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Abstract-Non-orthogonal multiple access (NOMA) has re
cently attracted the academic and industrial interest, due to
offering higher spectral efficiency and connectivity compared to
conventional orthogonal multiple access schemes. In this paper,
buffer-aided relaying for a downlink NOMA system with direct
links is proposed, while in order to take advantage the extra de
grees of freedom, appropriate transmission modes are presented.
Targeting at the throughput maximization, the corresponding
optimization problem is formulated and solved and theoretical
expressions are derived for the optimal mode selection policy and
maximum throughput. Finally, simulation results illustrate the
efficiency of the proposed scheme and its superiority compared
with a previously presented baseline scheme.

I. INTRODUCTION

Non-orthogonal multiple access (NOMA) has become a
major paradigm for the design of radio access technologies
(RATs) for the fifth generation (5G) wireless networks, s
ince, compared to orthogonal multiple access (OMA), i.e.,
time/frequency/code division multiple access, it can increase
spectral efficiency and connectivity [1]-[4]. Motivated by these
advantages, NOMA has already been an approved study item
of the 3-rd Generation Partnership Project (3GPP) in Release
IS [5]. The main principle of NOMA is that it can serve
multiple users on the same orthogonal resource block. In
particular, NOMA enables the simultaneous transmission of
superimposed messages by using joint processing technique
at the receivers, such as successive interference cancellation
(SIC) [6]. Interestingly, NOMA is compatible with most RATs,
e.g., OMA, multiple-input-multiple-output (MIMO), millime
ter wave, full-duplex, etc [7]-[10].

Among others, NOMA can also be used in cooperative
networks, in order to further extend the coverage and/or
increase throughput. This can be achieved by using either
a dedicated node or one of the users' nodes as a relay.
Cooperative NOMA (C-NOMA) with a dedicated relay was
proposed in [11], considering a two-user downlink scenario,
where the information transmission to both users is assisted
by the relay. Also, in [12] and [13], [14], C-NOMA with
multi-antenna techniques and relay selection were proposed,
respectively, in order to reduce the outage probability and
increase the diversity gain. On the other hand, in [15], [16],
C-NOMA was investigated in the context of a near-far user
setup, where the weak user also receives its message from the

near user, taking advantage of the SIC process performed at
the strong user, according to which the strong user decodes
both messages. Furthermore, in [17], full-duplex was used in
order to increase the achievable rate and reduce the outage
probability of C-NOMA systems with user cooperation.

The throughput of cooperative networks can also be im
proved by employing a buffer at the relay such that data
can be queued until the relay-destination link is selected for
transmission, taking advantage of channel ergodicity (see the
pioneering work in [18] and references therein). This has
motivated the investigation of butler-aided relaying in the
context of C-NOMA systems. More specifically, information
transmission from one source to two users through a buffer
aided relay has been investigated in [19], with the aim to
maximize the system throughput. In more detail, based on the
channel conditions and by assuming, for simplicity (although
with loss of generality), fixed target rates, the relay has either
the option to perform NOMA and simultaneously serve both
users or serve only one of them by using OMA. Also, in [20],
a similar setup has been investigated, focusing though solely
on NOMA and by assuming finite buffer size. In addition,
a relay selection scheme for the downlink of buffer-aided C
NOMA systems has been reported in [21]. It is highlighted that
in the above works, the exploitation of direct links between
the source and the user has not been considered. However, in
5G scenarios with high-speed mobility and nodes' density, the
exploitation of direct links in cooperative networks systems
becomes of paramount importance. Motivated by this, the
authors of [22] and [23] have investigated for the first time the
combination of direct and buffer-aided relaying transmissions,
to optimize system throughput in single-user and multi-users
uplink systems, respectively. To the best of the authors' knowl
edge, there are is no work in existing literature that investigates
C-NOMA for the downlink of buffer-aided systems with direct
links. It should be highlighted that the concept of downlink
is different from that of the uplink NOMA, since in the
downlink all users receive the interfering messages from the
same source. Consequently, in contrast to uplink NOMA that
achieves the capacity of the multiple access channel for any
decoding order of the users' messages, in downlink NOMA
the system throughput heavily depends on the users' channels
ordering [24].
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M 2 : The relay is used to receive information. Since ri =

1 and qi = 0, 8 transmits the users' information to R with data
rate

As in [19], the transmitted data flow is divided into two parts
with rates T/C~r and (1 - T/)C1r, each of which corresponds
to U1 and U2, respectively, where the factor 0 < T/ < 1 can
be adjusted according to channels' statistical gains and buffer

This is because only the user with the the stronger channel
conditions can perform SIC. Since R is not utilized, the buffer
state will not change, i.e., Qi = Qi-l, where Qi denotes the
total amount of information that is stored in the buffer during
the i-th time slot. As a result, the instantaneous throughput in
this mode is

III. PROBLEM FORMULATION

A. Transmission Modes

In the considered setup, the source needs to decide whether
or not to use the relay, and under the condition that the relay
is used, whether the latter should be operated in receive or
transmit mode. Let ri E {O, I} be the decision variable that
determines if the relay is utilized, with ri = 0 implying that
the relay is not utilized. Moreover, for ri = 1, qi E {O, I}
determines whether the relay is used to receive or transmit
information, i.e., qi = 0 and qi = 1 imply that the relay is uti
lized for receiving and transmitting information, respectively.
Based on the above, three different modes are identified, i.e.,
M1 , M2, M3 , which are described in detail below.

M 1 : The relay is not utilized. Since ri = 0, 8 transmits
information to the two users using the direct links and NOMA.
The received signal at user k is

y~ = ~ (r;:lX~1 + ~X~2) +z~, k = 1,2, (I)

where a 1 and a~ are the power allocation coefficients with
a1 + a~ = 1. Considering ordering of the channel conditions,
there are two possible rate pairs as follows

(C~I,C~2) =

{il
(1 + i hi p) I (1 + <>;h:2PS )l hi > hiog2 a 1 ; s~ s , og2 1+<>Jh~2Ps' sl s2,

I (1+ <>lhs1PS
) I (1+ ihi p) hi hiog2 1+<>~h~lPS' og2 a2 s2 s 'sl < s2'

(2)

8-U1 , 8-U2, 8-R, R-U1, and R-U2 links, respectively, and

( )

hxv

fxy -hI =",L * e- Oxy is the corresponding probability
xy ~[,xy

density function (PDF). The transmit power at 8 and R is
denoted by Ps and Pr , respectively. Also, at the i-th time
slot, xjk(j = s,r;k = r,I,2;j cJ k) is used to denote the
transmitted signal from node j to k, while y~(k = r, 1, 2) and
zk(k = r, 1,2) are used to denote received signal and AWGN
at node k, respectively. Meanwhile, Cjk = log2(1 +Xjk)(j =

s, r; k = r, 1, 2; j cJ k) denotes the capacity of each link, with
Xjk being the corresponding instantaneous channel signal-to
interference-plus-noise ratio (SINR).

II. SYSTEM MODEL

In this paper, we consider a downlink C-NOMA system
consisting of four single-antenna nodes, namely a source (8),
a relay (R) with an infinite buffer, and two users (U1 and
U2), as shown in Fig.I. Furthermore, we assume that there
is a direct link between 8 and each user. The node 8 either
transmits information to two users through the direct links,
or transmits the information to the relay. The relay node is
capable to forward this information to the end users, by using
the decode-and-forward (DF) protocol. We further assume that
time-division duplex (TDD) is used and total time is divided
into slots of equal length indexed by i = 1, ... , N. Moreover,
the channel state information (CSI) of all links is available
at 8, which coordinates the data transmission scheduling at
the beginning of each time slot. All channels are subject to
independent flat Rayleigh fading, i.e., the channel coefficients
remain constant in one time slot and independently change in
the following time slots or in different links. We also assume
additive white Gaussian noise (AWGN) with zero mean and
unitary variance at both the relay and the users.

Hereinafer, h~I' h~2' h~r' h~I' h~2 denote the channel fading
gains of 8-U1 link, 8-U2, 8-R, R-U1 , R-U2 links at the i-th
time slot, respectively. Let 0sl,Os2,Osr,0rl,Or2 denote the
mean value of the exponentially distributed channel gains of

To this end, in this work, we investigate a downlink C
NOMA system consisting of a single source, one buffer-aided
relay, and two users, while, unlike the previously presented
baseline scheme in [19], we also consider the direct link
between the source and each user. Consequently, we assume
that the users can receive information either directly from
the source or the relay, proposing the utilization of NOMA
in both cases. Also, in contrast to [19], the analysis does
not depend on the assumption of fixed target rates for the
information transmission to the users. Taking advantage of
the extra degrees of freedom offered by buffer-aided relaying,
three different transmission modes are introduced, which cor
respond to the three possible sets of nodes that simultaneously
exchange information. Furthermore, the system throughput
maximization problem is formulated and optimally solved, by
deriving an expression for the optimal mode selection policy
in closed form. The proposed mode selection policy enables
the use of the optimal transmission mode, according to the
instantaneous channel quality and under the buffer-stability
constraint. Moreover, a theoretical formula for the maximum
throughput is derived. Simulation results show the efficiency
of the proposed scheme, especially in comparison with [19].

8
U,

Fig. I. Buffer-aided relaying for downlink NOMA system with direct links.



state. As a result, if this mode is selected, the buffer state
will change to Qi = Qi~l + C~r' Since in this mode there
is no data arrival at the users, the instantaneous throughput
is T~ = 0. It is worthy to mention that, due to the existence
of the direct links, the users might also receive a copy of the
transmitted messages by S that can be exploited using more
complicated and less practical (especially in combination with
NOMA) coding schemes [22], which are out of the scope of
this work. Also, it needs to be noticed that if the direct links are
stronger than the relaying links, there is a lack of motivation
to use this mode instead of M 1 .

M 3 : The relay is utilized to transmit information to the
users using NOMA. Since, ri = 1 and qi = 1, the received
signal at each user is

y~ = ~ ( fi3iX~l + fiiiX~2) + z~, k = 1,2, (5)

where ,8{ and ,8; are the power allocation coefficients and
,8{ +,8; = 1. Similarly to M 1, there are also two possible rate
pairs, i.e.,
(C: 1 , C:2 ) =

{
(10g2 (1 + ,81 ~~~ Pr) ,10g2 (1 + 1~~~~2~:~J ),h~l > h~2'
(10g2 (1 + 1~~1h'{~r) ,10g2 (1 + ,8;h~2Pr)) , h~l < h~2'

(6)

Note that the buffer state constraints C~l < Qt and C~2 < Q~
are omitted, since buffers with infinite size have been assumed.
In this mode, the buffer state will change to Qt = Qr1



C~l - C~2' while the instantaneous throughput in this mode
is T3=riqi(C:1 +C:2), (7)

B. System Throughput under Buffer-Stability Constraint
The system throughput, T, is defined as the average sum

throughput of two users over N -+ 00 time slots, i.e.,
1 N . . .

T = lim N"(Tl + T~ + Tn =
N--+oo L...J

i=l

(9)

where the four aggregated terms correspond to A 1 , A 2 , D1 ,

D 2 , respectively.
IV. SYSTEM THROUGHPUT MAXIMIZATION

A. Problem Formulation

As it has already been mentioned, in each time slot, it
must hold that ri, qi E {O, I}, which is a set of combinatorial

constraints. To facilitate the analysis, this can be replaced by
the following equivalent set of constraints

1 1
Nri(1 - ri) = 0, N qi (1 - qi) = 0. (10)

Based on above, the following optimization problem can
be formulated which aims at the maximization of the system
throughput:

N
max lim tt L ((1 - ri)(C~l + C12) + riqi(C~l + C:2))
ri,qi N-----+oo i=l

N
s.t. C1 : lim tt L hqi(C:1 + C~2)-ri(1 - qi)C1r) =0,

N --+00 i=l

C2 : lim ttri(1 - ri) = 0,
N--+oo

C3 : lim ttqi(1 - qi) = 0,
N--+oo

(11)
where C 1 corresponds to (9). It is notable that due to the
utilization of constraints C2 and C3 instead of ri, qi E {O, I},
the optimization problem in (11) is a non-combinatorial one
and thus it can be efficiently solved by standard optimization
methods.
B. Optimal Mode Selection

Theorem 1: The optimal mode selection policy that maxi
mizes the system throughput is given by

(1,0), if C11 +C12 < ffiC1r
and C:1 + C:2 < pC1r'

(r7,q;) = (1,1), if C11 +C~2 < 1~P(C:1 +C:2)
and C1r < i(C~l + C~2)'

(0, NR), otherwise,
(12)

where p is the optimal decision threshold and its value depends
on the Lagrange multiplier (LM) that corresponds to C 1 , and
NR stands for "not relevant".

Proof' The Lagrangian function of (11) is
N

£(T, A, f.Li' Vi) = ~ L [(1 - ri)(C11 + C;2) + Ari(1 - qi) X

i=l

C;r + (1 - Ahqi(C:1 + C:2) - viri(1 - ri) - f.Liqi(1 - qi)]
(13)

where A, f.Li, Vi are the LMs associated the equality constraints.
For the optimal values of qi and ri, it must hold that g;, =

aal: = 0, from which, the following expressions are derivedr,

Also, it should be noted that for the values of qi, ri that
.. r' h ld h a2

I: a2
I: 0'maximize 4.-, It must 0 t at &q[' &rf < , I.e.,

(16)

respectively. Hereinafter, we focus on the case that ri = 1 is
the optimal option, since ri = °should be preferred otherwise.



In (14), for ri = 1 and qi = 0, we have
fLi = (1 - A)(C~1 + C~2) - AC~r'

which, considering (16) leads to
. . A .

C~1 + C~2 < 1 _ A C~r'

Also, 12 that corresponds to the case h sl < hs2 , can be
(17) calculated similarly to It. Regarding h, it can be derived by

00 hr1 00 h s1

(18) 13 = J J J J(Csl + C s2 ) x

Similarly, for ri = 1 and qi = 1, from (14) and (16) it must
hold that Ci Ci _A_Ci (19)

rl + r2 > 1 _ A sr'

On the other hand, from (15), for ri = 1 and qi = °we
have

fs2dhs2fsl dhsdr2dhr2frl dhrl ·
(29)

Considering that h corresponds to the case h sl > hs2 , hrl >
hr2 , it holds that

which, by using (16) leads to

Similarly, from (15) and (16), for ri = 1 and qi
following condition is derived

C~1 + C~2 < (1 - A)(C~1 + C~2)'

(20)

(21)

1, the

(22)

By combining conditions (18), (19), (21), and (22) and
letting p = I~A' we can derive (12). •

C. Optimal Decision Threshold and Maximum Throughput
Considering (8), (9), and the optimal values of ri, qi for

each time slot i, given by (12), the optimal decision threshold
p* and the maximum throughput T* can be derived by

E{r*(I- q*)Csr } = E{r*q*(Crl + Cr2 )}, (23)

and

~~'+"] 1]
(32)

Moreover, 14 , h, and 16 , which correspond to the cases (hsl >
h s2 , hrl < hr2 ) and (hsl < hs2 , hrl > hr2 ), and (hsl <
h s2 , hrl < hr2 ), respectively, can be calculated similarly.

Step 2 : Similarly to the calculation of I, in order to derive
I' = E{r*q*(Crl + C r2 )}, with respect to ri = l,qi = 1 in
(12), the following expression can be used

h s1 =0 h s2 =0 hr1 =L~ h r 2=O

(33)

00 00 hrl

I~ = J J J (Crl + Cr2)fr2dhr2frldhrdsrdhsr'
hsr=O h r1 =L~ h r 2=O

(34)

(
132hr2Pr ~Crl +Cr2 = log2 (1 + 131hrl Pr )+log2 1 + 13 h P ,

1 + 1 r2 r
( 5)

and, thus, from Crl + C r2 > pCsr in (12), L~ can be written
as

I' = I~ + I~ + I~ + I~ + I~ + I~.

In (33), I~ can be expressed as

L~ = _1 [[(1 + hsr )p/ (1 + 132
h

rl
P

r )] - 1] .
131Pr 1 + 131 hrl Pr

(36)
Considering that 16 corresponds to the case hrl < hr2 , it can
be calculated similarly to I~. Moreover, I~ is

Considering that I~ corresponds to the case hrl > hr2 , it holds
that

(26)

00 00 h s1

It = J J J(Csl + Cdfs2dhs2fsldhsdsrdhsr'
hsr=O h s1 =L1 h s2=O

T* = E{(1 - r*)(Csl + C s2 )} + E{r*q*(Crl + Cr2 )},
(24)

where E{x} = lim 11 ~[:1 Xi denotes expectation. For the
N--+oo

calculation of p* and T*, a three-step approach is followed.
Step 1: First, 1= E{(I-r*)(Csl +Cs2 )} is calculated. To

this end, it is important to find the integration domain in which
it is non-zero, with respect to ri = °in (12). Accordingly, I
can be written as

Since It corresponds to the case hsl > h s2 , Csl + C s2 is

I = II + 12 + h + 14 + h + h. (25)

In (25), II is given by



(47)

Taking into account that 13corresponds to hr! > hr2 , hsl >
hs2 , it holds that

( ) (
Ct2h s2 PS )Csl +C s2 = log2 1 + CtlhslPs + log2 1 + h P

1 + Ctl s2 s
(38)

Based on previous analysis, the optimal decision threshold
p* can be easily calculated from

4 6

'LI~ = 'L,I~
k=l k=l

and

Furthermore, It that corresponds to the case hr! < hr2 can
be derived similarly.

(48)

with the aid of one-dimensional search algorithm, while the
maximum throughput is given by

6

T* = 'L(Ik + IU·
k=l

In this section, the performance of the proposed butler-aided
relaying scheme with NOMA and direct links is evaluated
and compared with the baseline scheme in [19]. Note that
this baseline scheme maximizes the system throughput when
R transmits information to two users by using buffer-aided
relaying in a C-NOMA system without direct links. Also, note
that in [19], fixed data rates (Rl and R2) for the communi
cation between the relay and the users have been assumed,
and when these rates cannot be achieved the relay adaptively
chooses to transmit information to a single user. Moreover,
we illustrate the performance of the proposed scheme when
the direct links are not utilized, which is easily obtained by
setting h~l = h~2 = 0, 'Vi in the proposed analysis. We further
assume that Oxy = 1/ d~Y' where dxy is the distance between
nodes x and y and that dsl = 0.9, ds2 = 1.1, dsr = d and
dri = dsi - d, 'Vi E {1,2}, while h~j > h~k =} Ctj = 0.3 and
h~j > h~k =} ~j = 0.3. Furthermore, we consider two cases
for the distance d and fixed data rates of the baseline scheme,
i.e., d = 0.2,0.3 and (R1, R2) = (1,2), (2,4) bps/Hz.

In Fig. 2, the achievable throughput of all considered
schemes is illustrated versus the relay transmit power Pr , for
Ps = 2 dB. As it can be observed, the proposed scheme with
direct links performs better than both the baseline and the
proposed one without direct links, for the whole range of Pr
and for both values of d. The reason for this is twofold: i)
the adaptive selection between the direct and relaying links
increases the average gain of the utilized channels, ii) the
performance is less prone to buffer-stability constraint, since
the source can also directly transmit information to the users.
Moreover, it is notable that the performance of the baseline
scheme is also limited by the constraint of fixed data rates
from the relay to users. For example, in the region of low Pr ,

higher fixed rates reduce throughput, since the system has less
opportunities to perform NOMA. This also justifies the higher
performance achieved by the proposed scheme, even when the
direct links are not used. Furthermore, the performance of all
schemes is affected by the relay placement, while the preferred
value of d reduces with the increase of Pr . This is because as
Pr increases, the bottleneck is due to the S-R link.

Similar observations can be made in Fig. 3, where the
throughput is plotted versus Ps, assuming Ps = Pr. However,
due to the increase of the transmit power of both Sand R, in
contrast to Fig. 2, the proposed scheme with direct links does

V. SIMULATION RESULTS AND DISCUSSION

(41)I" = I~' + I{ + I~ + It,

I " 1 -

where

[
---L- J" 1 Ct2hs2Ps l+p

L l = P
s

[(1 + CtlhslPs ) (1+ 1 + Ct
l
hs2 P

S
)] -1.

( 3)
Also, in (41), I{ corresponds to the case h sl < hs2 and can
be calculated similarly. Moreover, If corresponds to the case
hrl > hr2 and can be given by

Moreover, I~, I~, and I~, which correspond to the cases
(hsl > hs2 , hrl < hr2 ), (hsl < hs2 , hr! > hr2 ), and
(hsl < hs2 , hrl < hr2 ), respectively, can be derived similarly.

Step 3 : Finally, by considering the case of ri = 1, qi = 0
in (12), I" = E{r*(l- q*)Csr } can be written as

( (
Ct2hS2PS)Csl +Cs2 = log2 1 + Ct l hsl Ps )+log2 1 + h P ,

1 + Ctl s2 s
(42)

which, in combination with Csr > l~P (Csl +Cs2 ) form (12),
L~ can be written as

Considering that Ir corresponds to the case hsl > h s2 , it
holds that

Considering that hrl > hr2 , Crl + Cr2 is given by

Cr! + Cr2 = log2 (1 + ~lhr!Pr) + log2 (1 + 1~~~h2r~Pr) ,
(45)

which, from Csr > i (Cr! + Cr2 ) in (12), leads to

L~ = ~s [[(1 + ~lhrlPr) (1 + 1~~~h2r~Pr)] i - 1]. (46)

(
~2hr2Pr).Crl +Cr2 = log2 (1 + ~lhrlPr)+log2 1 + ~ h P ,

1 + 1 r2 r
( 9)

thus, from Cr! + Cr2 > (1 + p)(Csl + Cs2 ) in (12), it is
derived that
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not meet a floor in the range of [-10,30] dB. Also, in this
case, the impact of d on the system throughput is less severe.

VI. CONCLUSION

In this paper, we have investigated buffer-aided relaying
for a downlink NOMA system with direct links. In order to
take advantage of the extra degrees of freedom, three differ
ent transmission modes have been introduced. Targeting at
the throughput maximization, the corresponding optimization
problem has been formulated and optimally solved, deriving
appropriate theoretical expressions for the modes selection
and maximum throughput. Finally, simulation results have
illustrated the superiority of the proposed scheme compared
to the baseline scheme [19].
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