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Abstract—Non-Orthogonal Multiple Access (NOMA) has the
potential to increase the spectral efficiency of fifth generation
(5G) networks by allowing simultaneous transmission to/from
multiple users in the same wireless channel. In this work, a
Buffer-Aided (BA) NOMA multiple relay network is considered,
where the source transmits with fixed rate towards two users.
By adopting BA relays, increased robustness can be achieved,
as additional degrees of freedom are provided to relay selection.
In order to increase the diversity of NOMA transmissions, two
BA Half-Duplex (HD) relay selection algorithms are developed,
considering the required transmission rate for each user, for
Successive Interference Cancellation (SIC) at the reception and
the Buffer State Information (BSI) at the relays. Then, results
are provided in terms of outage probability, average throughput
and average delay for the two algorithms. Finally, conclusions
and possible future directions are given.

Index Terms—NOMA, BA relays, relay selection, cooperative
diversity

I. INTRODUCTION

The development of fifth generation (5G) networks requires

novel techniques, originating from the current communication

paradigms. Among these techniques, Non-Orthogonal Multi-

ple Access (NOMA) differentiates from traditional orthogonal

multiple access (OMA) schemes, permitting users to share

the same resource (time/frequency/code), exploiting different

channel power levels [1]. NOMA transmissions adopt superpo-

sition coding, while at the reception Successive Interference

Cancellation (SIC) is employed, decoding first the strongest

signal and then, subtracting it, in order to decode the desired

signal with minimum interference [2]. The survey in [3]

presents various challenges of NOMA, including the need

for dynamic user pairing, as users must be divided in groups

that are allocated different channels to perform NOMA, while

the potential of NOMA for increasing the resource efficiency

was underlined. Recently, NOMA was extended to scenarios

targeting data rate optimization and fairness for wireless

powered nodes [4].

Furthermore, a technique that has been standardized in

the current fourth generation (4G) Long-Term Evolution Ad-

vanced (LTE-A) networks is cooperative relaying. In LTE-A,

relays are divided in two categories, namely type 1 and type

2, based on their capability to control or not, their resources,

respectively [5]. Moreover, the study in [6] presented several

challenges for relays in LTE-A including the necessity for cost

efficiency and modifications to integrate Half-Duplex (HD)

relays in the network’s operation. Also, future trends were

identified such as mobile relays and multi-hop transmissions.

In a recent paper, Lien et al. [7] presented standardization

activities for LTE rel. 12 focusing on public safety applica-

tions. More specifically, LTE rel. 12 includes various cases of

Device-to-Device (D2D) communication where direct trans-

missions and relaying between the devices is possible when

the communication infrastructure might be offline due to a

physical disaster or when many users aim to communicate

simultaneously in emergency situations.

In order to harvest increased performance gains and more

efficient spectrum sharing, NOMA has been combined with

relaying in a number of papers. The authors in [8] proposed

to exploit the ability of the users with good channels to decode

the messages of other users. Then, by forming user pairs, these

decoded messages can be relayed to users with poor channels

towards the information source. In [9], a HD relay assists the

base station in transmitting data to two users. Compared to

OMA, NOMA achieves the same diversity gain, while offering

improved spectral efficiency and fairness. Next, the authors

in [10] study a network, where a source communicates with

two receivers. Since communication between the receivers is

allowed, one of them operates also, as a Full-Duplex (FD)

relay. By forming a relay broadcast channel, the achievable

rate region of the network is improved when noisy network

coding and dirty paper coding are employed. Then, the study in

[11] proposed using a dedicated FD relay in a two-user NOMA

network. Compared to HD relaying, FD cooperative NOMA

improves the ergodic sum capacity for low-to-medium Signal-

to-Noise Ratio (SNR), even when perfect self-interference

cancellation cannot be achieved. In addition, NOMA has



been studied in the context of Opportunistic Relay Selection

(ORS) networks. Furthermore, Ding et al. in [12] proposed a

two-stage ORS algorithm minimizing the outage probability.

Results showed that, by adopting the proposed algorithm,

improved diversity gain is achieved compared to conventional

max−min ORS. Furthermore, partial ORS using Channel

State Information at the Transmitter (CSIT) of only the Source-

Relay ({S→R}) or Relay-Destination ({R→D}) links has

been analyzed in [13]. It is shown that significant performance

gains are provided when relays increase from one to two,

while for a larger number of relays the performance gains

are negligible.

Meanwhile, several studies in cooperative relaying inves-

tigated Buffer-Aided (BA) ORS; for an extensive literature

review, see the survey in [14]. Various BA–ORS algorithms

target the reduction of the outage probability in cases where

delay can be tolerated. The work in [15] proposed a Hy-

brid Relay Selection (HRS) based on the Max-Max Relay

Selection (MMRS) allocating one time-slot to two differ-

ent relays, considering the strongest {S→R} and {R→D}
links. Performance evaluation showed that HRS offers equal

diversity with non-BA ORS and increases the coding gain.

Then, max− link algorithm with adaptive link selection was

developed by Krikidis et al. in [16], providing increased

diversity gain. In max− link, each time-slot is allocated to

either an {S→R} transmission towards a non-full relay or to

an {R→D} transmission by a non-empty relay. When a large

number K of relays is available, the diversity gain reaches a

value of 2K . Furthermore, a number of works have provided

delay-aware versions of HRS see, e.g., [17]) and max− link
(see, e.g., [18], [19]) to improve delay performance. Within

this context, in [20], through centralized coordination, Buffer

State Information (BSI) is exchanged and the best relay is

selected, as long as buffers are not empty or full. Numerical

results show that for a buffer size L ≤ 3 the proposed

algorithm offers lower delay than max− link. Finally, in [19]

two max− link modifications were provided exploiting BSI.

The delay-aware version of max− link achieves low average

delay, while diversity is sacrificed, as buffers tend to be empty,

thus reducing the number of available relays for selection.

Then, the delay- and diversity-aware max− link selection

increases the number of available links, by avoiding empty and

full buffers. On the downside, this algorithm tends to distribute

packets to multiple relays and delays might be increased.

Recently, the adoption of BA–ORS in cooperative NOMA

has been proposed. The authors of [21] proposed adaptive

mode selection in a single relay network. Aiming to improve

the throughput of the network, the system selects between

NOMA, serving concurrently two users or single user trans-

mission when NOMA is infeasible. From the analysis it

is concluded that the system throughput can be enhanced

compared to BA relaying without NOMA and conventional

relaying with NOMA. In a similar setup, the work in [22]

proposed adaptive link selection for the cases of full CSIT

and no CSIT in the {R→D} links. Expressions for the outage

probability were derived and results showed that a diversity

order of two can be achieved when the buffer size is larger

than or equal to three.

In this work, contrary to the two aforementioned BA NOMA

works, a multi-relay topology is studied. Moreover, the process

for choosing the optimal power allocation coefficient α for

NOMA is given in detail, assuming the existence of two users

requiring a fixed rate r0. Then, two BA ORS algorithms are

proposed based on the delay- and diversity-aware algorithms

of [19]. The first algorithm, namely Delay-Aware NOMA (DA-

NOMA), prioritizes the transmission in the {R→D} link from

the relay with the maximum buffer length and if a feasible set

of links to the two destinations does not exist, a transmission

in the {S→R} link is performed towards the relay with the

minimum buffer length. Then, a Delay and Diversity-Aware

NOMA (DDA-NOMA) algorithm is developed to avoid the

instances of full or empty buffers. Results show that both

algorithms can provide robustness as the number of relays

increases, especially for the case of DDA-NOMA, while the

average delay performance is maintained.

The structure of this paper is as follows. Section II presents

the system model and Section III provides the process for

choosing the optimal power allocation coefficient α. Then,

Section IV includes the proposed selection algorithms while in

Section V, performance evaluation results are presented, while

conclusions and future directions are discussed in Section VI.

II. SYSTEM MODEL AND PRELIMINARIES

A. System model

We consider a relay-assisted network consisting of one

source, S, two destinations, D1 and D2, and a cluster C of K

HD Decode-and-Forward (DF) relays Rk ∈ C (1 ≤ k ≤ K).

Due to severe fading, the direct links between the source

and the destinations do not exist and we assume that com-

munication is established via the relays. Each relay Rk is

equipped with a buffer Qk of size L denoting the maximum

number of data elements, that can be stored from the source’s

transmissions. The system model is depicted in Fig. 1.

The quality of the wireless channels is degraded by Additive

White Gaussian Noise (AWGN) and frequency non-selective

Rayleigh block fading, according to a complex Gaussian dis-

tribution with zero mean and variance σ2

ij for the {i→j} link.

For simplicity, the AWGN is assumed to be normalized with

zero mean and unit variance. The channel gain, gij , |hij |2,

is assumed to be exponentially non-identically distributed, as

is the case of asymmetric topology.

The source node is assumed to be saturated (it has always

data to transmit) and the required information rate for a

successful reception at each destination, is fixed and equal

to r0 bps/Hz. Equivalently, a transmission from a transmitter

to its corresponding receiver is successful if the SNR of the

receiver is greater or equal to a threshold γ0, called the capture

ratio. The value of γ0 depends on the modulation and coding

characteristics of the application. So, the transmission from

a transmitter i to its corresponding receiver j is successful

(error-free) if the SNR of the receiver j, denoted by γj , is

greater or equal to the capture ratio γ0. The variance of
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Fig. 1. BA-NOMA two-hop relay network.

thermal noise at relay Rj is denoted by σ2

j and it is assumed to

be AWGN. The transmission is divided in time-slots of equal

length and at each time-slot, the source S or one of the relays

Rk attempts to transmit a packet using a fixed power level

Pi. The retransmission process is based on an Acknowledge-

ment/Negative-Acknowledgement (ACK/NACK) mechanism,

in which short-length error-free packets are broadcasted by

the receivers over a separate narrow-band channel. Finally, as

CSIT is available, unicast {S→R} transmissions towards the

best relay are performed, and the other relays are not activated,

increasing the energy efficiency of the network.

B. Transmission in the {S→R} link

In this topology, a time-slot is dedicated for {S→R} or a

{R→D} transmission. Without losing generality, we assume

that each destination demands the same rate r0, and thus, the

source transmits with rate 2r0. Therefore,

γSRk
(PS) ,

gSRk
PS

σ2

k

≥ 22r0 − 1. (1)

On the contrary, a {S→R} link is in outage if γRk
(PS) <

22r0 − 1, and the probability of outage is given by

pout{S→R} = P

[
gSRk

<
(22r0 − 1)σ2

k

PS

]
. (2)

Let bSR , (bSR1
, bSR2

, . . . , bSRK
) be the binary represen-

tation of the feasible {S→R} links due to the fulfillment of

eq. (1) (i.e., if transmission on link {S → Rk} is possible,

then bSRk
= 1). Moreover, let qSR , (qSR1

, qSR2
, . . . , qSRK

)
be the binary representation of the feasible links due to the

fulfillment of the queue conditions (i.e., for a {S→R} link

the buffer in a relay is not full). By FSR, we denote the sets

of {S→R} links that are feasible having a cardinality of FSR.

C. Transmission in the {R→D} link

On the other hand, if a relay Rk is selected, the information

symbols of D1 and D2 are superimposed and a NOMA

transmission is performed. Since full CSIT is available at the

relay, the power allocation coefficient α can be calculated

in each time-slot. More specifically, the transmitted super-

imposed information symbol consisting of the information

symbols x1 and x2 of each destination, is defined as,

x =
√
αx1 +

√
1− αx2 (3)

with E[|x2
1|] = E[|x2

2|] = 1 and 0 < α < 1.

Then, D1 will receive an information symbol y1 containing

the desired symbol, as well as the symbol of D2

y1 = hRkD1

√
αPRk

x1 + hRkD1

√
(1− α)PRk

x2 + η1, (4)

while the received information symbol y2 at D2 is

y2 = hRkD2

√
αPRk

x1 + hRkD2

√
(1− α)PRk

x2 + η2, (5)

where η1 and η2 denote the AWGN at each destination.

III. CHOOSING THE OPTIMAL α FOR NOMA

In this section, the selection of α determining the power

allocation for each destination is presented. The value of α is

chosen to ensure that the x1 and x2 are decoded successfully.

In other words, in order to have SIC, the SINR, for at least one

of the symbols, should be greater than or equal to a threshold at

both destinations D1 and D2. This process must be performed

by each relay in order to define the set of relays that can

perform NOMA transmissions in the {R→D} links.

For example, for decoding x2 at both destinations,

γRkDj
(PRk

) =
(1− α)PRk

gRkDj

αPRk
gRkDj

+ σ2

Dj

≥ γ0, j ∈ {1, 2}. (6)

Note that γ0 ≡ 2r0 − 1. Then, at destination D1, x1 can be

decoded interference-free according to

γRkD1
(PRk

) =
αPRk

gRkD1

σ2

D1

≥ γ0. (7)

For this example, from inequalities (6) and (7) we get that

α ≤ PRk
gRkD2

− γ0σ
2

D2

PRk
gRkD2

(1 + γ0)
, (8a)

α ≤ PRk
gRkD1

− γ0σ
2

D1

PRk
gRkD1

(1 + γ0)
, (8b)

α ≥ γ0σ
2

D1

PRk
gRkD1

. (8c)

Then, α can take values in the range

αmin ≤ α ≤ max {0,min{1, αmax}} , (9)

where

αmin ,
γ0σ

2

D1

PRk
gRkD1

,

αmax , min

{
PRk

gRkD1
− γ0σ

2

D1

PRk
gRkD1

(1 + γ0)
,
PRk

gRkD2
− γ0σ

2

D2

PRk
gRkD2

(1 + γ0)

}
.



Similarly, for decoding x1 first at both destinations, we have

αmin , max

{
γ0(PRk

gRkD1
+ σ2

D1
)

PRk
gRkD1

(1 + γ0)
,
γ0(PRk

gRkD2
+ σ2

D2
)

PRk
gRkD2

(1 + γ0)

}
,

αmax ,
PRk

gRkD2
− γ0σ

2

D1

PRk
gRkD2

.

The outage probability of NOMA is equal to

pout{R→D} = P [αmin > min{1, αmax}] . (10)

The values αmin and αmax for each case can be computed

at each Rk. Assuming that each Rk has the CSIT for D1, D2

the range of α values given by eq. (9) is accurately calculated.

Nonetheless, in practical systems channel estimation errors

might occur. In this case, we propose to choose α to be

α =
αmin +max {0,min{1, αmax}}

2
, (11)

in order to provide robustness against CSIT estimation errors.

In addition, the selected relay must inform the two desti-

nations on the decoding strategy that they must adopt. This

is achieved by adding an extra bit to the packet’s header.

If the bit value is “0”, D1 will perform SIC, decoding its

packet interference-free while D2 will decode its packet by

considering the signal intended for D1, as interference. The

reverse strategies are adopted when the bit value is “1”. It

must be noted that each Rk examines sequentially the possible

decoding strategies and when the first strategy fullilling the

rate requirements is found, its decision is transmitted by the

selected relay to D1 and D2.

Let bRD , (bR1D, bR2D, . . . , bRKD) be the binary repre-

sentation of the feasible {R→D} links due to the fulfillment

of eqs. (6), (7) (i.e., if a NOMA transmission on the set of

links {Rk →D1}, {Rk →D2} is possible, then bRkD = 1).

Similarly, let qRD , (qR1D, qR2D, . . . , qRKD) be the binary

representation of the feasible links due to the fulfillment of

the queue conditions. By FRD, we denote the sets {R→D}
links that are feasible, having a cardinality of FRD .

IV. SELECTION ALGORITHMS

A. Delay-aware NOMA (DA-NOMA)

The first selection algorithm targets to reduce the average

delay and prioritizes the selection of the relay with the maxi-

mum number of packets in its queue. If a feasible set of links to

the two destinations does not exist, the relay with the minimum

number of packets in its queue is selected to receive a packet

from the source. The DA-NOMA link selection algorithm for

a single time-slot is summarized in Algorithm 1.

By selecting the relay with the maximum number of pack-

ets for {R→D} transmission, diversity can be maintained.

Nonetheless, the probability that FRD will be empty increases

and thus, another selection algorithm must be devised to pro-

vide a trade-off between the delay performance and diversity.

Algorithm 1 The DA-NOMA link selection algorithm

1: input FSR, FRD

2: if FRD 6= ∅ then

3: i = argmaxi∈FRD
Qi ({R→D} link)

4: if more than one relays have the same maximum queue

length then

5: i∗ is chosen randomly among the set of relays in i′.

6: else

7: i∗ = i′.

8: end if

9: Qi∗ ← Qi∗ − 1
10: else

11: i = argmini∈FSR
Qi ({S→R} link)

12: if more than one relays have the same minimum queue

length then

13: i∗ is chosen randomly among the set of relays in i′.

14: else

15: i∗ = i′.

16: end if

17: Qi∗ ← Qi∗ + 1
18: end if

19: Output Link {S→Ri} is activated for a reception by Ri∗

or the set of links {Ri∗→D1}, {Ri∗→D2} are activated

for a NOMA transmission by Ri∗ .

B. Delay and diversity aware NOMA (DDA-NOMA)

The second selection algorithm aims to avoid the instances

of full or empty buffers at the relays, thus increasing the

diversity at the cost of additional delay. The DDA-NOMA

link selection algorithm for a single time-slot is summarized

in Algorithm 2.

Algorithm 2 The DDA-NOMA link selection algorithm

1: input FSR, FRD

2: if FSR = ∅ then

3: i = argmaxi∈FRD
Qi ({R→D} link)

4: else

5: F̃SR , {i : i ∈ FSR, Qi ≤ 1}
6: if F̃SR 6= ∅ then

7: i = argmin
i∈F̃SR

Qi ({S→R} link)

8: else

9: F̃RD , {i : i ∈ FRD, Qi ≥ 2}
10: if F̃RD 6= ∅ then

11: i = argmax
i∈F̃RD

Qi ({R→D} link)

12: else

13: F̂SR , {i : i ∈ FSR, Qi ≥ 2}
14: i = argmini∈F̂SR

Qi ({S→R} link)

15: end if

16: end if

17: end if

18: Output Link {S→Ri} is activated for a reception by Ri

or the set of links {Ri→D1}, {Ri→D2} are activated

for a NOMA transmission by Ri.



DDA-NOMA selects a relay for transmission or reception

based on the number of packets residing in its buffer. More

specifically, if a relay is at the verge of starvation and can

transmit it will not be selected for a {R→D} transmission if

another relay is capable of transmitting without being empty

afterwards. Equivalently, if a relay is close to being full and

another relay has less packets in its buffers and can receive

a packet from the source, it will be selected to maintain the

diversity of the {S→R} link in the next time-slot.

V. NUMERICAL RESULTS

Next, performance evaluation results are given for DA-

NOMA and DDA-NOMA. The topology consists of a two-hop

network with two users and the number of available relays

varies (K = 2, 3, 4) while L = 10. To provide additional

insight on the performance of the two selection algorithms, the

possibility of asymmetric links (independent non identically

distributed - i.n.i.d,) is considered. In this case, the asymmetry

is defined as σ2

SR = 2σ2

RD or σ2

RD = 2σ2

SR. The required rate

by each user is r0 = 1 bps/Hz and outages occur according

to eq. (2) and eq. (10). Furthermore, the DA and DDA cases

of OMA have been included in the outage comparisons. For

OMA, a Time-Division Multiple Access (TDMA) scheme is

considered where the first user is served at the odd time-slots

and the second user is served at the even time-slots. For fair

comparison, a successful OMA transmission occurs when both

users are not in outage.

A. Outage probability

The outage probability for the three network topologies, for

K = 4 is illustrated in Fig. 2. For all cases, DDA-NOMA

reduces the outage probability compared to DA-NOMA by

avoiding empty and full buffers. Moreover, the symmetric case

exhibits the lowest outage probability since buffers are more

stable compared to the asymmetric cases. The asymmetric

case where {S→R} links are stronger has almost identical

performance for both algorithms. Also, until medium SNR

values, it exhibits increased outages. Since {R→D} links are

weak, the chances for successful NOMA transmissions are

low. Nonetheless, for high SNR, buffers become stable since

DA-NOMA prioritizes {R→D} transmissions, while DDA-

NOMA avoids buffer overflow and underflow. In addition,

{R→D} outages are reduced and NOMA transmissions can

be performed. The case where {R→D} links are stronger

provides the worst outage performance, as the probability of

achieving an {S→R} rate of 2r0 is reduced and buffers tend to

be empty. More importantly, NOMA is superior to OMA as the

value of the power coefficient α considers the instantaneous

channel quality of both users, efficiently allocating the power

to each signal.

After, Fig. 3 depicts the outage probability for a symmetric

topology and a varying number of available relays. It is evident

that as K increases, the diversity of the network increases

and the chances of satisfying the {S→R} rate of 2r0 and

the NOMA transmission increase. Moreover, for r0 = 1,
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Fig. 2. Outage probability for K = 4, L = 10 and various topologies.
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the transition from K = 2 to K = 3 offers increased gain

compared to the transition from K = 3 to K = 4.

B. Average throughput

Fig. 4 shows the average throughput performance for a

symmetric topology and different K . The throughput per-

formance shows that DA-NOMA outperforms DDA-NOMA

for all cases. The prioritization of {R→D} transmission

reduces the diversity but results in increased packet delivery

for medium SNR values. This observation follows the outage

probability results where the two algorithms have identical

performance for low and medium SNR. Thus, for such cases,

DA-NOMA benefits {R→D} transmissions and improves the

average throughput. Finally, for higher SNR values, both

algorithms provide a stable throughput of 2r0 for the NOMA

transmission, and thus, each user achieves the desired rate.

C. Average delay

Next, Fig. 5 depicts the average delay performance for a

symmetric topology with varying K . The behavior of the

algorithms follows that of the average throughput providing

a trade-off between performance and robustness. DA-NOMA

achieves lower delay than DDA-NOMA and as the number

of relays increase, outages and excessive delays are avoided.

Similarly, DDA-NOMA is characterized by reduced delay with

increasing K . Contrary to single user transmissions, NOMA

transmission achieves reduced delay as additional relays are
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added to the network. Finally, both algorithms offer a stable

delay performance for high SNR independently of K , as

it is shown in [19] for the delay-aware and diversity-aware

max− link algorithms.

VI. CONCLUSIONS AND FUTURE DIRECTIONS

In this paper, a two-hop topology where two users commu-

nicate with a source through NOMA was examined. Also, the

process of determining the power allocation coefficient α was

presented. Then, two relay selection algorithms were proposed

aiming to reduce the average delay without sacrificing the

diversity of the network. Finally, performance evaluation for

asymmetric topologies and varying relay number showed that

DA-NOMA provides superior average throughput and delay

performance, while DDA-NOMA offers reduced outages.

Possible future directions consist of developing selection

algorithms, aiming to maximize the throughput of the network

and the consideration of BA full-duplex relaying. Also, a

scheme based on OMA when NOMA transmission is infeasi-

ble may improve the performance, as at least one destination

will receive its packet, thus avoiding a complete outage.
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