the elements of the principal diagonal, we can see that all
the eigenvalues of Hessian2 are negative. Thus, the Hessian
matrix is negative definite and the objective function in P2 is
strictly concave. The constraints in (14) and (15) are linear in
Pw,e,r and Prw,e,r, respectively. However, the Hessian of (16)
has eigenvalues of {−2, 2}, and hence, the constraint is non-
convex (neither convex nor concave). The fourth constraint
is strictly concave and has following eigenvalue:

EV1 = − |he,r|4P2
w,e,r

(
ηw,e,r|he,r|2Pw,e,r + σ 2

)2 ,

EV2 = −ηw,e,r|he,r|2Pw,e,r + σ 2

P2
w,e,r

(
ηw,e,r|he,r|2Pw,e,r + σ 2

) .

Further, (18) and (19) are both convex in ηw,e,r and concave
in Pw,e,r, whereas, for Pre,w,r the constraints in (18) and (19)
are concave and convex, respectively.
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