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Abstract: In this paper, we investigate the energy efficiency (EE) maximization in multi-cell
multi-carrier non-orthogonal multiple access (MCMC-NOMA) networks. To achieve this goal, an
optimization problem is formulated then the solution is divided into two parts. First, we investigate
the inter-cell interference mitigation and then we propose an auction-based non-cooperative game
for power allocation for base stations. Finally, to guarantee the rate requirements for users, power
is allocated fairly to users. The simulation results show that the proposed scheme has the best
performance compared with the existing NOMA-based fractional transmit power allocation (FTPA)
and the conventional orthogonal frequency division multiple access (OFDMA).

Keywords: auction-based game; clustering; energy efficiency; multi-cell and multi-carrier;
non-orthogonal multiple access (NOMA)

1. Introduction

The upcoming fifth-generation (5G) wireless communication system is expected to provide quality
of service that fulfills the massive requirements of high data rates and the tremendous need for high
connectivity and wireless data service. In such systems, excessive power consumption is inevitable
and dealing with that dilemma is critical for mobile service operators. Currently, techniques such as
orthogonal frequency division multiple access (OFDMA) have been exploited in the fourth generation
(4G) wireless systems. In OFDMA, the frequency band is divided into orthogonal subchannels and
each subchannel is assigned to one user at most [1].

As a promising technology, non-orthogonal multiple access (NOMA) is introduced for future
wireless communication [2]. Unlike OFDMA, NOMA serves more than one user in a single subcarrier
in a power domain. Consequently, the inter-user interference is inevitable, to deal with this problem;
the successive interference cancelation (SIC) is employed at the receiver to decode the required
information [3].

Since energy efficiency (EE) is a crucial measure of 5G, more studies have been investigating
energy saving by designing efficient power allocation for different NOMA systems. In Reference [4],
the authors introduced an energy efficient power allocation for a multi-carrier NOMA (MC-NOMA)
system, with the proportional rate constraints to guarantee fairness among users. The authors of
Reference [5] put fairness as a priority in designing an energy efficient power allocation scheme for
NOMA in ultra-dense heterogeneous networks. The study in Reference [6] considered designing the
power allocation algorithm under imperfect channel state information. In Reference [7], Song et al.
proposed a joint resource allocation algorithm in hybrid MC-NOMA to achieve spectrum efficiency (SE)
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and EE, where an arbitrary number of users can be multiplexed on the same subcarrier. In Reference [8],
subcarrier and power are allocated jointly, using a time-efficient allocation algorithm. The proposed
resource allocation framework was designed to maximize the sum rate in three main steps. In the first
step, the problem was relaxed by assuming all subcarriers were available to use for each user. In the
second step, subcarriers were allocated to users and in the third step, a centralized power allocation
was introduced to allocate power to the users. Energy efficient resource allocation in multi-carrier
scenario was investigated in Reference [9], the authors initially used matching theory to allocate users
to subchannels. Then, the EE maximization problem was divided into subproblems which was solved
by using penalty function method. Finally, power and subchannels were jointly allocated.

As an efficient and powerful method in strategic planning, game theory has been widely
employed in resource allocation problems for wireless networks. In Liu et al. [10], a non-cooperative
super-modular game was designed for subchannel matching to improve energy efficiency, the power
was allocated equally for each subchannel and the game utility function was designed with the aim of
maximizing user’s EE, based on that, subchannel matching was designed. The auction-mechanism
is a part of game theory, which has played a significant role in resource allocation. The authors of
Reference [11] first separated the resource of the 5G network and then they designed a hierarchical
combinatorial auction mechanism framework for resource allocation. The authors of Reference [12],
introduced an auction-based resource allocation for software-defined networks. The auction-based
power allocation game between users in NOMA network was addressed by Lamba et al. [13]. The base
station (BS) played the auctioneer while users are the bidders. Simulation results have shown the
effectiveness and outperformed other benchmark algorithms. Table 1 illustrates the comparison of
different related works.

Table 1. Comparison of different related works.

Study [4] [6] [7] [8] [10] [13] [3] This Study

User Association No No Yes Yes Yes No Yes Yes

Interference
Management No No No No No No No Yes

Network
Topology

MC HetNet MC MC MC SC MCMC MCMC
NOMA NOMA NOMA NOMA NOMA NOMA NOMA NOMA

Approach O O O O O/GT GT O O/GT

(O): Optimization, (GT): Game Theory, (ML): Machine Learning.

In this paper, we address the energy efficiency of MCMC-NOMA based networks with the
constraints of rate requirements for users. From the above literature, different NOMA topologies have
given considerable attention in academic research. However, few studies focus on the energy efficiency
of MCMC-NOMA networks. The authors of Reference [14] have investigated energy minimization via
determination of the optimal transmit power of the BS, which can achieve the optimal operating load
of the cell. Hence, the motivations of this paper can be concluded as follows:

• Energy efficiency in MCMC-NOMA is not well studied and that gives more motivation to
contribute on investigating this problem.

• Since such a topology entails inter-cell interference, as a consequence of inter-cell interference
mitigation, the energy efficiency performance of the network can be significantly improved and
that helps in the full exploitation of the potentials of NOMA. It is desirable to design a system
that mitigates the inter-cell interference prior to the final power allocation.

Based on these motivations, the contributions of this paper are:

• The inter-cell interference mitigation is designed using k-means graph-based clustering. Thus, the
network topology is divided into isolated interference regions.
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• Based on the aforementioned aspects of game theory, we consider auction mechanism to design a
distributed power allocation scheme.

Finally, the simulation results demonstrate that the proposed algorithm outperforms the existing
NOMA-based fractional transmit power allocation (NOMA-FTPA) and conventional OFDMA system
in terms of energy efficiency.

2. System Model and Problem Formulation

2.1. System Model

We consider a downlink of MCMC-NOMA system, including M cells each cell involving
a single base station (BS) serving N randomly distributed users through K subcarriers. In this
scenario, we assume that each BS and users are equipped with a single antenna. Simply, we denote
M = {1, 2, ...., M}, N = {1, 2, ...., N}, S = {1, 2, ..., K} as the set of cells, subcarriers set and users,
respectively.

According to the NOMA protocol, all BSs simultaneously transmit a superposition signal to its
users. For notational simplicity, we use m, i, l to denote the user i connecting to BS m at l subcarrier.

ym,i,l = Hm,i,lχm,l + ηm,i,l + Iinter
m,i,l , (1)

where Hm,i,l = gm,i,ld−α
m,i,l is the channel coefficient between BS m and its associated user i at subcarrier

l, gm,i,l is the Rayleigh fading channel gain, dm,i,l is the distance between the BS and its associated user
and α is path loss exponent; χm,l is the transmitted signal of the BS m to its associated user through
subcarrier l; ηm,i,l is the additive white Gaussian noise (AWGN) with zero mean and variance δ2

m,i,l ;
Iinter
m,i,l is the inter-cell interference received by user i from other users in the same subcarrier. The

normalized channel gain for user i can be denoted hm,i,l =
|Hm,i,l |2

δ2
m,i,l+Iinter

m,i,l
.

According to the principle of NOMA, successive interference cancellation (SIC) can be employed
at some of the users with better channel conditions, while the signal of the users with better
channel conditions are first decoded and subtracted, then the information for the user with
worse channel conditions is decoded. Without loss of generality, we assume users are ordered
according to their normalized gains for optimal decoding as hm,1,l ≥ hm,2,l ≥ .... ≥ hm,n,l , then
signal-to-interference-plus-noise-ratio (SINR) for user i with the SIC at receiver can be given as

SINRm,i,l =
νm,i,lΥm,i,lhm,i,l pm,i,l

1 + ∑
j=i+1

νm,iΥi,lhm,i,l pm,j,l + ∑
n 6=m

hn,i,l Pn,l
, (2)

where νm,i ∈ [0, 1] and Υi,l ∈ [0, 1] respectively are the BS and sub-channel assignment indexes,
when the value is 1, the user is associated with the m-th BS through the l-th subchannel, l ∈ S is the
sub-channel, the term ∑

n 6=m
hn,i,l Pn,l represents the aggregated inter-cell interference at the i-th user from

other users on the same channel served by other BSs in which Pn,l is the total power consumption of
the of the n-th BS on the same sub-channel given as

Pn,l =
N
∑

n=1,n 6=m
νn,i,lΥn,i,l pn,i,l , (3)

Then, the data rate of the user i can be expressed as

Rm,i,l = βlog2(1 + SINRm,i,l), (4)
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where β is the subcarrier’s bandwidth and the sum rate of the network can be written as

R =
M
∑

m=1

N
∑
i=1

∑
l∈S

Rm,i,l , (5)

Finally, the energy efficiency of the MCMC-NOMA is given by

EEt =
R
PT

, (6)

where PT =
M
∑

m=1
(Pm+Pc

m) is the total power, Pm and Pc
m are respectively represent the transmit power

and circuit power consumption of BS m. We assume each user is associated with one BS and cannot be
assigned with more than one subcarrier.

2.2. Problem Formulation

In this part, we to aim to find the energy efficiency of network, the EE problem is formulated
with maximum transmit power constraints and quality of service (QoS) for users. Hence, the EE
optimization problem can be formulated as

max
ν,Υ,p

EEt =
R
PT

(7a)

subject to
N
∑
i=1

∑
l∈S

νm,i,lΥm,i,l pm,i,l ≤ Pm, ∀m ∈ M (7b)

pm,i,l ≥ 0, ∀m ∈ M, i ∈ N , l ∈ S (7c)

∑
l∈S

νm,i,lΥm,i,l Rm,i,l ≥ Rth
m,i,l , ∀m ∈ M, i ∈ N (7d)

∑
l∈S

νm,i,lΥm,i,l ≤ 1, ∀m ∈ M, i ∈ N . (7e)

The first constraint (7b) denotes the total transmit power constraint for all users served by BS m.
(7c) denotes the user’s power constraint. (7d) is the minimum data rate requirements for user. (7e)
means that the user can be associated with one BS and assigned to one subcarrier at the time.

3. Proposed Method

In this part, we divide the proposed method into two parts, since MCMC-NOMA topology usually
entails inter-cell interference, our first task is to mitigate the interference then introduce an optimal
power allocation scheme.

3.1. Interference Mitigation

Clustering can effectively improve the management ability of the network to reduce the inter-cell
interference. We use graph-based k-means [15] downlink clustering for interference elimination.

Let us redefine the aggregated inter-cell interference at the i-th user served by m-th BS from other
users assigned to the same sub-channel and served by other BSs

Iinter
m,i,l =

M
∑

n=1,n 6=m
νn,i,lΥn,i,l pn,i,ld−α

n,i,l (8)

To build up the potential interference relationship between the users in the different base stations,
we construct an interference graph. We define the points representative of the downlink of each base
station to its associated user.
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Let us define our graph as G = (V ,E), where V represents the vertices which are the
communication devices and E represents the set of edges that correspond to the interference level
received by the i-th user from other BSs, this interference level is calculated by (8) after the initial
assignment of power.

The benefit of cluster is that no matter the complexity of the environment, we consider the
relationship between users who interfere with each other. According to the strength of interference
received by the user’s and with setting up a specific threshold, the network is divided into numerous
interference areas similar to Reference [16], which correspond to the coverage areas of each base station.
For convenience, we will call interference areas as clusters. Once we finish cell association and since
our proposed power allocation scheme increasingly allocates power and as a consequence that leads
to increment in interference, nevertheless, any interference value above the threshold can be neglected.
Consequently, the potentials of NOMA to manage the interference can be employed.

3.2. Auction-Based Non-Cooperative Game

After we have obtained user association by interference mitigation, then we need to allocate
power for each user suitable to maximize the EE. We will use auction-based Non-cooperative game to
allocate power to our clusters.

The auction mechanism involves several hierarchical models [11], Single-seller multiple-buyer
hierarchical auction model is used in our case, we assume there’s a central controller which can
manage the resource allocation process. Hence, we introduce an auction-based non-cooperative game
to allocate power efficiently. The result from the previous clustering and the interference mitigation
process is used, each cluster consists of one base station, then the non-cooperative game is utilized to
allocate the power to the clusters based on their submitted bids. Each cell is assumed to be selfish and
always chooses a strategy to maximize its utility. In the following lines, we express the mathematical
model of the game.

Utility Function

The power allocation non-cooperative game is denoted as

G = G{ℵ,B,U}, (9)

where:
ℵ: set of bidders (clusters).
ℵ = {1, 2, ...., C}.
Bc: Auction space of each bidder c ∈ ℵ.
Uc : B ≡ ∏c Bc → Pt is the cluster’s utility function defined by (10).
From the mathematical definition of energy efficiency, we need the balance the date and the power

consumption. Therefore, in the proposed game, each cluster is competing to maximize its sum rate
with the consideration of price for the power consumption. Consequently, the utility function of the
cluster c can be defined as:

Uc(t) = Rc(t)− bc(t)pc(t), (10)

whereRc(t) is the sum rate of all users within the cluster c, bc(t) represents the submitted bid by the
cluster and Pt is the total offered resource for auctioning, t is the iteration index. pc(t) is the fraction of
power assigned to the cluster based on its submitted bid. To initiate the auction process, the clusters
can obtain their portion equally at an initial bids (bc(0)) equal to the reserved price σ, thus,

pc(0) = Pt
bc(0)hc
C
∑

k=1
bk(0)hk

, (11)
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when cluster c submits a new bid bc(t) , the allocated power is updated as follows

pc(t + 1) = Pt
bc(t)pc(t)

C
∑

k=1
bk(t)pk(t) + σ

, (12)

taking a derivative of (10) and after rearranging the terms, the bidding status can be updated as:

bc(t + 1) =
(ln 2)−1hc

1 + hc pc(t + 1) +
C
∑

k=1,k 6=c
hk pk(t + 1)

(13)

where hc represents the aggregated gain of all N users within cluster c and it can be calculated as:

hc =
N
∑
i=1

hi. (14)

hk represents the aggregated gains in other clusters. After power is allocated to the winner, he is
kicked out of the auction. Total offered power is updated after deducting the winner’s power. Then,
a new round of auctioning starts. Auctioning resumes with new Pt if the previous offered resource
was not enough.

One of the main objectives of QoS is the fairness. To grant the fairness and quality of service for
all users, fair power allocation (FPA) [5] scheme is adopted to see each user’s power need properly
attended then the user’s rate is calculated to check whether rate constraint is fulfilled. Algorithm 1
explains the mechanism of our proposed power allocation scheme. Finally, Jain’s fairness index [17] is
adopted to measure the fairness of power allocation algorithm, the definition of this index is given as

J =

( N
∑

i=1
Rm,i,l

)2

N
N
∑

i=1
R2

m,i,l

. (15)

Algorithm 1 Auction-based Power Allocation Scheme

Initialization: σ, Pt, Rth, t = 0, initial bid bc(0) = λ,
Calculate pc(0) for all clusters using (11)
for all c ∈ ℵ
Calculate pc(t + 1) using (12)
Calculate bc(t + 1) through (13)
Perform user’s power allocation using FPA as in Reference [5]
end for
for all users in cluster c
if Rm,i,l ≥ Rth

pc = pc(t + 1)
else
t = t + 1
end if
end for
if converge (no change in bidding status)
break
end if
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4. Simulation Results

In this section, we analyze the performance of the proposed power allocation scheme and the
comparison with fractional transmit power allocation (FTPA) [18] benchmark algorithm for the NOMA
and OFDMA algorithms in Reference [19]. Table 2 shows the simulation parameters.

Table 2. Simulation Parameters.

Parameter Value

Path loss exponent 3.7
Shadowing Log-normal, standard deviation 8 dB

Fading Rayleigh fading with variance 1
Noise power spectral density −174 dBm/Hz

Subcarrier band 180 kHz

Firstly, the convergence of the algorithm is shown in Figure 1 for a total transmit power
Pt = 20 dBW and 10 BS with 10 users for each BS, we can notice the algorithm converges in a few
iterations.

Figure 1. Convergence of the proposed power allocation scheme.

Figure 2 compares the performance of the proposed algorithm for different multi-carrier cases
with the benchmark algorithms in terms of the transmit power consumption for different data rate
values. From the figure, one can notice that the proposed algorithm outperforms NOMA-FTPA and
OFDMA.

From Figure 3, it is easy to observe that the proposed power allocation scheme is the most energy
efficient followed by NOMA-FTPA and OFDMA, the result in Figure 3 simulating 10 BSs with 10 users
for each. Moreover, unlike the approaches of comparison, in the proposed method; EE increases with
the transmit power.

In Figure 4, the performance of total sum rate is evaluated with the number of users varies from
10 to 60 per BS. We observe that the performance of the MCMC-NOMA proposed power allocation
algorithm is much better than the NOMA-FTPA and OFDMA schemes.
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Figure 2. Power consumption of base station (BS) for different data rate requirements and different
multi-carrier cases.

Figure 3. Network energy efficiency performance for different transmit power of cell.

Figure 4. Total sum rate of the system versus different number of users per BS.
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Figure 5 shows the energy efficiency versus the number of users with the same constraints of
Figure 4. Although both proposed methods and NOMA-FTPA have higher energy efficiency with a
lower number of users (10 user per BS), yet energy efficiency drastically decreasing with the increasing
number of users. The performance of the proposed method is 12.46% better than NOMA-FTPA, and
we can notice this performance gap is almost remaining fixed as the number of users increases. We can
observe that the performance gaps between NOMA schemes (proposed algorithm and FTPA) and
OFDMA are higher when the number of users is decreasing. The performance gap between the
proposed algorithm and OFDMA stands about 35.1% when the number of users is 10 per BS and
dramatically deteriorating to 22.5% when the number of users is 60 per BS.

Figure 5. Total energy efficiency versus different number of users per BS.

Figure 6 shows the total energy efficiency versus Pc/transmitpower ratio. According to the
definition of energy efficiency, its value should decrease when the value of circuit power increases.
However, the proposed MCMC-NOMA power allocation algorithm still has the best performance
among the other compared algorithms.

Figure 6. Energy efficiency of the system versus Pc/transmit power ratio.

Regarding the fairness in power allocation, Figure 7 demonstrates a comparison between the
three approaches considered in this study for fixed transmit power of 10 dBW and different number
of users. From the figure, one can observe the proposed algorithm outperforms the other compared



Appl. Sci. 2019, 9, 5034 10 of 11

approaches. When the number of users is 10 users, the fairness index measures 0.967731, 0.9264876 and
0.4450965 for the proposed method, NOMA-FTPA and OFDMA respectively but when the number of
users is increasing, the fairness is deteriorating for both NOMA-FTPA and OFDMA while it is slight in
the case of our proposed method.

Figure 7. Comparison between different methods in term of fairness.

5. Conclusions

In this paper, we proposed an energy efficient power allocation algorithm aiming to maximize
the energy efficiency of MCMC-NOMA networks based on the auction theory. First, we investigated
interference mitigation using graph-based k-means clustering. Then, an auction-based power allocation
scheme is proposed to allocate power to the BSs. Finally, the power is fairly allocated to users.
Simulation results show that the proposed scheme converges with fast speed. Moreover, the overall
performance of the proposed MCMC-NOMA algorithm has significantly improved the energy
efficiency of the network and surpassed other existing schemes such as NOMA-FTPA and OFDMA.
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Abbreviations

The following abbreviations are used in this manuscript:

EE energy efficiency
MCMC-NOMA multicell multicarrier non-orthogonal multiple access
FTPA fractional transmit power allocation
OFDMA orthogonal frequency division multiple access
5G fifth generation
SE spectrum efficiency
BS base station
SINR signal to interference plus noise ratio
SIC successive interference cancellation
QoS quality of service
FPA fair power allocation
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