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Abstract: Non-orthogonal multiple access (NOMA) is one of the promising 5G technologies to improve spectral efficiency massive connectivity and cell-edge throughput. The performance of NOMA systems mainly depends on the efficiency of the subcarrier allocation algorithm. This paper aims to jointly optimize spectral efficiency (SE), outage probability, and fairness among users with respect to the subcarrier allocation for downlink NOMA systems. We propose a low-complexity greedy-based subcarrier allocation algorithm based on the lowest-opportunities user’s first precept. This precept is based on computing the number of opportunities for each user to select a subcarrier with good channel gain by counting the number of available subcarriers with channel gains higher than a particular threshold value. So, the proposed algorithm allows the users with low opportunities to select their desired subcarriers first and hence improves their achieved data rates. Simulation results demonstrate that compared to orthogonal multiple access (OMA), and traditional NOMA algorithms, the proposed subcarrier allocation algorithm attains significantly superior spectral efficiency, fairness performance, user data rate, and outage probability. In addition, the proposed algorithm’s performance metrics improve as the number of users in the system increases, contrary to traditional NOMA algorithms.
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1  Introduction

Due to the fast growth of demands of high data rate applications over the mobile networks, the fifth-generation (5G) is represented the expected solution [1,2]. Non-orthogonal multiple access (NOMA) is considered as the target technology for 5G wireless networks. NOMA provides high spectral efficiency, high cell-edge data rate, massive device connectivity, fairness, low transmission latency, and high energy efficiency [3–5]. NOMA enabling multiple users to share the same subcarrier in power domain. The power-domain NOMA (PD-NOMA is the focus of this paper.

In PD-NOMA, distinct power levels are assigned for various users according to their channel condition. A higher-power level is assigned to the user with low channel gain. Meanwhile, the Lower-power level is given to the user with high channel gain [6–9]. This technique enables the successive-interference-cancellation (SIC) to be used at the receiving end to detect the user’s signals. Besides, efficient resource allocation schemes are needed to improve the performance of NOMA, such as energy efficiency (EE), spectral efficiency (SE), outage probability, and fairness among users.

User pairing (UP) and power allocation (PA) are the main mechanisms of the NOMA systems’ resource allocation scheme and have been investigated since the last decade in many research studies [10–26]. Therefore, this paper focuses on the UP problem which deals with the subcarrier allocation mechanism and the selection of the paired users for each subcarrier. The main contributions of this paper are as follows:

•   A novel lowest-opportunities user first principle is proposed for subcarrier allocation. This principle is based on determining the number of opportunities of each user to select a subcarrier with a good channel gain by counting the number of available subcarriers with channel gains higher than a certain threshold value.

•   Optimizing the fairness among users by increasing the possibility of getting a subcarrier with good channel gain for each user which consequently increases the achieved data rate for each user.

•   Minimizing the outage probability by enhancing the users’ data rate.

•   Finally, enhancing the spectral efficiency by improving the total system sum-rate.

The rest of the paper is organized as follows. In Section 2, we present the related works. Then, the system model and problem formulation is presented in Section 3. In Section 4, the proposed algorithm is presented and elucidated with a numerical example. Section 5 shows the results and discussions. Finally, the conclusion is given in Section 7.

2  Related Works

There has been a grown interest recently to enhance the NOMA performance in order to find the optimal resource allocation scheme using efficient UP and PA techniques. One simple way to solve the UP issue is to apply random pairing [10] where the base station (BS) randomly selects users for allocation to sub-channels. Despite its low-complexity, using such a scheme doesn’t consider the channel gains of users, resulting in sub-optimal throughput. In [11], two NOMA’s UP systems are studied where the first one is based on fixed power allocation (F-NOMA), and the second one is based on cognitive radio NOMA (CR-NOMA). In F-NOMA, the worst channel gain user is paired with sub-carrier with the largest gain. Therefore, F-NOMA outperforms the orthogonal multiple-access (OMA) in providing a larger sum rate. On the other hand, to guarantee the quality of service (QoS), the worst user channel gain user is paired with the second-best sub-carrier gain.

In [12], the authors investigated two UP algorithms to accommodate capacity gains to users and paring them to mitigate the problem of cell mid-users. The first algorithm is called uniform channel gain difference” (UCGD) pairing where mid-users are paired with large or low gain users while large gain users are paired with only the mid-users. The second algorithm is called hybrid UP which uses the conventional pairing and works when high channel gain difference with extreme end users. However, when the channel gain difference decreases, it turns to pair using UCGD pairing. A virtual-UP strategy is proposed in [13] to solve the issue when far users in a cell are more than the near cell users. Their proposed solution is to share the frequency band of close-user with two far-users that have similar gains. As a result, all the frequency band of the near un-paired users can be utilized to enhance the performance of NOMA system. The authors of [14] introduced the idea of NOMA clusters fairness by applying the so-called divide-and-next-largest-difference-based user pairing algorithm (D-NLUPA). Here the capacity gain is distributed to ensure fairness between different NOMA clusters.

In [15], the authors used mixed-integer programming to optimize both UP and PA, aiming to find the achievable-sum-rate (ASR) where each user is constrained by minimum rate. To solve this problem, they started with two users to find their optimal PA, and then a simplified solution is used to analyze the UP. Finally, a closed-form globally-optimal solution is resulted to solve both UP and PA problems in NOMA system. In [16], the paper proposed a low complexity optimization model to solve both user grouping and power allocation problems to maximize the capacity of NOMA systems. The authors broke down the optimization problem into two sub-problems: the user sub-carrier grouping problem and the PA problem. In the former, they utilized the greedy solution based on reducing the complexity of the exhaustive search. In PA problem, they used a fixed group of sub-carriers employing the linear water filling and the fraction transmit power allocation (FTPA). In [17], it proposed subcarrier and PA optimization of the NOMA downlink cellular network to maximize the worst user individual EE and ensure user fairness. The authors decoupled the problem to reduce problem complexity due to non-convexity. They introduced a greedy-based algorithm for the subcarrier assignment. The greedy solution is based on assigning subcarrier to the worst-case user first. Then, they used fractional programming for PA.

Many works have been extensively discussed matching theory in the NOMA cellular network to find optimal solution to the UP problem by considering the computation complexity [18–23]. In matching theory, the main goal is to maximize the total sum-rate by joining between users and subcarriers where they are considered two sets of players. The first set of players represents the users (proposers), where the second set represents the subcarriers (selectors). The matching depends on the selection of favorite subcarriers from the list considering channel status consistency.

In [24], several optimum and suboptimum resource allocation schemes are proposed to minimize the used bandwidth. Also, a hybrid orthogonal-non orthogonal scheme is used to increase the total system throughput. The article [25] proposed three-step RA technique to maximize the total sum-rate of NOMA system. They investigated both subcarrier and PA problems to reach acceptable performance compared to Lagrangian-duality and dynamic programming (LDDP). First, they relaxed the problem so that any user can use all subcarriers at the same time. Second, they used convex programming to solve the problem and obtain user’s power vector. They utilized a greedy heuristic scheme to allocate subcarriers to the users with the resulted power vectors. Finally, the optimized system performance is found by customizing the proposed power control technique. In [26], it presented generic multi-cell multiple inputs single output NOMA (MISO-NOMA) to solve the power consumption minimization problem. They defined the problem as a mixed integer non-convex programming problem where the problem solution is from different perspectives: user grouping, power control, and beamforming (BF).

3  System Model and Problem Formulation

This section presents the downlink NOMA model, followed by formulating the optimization problem that maximizes the sum-rate in the entire system.

3.1 System Model

Downlink NOMA system consists of two integrated parts, base station (BS), and users at receiving end as shown in Fig. 1. In base station, the available bandwidth, B, is divided equally into multiple subcarriers, S, each subcarrier has a bandwidth W = B/S. The subcarrier allocation algorithm at the base station allocates each user, k, to an appropriate subcarrier based on the channel state information to achieve a specific goal such as improving SE, fairness optimization, and reduction of outage probability. Therefore, multiple users 
KS
with different channel gains can be assigned to a single subcarrier [15], [17], and [20]. Therefore, the total number of users in the NOMA system is K = 
SKS
.

[image: images]

Figure 1: The downlink NOMA system model

The signal transmitted from the base station to the 
KS
users multiplexed on the subcarrier s is given by:


xs=∑k=1KsPs,kMs,k
(1)

where 
Ps,k
is the allocated power to kth user on subcarrier s, and 
Ms,k
refers to the message signal transmitted to kth user on subcarrier s.

The signal that received by the kth user, 
ys,k
, on the subcarrier, s, is amplified by the channel gain, 
hs,k
, and contaminated by additive white gaussian noise, 
Zs,k
, with zero mean and the variance 
σ2=N0W
, where 
N0
is the noise power spectral density. This signal can be represented as the following:


ys,k=hs,kxs+Zs,k=Ps,khs,kMs,k+∑i=1,i≠kKsPs,ihs,kMs,i+Zs,k
(2)

To extract useful information from such signal it should be filtered from accompanying additive noise. Besides, it is necessary to be separated from other signals that are sent on the same subcarrier. Therefore, some interference cancellation techniques such as SIC algorithm can be used to cancel out possible interference. Particularly, the channel gains are normalized by the noise and vectored in descending order so that the last channel in the vector is with the lowest-gain and vice versa. Consequently, the user with the lowest channel gain on the subcarrier can directly decode its signal without performing the SIC technique and treats the other users’ signals as interference. In contrast, the user with the highest channel gain on the subcarrier requires decoding the messages of the other users using SIC technique and extracting them from the received signal to obtain its signal without any interference.

In the NOMA system, the base station compensates for low gain channels with more power allocation to achieve fairness and improve SIC efficiency. The received signal to interference plus noise ratio (SINR) of the kth user on subcarrier s is as follows:


SINRs,k=Ps,k|hs,k|2∑i=1,i≠kk−1Ps,i|hs,k|2+σ2s
(3)

Eventually, the data rate of the kth user on subcarrier, s is given by Eq. (4) under the assumption that the bandwidth for each subcarrier is normalized to 1 Hz with consistent noise power spectral density, 
No.



Rs,k=log2(1+SINRs,k)=log2(1+Ps,k|hs,k|2∑i=1,i≠kk−1Ps,i|hs,k|2+No)
(4)

Then, the total system sum-rate is as follows:


RT=∑s=1SRs
(5)

where, 
Rs=∑k=1KsRs,k
is the sum-rate of subcarrier s.

3.2 Problem Formulation

Pairing each use with its corresponding subcarrier is represented by the binary S × K matrix, 
QS,k
. Each element of such matrix, 
qs,k
, is a binary number that indicates if the subcarrier s is assigned to the user k or not.


QS,K=[q1,1……..q1,k…..……..…….…..……..…….qs,1……..qs,k]
(6)

The complexity of SIC algorithm depends on the number of multiplexed users over a subcarrier. Conventionally, a single subcarrier can be allocated to a single user in OMA. However, the NOMA technique allows multiplexed users to be assigned to a single subcarrier. Therefore, the total number of users, K, is given as the number of multiplexed users in a subcarrier, 
KS
, multiplied by the number of Subcarriers S, 
K=KSS
.

The objectives are maximizing the total system sum-rate, enhancing fairness, and improving outage probability with adherence to the following constraints:

1.    The total power of all subcarriers- users must be less than or equal to the total base station power, 
Pt
.

∑s=1S∑k=1KsPs,k≤Pt
2. The power for each user in particular subcarrier must be non-negative.

Ps,k≥0,∀s,k
3. Each subcarrier is allocated for limited number of users, 
KS
.

∑k=1Kqs,k=Ks,∀s
4. Each user gets its data only from its designated subcarrier

∑s=1Sqs,k=1,∀k
5. The indicator determines the possibility of subcarrier allocation, 
qs,k
.

qs,k∈{0,1},∀s,k
4  The Proposed Lowest-Opportunities User First Subcarrier Allocation (LOUFSA) Algorithm

In this section, we propose a low complexity greedy-based subcarrier allocation algorithm. In the procedures of the proposed Lowest-Opportunities User First Subcarrier Allocation (LOUFSA) algorithm, we assume that 
Ks=2
, consequently, 
(K=2S
), to guarantee a reasonable computational complexity of the SIC at the receiver. The LOUFSA algorithm allows the users with low opportunities to select their desired subcarrier first. The main objectives of the proposed LOUFSA are as follows:

•   optimizing the fairness among users.

•   minimizing the outage probability by enhancing the data rate of users.

•   maximizing the spectral efficiency by maximizing the total system sum-rate.

The LOUFSA achieves such objectives in five steps, as follows:

1.    Given the subcarriers-users channel gain matrix, compute the channel gain threshold 
hThreshold
as the average value of the channel gains per user as follows:


hThreshold=1K∑k=1K(1S∑s=1S|hs,k|2)
(7)

2. Compute the number of opportunities of each user to select a subcarrier with a good channel gain 
Oppk
by counting the number of available subcarriers with channel gains higher than 
hThreshold
(i.e., good channel gain subcarriers) as follows:


Oppk=NumberofSubcarrierswith|hs,k|2>hThreshold
(8)

3. Order the users in ascending order according to their number of opportunities 
Oppk
, such that the subcarrier allocation process starts with the lowest-opportunities user (i.e., the lowest-opportunities user first).

4. If there is more than one user with the same number of opportunities 
Oppk
, reorder them according to their largest channel gain so that the user with the lowest largest channel gain is the first.

5. Each ordered user selects the available subcarrier with the highest channel gain (i.e., choose the largest value in each column in the subcarriers-users channel gain matrix). The subcarrier that gets its paired users becomes unavailable for the selection by any other users.

The following example utilizes the channel gain matrix to clarify the subcarrier allocation procedures of the LOUFSA in detail.

Step 1: Compute the channel gain threshold 
hThreshold
for the assumed subcarriers-users channel gain matrix (M1), 
hThreshold
= 1.


[users:123456subcarrier1:0.801.61.70.91.00.2subcarrier2:0.701.11.50.41.30.6subcarrier3:1.101.40.61.21.80.1]
(M1)

Step 2: Detect the subcarriers with channel gains higher than 
hThreshold
as shown in (M2) and count the number of them to compute the number of opportunities of each user 
Oppk
. It is clear that 
Oppk
equals zero for user6, equals one for user1 and user4, equals two for user3 and user5, and equals three for user2.


[users:123456subcarrier1:0.801.61.70.91.00.2subcarrier2:0.701.11.50.41.30.6subcarrier3:1.101.40.61.21.80.1]
(M2)

Step 3,4: Users sorted in ascending order according to 
Oppk
and if there is more than one user have the same 
Oppk
reorder them such that the user with the lowest largest channel gain becomes the first as shown in (M3). The matrix (M3) shows the sorting of users (column) from user 6 that with the lowest-opportunities (
Oppk=0)
to user 2 that has the best opportunities (
Oppk=3)
. User1 and user4 have the same 
Oppk
(
Oppk=1)
, but user1 has higher priority since its largest channel gain (1.1) lower than that of user4 (1.2). Likewise, User3 and user5 have the same 
Oppk
(
Oppk=2)
, but user3 has higher priority since its largest channel gain (1.7) lower than that of user5 (1.8).


[users:614352subcarrier1:0.20.80.91.71.01.6subcarrier2:0.60.70.41.51.31.1subcarrier3:0.11.11.20.61.81.4]
(M3)

Step 5 is demonstrated in (M4). Each ordered user selects the available subcarrier with the largest channel gain. The subcarrier that gets its paired users becomes unavailable for the selection of any other users. Thus, user6 selects subcarrier2, user1 selects subcarrier3, user4 selects subcarrier3, and user3 selects subcarrier1. Since subcarrier3 gets its paired users (user1 and user4), it becomes unavailable for the selection by user5, which should use subcarrier2. Finally, user2 is lucky since it can be assigned on subcarrier1.


[users:614352subcarrier1:0.20.80.91.71.01.6subcarrier2:0.60.70.41.51.31.1subcarrier3:0.11.11.20.61.81.4]
(M4)

The subcarrier-user assignment matrix (
QS,K
) given in (M5) indicates that subcarrier1 is selected by users {2, 3}, subcarrier2 is selected by users {5, 6}, and subcarrier3 is selected by users {1, 4}. Algorithm 1 presents the pseudo-code of the proposed LOUFSA algorithm.


Qs,k=[011000000011100100]
(M5)
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5  Validation and Simulation Results

Simulation results validate the proposed algorithm, and its performance is assessed based on a comparative study with the “conventional-user-pairing”, “random pairing”, and “orthogonal-multiple-access system” (OMA). A multipath frequency-selective-fading channel with a Rayleigh distributed fading parameter is considered for the downlink NOMA system.

For simplicity purposes, the total transmit power is uniformly distributed among subcarriers and a fixed power allocation is used to distribute the subcarrier power between its paired users, such that 
Ps,1=0.2Ps
and 
Ps,2=0.8Ps
. In our simulation, we performed 10000-channel realizations and used the following metrics to evaluate system performance

•   The Spectral efficiency (SE). It is assessed by (11), [24]:


SE=TotalsystemsumrateTotalusedBW
(9)

•   Jain’s fairness index. It is used to measure the fairness in distributing the system resources among the users. The fairness index (FI) is measured with respect to users’ data rate [27–28] as follows:


FI=(∑k=1KRk)2K∑k=1K(Rk)2
(10)

•   The outage probability. It measures the likelihood that the achieved data rate of the user lower than a specific target data rate R0.

The proposed LOUFSA algorithm’s performance is evaluated versus “the signal-to-noise-ratio” (SNR) per subcarrier and the number of users. The first part of the simulation results is presented versus SNR for 
S=16
subcarriers and 
K=32
users. Fig. 2 presents the spectral efficiency versus SNR and shows that the LOUFSA algorithm attains significantly higher SE than that of OMA and other NOMA algorithms, specifically at small SNR values. Concerning the fairness achievement, Fig. 3 shows that the LOUFSA algorithm gives the highest fairness index (FI) compared to other NOMA algorithms for SNR values lower than 14 dB, while for higher SNR values, the FI of the random algorithm becomes slightly higher.
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Figure 2: The spectral efficiency (SE) versus SNR
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Figure 3: The fairness index versus SNR

The outage probability is presented for the whole users and the weak users as the latter suffer higher outage probability than strong users. Figs. 4 and 5 present the outage probability for the whole users at R0 equals 1 bps/Hz and 2 bps/Hz respectively. The figures show that the LOUFSA algorithm provides the noticeably lowest outage probability. As R0 increases, the achieved outage probability becomes more significantly superior than the other NOMA algorithms and OMA, as shown in Fig. 5. The outage probability for the weak users at R0 equals 1 bps/Hz, and 2 bps/Hz, respectively, as presented in Figs. 6 and 7. The figures show that the LOUFSA algorithm can provide a considerably lower outage probability for weak users, especially as R0 increases, as shown in Fig. 7.
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Figure 4: The outage probability versus SNR at R0 = 1 bps/Hz
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Figure 5: The outage probability versus SNR at R0 = 2 bps/Hz
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Figure 6: The outage probability of Weak Users versus SNR at R0 = 1 bps/Hz
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Figure 7: The outage probability of Weak Users versus SNR at R0 = 2 bps/Hz

Fig. 8 shows the achieved data rate of weak users versus SNR. It verifies that the LOUFSA algorithm guarantees the highest data rate for weak users over all SNR values. Also, it shows that the achieved data rate by the LOUFSA algorithm rapidly converges to the maximum value as SNR increases on the contrary of the other NOMA algorithms.
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Figure 8: The data rate of weak users versus SNR

The second part of the simulation is to evaluate the proposed algorithm versus the number of users at SNR = 10 dB. Fig. 9 presents the SE and shows that the LOUFSA algorithm attains the highest SE and its achieved SE increases as the number of users increases. On the contrary, as the number of users becomes higher than 16 users, the achieved SE by conventional UP decreases while the SE of random UP and OMA remains constant. Fig. 10 shows that the fairness performance of both LOUFSA algorithm, and random UP algorithm is stable as the number of users increases while that of the conventional UP algorithm deteriorates as the number of users increases.
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Figure 9: The spectral efficiency versus the number of users at SNR = 10 dB
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Figure 10: The Fairness Index versus the number of users at SNR = 10 dB

The outage probability for the whole users at R0 equals 1 bps/Hz, and 2 bps/Hz, respectively. Figs. 11 and 12 demonstrate that only the LOUFSA algorithm can efficiently reduce the outage probability as the number of users increases in addition to its significant superior performance, especially as R0 increases. For the weak users, the outage probability at R0 equals 1 bps/Hz, and 2 bps/Hz, respectively is presented in Figs. 13 and 14. The figures show that the LOUFSA algorithm can significantly improve the outage probability as the number of users increases and its outage probability significantly outperforms the other algorithms as R0 increases. Finally, Fig. 15 shows that the LOUFSA algorithm achieves the highest data rate for weak users, and the achieved data rate by both the LOUFSA algorithm and random UP algorithm is constant as the number of users increases, while that of the conventional UP algorithm deteriorates as the number of users increases.
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Figure 11: The outage probability at R0 = 1 bps/Hz versus the number of users at SNR = 10 dB
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Figure 12: The outage probability at R0 = 2 bps/Hz versus the number of users at SNR = 10 dB
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Figure 13: The outage probability of weak users at R0 = 1 bps/Hz versus the number of users at SNR = 10 dB
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Figure 14: The outage probability of weak users at R0 = 2 bps/Hz versus the number of users at SNR = 10 dB
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Figure 15: The Data rate of Weak Users versus the number of users at SNR = 10 dB

6  Conclusion

A new low complexity subcarrier allocation algorithm based on the lowest-opportunities user first precept is proposed to optimize spectral efficiency (SE), outage probability, and fairness among users. The new proposed lowest-opportunities user first principle is based on counting the number of available subcarriers with channel gains higher than a particular threshold value for each user. Simulation results demonstrate that the proposed algorithm considerably outperforms OMA, and traditional NOMA algorithms for all evaluated performance metrics such as spectral efficiency, fairness index, user data rate, and outage probability. The superiority of achieved outage probability by the proposed algorithm improves as the target data rate increases, especially for weak users. Besides, the proposed algorithm’s performance metrics improve as the number of users in the system increases contrary to traditional NOMA algorithms.
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Algorithm 1: LOUFSA Algorithm

1: Inltlallzatlon Construct the channel gain matrix.
‘hs k| V s € S subcarriers & k € K users.

2: Compute the average value of the channel gains per user as follows:

hThreshold - KZk 1 (S Zs 1 ‘hSk‘

3: Fork=1to K do

4: Compute the number of the opportunities of each user to select a subcarrier with good channel gain Opp,
as follows:
Opp, = Number of Subcarriers with ‘hs,k‘z > hpreshold

5: Order users in ascending order according to Opp, (i.e., the lowest-opportunities user first).
6: Reorder the users with the same number of opportunities Opp;. based on the largest channel gain so that
the user with the lowest-largest channel gain is the first.

7: End For
8: For Sorted K users do

9: Select the available subcarrier with the highest channel gain.
10: Make the subcarrier with paired users unavailable for the selection by any other users.

11: End For
12: End of the Algorithm.
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