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ABSTRACT This paper investigates a cooperative uplink system where two users wish to send messages
to a base station with the help of a buffer-aided relay. Transmission modes in terms of both non-orthogonal
multiple access (NOMA) and orthogonal multiple access (OMA) are considered. For the considered system,
the probability for the user-to-relay channels to successfully perform NOMA is first theoretically derived in
two scenarios of dynamic and fixed power controls (PCs) at users. Then, an efficient buffer-aided hybrid
NOMA/OMA based mode selection (MS) scheme is proposed, which adaptively switches between the
NOMA and OMA transmission modes according to the instantaneous strength of wireless channels and the
buffer state. The state transmission matrix probabilities of the corresponding Markov chain is also derived,
and the performance of the proposed hybrid NOMA/OMA scheme is analyzed with closed-form expressions,
in terms of sum throughput, outage probability, diversity gain, and average packet delay. For both the dynamic
and fixed PCs, the proposed scheme is proved to achieve a diversity gain of two when the buffer size is not
smaller than three, which means that fixed PC will not lead to a loss of diversity gain.

INDEX TERMS NOMA, hybrid NOMA/OMA, buffer-aided relay, mode selection, power control.

I. INTRODUCTION Cooperative communication can further enhance the effi-

Non-orthogonal multiple access (NOMA) technology, using
successive interference cancellation (SIC) and multiplexing
in power-domain, can improve spectrum efficiency, which
is considered to be a promising fifth-generation mobile
communication technology [1]. NOMA allows multiple
users to share the communication resources simultaneously,
i.e., time, frequency and code domain, then achieves better
performance than conventional orthogonal multiple access
(OMA) [2]-[4].
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ciency and reliability, and expand the coverage of wireless
communication networks. In order to enhance the perfor-
mance of NOMA, the work in [5] first exploited cooper-
ation between the users, i.e., the stronger users help the
other weaker users by using the decode-and-forward (DF)
scheme, so that the optimal diversity gain can be achieved.
On the other hand, the work in [6], [7] investigated coop-
erative NOMA with a single relay, where multiple users
were helped by a dedicated relay node using the DF and
amplify-and-forward (AF) schemes. In addition, relay selec-
tion (RS) scheme has also been proposed for cooperative
NOMA networks with multiple relays in some existing works
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(e.g., [8]-[11]). Recently, the uplink cooperative communica-
tion has also been investigated in [12], where a coordinated
direct and relay transmission was proposed.

Buffer-aided cooperative communication technique can
provide additional freedom for wireless cooperative com-
munication networks, which overcomes the bottleneck
effect of conventional cooperative communication technolo-
gies [13]. Exiting works related to buffer-aided cooperative
communication mainly considered the design of adaptive
link or mode selection (MS) schemes for single-relay systems
(e.g., [14]-[19]), and the design of relay selection schemes
for multiple-relay systems [20]-[22]. In addition, buffer-
aided cooperative NOMA for downlink transmission has also
been investigated in recent existing works [23]-[26]. The
works in [23] and [24] considered cooperative NOMA with
a single buffer-aided relay. In [23], adaptive and fixed rates
were assumed for the source-to-relay and relay-to-user trans-
missions, respectively, and the sum throughput was maxi-
mized based on the optimal MS scheme. In [24], fixed rate
was assumed for both the source-to-relay and relay-to-user
transmissions, and a relay decision scheme was proposed
to enhance outage performance, under the assumptions of
fixed and adaptive power allocations at the relay, respectively.
Recently, the works in [27], [28] proposed hybrid buffer-
aided NOMA/OMA RS scheme for downlink systems, which
is shown to significantly outperform NOMA and OMA RS
schemes.

Unlike the widely considered downlink buffer-aided relay
systems [23]—-[28], this paper investigates an uplink buffer-
aided relay system with two users, a DF relay, and a base
station (BS), where both the modes of NOMA and OMA
are considered for the user-to-relay transmission. Note that
performance analysis regarding to uplink NOMA is more
complicated than that of the downlink NOMA, in the sense
that the receiver for uplink NOMA is involved with multiple
links from multiple transmitters, whereas each receiver for
downlink NOMA is involved with only one link from the
single transmitter. The main contributions are summarized as
follows:

e We theoretically derive the probability for the user-to-
relay channels to successfully perform NOMA in two
scenarios of dynamic and fixed power controls (PCs)
at users. In particular, for both dynamic and fixed PCs,
we carefully designed the transmit power at each user
so that the power of the inter-user interference can be
controlled.

e We propose an efficient buffer-aided hybrid NOMA/
OMA based MS scheme, which adaptively switches
between the NOMA and OMA transmission modes
according to the instantaneous channel state information
(CSI) and the buffer state. The basic idea of the proposed
hybrid NOMA/OMA MS scheme is to give priority
to the NOMA transmission mode, i.e., NOMA will be
adopted to transmit the two users’ messages simultane-
ously. However, the NOMA transmission mode might
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not be successful, especially for weak channel condi-
tions; in this case, the transmission mode will switch to
the OMA.

e The Markov chain (MC) of the proposed hybrid
NOMA/OMA based MS scheme is formulated, and the
corresponding state transmission probabilities are ana-
lyzed. Accordingly, the performance of the proposed
hybrid NOMA/OMA MS scheme is derived with closed-
form expressions for sum throughput, outage probabil-
ity, and average packet delay.

e It is demonstrated that the proposed scheme can achieve
a diversity gain of two as long as the buffer size is not
smaller than three, for both two scenarios of dynamic
and fixed PCs. This means that fixed PC will notlead to a
loss of diversity gain, by carefully designing the transmit
power at each user.

This paper is organized as follows. In Section II, the system
model and five transmission modes including CSI and buffer
requirements are introduced. Section III derives the proba-
bility for the user-to-relay channels to successfully perform
NOMA in two scenarios of dynamic and fixed PCs at users.
Then Section I'V describes the proposed hybrid NOMA/OMA
MS scheme. In Section V, the throughput, outage proba-
bility, diversity gain, and average packet delay are derived.
Section VI provides numerical results to compare the per-
formance of hybrid NOMA/OMA with conventional NOMA
and OMA. We conclude this paper in Section VII.

h
\Buffer B
B
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h,

User 1

Buffer B

FIGURE 1. System Model of an uplink buffer-aided relaying system.

Il. SYSTEM MODEL AND PRELIMINARIES

A. SYSTEM MODEL

Consider a buffer-aided uplink DF relaying system which
consists of two users, a relay, and a BS, as shown in Fig. 1.
We assume that the direct links between the two users and
the BS are not available since they are blocked due to long-
distance path loss or obstacles, and the user-relay and relay-
BS channels experience identical and independent Rayleigh
fading [20]. It is assumed that the time duration is partitioned
into slots with equal length and each transmitted packet spans
one time slot. In each time slot, the users or the relay may be
selected to transmit packets. When each user is selected, it
assembles an information symbol intended for the BS into a
packet with rg bits, i.e., the same target rate of ro/2 BPCU is
assumed for each user to guarantee fairness [24], and hence
the target sum rate rate is ro BPCU. The relay is equipped with
two buffers, i.e., B and B;. Each buffer consists of L > 2
storage units and each storage unit can store a data packet
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TABLE 1. Necessary requirements for each Transmission Mode (T: Transmit; R: Receive; S: Silent), where n; and =, denotes the descending order of the

channel gains so that Hz, 2 Hz,.

Mode | User1 | User2 | Relay | BS CSI Requirement Buffer Requirement
M T S R S 12 Ug, {H1 > e} i <L
Mo S T R S R £ Upy, {H2 > co} la<L

Hm Py 5 e
My S S T R Ra £ Uy {Hr > €r} min{li,l2} > 0
M5 S S S S VHy,Hs,Hp Vi, l2

received from any user. A storage unit at buffer B, is used to
store an information symbol transmitted by user u, u = 1, 2.
If the relay is selected, it retrieves information symbols from
the buffers and transmits them to the BS. Assume that each
user always has information symbols to transmit.

The channel coefficients from user u to the relay and from
the relay to the BS are denoted as A, and hg, respectively.
Each channel is modeled as h; = di_y/ 2g,~, where the small
scale fading gain is Rayleigh distributed, i.e., g; ~ CN(0, 1),
i € {1,2,R}; thus, we define H; £ |hi|2, which follows
exponential distributions with means ; = di_2. These
channels are assumed to be independent flat Rayleigh block
fading channels which remain constant during one time slot
and change randomly from one time slot to anther. Without
loss of generality, it is assumed that each user u# and the
relay are constrained by the maximum transmit power P, and
each receiver has the same noise power 2. This implies that
individual power constraints at the users are considered in the
uplink system, which is more practical than the assumption of
the sum power constraint at the users in many existing works
for uplink NOMA (e.g., [3], [12]).

For the proposed system, we consider five possible trans-
mission modes, denoted by M, - - - , M5. Specifically, M,
M>, and M3 denote the user-to-relay modes, where the
opportunistic hybrid NOMA/OMA scheme is utilized: M
and M utilize the OMA scheme for which only one of the
users is selected to transmit a packet to the relay, and M3
utilizes the NOMA scheme for which the two users transmit
packets to the relay simultaneously. M4 denotes the relay-to-
BS mode, where the relay selects a packet from each user’s
buffer and blends the two packets into a mixed packet with
2rp bits and then transmits it to the BS!; and M5 denotes the
silent mode.

B. TRANSMISSION MODES AND CSI REQUIREMENTS

The instantaneous CSI requirement for each mode is summa-

rized in Table 1, where the CSI region of mode My, is defined

as Ry. Specifically, for the mode M,, u = 1, 2, it requires

H, > €9 so that the relay can decode packets correctly, where
A 20-1 , and p £ % denote the maximum transmit

€ =

INote that, different to the user-to-relay transmission, we consider only
one mode for the relay-to-BS transmission (i.e. My), where the relay trans-
mits both the two users’ messages simultaneously, such that the two users’
messages can reach the BS at the same time slot and short-term user fairness
can be guaranteed [4], [9], [24].
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SNR for each node. For the mode My, the transmission rate
from the relay to the BS should be 27y bits per channel use
(BPCU), so Hg > €p is required, where €g £ #. For the
uplink NOMA mode M3, the relay receives the following

signal:

YR = h1v/P1x1 + ha/Pyxz + 1y, (D

where P, < P is the transmit power at user u, u = 1,2,
and n, is the additive Gaussian noise at the relay with zero
mean and variance 2. The relay uses successive interference
cancellation (SIC)? to decode the two users’ messages. It may
also be interesting to combine uplink NOMA with some
emerging advanced techniques (e.g., mobile edge comput-
ing [30], automatic modulation classification [31] and deep
leaning [32], [33]), which is out the scope of this paper.
Specifically, we assume that the users are sorted accord-
ing to their channel qualities and denote (w1, m2) as the
descending order of the channel gains, i.e., |hg | > |hz,l,
where (1, m) = (1,2), if |h1| > ||, and (7, M) =
(2, 1), otherwise. The relay first decodes the message of the
stronger user | by treatirfllg gle weaker user’s signal as pure

48 Iaiia|

noise, which requires > peo; then, it cancels

the signal of the stronger user 7| from the observed signal,
Hy, Py, > Pe.

Remark 1: Since SIC at the relay first decodes the stronger
user’s messages, the optimal choice of the transmit power
Py, at the stronger user obviously is P, so we set P, = P.
However, the transmit power Py, at the weaker user should
be controlled to be a suitable value, since a larger Py, will
lead to a larger inter-user interference power when using
SIC to decode the stronger user’s messages at the relay.
In the next section, both the dynamic and fixed PCs at the
users will be considered, which correspond to two scenarios
that the weaker user knows perfect CSI and statistical CSI,
respectively.

C. THE BUFFER REQUIREMENTS

Let /,, denote the number of packets in buffer B, at the end of
each time slot, [, € {0, 1, ..., L}. The buffer requirement for
each mode is also summarized in Table 1, where mode M,
requires that buffer B, is not full, ie., l, < L,u = 1,2;

2Compared to “joint decoding” [29], SIC enjoys much lower decod-
ing complexity, and hence this paper adopts the SIC detection at the
relay.
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mode M3 requires that both the two buffers are not full,
i.e., max{l{, b} < L; and mode My requires that both the
two buffers are not empty, i.e., min{/q, b} > 0.

lIl. PROBABILITY FOR USER-TO-RELAY

CHANNELS TO PERFORM NOMA

In this section, we will derive the probability for the user-
to-relay channels to successfully perform NOMA, denoted
by PR, £ P{(H|, H)) € R3}, in the scenarios of dynamic
and fixed PCs at the weaker user, respectively. With the
setting of P;; = P, we first rewrite the region of Rj3
regarding to the NOMA mode M3, shown in Table 1, as
follows:

L > €0
2 = o2
0° + Hr,Pr, }s (2)

Ry = {
(Hy,Hy) * Hpy Pr, > Peg

where H;, > Hy,. Now, we will design the transmit power
at the weaker user to control the power of the inter-user
interference in two scenarios of dynamic and fixed PCs in
the following two subsections, respectively.

Hﬂ

0 € 62" H,

FIGURE 2. lllustration of the region R 5 with dynamic PC.

A. DYNAMIC POWER CONTROL

Dynamic PC corresponds to the scenario that the weaker user
knows the perfect CSI of H, at the beginning of each time
shot, where the perfect CSI can be obtained based on pilot
symbols transmitted from the relay to the weaker user. In this
case, the weaker user dynamically adjusts its transmit power
according to instantaneous CSI, such that the stronger user
can be affected minimally by the interference generated by
the weaker user in the decoding process at the relay. Specif-
ically, for user m>, we set the minimum required transmit
power, i.e., Py, £ II;—ZO if ;—7‘: <1, and Py, £ 0, otherwise,
in order to control the powér of the inter-user interference
when decoding user m1’s messages. Using this power set-
ting, the required CSI region R3 in (2) can be simplified as
follows:

Rs £ 3

Hy > €020 }

H,. >
(HI‘HZ){ ™ = €0
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Fig. 2 illustrates the region R3 in (3). Thus, we can derive the
probability Py, as follows:

R: = —e —e
} €0 €0 Q1 92 Y

QX0 p@0 p oy
- / / (o™ ) (e % )dxdy
€0 €0 Ql QZ

_ oolaras) | oo(Erar) _ o (drd)are g

B. FIXED POWER CONTROL

Fixed PC corresponds to the scenario that the weaker user
only knows the statistical CSI (i.e., means and variances of
fading channels) rather than the perfect CSI of Hy,. In this
case, the weaker user mp can only adopt a fixed transmit
power, which is not larger than P in each time slot. In par-
ticular, we set P, = aP, where 0 < « < 1 which is a fixed
power parameter to control the transmit power of the weaker
user in each time slot. Then we transform the region R3 in
(2) as follows:

Ry= | {Zﬂlzewflma(zm—”}. )

> €0
Ty =
(Hy,H>) «

From (5), one can observe that a larger « is beneficial to
decode user m7’s messages but harmful to decode user m;’s
messages. To balance the decoding of both the two users’
messages, we define the power parameter « as follows:

1
if ro > 1
a2 lom_p B0=0 ©)

1, ifrg < 1.

Remark 2: « in (6) is naturally designed, whose motiva-
tion is to set the coefficient of Hy, in the first term of (5),
ie., (20 — 1), to be 1 if rp > 1, so that the inter-user
interference power generated by the weaker user m» can be
effectively controlled. However, if ro < 1, the coefficient
a(2"0 — 1) cannot exceeds 1 for any « € (0, 1]. In this case,
we simply set @ = 1, as the inter-user interference power
can be controlled even if the weaker user 7, sets its transmit
power to be P.

The following proposition gives the expressions for Pr, in
two cases that rp > 1 and rg < 1.

Proposition 1: Using fixed PC parameter given in (6) at
the weaker user, the probability of Pr, can be expressed in
the equation shown at the bottom of the next page.

Proof 1: In the following, we will derive P, by con-
sidering two cases that ro > 1 and rp < 1.

1) CASEI (Ry = 1)
Using the definition in (6), the region R3 in (5) can be
expressed as

Ri=

(H1,Hy)

{Hm > €0+ an } 7)

Hyy > €027 — 1)

VOLUME 7, 2019
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FIGURE 3. lllustration of region R 5 with fixed PC, where ry > 1 and
220 —1.

which is illustrated in Fig. 3. We observe that R3
R% U RZ, where

H.A
2
77 7/
€,2"
7 77
. /. Z
0 € 62" H,

FIGURE 4. lllustration of region R 3 with fixed PC, where ry < 1.

Combining (9) and (10), we can obtain the expression of P,
as shown in (7) for the case ro > 1.

2) CASEll (Ry < 1)
In this case, Py, = P as shown in (6), so the region R3 in (5)

Rl 2 H; > ey + H) can be expressed as
= U Hy > (2" =1 |’ g
(- 1t2) Ri= | {Hm > €0+ (2" — DHy, } (10
2 A Hy > ¢g + Hy (H1,H>) HnZZGO ’
me U fiziato) oo el
(H1,H2) which is illustrated in Fig. 4. We can observe that
Now, we first derive R} as follows: Rs URYURS = U, ) { Z; i Eg }, where
y—¢€o
— R V- B 0
Pri /eozro/; ( ¢ ‘)( ¢ 2 )dxdy Rl 2 U €0 < H < €2 ’ (12)
+oo €0 < Hy < ¢+ (2" - 1DH;
—Ley20— 1 _» (H1,Hz)
—e Q16()(2 1)/ — dey
270 2 ~ €2 <H| <¢+ 20 —1H,
e (e e U | S U
e o (dvdr) gy w1y LH2 < €0+ @7 = DHy
Q0 €2'0 N
o 6_602,0( Qil 4 Q% )+ sETOI © Thus, the probability P, can be expressed as
i /+oo/ T80 ) (e % )dvdy—Pog; — P
—e 1 e 2 —Ps1—P5
where 1 = €9(2"0 — 1). Similarly, we have ( )( Jdedy Ry RS
Pra :/ P / (—e Q2)(—e 0 )dydx =e EO(Q o) —Pri = Pra. (14)
6020 g1 3 €
_, 92 0(270—1) /‘+OO i e_%ldx Now, we first derive Pﬁ; as follows:
e T R R I
_—697260/ e7(972+971>dx Pﬁé - ‘ < (Q_ze 2)(9_16 Hdydx
Q €2'0 0 0
€ €20 X n
= L{e(’zm(nﬁs{z)*%, (10) = / Le_QT |:e 2 _ Ql2((2()_1))‘+6()):| dx
Q+ 2 € Q
_ 0 edo(dird vl | a0 (drd) v ifro > 1,
Q|+ Q2 Q1+ 2
Pr. = Q2 —eo(ﬁl2’0+9i2 Q) e—eo(giﬁgizzro)
} Qp + 2220 — 1) Q12" — 1)+ Qo
€ n _
e % sz%) 7 2 — (2 D , ifrg <1
Q20 =1+ Qp+ Q020 —1)

VOLUME 7, 2019

168763



IEEE Access

P. Xu et al.: Performance Analysis of Buffer-Aided Hybrid NOMA/OMA in Cooperative Uplink System

_ eoldird) _aoldrrae)
T e
Q1210 — 1)+ Q25
—eald )] (s)

where ¢, £ (20 — 1)x + €. Similarly, we have

& L
Prz = / (ooe ﬂz)(—e o )dyd
3 €

02'0 195)

€] x 1 1. € )
2/ Le o [e 92(2’071)‘ 2701

€20 21

—e 92 (2"0=1)x+¢p) ]dx

_ Q270 — 1) eiﬂﬂ}%*“
Q + Q220 - 1)

1 1 T 1 1
+ )6020 ( + )Cz
Q Q2,20 — Q Q,(2"0—
X e ( 1 2 (2 1 —e 1 (2 1)

1
— 5 €
e & 0)

@0-p
_ (o )4“3], (16)

€920 L x—€)
—o—ip 4 & = oy

Substituting (15) and (16) into (14), the expression of Pm
can be obtained as shown in (7) for the case thatrg < 1.~

Q2
Q120 — 1)+ 2

i -0
e (91+ €2

X

where {3 £

IV. HYBRID NOMA/OMA MODE SELECTION

The design of throughout-optimal buffer-aided relaying
schemes for delay-constrained networks is still a challenging
issue, which has not been solved even for the single-user
case [13]. Alternatively, an efficient delay-constrained buffer-
aided MS scheme will be proposed in this section.

TABLE 2. Weight for Each Mode, where 0 < § < 1/2, 0 K 0] € 0wy K @3.

Mode | Weight for each mode, i.e., Wy
My w1 (L — 1)

Mo w1 (L — 12) +0

M3 wa (L —max{ly,l2})+6
My w3 (min{ll, lQ} — 1) —+ wo
M 20

The basic idea is to allocate each mode M; a weight,
denoted by W, to determine the priority of each mode, which
is given in Table 2, where 0 < § < 1/2 is used to differ-
entiate two weights with the same integer part. In addition,
w1, wy and w3 in Table 2 are used to denote three different
priority layers of the transmission modes, where 0 < w; <K
wy < 3. In particular, when min{ly, [} > 2, M4 lies on
layer w3, which enjoys the highest priority. The motivation of
the threshold of 2 is to achieve the tradeoff between outage
probability minimization and average packet delay minimiza-
tion [24], [34]. In this case, each buffer will be prone to remain
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at the size of 1 or 2 especially at high SNR, which means that
each buffer is neither full nor empty in most time slots as long
as L > 3. When min{l{, L} = 1, M4 falls down to layer w;,
the same layer with M3. Moreover, the OMA modes M| and
M3 lies in layer w1, and the silent mode M5 will be selected
only if the weight of any other mode is smaller than 2§ or its
CSI requirement is not satisfied.

With the allocated weights, the hybrid NOMA/OMA based
MS scheme can be mathematically expressed as follows.
In particular, mode M=+ is selected in each time slot, where
k* is given by

k*=arg max W (17)
keR,Wi>28

Remark 3: Hybrid NOMA/OMA will reduce to NOMA,
if we disable the transmission mode M and M, by setting
W, = W, = 0, i.e., only modes M3 and My are used
to receive and transmit messages at the relay, respectively.
In addition, if we disable mode M3 by setting W3 = 0, hybrid
NOMA/OMA will reduce to OMA where the users transmit
messages to the relay in orthogonal time slots.

V. PERFORMANCE OF BUFFER-AIDED

HYBRID NOMA/OMA

In this section, the performance of the proposed buffer-aided
hybrid NOMA/OMA scheme will be analyzed by formu-
lating a MC as well as its transition matrix to model the
evolution of the relay buffers.

A. STATE TRANSMISSION MATRIX

Lets, =1, l),ne{l,2,...,(L+ 1)2}, denote the states in
the MC, which describes the queues of the two buffers at the
relay. Let A denote the (L+1) x (L +1) state transition matrix,
whose entry A; ; = p(s; — s;) = P{(Lt + 1D, b + 1)) =
5i|(11(1), I(¢)) = s;} is the transition probability to move from
state s; at time 7 to s; at time ¢+ 1. The transition probabilities
for the proposed scheme can be summarized in the following
proposition.

Proposition 2: The transition probabilities of the states of
the MC for the proposed hybrid NOMA/OMA based MS
scheme are given in (19)—(23), as shown at the bottom of
the next page, where “Vv”’ and “A” denote “or” and “and”,
respectively. In addition, P, denotes the probability that
the channel gains lie in the region Ry shown in Table 1

k € {1,2,3,4). Specifically, Pg, = e % pg

and P, = 6797]12, and Pg, is given in (4) and (7) for the
scenarios with dynamic and fixed PCs, respectively.
Proof 2: Please refer to Appendix A.

When the buffer size L = 2, thereare (L+1)x(L+1) =9
buffer states in total and the state MC for L = 2 is presented
in Fig. 5. According to Proposition 2, the corresponding state
transition matrix A for L = 2 can be written as (18) at the
bottom of the next page.

_—st
, =€
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B. PERFORMANCE OF THE PROPOSED SCHEME

One can verify that the transition matrix A is column stochas-
tic and irreducible, so the stationary state probability vector

can be obtained as follows [20]:

T =A-1+B)"b,

(25)

3Column stochastic means that all entries in any column sum up to where 1 = [7-[“’ e nS(L 1)2]T’ b =111, 1]T and
. : P : +
Strzlet:é Egrgfu01ble means that it is possible to move from any state to any Bi,j — 1, Vi, j. In the next, we will use Ty 1y 1O denote the
Pr,PRr, 0 0 0 PR.PR, 0 0 0 0
Pr,— PR, IlePRZ _0 0 0 PR, 0 0 0
0_ PR PR, PR, B 0_ 0 0 0 0 0
PRr,PRr, 0 0 PR PR, B _0 B 0 0 Pr, 0
A= PR, PR, —PRr, 0 PRr,—PRr, PRlPR2P7_24 B 0_ 0 0 PR, (18)
0 PR, Pr, 0_ (PR2 —PR})PR4 PRr.PRr, _0 0 0
0 0 0 PR PR, _0 B 0 Pr B 0_ 0
0 0 0 PR, PR PRPR, O_ Pr, PRZI_)R4 _O
0 0 0 0 PR, PRr.PRr, 0 Pr,Pr, Pr,
(11,15)
Payipy = 0.
if|ly—=hl=2vIih—hl=2v{{=hL—-1AL#L-1}Vv{{ # —1Al,=1—1}. (19)
(I —-Pr)A —Pr,)A —Pr,) if max{l;, b} <L Amin{ly, b} > 0,
(1 -Pr)1—Pgr,) if max{l;, b} < L A min{l, [} =0,
(I —-Pr)d—-Pr,) iflhb=LA0<l <L,
(1 —-Pr) —Pr,) ifhb=LA0<l <L,
P =1, _p A 0)
1 - Pgr, iflil =0ANLL =L,
1 - Pgr, ifhb=0AL =L,
1-Pgr, ifli=hLh=L,
0 otherwise
Pr,(1 -=Pr)1—-Pr,) if0<h=<h<L,
(Pr, — Pr,)(1 —Pr,) if0<l <k <L,
Pr,(1—-Pr,) fO0<lj<b=L,
L+1,1 .
PGt = L PR (1 - Pr,) if0=5hL <1, <L, 21)
PR, — PR, f0=0L <b <L,
PR, ifl; =0, =L,
0 otherwise
(PR2 — P'R3) (I-Pr,) if0<b =<l <L,
Pr,(1 —Pr)1—Pr,) ifO0<li <k <L,
Pr,(1 —Pr,) if0<h<lh=L,
PGP = 1 PR, (1 - Pr)) if0=10 <h <L, (22)
Pr, — PR, f0=L <l <L,
Pr, iflyj=L,1b=0,
0 otherwise
(I = Pgr,) Pr, if max{li, b} <L Amin{ly, b} > 2,
PUHLETY = 1 PR, if max{ly, b} < L Amin{l;, b} <2, (23)
0 otherwise
Pr,(1 — Pgr,) if max{l, b} <L Amin{l{, L} =1,
PN = L P, if min{l;, b} > 2V {min{l;, b} = | A max{l}, b} = L}, (24)
0 otherwise
VOLUME 7, 2019 168765
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FIGURE 5. Markov chain representing the states of the buffers size L = 2.

stationary state probability of the buffer state s, = (I1, [») for
simplicity.

In the following, the performance of the sum throughput,
the outage probability, and the average packet delay will be
analyzed.

1) THROUGHPUT

Over a long time of period, obviously the sum receive and
the transmit throughputs at the relay will be the same, and the
sum throughput of the system can be expressed as follows:

RSM’"
-1 -1
_ (l1+,1) (I1,141) (11, 1+)
=10 D Pyl PGy 2Py
11=01,=0

L L
h—1,b—1
= 2rp E E PEI:JZ) 2 )7'[(1"]2). (26)
h=1hL=1

2) OUTAGE PROBABILITY

Since the target sum rate is ro BPCU (r9/2 BPCU for each
user), the outage probability of the system can be expressed
as follows:

RSMWZ

PO =1 — .
o

Sys

27
Based on the system outage probability P?é‘f , the diversity
gain of the proposed hybrid NOMA scheme is defined as
follows:

log PO
do £ — lim 28 s (28)
p—oo logp

Proposition 3: The diversity gain of 2 can be achieved by
the proposed hybrid NOMA scheme in both the scenarios of
dynamic and fixed PCs at the users, i.e., dy = 2, as long as
L > 3.

Proof 3: Please refer to Appendix B.

Proposition 3 implies that fixed PC will not lead to a loss
of diversity gain in comparison with dynamic PC, using the
proposed design of the transmit power at each user in (6).
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3) AVERAGE PACKET DELAY
Denote Py as the probability that mode My is selected. Over
a long period of time, based on (26), we obtain

Pl +Py+2P3 =2P;=1— P (29)

sys ©
Moreover, denote 1y and ng as the transmit sum throughputs

(in number of packets per time slot) of the users and the relay,
respectively, which can be expressed as

1l

sum t
. 1-— P‘S’;‘S. (30)

Since in each time slot, at most two packets are transmit-
ted from the two users, the average sum queuing length (in
number of time slots) at two users can be obtained as

Qu =2~ (P1+ Py +2P3) = 1 + PO @31

nu =MNR =

Thus, the average packet delay at the two users is
Qu 1+Pgs
nu T 1 = pout”

sys

Dy = (32)
In addition, the average packet delay at the relay is Dg =
Or/ngr, where Qp is the average sum queuing length of the
two buffers, which can be expressed as

L L

Or = Z Z(h + )7, 1) (33)

11=010=0

In summary, the total average packet delay of the system is
Dy + Dg.

VI. NUMERICAL RESULTS

In this section, we evaluate the performance of the proposed
hybrid NOMA/OMA based MS scheme by using computer
simulations, in terms of sum throughput, outage probability
and average packet delay. Furthermore, asymmetric distances
are considered, which are set as dj = 1, d» = 2 and
dr = 1, and the path loss exponent is chosen as y = 2 to
reflect a favorable propagation condition. This means that
Q =1, Q2 = ‘—1‘, and Qr = 1. In the following sub-
sections, we present the performance of the proposed hybrid
NOMA/OMA scheme in two scenarios of dynamic and fixed
PCs at users.

A. DYNAMIC POWER CONTROL

In this subsection, Figs. 6-9 are provided to compare the
performance of the proposed hybrid NOMA/OMA scheme
and the conventional NOMA and OMA schemes, where it is
assumed that dynamic PC is adopted at the users for all the
schemes.

In Fig. 6, sum throughput comparison is presented for the
proposed hybrid NOMA/OMA scheme and the conventional
NOMA and OMA schemes, where the buffer size is set as
L = 5. One can observe that, when ryp = 2 BPCU, the
hybrid NOMA/OMA and NOMA schemes achieve the max-
imum sum throughput of 2 BPCU at high SNR, whereas the
OMA scheme can only achieve about 1.3 BPCU in this case.
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This is because only one packet can be transmitted from the
users to the relay in one time slot for the OMA scheme.
If we set ro = 3 BPCU, OMA can achieve the sum through-
put of 2 BPCU at high SNR, but have a poor performance
at low or moderate SNR. In addition, the proposed hybrid
NOMA/OMA scheme outperforms the comparative ones sig-
nificantly.

The outage probability performance of the proposed hybrid
NOMA/OMA scheme and the NOMA scheme are presented
in Figs. 7 and 8 versus SNR and buffer size L, respectively.
It can be seen from Fig. 7 that the gap between the two
schemes is slight when L = 2, especially at high SNR, but
significant performance gap exists when L = 5. In Fig. 8§, one
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FIGURE 9. Average packet delay vs. transmit SNR, where ry = 2 BPCU.

can observe that the proposed hybrid NOMA/OMA scheme
achieves lower outage probability compared to the NOMA
scheme for different buffer sizes and SNRs. In particular,
the proposed scheme can benefit from enlarging L signifi-
cantly, whereas the outage probability of the NOMA scheme
almost does not decrease when L > 5.

In Fig. 9, we present average packet delay comparison of
the proposed hybrid NOMA/OMA scheme and the NOMA
scheme when L = 3 and L = 5. We observe that, at low SNR,
the proposed hybrid NOMA/OMA scheme achieves a much
shorter average packet delay than NOMA scheme. This is
because the average packet delay at the users is the dominant
factor when the outage probability is high at low SNR (shown
in Section V-B). At high SNR, the proposed scheme suffers
from a longer average packet delay especially when L = 5.
This is because the average packet delay at the relay is the
dominant factor at high SNR. For the proposed scheme, a sin-
gle packet is transmitted when an OMA transmission mode
(M or M») is selected, which may obstruct the following
received packets in the same buffer. However, it can be seen
that the average packet delay of the proposed scheme is just
slightly longer than the NOMA scheme at high SNR.

2
—©— Hybrid NOMA/OMA (dynamic PC)
18| — — Hybrid NOMA/OMA (fixed PC),Ana. P
A Hybrid NOMA/OMA (fixed PC),Sim.
1.6| —2— NOMA scheme (fixed PC) /
/
A
S 14F ,
O
@ /
o121
£
=]
8 1
5 /
2 -
g, 08l ,/ r0—2 BPCU
£ r.=0.5 BPCU
= o6k 0 ! |
\ P
041 4
/
02 !
A
a o — L L L
-5 0 5 10 15 20 25
SNRin dB

FIGURE 10. Sum throughput vs. transmit SNR, where L = 5.

B. FIXED POWER CONTROL

In this subsection, Figs. 10-13 are provided to compare the
performance of the proposed hybrid NOMA/OMA scheme

168767
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FIGURE 13. Average packet delay vs. transmit SNR, where L = 5.

and the conventional NOMA scheme, in the scenario of the
fixed PC at the users. The hybrid NOMA/OMA scheme
with dynamic PC is also depicted as an upper bound for the
proposed scheme with fixed PC.

In Fig. 10, with the fixed PC, hybrid NOMA/OMA sig-
nificantly outperforms the conventional NOMA, in terms of
sum throughput. When the transmit rate rp = 2 BPCU,
hybrid NOMA/OMA scheme with fixed PC performs worse

168768

than hybrid NOMA/OMA scheme with dynamic PC, which
can be explained by the fact that the required NOMA region
R3 for dynamic PC in Fig. 2 has a much lager domain
than that for fixed PC in Fig. 3. While when the trans-
mit rate ro = 0.5 BPCU, hybrid NOMA/OMA with fixed
PC can achieve almost the same sum throughput as hybrid
NOMA/OMA with dynamic PC. This is because when the
transmission rate is small, there is only a little difference
between the required NOMA region R3 for dynamic PC
in Fig. 2 and that for fixed PC in Fig. 4.

Fig. 11 shows the outage probability, Pg;; , for the hybrid
NOMA/OMA and NOMA schemes. Hybrid NOMA/OMA
also outperforms NOMA especially when rp = 2 BPCU. The
outage probability performance of hybrid NOMA/OMA with
dynamic PC performance better than hybrid NOMA/OMA
scheme with fixed PC, when the transmit rate ro = 2 BPCU.
However, one can observe that the advantage of hybrid
NOMA/OMA with dynamic PC narrows compared to hybrid
NOMA/OMA with fixed PC, when the transmit rate reduces
to 0.5 BPCU.

In Fig. 12, we depict the outage probability P‘S’;S’ for the
corresponding three schemes as a function of the buffer size
L, in order to consider the impact of the buffer size L.
Obviously, the outage probability for each scheme decreases
with L. Furthermore, when ro = 2 BPCU, it can be seen that
the outage probabilities of the both the hybrid NOMA/OMA
and NOMA schemes with fixed PC changes little for the
region L > 2, while the curve of hybrid NOMA/OMA with
dynamic PC almost keeps unchanged for the region L > 6.
When rp = 0.5 BPCU, the performance of each scheme
keeps unchanged for the region L > 4. Thus, it is suitable
for the proposed hybrid NOMA/OMA scheme to choose a
small buffer size of L between 3 and 5.

In Fig. 13, we present the average packet delay in number
of time shots of three schemes versus the SNR. We note that,
when the transmit rate rp = 2 BPCU, the average packet
delay of hybrid NOMA/OMA with fixed PC is longer than
that with dynamic PC at low SNR, because the delay at the
users is the dominant factor in this case. However, when
ro = 0.5 BPCU, the delay of hybrid NOMA/OMA scheme
with fixed PC is almost the same as that with dynamic PC.
In addition, similar to Fig. 9, the conventional NOMA scheme
achieves a shorter average packet delay at high SNR, and the
performance gain is about 1.5 time slots compared to hybrid
NOMA/OMA.

VIl. CONCLUSION

This paper investigated a cooperative uplink system with two
users, a buffer-aided relay, and a BS. A hybrid NOMA/OMA
based MS scheme has been proposed, which adaptively
switches between the NOMA and OMA transmission modes
according to the instantaneous CSI and buffer state. We have
derived the probability for the user-to-relay channels to suc-
cessfully perform NOMA in two scenarios of dynamic and
fixed PCs at users. Accordingly, we carefully designed the
transmit power at users such that the inter-user interference
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can be controlled. Then, we have analyzed the state trans-
mission matrix probabilities of the corresponding MC, and
derived closed-form expressions for sum throughput, outage
probability, and average packet delay. A diversity gain of two
was proved to be achieved when the buffer size is not smaller
than three for both dynamic and fixed PCs. Numerical results
have shown that the proposed hybrid NOMA/OMA scheme
with dynamic PC significantly outperforms the conventional
NOMA and OMA schemes in most scenarios.

APPENDIXES

APPENDIX A

PROOF OF PROPOSITION 2

To prove this proposition, we first analyze the probability of
the required CSI region for each mode M (shown in Table
1), denoted by Pr,, k € {1,2, 3, 4} where Pg, is given in
(4) and (7) for dynamic and fixed PCs, respectively, and the
other probabilities can be easily given as follows:

€0 €0

_f0 _f0 _fR
Pr,=e %1, Prp,=e %2, Pp,=e %, (34)

We then consider the following cases:

1) Since each buffer at most receives or transmits only one
. . .0 .

packet in one time slot, PEli l;; = 0if |l — 1| > 2,

u = 1, 2. Moreover, two buffers transmit at the same

time slot in the proposed scheme, and hence (19) can

be easily obtained.

2) PEZZ; corresponds to the case that mode Ms is
selected, which is shown in (20). Since weight W5 has
the smallest value when max{l, [} < LAmin{l{, [} >
0 compared to the other modes’ weights, mode M
can only be selected if all channels are so weak that
the other modes’ CSI requirements (shown in Table 1)

cannot be satisfied. In this subcase, PEZZ; = (-

Pr )1 — Pgr,)(1 — Pg,). When max{li, b} < L A
min{l/{, [} = 0, the buffer requirement of mode My
cannot be satisfied, i.e., we do not need to consider the
CSI requirement of the mode M. Furthermore, if the
CSI requirements of modes M, My and M3 either
cannot be satisfied, we can only choose mode M, and
Pi'2) = (1 — PR )PR,. Whenlj = LAO < < L,
mode M cannot satisfy the buffer requirement, so in

this subcases, PEZ:Z; = (1 - Pg,)(1 —Pg,). Similarly,

whenl, = L A0 < [} < L, we obtained PEHZ; =
(I — Pgr,)( — Pr,). When one buffer is full while
the other is empty, the buffer requirements of modes
M3 and My cannot be satisfied, hence we can only
choose mode M5 if the CSI of the channel linked to
empty buffer is either poor. So we can easily derive that
PiMR) = (1= Pr,)whenly =0 ALy = L, PR =
(1 —Pr,)whenlh =0Al =L. Whenly =L =1L,
only My’s buffer requirement is satisfied. So when it’s
CSI requirement cannot be satisfied, the system can

only keep silent and PS; Z; =(1-PR,).

3) ngﬁ;)’lz) corresponds to the case that mode M, is
selected, which is shown in (21). In the subcase where
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O0<b<li <L, W5 < W < min{W;, Wz, Wy}, so
mode M can be selected only if the CSI requirement
of M can be satisfied but the CSI requirement of M;
cannot be satisfied, i = 2, 3, 4, and thus PE;:L])’ZZ) =
Pr,(1 — Pr,)(1 — Pgr,). However, when 0 < [} <
Iy < L,Ws < Wy < Wi < min{W3, W4}, so we need
not consider mode M. From Fig. 2, Fig. 4 and Fig. 3,
we can derive that PEZ jzl)’h) = (PR, — Pry,)(1 — PR)).
Moreover, when 0 < [} < Ip, = L, W3 < W5 <
Wy < Wi < Wy, then PGNP = Pr (1 — Pr,).
In the subcase 0 = L < [} < L, Wy < W5 <
Wi < min{W,, W3}, so if the CSI requirement of
modes M5 and M3 cannot be satisfied, we will choose
mode M3, P12 = P (1 — Pr,). When 0 =
h < bh < LWy < Ws < W < W < Wi,
we can only choose mode M if the CSI requirement
of mode M3 cannot be satisfied, then we obtained that
Pt = pr (1 — Pry). When 0 = Iy ALy = L,
mode M has the max weight and deserves the highest
priority, so we will choose the user 1 to transmit if mode

M ’s CS1is available. Furthermore, we can obtain that

(h+1.h)
Py~ =Pr
4) Pgﬁzl)’lﬁl) corresponds to the case that mode M3 is

selected. If max{l{, [} < L Amin{l{, L} = 2, W3 >
Wi, i = 1,2,5, and W3 < Wy, so mode M3 can
be selected only if the CSI requirement of M3 can
be satisfied but the CSI requirement of M, cannot
be satisfied, and thus Pt 20 = pr (1 — Pr,).
If max{l{, b} < L Amin{l{, b} < 2, W3 has the largest

value, and hence PEZ jzl)’lﬁl) = PR,.

5) Pgi,_lzl)’lz_l) corresponds to the case that mode My
is selected, and (23) can be easily obtained, follow-
ing similar derivation steps for the pervious case.
If max{l;,b} < L Amin{ly,h} = 1, Wy > W,
i=1,2,5,and Wy < W3, so mode My can be selected
only if the CSI requirement of My can be satisfied but

the CSI requirement of M3 cannot be satisfied, and

thus P! V270 = PR (1 — Pr,). If min{ly, b} >
2 v {min{l{, b} = 1 A max{l;, b} = L}, W4 has the

largest value, and hence Pgi ;21)’ b=D _ PRr,.

APPENDIX B

PROOF OF PROPOSITION 3

The transition matrix A is too complicated (shown in Propo-
sition 1) to obtain an explicit approximation of the outage
probability Pg’y”; in (7) at high SNR. Alternatively, we wish
to derive an upper bound on P{y{ in order to obtain an achiev-
able diversity gain of the proposed scheme. In particular,
it should be noted that the throughput achieved by the NOMA
scheme (mentioned in Remark 3) is just a lower bound of
the proposed hybrid NOMA/OMA scheme. This is because
the relay can still receive messages by using modes M and
M, for the proposed hybrid NOMA/OMA scheme, even if
the CSI requirements of M3 and M4 cannot be satisfied.
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Thus, the outage probability of the NOMA scheme, denoted
by P3%, is an upper bound of P4

sys *

Using the NOMA scheme, there exists only three modes
(Mpr, k = {3,4,5}) and (L + 1) states since the two
buffers have the same size in each time slot. The MC of the
simplified NOMA scheme for the case L = 3 is presented
in Fig. 14, where each transition probability from state i to
state j, denoted by P’

Po P]] PZ P33
9 PO p 2 p?
(3 (y = (y &
o@ipo@ipo @i ¢
p! p? P

FIGURE 14. Diagram of the MC of the simplified NOMA scheme with
L=3.

In the following, each transition probability will be approx-
imated in both the scenarios of dynamic and fixed PCs at the
users, so that the steady probabilities can also be approxi-
mated at high SNR and the achievable diversity gain can be
achieved.

A. DYNAMIC POWER CONTROL
Based on PR, in (4) for dynamic PC and Pg, in (34), each
transition probability can be easily approximated as

P=1-P l+1 (35)
=1—- X € — J—
0 Rs 0 Q2
1 1
Pl = P2 =(1 =P )1 —Pr )~ 2R (L ). @36
Pl=1-Pg, ~ R 37)
Qr
PL= P =P~ 1 e~ + 2 (38)
0 — 1 — R3 0 Q QZ
3 ~ €R
Py = Pry(1 — PR, ~ a0 (39)
R
PP=Pl=pp, ~1- R (40)
Qpr
P = P, (1 — PR,) 1+1 (41)
= € —_ _—
Ry R3 0 Q] QZ

at high SNR, by using Taylor expansion. Based on the above
transition probabilities, the stationary state probabilities of
the MC can be obtained, which are approximately given by

1 /11 1
N N
- — 4+ — ~ -, 42
7o 260(521 +szz) T “2)
1 1
o~ sl xR (43)

2’ 2 Qr’
at high SNR. Thus, the outage probability of the NOMA
scheme can be obtained as follows:

1 1 1 e 17
PN~ — —— )+ = . 44
o 2[ <91+Q2>+9Ri| 9

Furthermore, it is easy to prove that the diversity gain regard-
ing to P sys 18 2.
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B. FIXED POWER CONTROL
1) CASEl (rg>1)
Based on the expression of P, in (7) for fixed PC, we have

Q —enro( L L)y 0
_ 2 ee? (91+92)+91
Qi+

Q _ ro(r r) <
+—le €020 gyt )t o,

Q + Q2
1 1 €0 (17 + 22
x1_€02’0<_+_>+u
Q2 (821 + 22)212,
M2 (44, (45)
0 Q1 Q>

if ro > 1. In addition, each transition probability can be then
approximated as

Pr

PY=1—Pg, ~ e L+i (46)
0 3 Ql QZ
€0€ER 1 1
Pl =Pi=(1-PRr,)1-Pr)~—2"0 [ —4+— ),
1 2 ( ’R3)( ’R4) Qr (QI+QZ>
(47)
P} =1-Pg,~ R, 48)
Qr
Py = P=Pr, ~ -2 [+ 1 (49)
0 1 3 Ql QZ ’
€R 1 1
P = PRy(1-PRr)~— [1—€2" [ — + —
2 = Pro1=Pry) QR[ « <91+§22)]
(50)
P2=Pl=Pp,~1- % (SD)
Qr
€ER 1 1
P =Pr,(1-Pr)~(1-— 20 ( —4+—) |,
1= PRy R3)< QR)[EO (91+92>]
(52)

at high SNR. Based on the above transition probabilities,
the stationary state probabilities of the MC can be obtained,
which are approximately given by

1 € 1 1

N R iy

~ — 2 - — 200

0Ty [( QR>GO <91 * 92)}

Lo (2 4 L (53)
_6 — JE—
2\ T o

1 1 1 €R €R
2—p2" SR _ER
4[ <0 (Q +92>< QR) QR]

; (54)

1
2
1 1 1 €ER €R
? e (gra) (-5)- )
1
2

, (55)

Q

22

N
T

&

1 er 1 1 1 €g
N 7
~-——|2-€2 | —+— | |*z—. 56
3 4S2R|: <0 (Q]Jrszz)} 2o Y
Thus, the outage probability of the NOMA scheme can be
obtained as follows:

1r (1 1 e
P?;S%E[GOZO(Q] +Q—2)+Q—R] , (57)

VOLUME 7, 2019



P. Xu et al.: Performance Analysis of Buffer-Aided Hybrid NOMA/OMA in Cooperative Uplink System

IEEE Access

and it is easy to prove that the diversity gain regarding
to PN is 2.

Sys

2) CASE Il (rg < 1)

Based on the expression of P, in (7) for fixed PC, we further
simplify Pg, in (58) at the bottom of this page. Then, each
transition probability can be approximated as

Py =1-Pg,

Q 1,
~ €| —2"4+ —
Q + Q220 - 1) Q 195)
+ = L Lon (59)
6 JE— JE—
Qa2 —h+o2 o\ T
P} = P} =(1 —Pg,)(1 —PR,)

~ €0€R Ql LZ”O R
Qr | Q14+ Q2220 — 1) \ Q1 9%

+ 2 Ly Lo (60)
QIO -1+ \ Q21 '

€R
P*g =1-Pgr, ~ Q_R’ (61)

1 2
Py = Py = PR,

Qi 11
1— e | =—20+ —
Q + Q270 - 1) Q Q2
9% 1 1
- — 21, 62
91(2ro—1)+9260<91+92 ) (©2)
P} = Pr,(1 - PRr,)

€R Q1 1, 1
~ —|1— €0 —20 4 —
Qg Qp + Q220 — 1) Q2 Q2

e L 4+ Lon, 63)
J— 6 JE— JE— .
Q20— D+ 2 00

Q)
€R
P%:Pézpmwl_Q_R,

~

(64)

P) = Pr,(1 — PR,)

€R Q1 1, 1
~1—-— e | =—2" + —
Qr Q4+ 2220 — 1) Q Q0
Q 11
— 4 —2n), 65
+szl(2ro—1)+szz€°<szl T ) ()

at high SNR. Based on the above transition probabilities,
the stationary state probabilities of the MC can be obtained,

which are approximately given by

Nl = Qe (20, 1
0 7y Qr/ L+ 0020 —D\Q1 @

Q€p 1 2" )j|

o i T

1 Q€9 270 " 1
2+ —n\a @
Qe 1 270
+ = —+=) 1 (66)
Q20—+ 20\
1 Q 2/ 1
n{v ~ 12— 10 -+ =
4 Qr+ Q220 -1) \ Q1 2

Qr€p 1 270
+ —+ =
Q2P - D+ 20 \ Q21 2

1

>

Q

€R €R
1-——)—- =i~ 67
x ( QR) QR} (67)
1 Q 20 1
o~ Lo L A
4 Qp+ Q20 -1 \21 2
Q 1 270
n 2€0 1.2
Q2P —D+ 20 \ Q21
€R €R 1
l——)— — !t~ 68
x ( QR) QR} > (68)

N T PO C R AN
37 4 Qi+ 020 -—D\Q 0

Q 1 2/ 1
= 290 — ) [~ R (69)
Q120 — 1)+ 2> \ 24 9% 2 Qg

Thus, the outage probability of the NOMA scheme can be
obtained as follows:

1 Qe 270 1
Al e (2 L
P2+ @0 -D Q1 2

QQG() 1 1 €ER 2
— 4 — — 1, 70
+Ql(2r0—l)+92 <§21+922r0)+QR:| (70)

and the diversity gain regarding to P’S\;S can be proved to be 2.

On the other hand, increasing L obviously benefits to
decrease the outage probability, and hence the proposed
hybrid NOMA/OMA scheme achieves the diversity gain of
2 as long as L > 3, in both the scenarios of dynamic and
fixed PCs at the users.

R ofdd)

Q120 — 1)+ 2

-
Q + Q20 — 1)
)

Q20 — 1) i|

QIR0 —1)+Q Q1+ 2020 —1)

Q "
~1-— e | —2°
Q4+ 2220 — 1) Q1

+ - — Qz € L + _2r0
%) e —h+o \a T
Q270 — 1)

1 1 €0
QRO — D+ Qp + Q20 — 1)} (QT 52_2) 2 -2

Q
+ [ 2
Q 1
~1-— ! e | =—2 +
Qp+ Q220 —1) "\ Q
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