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Hybrid NOMA/OMA
Broadcasting-and-Buffer-State-Based
Relay Selection

Jun Kochi ¥, Ryota Nakai

Abstract—In this paper, we propose a novel buffer-aided relay
selection scheme that is capable of amalgamating the concepts of
non-orthogonal multiple access (NOMA) and orthogonal multiple
access (OMA) in the context of two-hop cooperative networks
supporting multiple relays. This is enabled by allowing relay nodes
to share a common information packet in their buffers with the aid
of a source-to-relay broadcasting mode. Hence, the proposed relay
selection scheme switches between diverse modes of uplink NOMA,
downlink NOMA, unicast, source broadcasting, and cooperative
beamforming. The theoretical bounds of the outage probability,
throughput, average delay, and diversity order are derived for
the proposed scheme, based on a Markov chain model. Through
our analytical and numerical results, it is demonstrated that the
proposed scheme is capable of switching to one of the best modes in
an adaptive manner while outperforming the conventional buffer-
aided cooperative schemes.

Index Terms—Adaptive transmission, broadcast, buffer,
cooperative network, delay, markov chain, NOMA, outage
probability, relay selection, theoretical analysis.

I. INTRODUCTION

ON-ORTHOGONAL multiple access (NOMA) [1]-[5]
N enables flexible resource allocation in comparison to the
conventional orthogonal multiple access (OMA) counterpart.
The benefits of NOMA are achieved at the cost of increased
detection complexity imposed on the receivers. More specifi-
cally, multiuser superposition coding and successive interfer-
ence cancellation (SIC), used in a NOMA scenario, allow us
to exploit a diverse combination of independent channels in an
adaptive manner. This implies that the achievable performance
gain of NOMA over OMA depends on the channel condition.
Hence, in order to efficiently achieve the benefits of NOMA,
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in [6]-[8], adaptive NOMA/OMA mode switching was devel-
oped for massive MIMO systems. While the original NOMA
was proposed for the multiuser downlink scenario [1], it was
applicable to both the downlink and uplink scenarios [9]; the
two modes are referred to as downlink (DL)-NOMA and uplink
(UL)-NOMA [10], respectively.

Relay-aided cooperative communications have been exten-
sively investigated [11]-[14]. In a two-hop relay network where
multiple relay nodes are positioned sufficiently apart from each
other, source-to-relay (SR) and relay-to-destination (RD) chan-
nels are typically uncorrelated, and hence the spatial diversity
order, corresponding to the number of relay nodes, is achievable.
Furthermore, for the sake of improving the achievable diversity
gain of cooperative communications, the exploitation of data
buffers at relay nodes was considered for two-hop cooperative
networks [15]-[19], whose achievable diversity order increases
to up to twice that of the conventional ones that do not rely on
data buffers. Note that the performance gain of the buffer-aided
cooperative schemes was achievable at the cost of increased
end-to-end communication delay as well as additional overhead
imposed by pilot transmission and channel monitoring. In [20],
Nomikos et al. developed the reduced-complexity buffer-aided
link selection algorithm with outdated channel state information
(CSI) and feedback errors.

In [21]-[24], the buffer-aided relay selection was combined
with NOMA. More specifically, in [21], Luo and Teh considered
adaptive downlink transmission with a single buffer-aided relay
node while employing NOMA in the relaying phase. In [22],
adaptive use of UL-NOMA and OMA was proposed in the
context of buffer-aided relaying uplink, where two users com-
municate with a single relay node with hybrid NOMA/OMA
transmission, while the buffer-aided relay nodes retransmit the
received packet to a destination node. Furthermore, in [23],
Alkhawatrah et al. propose a novel prioritization-based buffer-
aided relay selection scheme that combines the NOMA and
OMA modes in the Internet of Things (IoT) downlink, where
NOMA is exploited in the relaying phase.

Moreover, in [25]-[30], broadcasting an information packet
from a source node to multiple relay nodes was introduced
in the context of the aforementioned buffer-aided cooperative
communications; this allows relay nodes to share a common
information packet, hence increasing the degree of freedom
in buffer states. As a result, the source-to-destination (SD)
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Fig. 1.
scheme.

System model of the proposed two-hop buffer-aided cooperative

communication delay was kept at the minimum while achiev-
ing the high reliability of buffer-aided relay selection. Such
broadcasting- and buffer-state-based (BBSB) relay selection
schemes were developed in the context of decode-and-forward
(DF) [25] and amplify-and-forward (AF) relaying scenar-
ios [26]. Furthermore, the cooperative beamforming mode was
incorporated into BBSB relay selection in [27], while BBSB
relay selection was introduced to physical-layer security [28],
NOMA [29], and cognitive radio networks [30]. Note that,
the conventional BBSB schemes of [25]-[28] does not rely
on NOMA. Also, while in [29], the DL-NOMA concept was
incorporated into the relaying phase of the buffer-aided relay
selection for the multi-user downlink, cooperative beamforing
and the NOMA mode in the source transmission phase were not
exploited.

In the context of the above, the novel contributions of the

present paper are as follows.

e We propose a novel multi-mode BBSB relay selection
scheme which amalgamates two NOMA modes (DL-
NOMA and UL-NOMA) and three OMA modes (broad-
cast, unicast, and cooperative beamforming), allowing
hybrid exploitation of NOMA and OMA in a seamless
manner. While the main benefits of the proposed scheme
are achieved by the NOMA concept, which allows us to
send simultaneously send superimposed symbols, hence
enhancing the transmission rate. However, in order to
successfully decode the superimposed signals at the re-
ceiver(s), the associated SNR has to be sufficiently high.
Hence, the NOMA and OMA modes are switched, depend-
ing on the link conditions.

¢ Our DL-NOMA mode in the SR transmission phase su-
perimposes multiple different packets for the transmission
to the relay nodes, while the broadcast mode allows the
relay nodes to share a packet. Additionally, our cooperative
beamforming mode in the RD relaying phase becomes
realistic by relying on a packet share in the buffers of the
relay nodes.

¢ Furthermore, in order to validate the system model of
the proposed scheme, we derive the theoretical through-
put, outage probability, delay, and diversity order based
on the Markov chain model. Through our analytical and
numerical performance results, it is demonstrated that the
proposed scheme is capable of successfully switching
to one of the best modes in an adaptive manner, hence
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outperforming the conventional buffer-aided cooperative
schemes.

The remainder of this paper is organized as follows. We
present the system model of the proposed hybrid NOMA/OMA
BBSB relay selection scheme in Section II, and the associated
link selection algorithm is proposed in Section III. In Section IV,
we derive the theoretical bounds of throughput, outage proba-
bility, delay, and diversity order. In Section V, we provide our
performance results, and in Section VI, we conclude the present

paper.

II. SYSTEM MODEL

Let us consider a two-hop relaying network consisting of
a single source node S, two relay nodes R; and Rj,, and a
single destination node D, as shown in Fig. 1. However, the
proposed scheme is readily applicable to the scenario of an
arbitrary number of relay nodes. We assume that there is no direct
link between the source and the destination nodes, where each
node is equipped with a single antenna element. The channel
coefficients of the first and the second SR links are denoted as
h; and h,, while those of the first and the second RD links are
represented by g; and g,. Also, each relay node operates in the
half-duplex mode under the DF principle, while having a data
buffer of finite size L. The numbers of packets stored in the
buffers of the first and the second relay nodes are represented by
W, and ¥,. Furthermore, all the SR and RD links are modeled as
independent and identically distributed (IID) Rayleigh fading,
where the channel coefficients are random variables following
the Gaussian distribution with a zero mean and unit variance.

Similar to [1]-[3], we also assume that the CSI of all the links
and the buffer state information (BSI) of the relay nodes are
collected at a central coordinator. Based on the collected CSI and
BSI, the central coordinator determines which link or link subset
is activated. The modes in the proposed scheme are classified
into NOMA and OMA modes, which are employed both for the
SR transmission and the RD relaying phases. More specifically,
as shown in Fig. 2, the proposed scheme contains six modes:
two OMA-based SR transmission modes, a single NOMA-based
SR transmission mode, two OMA-based RD relaying modes,
and a single NOMA-based RD relaying mode. In each mode,
the transmission rate per packet is fixed at ry [bps/Hz]. In an
RD relaying phase, if the destination node successfully decodes
the received packet, an acknowledge (ACK) packet is sent back
to both the relay nodes with low-rate feedback links, and the
associated packet is deleted from the buffers of the relay nodes.

A. DL-NOMA Mode for SR Transmission Phase

Fig. 2(a) shows the DL-NOMA mode for the SR transmission
phase. In this mode, the source node simultaneously multicasts
packets to both the relay nodes, by multiplexing two source
packets into a single packet, according to the DL-NOMA prin-
ciple [1]-[3]. More specifically, the superimposed information
signal x is represented by

r = a1z, + arx, (D

where z; (¢ € {1,2}) represent packets transmitted to the relay
nodes with the average power of E[|z;|?] = 1. Itis assumed that
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the symbol rates of x| and z:; are the same. Furthermore, a; (0 <
a; < 1) denotes the power allocation coefficient corresponding
to x;, where we have the total power constraint of

Since in this mode two packets are simultaneously transmitted,
the sum transmission rate is given by 2ry. Then, the signal
received at the kth relay node is given by

Yi® = hi/Pox 4 g, 3)

where P denotes the transmit power of the source node, and ny,
denotes the associated additive white Gaussian noise (AWGN)
component, which has variance 6%%.

Here, we assume that the first and the second SR links are the
sub and the main links, which are determined as introduced later
in Section III-B. In this case, the first relay node decodes a single
packet x;, while the second relay node decodes two packets x;
and x,. More specifically, the second relay node decodes the
multiplexed packets in descending order, i.e., first 21 and then
x5, with the aid of SIC.

The capacity between the source node and the kth relay node
in terms of the source symbol x| is expressed as

) )

where the transmit power corresponding to x», i.e., aPs, is
regarded as an interference power. Also, ygr denotes the average
SNR of the two SR links, which is calculated by ysg = Ps/0 .
Since each relay node operates in the half-duplex mode, a pre-log
factor of 1/2 is imposed on the capacity expression.

SR |hie|*a1vsr
|hi2azysr + 1

1
pr, (hk) = Elogz <1 + (€]

Then, if we have

CBY, (hn) = 1o, )
the first relay node successfully decodes z . Similarly, if we have
CBY, (h) = 70, ©)

the second relay node decodes x;. Furthermore, in order for the
second relay node to decode x; in addition to x|, the received
signal is modified based on the SIC principle as follows:

BN = 5N — ho/ Peayay
= hz\/ Psazl‘z —+ ny. (7)

Under the assumption that x; is successfully decoded and SIC
is used at the second relay node, the associated capacity in terms
of x, is given by

1
C]%i (h2) = 3 log, (1+ |h2|2aﬂsR) . (8)
Finally, if we have
CEL, (ha) > 7o, ©)

the second relay node can decode x,. Note that in order to
successfully decode x; at the second relay node with the aid of
SIC, x has to be decoded in advance. Hence, both the conditions
(6) and (9) have to be satisfied. In order to avoid the outage event
in this DL-NOMA scenario, all the inequalities (5), (6), and (9)
have to be satisfied.

The central coordinator calculates the optimal power alloca-
tion coefficients a; and a, based on the collected CSI. From (4),
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(5), and (6), we arrive at

o > Ye(|hg*azysr + 1) (
B |he|* s

while, from (8) and (9), we obtain
ay > ——
\ha|"ysr
where we have v, = 220 — 1.

If |hy|* < |ha|?, the two inequalities of (10) for k = 1,2 are
represented by

Y

- Ye(|hi Pazysr + 1)

a; > (12)
7 ysr
Yt (azysr + ﬁ) (13)
B TSR
ha? 1
> Ve ([hal a;'YSR“" ). (14)
|ha| "R
Hence, we have the power allocation factors of
h|? 1
a = 'Yt(‘ l| a;'YSR+ ) (15)
|h1|"ysr
Yt
ap = ———. (16)
|hal*sr

Similarly, if |h,|* < |hy|*, the power allocation factors are given
by
_ llhaParysr + 1)
|| ysm
Tt
ay = —2t . (18)
|ha*vsr

If a; and a, satisfy the power constraint a; + a, < 1, the DL-
NOMA mode is successful. Otherwise, i.e., if a; + a> > 1, the
DL-NOMA mode becomes outage.

aj (17)

B. Unicast Mode for SR Transmission Phase

Fig. 2(b) shows the unicast mode for the SR transmission
phase, where either of the two SR links is activated. Hence, in
this mode, a single source packet is stored only at the buffer of
the activated relay node. The capacity of the kth relay node is
represented by

1
Comi(hx) = 5 logy (1 + [hi*ysr) (19)
If C[Sfr}i(hk) > 1o and the buffer of the kth relay node is not full,
then the unicast mode of the kth SR link can be activated.

C. Broadcast Mode for SR Transmission Phase

Fig. 2(c) shows the broadcasting mode for the SR transmission
phase, where the source node simultaneously broadcasts a single
source packet to both the relay nodes. Then, when both the relay
nodes successfully decode the packet, it is stored at the buffer of
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each relay node. If the capacities of both the SR links are higher
than the transmission rate 7y, i.€.,

CER(h1) > 10, CER () > 10, (20)

then this broadcast mode can be activated, assuming that the
buffers of both the relay nodes have sufficient available slots, as
described in Section III-C.

Note that our DL-NOMA and broadcast modes allow the two
relay nodes to share a common packet in their buffers. Such a
buffer state cannot be achievable in the previous buffer-aided
relay selection scheme that does not use the broadcast mode,
and this buffer state enables the cooperative beamforming mode
of Section II-F. Furthermore, the broadcast mode contributes to
the decrease of delay in comparison to the unicast mode [25].

D. Unicast Mode for RD Relaying Phase
Fig. 2(d) shows the unicast mode for the RD relaying phase,

where either of the two relay nodes is selected for relaying a
packet stored in its buffer. The capacity of the kth RD link is
given by

1
Cim(gr) = 5 loga (1 + lgx*ym) @

where ygp denotes the average SNR of the RD links, calculated
by yap = P,/ 6%) with the transmit power of P, at the activated
relay node and the noise variance 0%, at the destination node.
This mode can be activated when C32 (g).) > ¢ and the buffer
of the kth relay node is not employed.

E. UL-NOMA Mode for RD Relaying Phase

Fig. 2(e) shows the UL-NOMA mode for the RD relaying
phase, where both of the two relay nodes simultaneously trans-
mit different packets to the destination node, packets z; and 2,
respectively.

Without loss of generality, let us assume |g;|> > |g2|?. Then,
the received signal at the destination node is represented by

Yy = g1/ Pobizi 4+ gav/ Prbaza + np,

where b; and b, are the power coefficients of the first and the
second relay nodes, respectively, and (b; + by) P, is the total
transmit power of the two relay nodes.! More specifically, the
maximum total power transmitted from relay nodes is given by
P,, hence having the constraint of by + b, < 1.2 Also, np is
the corresponding noise component. In order to first decode the
packet z;, the packet z; is assumed to be a noise in SIC at the
destination node. The associated information rate with respect

(22)

"In our UL-NOMA mode, power allocation, rather than equal-power relaying
of by = by, is carried out for each relay node, similar to UL-NOMA of [10], [31],
[32].

2The conventional UL-NOMA of [22], [33] assumed that the maximum
transmit power P, for each user, i.e., the constraint of b; < 1 and b, < 1, which
is different from b; 4+ b, < 1 employed in this paper. In the proposed scheme,
a single-user cooperative scenario with multiple relay nodes is considered. The
UL-NOMA mode of the proposed scheme is one of the three RD relaying modes,
i.e., the unicast, the UL-NOMA, and the cooperative beamforming modes.
Hence, to maintain the same total transmit power in each of the three RD relaying
modes, the constraint of b; + by < 1 is employed.
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to x; is expressed as

l911*b17RrD ) 23)
lg2Pbovep +1 )

Then, the information rate of x, after successfully decoding x;
is given by

1
Cor. (g1, 92) = 3 log, (1 +

Cop, (g2) = %log2 (14 |92/*b278D) - (24)
Similar to the DL-NOMA mode in the SR transmission phase,
we have the doubled sum transmission rate of 2r( in this mode.

Moreover, the central coordinator calculates the power alloca-
tion coefficients b; and b, based on the collected CSI. This mode
can be activated when C3P (g1, 92) > ro and C3p, (92) > 7o,
ie.,

- Y¢(|g2* b2 ymp + 1)
B |91|27RD
o
|g2|2'YRD'

; (25)

by >

(26)

Hence, the UL-NOMA mode is successful only if the power
allocation factors of

1

by = M (27)
lg1]"vrD

by= —3— (28)
|921"VrD

satisfy the power constraint of b; + b, < 1. Otherwise, the UL-
NOMA mode becomes outage.

The power allocation coefficients b; an b, may be calculated
at a central coordinator, and conveyed to the first and the second
relay nodes, respectively.

FE. Cooperative Beamforming Mode for RD Relaying Phase

Fig. 2(f) shows the cooperative beamforming mode for the
RD relaying phase, where a common packet is simultaneously
transmitted from both the relay nodes. As presented in the SR
transmission phase, the DL-NOMA mode and the SR broad-
casting mode simultaneously activates both the SR links and
allows the two relay nodes to share a packet, hence enabling the
cooperative beamforming mode.

The transmission weight of the ith relay node is given by
w; = g7/|lg.||, where we have g, = [g1,¢2]" . The associated
information rate is given by

Céalgr g2) = %Ing (1 + ||9c||27RD> . 29)

Naturally, in the RD relaying phase, the cooperative beam-
forming mode has a higher performance than the unicast mode,
without imposing any performance penalty. However, this mode
can be activated when Cg?l (g1, 92) > ro and a specific packet is
shared among the two relay nodes.

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 70, NO. 2, FEBRUARY 2021

TABLE I
PRIORITY CLASSIFICATION

Priority Low Medium High
SR link Up=L—-1 EEr<¥Yyp<L-1 VU < &sr
RD link U =1 1< ¥, <€&rp Erp < VUi

III. PROPOSED LINK SELECTION ALGORITHM

In this section, we present our proposed relay selection algo-
rithm. First, we show the selection algorithm of a single main
link. Then, we present our mode selection algorithm.

A. Priority Classification of Each Link

The central coordinator evaluates the priorities of all the SR
links and the RD links based on Table I; the priorities are
classified into three categories. Two thresholds, {sg and Erp,
are introduced to avoid detrimental buffer states, such as the
full and empty buffer states. The ranges of these thresholds are
given by 1 < &gr < €rp < L — 1. For example, the priority of
the kth SR link is categorized as low if Uy = L — 1, medium
if é&sp < U < L — 1, and high if ¥y < Egg. Similarly, the
priority of the kth RD link is categorized as low if ¥; =1,
medium if 1 < ¥y < &rp, and high if {gp < Wy, Note that,
when the buffer state of kth relay node is full (i.e., Uy = L)
or empty (i.e., Uy = 0), the associate SR or RD link cannot be
activated, respectively. Therefore, these links are excluded from
the candidates to be selected.

Note that the thresholds &gr and {gp allow us to strike a
tradeoff between the throughput, the outage probability, and the
average packet delay. If {sg and &gp are set small, the number
of packets stored in the buffer is kept low. This may be beneficial
in terms of keeping the average packet delay low since the time
packets are held in the buffer is reduced. However, the expected
number of available RD links decreases due to the low number
of packets stored in the buffers, which may increase the outage
probability. By contrast, if the thresholds {sg and &rp are set
high, the number of available RD links increases. As a result, the
outage probability decreases, at the cost of the increased average
packet delay.

B. Main Link Selection

Based on the priorities of the links, a single link out of four
is selected as the main link in each time slot. The priority
of the main link selection is in the order of the high-priority
SR links, the high-priority RD links, the medium-priority SR
links, the medium-priority RD links, the low-priority RD links,
and the low-priority SR links. If there are multiple available links
in the same priority category, the single strongest link among
them is selected.

When the central coordinator verifies that the unicast trans-
mission of the selected main link is in outage, the next available
link is selected according to the above-mentioned selection
priority.

Having determined the main link, a sub link is set to another
link in the same transmission phase. For example, when the
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second RD link is selected as a main link, the first RD link is set
to a sub link.

C. Mode Selection for SR Transmission Phase

In this section, we consider mode selection for the case where
the main link is an SR link, which corresponds to the SR
transmission phase. Table II shows the mode selection criterion,
where one of the DL-NOMA, broadcast, and unicast modes is
activated. Here, let us define the relay node associated with the
main link as the main relay node and the other relay node as the
sub relay node. Moreover, the numbers of packets stored in the
buffers of the main and the sub relay nodes are represented by
W hain and Wy, respectively.

More specifically, when Wy, > L — 1, the unicast mode is
selected, where a single packet is transmitted to the main relay
node (Case 1). This is for the sake of avoiding the detrimental
full buffer state at the sub relay node. When ¥ ,,,;, = L — 1 and
Yo < L — 2, the broadcast mode is activated (Case 2); in this
case, the source node simultaneously broadcasts one packet to
both the relay nodes. When Wi, < L —2and Uy, < L — 1,
the DL-NOMA mode is activated (Case 3). If the DL-NOMA
mode is outage, the source node broadcasts one packet to both
the relay nodes (Case 4). When the main-relay node can receive
no packets in Cases 1, 2, and 4, the SR transmission phase
experiences an outage event.

D. Mode Selection for RD Relaying Phase

In this section, we consider mode selection for the scenario
where the main link is an RD link, which corresponds to the
RD relaying phase. Note that W ,,i, > | is guaranteed in this
scenario. Table III lists the mode selection criterion, which
includes six cases.

Let us consider Wy, > 2 and that the two relay nodes share
one or more packets. Then, the UL-NOMA mode is activated
(Case 1), unless it becomes outage. Otherwise, the cooperative
beamforming mode is activated (Case 2). When we have Wy, >
1 and there are no shared packets among the relay nodes, the
UL-NOMA mode is activated (Case 3). If Case 3 corresponds
to an outage event, the unicast mode is activated (Case 4). If
Wqup = 1 and there is a single shared packet among the relay
nodes, the cooperative beamforming mode is activated (Case 5).
Finally, when Wy, = 0. the unicast mode is activated (Case 6).

E. Example of Our Mode Selection

In order to elaborate further, let us exemplify the proposed
scheme by using the specific scenario shown in Fig. 3, where
the buffer size of each relay node is L = 4, the buffer states
are ¥; = 2 and ¥, = 1, and there are no shared packets among
the two relay nodes. Furthermore, the threshold parameters are
§sr = land {pp = 2.

First, the priorities of the four links, i.e., the first SR link,
the second SR link, the first RD link, and the second RD link,
are determined to be medium, high, high, and low, according to
Table I. Next, based on the main link criterion of Section I11-B,
the second SR link is selected as the main link. Then, according
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Fig.3. Example of L = 4 where the first relay has two packets and the second
relay has one packet. There are no shared packets among the relay nodes.

TABLE II
MODE SELECTION IN SR TRANSMISSION PHASE

Buffer states DL-NOMA | Broadcast | Unicast
Case 1 Yeup > L —1 — — active
Wiain = L —1
Case 2 matn — active —
qjsub S L—2
Case 3 Uinain < L —2 active — —
Case 4 Yeup < L —2 fail active —
TABLE III
MODE SELECTION IN RD RELAYING PHASE
Buffer states UL-NOMA Cooperative Unicast
beamforming
Case 1 active — —

Weub > 2 & at least

Case 2 one shared packet fail active —

Case 3 Yoo > 1 & no active — —

Case 4 shared packet fail — active
} Uoup = 1 & one o : _

Case 5 shared packet active

Case 6 Yeup =0 — — active

to Table II, the DL-NOMA mode (Case 3) or the broadcast mode
may be activated, depending on the channel conditions. More
specifically, if the channel conditions of the two SR links are
sufficiently high, such that the DL-NOMA mode is not outage,
the DL-NOMA mode is activated, as shown in Section II-A.
Otherwise, the broadcast mode is activated.

F. Overhead for Monitoring CSI and BSI

Let us evaluate the overhead required for the central coordi-
nator to monitor the CSI and BSI, which are used to select an
appropriate link. For simplicity, we assume that the destination
node acts as a central coordinator, similar to [25].

In the proposed scheme, all of the SR and RD channels, as
well as the BSI of the relay nodes, are updated in each time slot.
The source node broadcasts a pilot block to the relay nodes, and
each relay node carries out CSI estimation based on the received
pilot block. Then, the CSI of the kth SR channel is transmitted to
the destination node together with the BSI of the kth relay node.
Also, each relay node transmits a pilot block to the destination
node, and the destination node then estimates the CSI of the
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RD links. Note that the proposed scheme’s overhead is the same
as those of the conventional generalized max-link and max-link
schemes, which are listed in Table II of [25].

The CSI overhead may be reduced when the channel coher-
ence time is longer than the packet interval. Further reduction of
overhead remains an open problem for all the buffer-aided relay
selection family, including the proposed scheme.

IV. DERIVATION OF THEORETICAL BOUNDS

In this section, we derive the theoretical bounds of the
throughput, the outage probability, the average packet delay,
and the diversity order for the proposed scheme. Our theoretical
analysis is based on a Markov chain model, similar to conven-
tional studies [25], [27], [29]. For example, for the scenario of
two relay nodes with a buffer size of L = 2, we have 19 states, as
shown in Table III of [25]. For the sake of simplicity, only the co-
operative beamforming is kept deactivated in our analysis. More
specifically, we replace the cooperative beamforming mode by
the unicast mode.? First, we calculate the transition probability
of each mode, and then, the state transition matrix of a Markov
chain model is defined in order to derive the theoretical bounds.

A. Channel Condition for Successful Transmission

1) DL-NOMA Mode for SR Transmission Phase: In the DL-
NOMA mode, the transmission is successful if the power alloca-
tion factors of (15), (16) or those of (17), (18) satisfy the power
constraint of (2).

If |Amain|* = |hsub |’ from (15) and (16), then (2) can be
rewritten as

heun|* 1
Ve (| hsun | a;VSRJr ) %2 <1 (30)
|hsub| VSR ‘hmainl VSR
2
|hmain| Yt

< |hsun|® < |hmain|*- 31)
‘hmaiHIZ’YSR_’yt(’yt+l) | ° | | * |

Furthermore, (31) can be modified to

Yt (’Yt + 2)
TSR

Therefore, in order to achieve successful transmission in the
DL-NOMA mode, both (31) and (32) have to be satisfied for
|main|® and |hgun|*. We assume that the channel coefficients
are random variables, following the zero-mean unit-variance
Gaussian distribution, and hence the probability PD]I:) . satis-
fying the channel condition for the successful transmission of
the DL-NOMA mode, is expressed as

00 T
Pp =
Ppr Yt (ve+2)

Yt
ISR zysR -Vt (Ve +1)
2 2
- T7YSR — TVt
= exp | — dzx
ye(ve+2) TYSR — Mt (’}/t + l)
TSR

3Note that the proposed scheme, including the cooperative beamforming
mode, is expressed in the Markov chain model, similar to that without cooper-
ative beamforming. Therefore, the analytical framework derived in this section
is readily applicable to the proposed scheme with the cooperative beamforming
mode.

< |hmain]*- (32)

e Te Ydydx
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2
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|Rmain|*ve
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= 0 ThmaimPrse = ve(re + D)
Ysr
0 Ye(re +2)/vse oain|?
main
Fig. 4. Region D}DL corresponding to the successful transmissions in our

DL-NOMA mode under the assumption of | ain \2 > |hsub \2 and region DZDL
with ‘hmain‘z < Ihsub ‘2‘

— —exp
2 VSR

Similarly, if |Amain|* < |hsub |, from (2), (17), and (18), we
arrive at the condition of successful transmission of the DL-
NOMA mode as follows:

hmain : 1
(] \ a;'VSR +1) %2 <1 (34)
‘hmain‘ YSR |hmain| YSR
2
PN M < |hmain|2 (35)
TSR
< |hsub|*- (36)

Then, the probability PD%) . which is associated with the channel
condition imposed by the successful transmission of the DL-
NOMA mode, is formulated as

oo T
Pp = e Ye Ydydx
DL (v +2) e (ve+2)
ISR ISR

_ 1exp (_2%(% + 2)) _

37
2 VSR ©7)

Fig. 4 shows the areas D},; and D3, which correspond to
the successful transmissions in our DL-NOMA mode under
the assumption of \hmain\z > |hsub\2 and \hmain|2 < |hsub\2,
respectively.

2) UL-NOMA Mode for RD Relaying Phase: The probability
of the channel condition imposed by the successful transmission
in the UL-NOMA mode is calculated similarly to the preceding
case of the DL-NOMA mode. If | gmain|2 > | gsub|2, from (27)
and (28), the total power constraint b; + b, < 1 is represented
by

1
%(%j ) oy
|gmain| TRD |gsub| TRD
‘gmain‘z'yt

S |gsub|2 S |gmain|2'
|gmain|2'}/RD — Mt (r)/t + 1)
(38)
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. 2 2 .
DL-NOMA I;lode under2 the assumption of |gmain|” > |gsub|~ and region D%L
with |gmain‘ < |gsub| .

Moreover, (38) is modified in terms of gy,.in as follows:
Y (e +2)
TRD

Thus, the probability PD{;L satisfying the channel condition
needed for successful transmission in the UL-NOMA mode is
given by

(39)

S |gmain| .

o0 xT
Pr = e Te Ydydx
Pu ot (v +2) zyt Y
YRD zyRD—Vt (Ve +1)
2 2
_ - T"YRD — TVt d
= exp | — x
(v +2) xyrp — Ye(ye + 1)
TRD

(40)

1
5 €XP

Similarly, we can obtain the probability of satisfying the channel
condition of successful transmission in the UL-NOMA mode for
| gmain |2 < |gsub \2 as follows:

o0
Py = ex —
DL rpprn) P

TYRD

29 (ve + 2))
YRD )

$2’VRD - x%z )d
T
zyrD — Ve(ye + 1)

1 ( 2%(%+2)>
—zexp e

TYRD

Fig. 5 illustrates the areas D};; and D3, which correspond
to the successful transmissions in our UL-NOMA mode under
the assumptions of |gmain|2 > |gsub|2 and |gmain|2 < |gsub|2’
respectively.

3) Unicast Modes for the SR Transmission and RD Relaying
Phases: In the unicast modes for the SR transmission and RD
relaying phases, a single packet is transmitted. From (19) and
(21), the probability corresponding to the channel condition
required for successful transmission in the SR transmission
phase and that of the RD relaying phase are given, respectively,
by [25]

(41)

oo
o _ Dt
e Pdxr = e 7sr
t
TSR

PSR _

uni

(42)

1625

(43)
D

e t
PRD / e *dr =€ "mD.

4) Broadcast Mode for the SR Transmission Phase: In the
broadcast mode for the SR transmission phase, both of the
two SR links have to be activated in a simultaneous manner.
Hence, the probability of the channel condition imposed by the
successful transmission is the square of that of the unicast mode,
which is represented by

Pbroad = (PSR)

uni

(44)

_ 2
—= €& 7SR,

(45)

B. Theoretical Outage Probability and Throughput

First, we derive the state transition matrix defined by A
€ RNswatexNstate where Nyiate denotes the number of legiti-
mate states. Additionally, the pth-row gth-column element of
A indicates the transition probability from state s, to state s,

which is represented by A,,. Moreover, given the current state

=(a) (q)

Sq> 27 5., 2y, are a set of transitions, where N represents

the number of potentlal transitions. Furthermore, _(q), R :(Q)

are ordered based on the priority defined in our algorlthms
shown in Tables I and III, where = ”(q) corresponds to the highest

priority in the mode selection. Let us define s FE@) as the

state reached from state s, with the transition qu). Then, the
transition probability A FEDY, from state s, to state s FED) is

given by
- =(q) H(q) —(q)
Az, =Pr(E70..nEYNEY), @6
where the transition = "(q) is successful, while all other transitions

with higher priorities than EEQ) are in outage. Furthermore, the

outage probability under state s, is expressed as
NEN)
In order to exemplify calculation of outage probability (47),
let us consider that the state shown in Fig. 3 is state s,, where the
first relay and the second relay nodes have two and one packets,
which are all different. In this case, there are N, = 7 potential
states which can be potentially transitioned to from state s, as
listed in Table IV. The symbols A, O, O, O), and © denote five

different packets. Then, the N, = 7 transition probabilities are
calculated as

=@ _
ArEny —Pr( )—PDbﬁP%L

qu)) = Pr <E§‘Z)) Pr ('—(Q))

Posgt Agg=Pr ( (q) 47)

(48)

=(9)
A (,_(q)) =Pr (_41(]

= Povont — (Poy, + Pry,) (49)
=(a) ~( ) =
A FED) = Pr( Y'nE)! Ozgq)>
— Pr ( (‘I)) — Pr (qu) U qu))
= PEIE Pbroad (50)
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TABLE IV
STATES TRANSITIONED TO FROM THE STATE OF FIG. 3

States main-link active mode Relay 1 Relay 2
Sf(E1) SRa2 DL-NOMA mode A < g empty O [ Q empty
Sf(22) SRo2 Broadcast mode A <& | empty O O empty  empty
Sf(E3) SR2 Unicast mode A <& empty  empty O O empty  empty
Sf(24) Ri1D UL-NOMA mode A empty empty empty | empty empty empty empty
Sf(=5) R1D Unicast mode A empty empty empty O empty empty empty
Sf(Z6) SR1 Unicast mode A <& ] empty O empty empty empty
SF(27) R2D Unicast mode A < empty empty | empty empty empty empty
=) =) A=) = - -
Af(E§Q))q =Pr (:1 NE" NE;" N :gq)> X {1 — Pr (:éq))} {1 — Pr <:§q))}
2 2
= {1-Pr (== v} = (1= P (1= PRY)" (55)
Py (=@ The steady-state probabilities 7 = [my,...,7N.,...]7 €
X (“4 ) RNstate are formulated as [34]
_ _ ~1
= (1- PSR (P@UL + PD%JL> (51) ™= (A-1+B)'b, (56)
—(@) =(a) =(a) - =(2) - —(a) where all the elements in the matrix B € R NstateXNstate and the
Af(5§4>)q = Pr (:1 Nz Nay Ny N=s ) vector b € R™Nstate are ones. Since the gth diagonal element of
@ =) =@ A,ie., Ay, represents the outage probability of the state s,, we
= {1 —Pbr (:1 U= Us; ) } have the average outage probability
X {PI‘ (ES) — Pr (54)} Nstate
Pout = Y Aggmy (57)
= (1- PSR {Pj;? - (PDIUL + PD%L>} (52) p
o (=) =) =) =) =) () = diag(A). (58)
Apz@y, =Pr(E N5 NET NETNES NEy : :
=o )4 Also, the theoretical throughput is formulated by
= {1-pr (2 0=l =)} Nowe [ Ng
n= > 7w | D A z@y, € pan, | (59)
y {1 _pr (54@ U Eé‘J))}Pr (Eéq)> = — FE"a "FE")g
_ (1 _ PSR) (1 _ PRD) PSR (53) where € FED) is the number of different packets transmitted in
- B - - - the selected mode transitioned from state q to state s FE@)
Az, =Pr (B N5 nE nEY nEY 1
=1
C. Theoretical Average Packet Delay
=9 n E(q))
6 7 Based on Little’s law [35], the average packet delay at node ¢
= {1-pPr (2P0l u=")} is given by
E[Y,]
E[D;] = , 60
x {1-pr (=2 vz} D] == ©0)
—(@ (@) where E[¥,] denotes the average queuing length and 7, denotes
X {1 —Pr (:6 ) } Pr (H7 ) the throughput at node ¢. The average packet delay consists of
SRA2 RD\ HRD the delay at the source node and that at the relay nodes, which
= (1= Pui) (1= Pyd) Pawi - (54 are represented by E[Dg] and E[Dy], respectively. Similar to

Moreover, the outage probability under state s, of this specific
example is given by
P sgt = Agq
— Py (qu) A =(a) A =(a) A =(a) A =(a) A =(a) A E(Q))

= =y =3 2y s e [t

{1-pPr (=" v=l?uEl)}

x{1-pr (=2 vz}

previous studies [27], [29], ns = E[¥s] and so E[Dg] = 1.
On the other hand, since our proposed scheme assumes a two-
hop network, and if the source node transmits a sufficiently high
number of packets, it can be considered that the transitions on the
SR links and RD links are selected with almost equal probability,
the system’s average throughput is the value obtained in (59)
multiplied by 1/2. Moreover, we assume two relay nodes and
they have the same probability of being chosen, so we have

_
2x2°

R 61)



KOCHI et al.: HYBRID NOMA/OMA BROADCASTING-AND-BUFFER-STATE-BASED RELAY SELECTION

Furthermore, the average queuing length of the relay nodes is
given by

Nstate

E[Wg] = 3 Z m (i),

i=1

(62)

where ¥ () denotes the number of different packets stored at the
relay nodes in state s;. Therefore, the average packet delay of
the relay nodes is

Nstate

Z 7T7,\II(Z)7

i=1

£(py - E 2

(63)

from which we obtain the average packet delay of the system,
represented as

Nstate
E[D] = E[Dg] + E[Dg] =1+ = Y mU(i).

i=1

(64)

D. Theoretical Diversity Order

In order to derive the theoretical achievable diversity order of
the proposed scheme, we assume that all the SR and RD links
are independent and identically distributed. The diversity order
is defined by [35]
lOg P, out

D =— lim

A — (65)
y—00 10g’)/

where we have the average SNR of ysg = yrp = 7. In the limit
of ¥ — oo, channel capacities of all the links are higher than the
target rate in each mode, and hence transmission is successful.
Therefore, the number of packets stored at each relay node’s
buffer is maintained to be {sg < Py < &rp(k = 1,2), where
the buffer state is neither empty nor full, except for the special
case of (¢sr,&rp) = (1,2) and L = 3. Moreover, if both the
unicast transmission modes in the SR transmission and the RD
relaying phases are in the outage, the four other transmission
modes are naturally in the outage. This implies that P, only
depends on the outage probabilities of the two unicast modes.
Hence, except for the case of ({sr,&rp) = (1,2) and L = 3,
the achievable maximum diversity order of the proposed scheme
(65) is modified to

log (1 — PSB)*(1 — PRD)?

uni uni

D = — lim — (66)
F—00 log®
4
log %)
~ — lim —
F—00 10g Yy
=4 (67)

where from (66) to (67) we used the relationship of e* ~ 1 + z,
which is valid for the limit of z — 0.

V. SIMULATION RESULTS

In this section, we provide our simulation results as an evalu-
ation of the performance of the proposed scheme, comparing
these with those of the two conventional buffer-state-based
(BSB) protocols, which are the original BSB [18] and the BBSB
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protocols [27], selected as benchmark schemes. We assumed that
the transmission rate of each node is fixed as 79 = 1 bps/Hz.
This implies that by adapting the transmission power to be
minimum while maintaining the transmission to be successful,
energy-efficient transmission is possible. Moreover, we assumed
that the buffers of all nodes are initially empty and a sufficient
number of packets are transmitted to attain the steady state in
each Monte Carlo simulation, as verified in [27]. Also, unless
otherwise stated, we set the average SNRs to be identical,
YSrR = YRD, Whereas the threshold parameters are setas Egg = 1
and §gp = 2.

First, in Fig. 6, in order to validate our system model, we
compare the theoretical bounds of the proposed scheme derived
in Section I'V and the numerical results, where the buffer size was
setto L = 3. Note that only in this result, the cooperative beam-
forming mode is deactivated. Figs. 6(a), 6(b), and 6(c) show the
throughput, outage probability, and packet delay, respectively;
as shown, it was found that the numerical and theoretical curves
matched well. Hence, the system model of the proposed scheme
was validated.

Next, Fig. 7 shows the numerical throughput for the proposed
scheme with and without cooperative beamforming, the BSB
scheme, and the BBSB scheme, where the buffer size was set to
L =5 and the average SNR was varied from v = 0 to 20 dB.
Observe in Fig. 7 that the proposed scheme with and without co-
operative beamforming achieved the highest throughput among
the four schemes in the entire SNR regime. Moreover, in this
specific scenario, the proposed scheme with and without coop-
erative beamforming showed almost the same performance. The
benefits of the proposed schemes over the benchmark schemes
were remarkable, especially at high SNRs. This was achieved
as the explicit benefit of the inclusion of the two NOMA modes
in the proposed schemes.

Furthermore, Fig. 8 shows the average packet delays of the
four schemes with a buffer size of L. =5 and the average
SNR varied from v = 0 to 20 dB. As shown in Fig. 8, it was
found that the proposed schemes with and without cooperative
beamforming exhibited nearly the same performance, and both
outperformed the two latest benchmark schemes. The proposed
scheme’s performance advantages increased upon increasing
the average SNR. Further investigations of the effects of the
threshold parameters are given later in this Section.

In Fig. 9, we considered scenarios of asymmetric channels,
i.e., those of vsg # yrp. More specifically, Figs. 9(a) and
9(b) show the throughput and the average packet delay of the
proposed schemes with and without cooperative beamforming,
the BSB scheme [18], and the GBSB scheme [27], respectively.
The buffer size was set to L = 5, and the average SNR of the
RD links was fixed as ygp = 5 dB. Observe in Fig. 9 that
the proposed scheme with cooperative beamforming achieved
better performance than that without cooperative beamforming
in terms of both the throughput and the packet delay. Further-
more, it is seen that the cooperative beamforming gain improved
upon increasing the average SNR of the SR links ysg. This
is because, in such a scenario, the number of shared packets
among the relay nodes tend to be higher, hence having a high
possibility of the activation of the cooperative beamforming
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Fig. 7. Numerical throughput of the proposed scheme with and without
cooperative beamforming, the BSB scheme [18], and the BBSB scheme [27]
with buffer size L = 5 and average SNR varied from v = 0 to 20 dB.

mode in the low SNR regime of the RD links ygp. Also in
this figure, although the proposed schemes outperformed the
two latest benchmark schemes in terms of throughput, the
performance of proposed schemes were below in some SNRs
for packet delay. This is likely because that the DL-NOMA
mode causes more packets to be sent form the source node and
increases the number of packets held in the buffer of the relay
nodes.

Additionally, Fig. 10 shows the distribution of selected mode
in the proposed scheme with beamforming, where the buffer size
was L = 5 and the average SNR was varied fromy = 0to 20dB.
Observe in Fig. 10 that in the low SNR regime, two unicast
modes and the outage event are dominant, as expected. Upon
increasing the SNR value, the ratios of the two NOMA modes
increased. This allows us to achieve increased throughput, as
shown in Fig. 7.

Finally, we investigated the effects of the threshold parameters
&sr and Egp on the achievable performance of the proposed
schemes. In the proposed schemes, by changing these threshold
parameters, the tradeoff between the throughput, the average
packet delay, and the outage probability are balanced. Hence,
depending on the cost function targeted, the optimal &gr and

cooperative beamforming, the BSB scheme [18], and the GBSB scheme [27]
with buffer size L = 5 and average SNR varied from v = 0 to 20 dB.

&rp values change. Figs. 11, 12, and 13 show the achievable
performance of the throughput, the average packet delay, and
the outage probability of the proposed scheme with beamform-
ing for a buffer size of L =5 and average SNR varied from
v =0 to 20 dB. The examined pairs of threshold parameters
were (sr,&rp) = (1,2),(1,3),(1,4),(2,3),(2,4), and (3,4).
Observe in Fig. 11 that almost the same throughput was ex-
hibited regardless of the threshold parameters except in the
case of ((sr, &rp) = (3,4). As shown in Fig. 12, it was found
that the average packet delay of (Esr,&rp) = (1,2) achieved
the best performance, followed by that of ({sr,&rp) = (1,3).
This is because, as shown in (64), the average packet delay
decreases upon decreasing the number of packets stored in
the buffers of the relay nodes. Fig. 13 shows that the outage
probability of (&sr,&rp) = (2,3) achieved the best perfor-
mance, followed by that of ({sr,{rp) = (1, 3). Therefore, the
appropriate ({sr, Erp) set should be selected depending on the
target system requirement, according to the simulated results.
To provide further insight, an additional mode based on virtual
full-duplex transmission [36] may be incorporated into our
scheme. In this mode, while source node transmits an infor-
mation packet to a relay node, another relay node transmits a
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Fig. 10. Distribution of the selected mode in our proposed scheme with

beamforming with buffer size L = 5 and average SNR varied from v = 0 to
20 dB.

buffered packet to a destination node, and hence the transmission
rate may be increased. However, the incorporation of this mode
into our scheme is the scope of this paper, which is left for future
studies.

In this paper, we focused our attention on the single-source
and single-destination scenario with two relay nodes. However,
the proposed scheme can be readily extended to the scenarios
supporting more than two relay nodes. More specifically, the
four OMA modes in our scheme can be used for more than
three relay nodes similar to [27], while the two NOMA modes,
i.e., the UL- and DL-NOMA modes, are originally developed
for supporting more than two nodes. Alternatively, it may be
practical to select appropriate two out of multiple relay nodes
in order to support the arbitrary number of relay nodes in our
scheme. Furthermore, the proposed scheme is also applicable to

Fig. 11.
beamforming on the throughput. We considered a buffer size of L =5 and
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multi-user scenarios by relying on the existing medium access
control (MAC) protocols, such as time-division multiple access,
frequency-domain multiple access, and carrier-sense multiple
access.

VI. CONCLUSION

In this paper, we proposed novel NOMA/OMA-hybrid multi-
mode buffer-state-based cooperative schemes. More specifi-
cally, our DL-NOMA mode and broadcast mode allows multiple
relay nodes to store different and same packets, respectively.
Also, the UL-NOMA mode and the cooperative beamforming
mode become possible owing to the packets shared among
the relay nodes. The theoretical bounds of the throughput, the
average packet delay, and the outage probability were derived
for the proposed scheme without cooperative beamforming. Our
simulation results demonstrated that the appropriate switching
of the six modes in the proposed scheme allows us to achieve
nearly doubled throughput and reduced average packet delay in
the high SNR regime in comparison to the conventional BSB
and BBSB schemes.
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