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Abstract—In this paper, we consider a wireless powered coop-
erative non-orthogonal multiple access (NOMA) relay network,
in which one source is supposed to send independent messages
to two users with the assistance of one energy-constrained relay
that harvests energy from the source. Firstly, we study the
minimum power consumption at the source node to fulfill the least
required transmission rates by two users in both time switching
relaying (TSR) strategy and power splitting relaying (PSR) one.
Secondly, when the relay is provisioned with data buffer and
energy storage, the long-term average power consumption mini-
mization problem is formulated to take into account of the data
and energy queue causality, peak transmit power constraint, and
transmission mode selection. By using Lyapunov optimization
framework, a novel buffer-aided transmission scheme (BATS) is
proposed to asymptotically approach the optimal solution. Our
analysis shows that, the PSR outperforms the TSR in terms of the
realized energy efficiency, and BATS can be utilized to further
improve the energy efficiency. It is disclosed that, there is an
inherent trade-off between the long-term power consumption
and the average queuing delay. In addition, larger user rates
or less power consumption can be realized if a larger delay can
be tolerated.

Index Terms— Buffer-aided transmission, cooperative NOMA
relay network, energy efficiency.

I. INTRODUCTION

ON-ORTHOGONAL multiple access (NOMA) tech-
nique provides us a promising solution to improve spec-
tral efficiency and to support massive connectivity in mobile
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communication network. Recently it has attracted considerable
attentions in the society [1]-[6]. Unlike the conventional
orthogonal multiple access techniques (OMA), NOMA allows
multiple users to be served simultaneously at different power
levels in the same resource blocks, either in time, frequency,
or code domain. By using the superposition code at the
transmitter and successive interference cancellation (SIC) at
the receivers, the user with the best channel condition can suc-
cessfully detect and eliminate the co-channel interference from
those users with inferior channel qualities. When compared
with the OMA techniques, the NOMA ones can effectively
improve the utilization of scarce resources.

Meanwhile, simultaneous wireless information and power
transfer (SWIPT) technique provides a promising solution
to prolong the lifetime of energy-constrained networks like
the Internet-of-Things (IoTs) and wireless sensor networks
(WSNs) [7]-[14]. SWIPT allows the energy-constrained node
to extract both information and energy from the received radio
frequency (RF) signals simultaneously. Time switching (TS)
and power splitting (PS) based receiver architectures were
proposed in [8], [9] to realize the SWIPT. In the TS based
receiver, each time slot will be further sub-divided into two
sub-slots, one for energy harvesting and one for information
transmission. The PS based receiver allows the receiver to
decompose the received RF signal into two streams for energy
harvesting and information processing, respectively. Motivated
by the benefits of NOMA and SWIPT, the new paradigm was
introduced in [6], [11]-[14] by combining NOMA and SWIPT
in order to prolong the lifetime of the energy-constrained
networks and to support massive connectivity.

In addition, the buffer-aided relaying system has attracted
much research attention since it opens up a new degree of
freedom to improve the system capacity and energy effi-
ciency [20], [21], [29]-[33]. For the buffer-aided relaying sys-
tem, the relay can adaptively select operation mode between
the relay reception and the relay transmission based on the
current channel state information (CSI), which has been shown
to be able to give rise to a larger network throughput at the
cost of some increase in the queueing delay. Nonetheless,
to the best of the authors’ knowledge, there is few research
effort to explore the impact of buffer-aided mechanism on
the realized energy efficiency in the wireless powered coop-
erative NOMA networks, which motivates our work in this
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In this paper, we consider the wireless powered cooperative
NOMA relay network, in which one source is supposed to send
independent messages to two users with the assistance of one
half-duplex energy-constrained relay that harvests energy from
the source. In addition, the NOMA scheme is assumed at the
relay to forward data from the source to both users. To address
the energy efficiency issue, we consider to minimize the
power consumption at the source node when the system is
supposed to fulfill the required transmission rates by two users
with either the time switching based relaying (TSR) strategy
or the power splitting based relaying (PSR) one. The relay
is further assumed to be provisioned with data buffer and
energy storage to store the received data and the harvested
energy temporarily. Now the relay can adaptively switch its
transmission mode amongst energy harvesting, relay receiving,
and relay transmitting according to the current CSI, the energy
consumption state information (ESI) and the data buffer state
information (BSI). In this setup, the long-term average power
consumption minimization problem is formulated to take into
account of the data and energy queue causality, the peak trans-
mit power constraint, and the transmission mode selection.
To make the problem easier to be handled, we will show
how to transform the long-term average power consumption
minimization problem into a real-time optimization problem
by using the Lyapunov optimization framework. On the basis,
the buffer-aided adaptive transmission scheme (BATS) was
derived. Our analysis results show that, the proposed BATS
is capable of asymptotically approaching the optimal solution.
The contributions of this paper can be briefly summarized as
follows:

o When the relay is not provisioned with the data buffer,
the minimal power consumption problem of both the
PSR strategy and the TSR one are studied for the given
required least data rates by two users. We derive the
closed-form optimal solution for the PSR strategy. While
for the TSR strategy, we show that the minimal power
consumption can be determined through one-dimension
line search. Numerical results are presented to show that,
the PSR outperforms the TSR in terms of the realized
energy efficiency performance.

o« When the relay is provisioned with both data buffer
and energy storage, the minimal power consumption
problem was formulated for the given required least
data rates by two users. And a novel BATS is devel-
oped to take into considerations of the rate alloca-
tion, power allocation, and transmission mode selection.
Numerical results are presented to reveal that, when
compared with the PSR and the TSR schemes, the pro-
posed BATS can significantly improve the energy effi-
ciency for the same required least data rates by two
users.

o Our analysis discloses the inherent trade-off between
long-term power consumption and the average queuing
delay. It is shown that, less power consumption can be
realized when the user can tolerate some increase in the
transmission delay.

The remainder of this paper is organized as follows.

Section II presents a related literature survey. The wireless
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powered cooperative NOMA relaying system model and the
minimum power consumption analysis in both the PSR strat-
egy and the TSR one are presented in Section III. The
buffer-aided wireless powered cooperative NOMA relaying
system model and the BATS scheme will be addressed
in Section IV. Numerical analysis results are presented in
Section V. Finally, we conclude our work in Section VI.

II. RELATED WORK

As a promising technique to improve spectral efficiency,
NOMA based relaying has recently attracted research atten-
tion. A cooperative NOMA with SWIPT was investigated
in [6] to show that, the NOMA scheme could be utilized
to significantly reduce the outage probability, when compared
with the conventional OMA based SWIPT relaying networks.
In the presence of imperfect CSIs, both the single-antenna
relay and the multi-antenna relay were considered in [11]
and [12] for the NOMA-based relaying networks. The relay
selection issues were studied in [15]-[18] to improve trans-
mission efficiency in the cooperative NOMA networks with
multiple relays. A cooperative NOMA scheme with both direct
link users and indirect link users was studied in [19] to reveal
that, the cooperative NOMA scheme significantly outperforms
the cooperative OMA one in terms of the realized coding gain
without losing diversity order.

Meanwhile, the buffer-aided transmission scheme has
attracted considerable attentions to improve transmission effi-
ciency in recent years [20]-[33]. A novel link selection scheme
was proposed for the buffer-aided relay network [20], in which
the relay can adaptively decide whether to transmit or to
receive data according to the involving CSI. It is shown that,
when compared with the conventional relay protocols without
buffering, the transmission efficiency can be significantly
improved by using the buffer-aided relay protocol. In [21],
a delay-aware adaptive transmission scheme was proposed for
the buffer-aided two-way energy-constrained relay network to
effectively improve the achievable rate region by deploying the
data buffer and energy storage at the relay. In [22], the buffer-
aided relaying scheme was proposed for the full-duplex relay
network to maximize the long-term achievable rate, in which
the relay can adaptively determine to either receive, trans-
mit, or simultaneously receive and transmit. An opportunistic
relaying protocol for the buffer-aided multi-relay network
was proposed to minimize the total energy consumption for
an inter-relay interference cancellation scheme in [23], and
it is shown that, when relays are provisioned with data
buffers, the energy efficiency and network throughput can
be significantly improved. A buffer-aided multi-way relay
selection scheme was studied in [24] to effectively exploit
the best link in multi-way cooperative multi-antenna system.
An adaptive buffer-aided distributed space-time coding scheme
and a buffer-aided physical network coding technique was
proposed for the wireless cooperative network in [25] and [26],
respectively. It was shown that, with the help of buffers, the bit
error rate can be significantly reduced because the buffer-aided
mechanism provides the extra degree of freedom in choosing
the best transmission channel. A novel buffer-aided relay
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selection scheme was proposed for trust-aware relay networks
in [27] to show that, a lower outage probability or a higher
diversity order can be achieved with the help of buffer-aided
mechanism. Moreover, by using infinite horizon partially
observable Markov decision process, an energy-efficient opti-
mal control problem was formulated for SWIPT-MIMO sys-
tem in [28], and it is shown that, the antenna selection and
beamforming power control scheme can be derived based on
current data and energy queue state information to minimize
the users’ delay under the average power and transmission rate
constraints. In addition, the transmission mode selection and
power allocation were jointly optimized in [29] to maximize
the long-term achievable rate region of the buffer-aided two-
way relay network. Some novel link selection schemes for the
buffer-aided multi-relay network were proposed to improve the
network throughput [30], [32] and the outage probability [31].

Motivated by the great potential of buffer-aided transmis-
sion mechanism, some works had begun to investigate the
buffer-aided NOMA network [36]-[41]. A joint user schedul-
ing and power allocation scheme was proposed in [36] to mini-
mize the long-term power consumption for the NOMA down-
link networks. A joint user-and-hop scheduling scheme was
proposed in [37] to maximize the long-term achievable rate
region in the dual-hop system, in which two source-destination
pairs share a buffer-aided relay. It was shown that, due to
the advantages of buffer-aided mechanism, the multiuser and
multihop diversity can be further exploited to improve the
achievable rate region. The long-term network utility max-
imization problem was studied in [38] for the buffer-aided
cooperative NOMA network, in which the working mode
selection, admission control, and power allocation were jointly
optimized. The outage probability of the buffer-aidled NOMA
relaying systems was analyzed in [39] in two scenarios of
whether the relay knows the CSI or does not know the CSI.
An adaptive transmission scheme was proposed to maximize
the sum throughput of the NOMA users for the buffer-aided
cooperative NOMA relay network in [40].

Although there are already many research progresses on
buffer-aided techniques, most of the existing work mainly
focus on improving the network performance in the single-
relay [20], [22], multi-relay [23]-[27], [30]-[33], two-way
relay [29], and NOMA-based relaying networks [38]-[40].
The SWIPT technique has not been considered in these works.
On the other hand, for most of the existing works about the
wireless powered cooperative NOMA relay network, they are
dedicated to exploring either the outage performance [6], [11],
[12], [34] or the achievable rate [35]. In addition, the long-term
power consumption of the NOMA based downlink networks
was studied in [36], but the wireless energy transfer was not
considered in [36]. Moreover, since we assume that the relay
is an energy-constrained node, it can only harvest energy
from the source, which makes the optimal transmit power
in the energy harvesting phase and the relay transmitting
phase become coupled with each other, which poses a tech-
nical challenge. To the best of our knowledge, few research
efforts are devoted to exploring the buffer-aided mechanism
in the wireless powered cooperative NOMA relay networks to
improve the realized energy efficiency, which motivates our
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Fig. 1. System model of the NOMA based wireless powered cooperative
network.

work in this paper. When the NOMA-based relay is equipped
with data buffer and energy storage to store the received
data and harvested energy temporarily, three important issues
should be addressed: (i) How to design an efficient scheduling
scheme to improve energy efficiency? (ii) How the data and
energy queues affect the power allocation and transmission
mode selection? (iii) Does the data queue affect the NOMA
based relaying scheme? These issues motivate our research
efforts in this paper.

III. SYSTEM MODEL AND ENERGY EFFICIENT
RELAYING DESIGN

As illustrated in Fig. 1, let us consider a wireless powered
cooperative NOMA relay network, in which one source (5) is
supposed to send independent messages to two users (Uy, Uz)
via one half-duplex energy-constrained decode-and-forward
(DF) relay (R). The relay is an energy-constrained node that
is powered by RF signal from the source only. It is assumed
that there are no direct links between the source and two
users. All nodes are assumed to be provisioned with a single
antenna. All the underlying wireless channels are assumed
to be independent and block fading, such that the channel
coefficients remain constant within each time slot but may
change independently from one time slot to another. Let iL(t)
and g1 () (g2(t)) denote the channel coefficient of links S —
R and R — U;(Uy) within the ¢-th time slot, respectively.
Throughout the paper, the perfect CSI is assumed at the
source, the relay, and two users. ! In this paper, the centralized
scheduling scheme is assumed, in which the relay is the central
control node that keeps track of all the involved CSIs, energy
state information (ESI), and buffer state information (BSI).
In fact, the relay knows its own BSI and ESI. By designing
an appropriate signaling system, the source is assumed to be
able to feed its BSI to the relay. The CSI acquisition needs the
appropriate channel estimate training/pilot sequence insertion
at the transmitter side and the suitable channel estimate design
at the receiver side for each communication pair. Since our
focus in this paper is on the energy efficient buffer-aided
transmission scheme in wireless powered cooperative NOMA
relay network, we assume two users can acquire perfect CSI,
and feed it back to the relay node. Then the relay node
will make the decision on the transmission control at the

I'Since our focus is the energy efficient wireless powered cooperative NOMA
relay network, we do not consider the channel estimation problem in this
paper. As for the practical channel estimate design issue in the decode-
and-forward relaying system, the readers may refer to the related literature,
e.g., [43].

Authorized licensed use limited to: UNIVERSITY OF VICTORIA. Downloaded on December 12,2020 at 06:21:59 UTC from IEEE Xplore. Restrictions apply.



LAN et al.: ENERGY EFFICIENT BATS IN WIRELESS POWERED COOPERATIVE NOMA RELAY NETWORK

beginning of each time slot, and inform the source how to
adapt the transmission and the two users when to receive
via the dedicated signaling system. It should be addressed
that, although we have assumed ideal CSI acquisitions in our
design, it still provides useful guidance on the mechanism
design and unveils some insightful philosophy. Of course, all
the imperfections, such as the imperfect CSIs, require a robust
adaptive relaying scheme that is capable of approaching the
performance bound derived in this paper with ideal CSI, which
will be left for exploration in the future.

A. Energy Efficient Power Splitting-Based Relaying Design

In the power splitting based relaying protocol, the duration
of each time slot 7" will be sub-divided into two sub-slots.
The first T'/2 is used for relay receiving, and the second 7'/2
is used for information relaying. In the first 7'/2, the power
splitting fraction p(t) € [0, 1] of the received signal power is
used for energy harvesting at R, while the remaining fraction
1—p(t) of the received signal power is used for relay receiving.
Thus the harvested energy at R is

(1) = LOPOIOLT

where P(t) is the transmit power by S at time slot ¢, ds, is

the distance between S and R, m is the path loss exponent,

and n € [0, 1] is the energy conversion efficiency. In the first
sub-slot, the received signal at R will be [9]

h(t)

e (1) = VI = p(0) (-

ST

ey

P2 + 1) + ey (2)

where x represents the transmitted signal intended for either
Uy or Us, E{|z|*} = 1. n,q ~ CN(0,02) and n,. ~
CN(0,02) are additive white Gaussian noise (AWGN) at the
relay antenna and at the relay down-converter, respectively.
Once the channel gain of the link from S to R is given,
the maximum transmission rate from S to R is determined
accordingly, which equals to %1og2 (1 + M)

- ((A-p@))o2+02) )°
where h(t) = |h{§f2‘ Thus, we can make a transmission

rate allocation for two users. Let Ry;(t)(¢ = 1,2) denote the
transmission rate allocated to the message of U; by the source,
which satisfies the following constraint:

Ra(t) + Roa(t) < Slog, (14 {FA020M8) . 3)
After the relay successfully extracts the message for U; and
U, the NOMA based relaying scheme will be used to serve
the two users in the remaining time slot, namely, the relay

transmits the following mixture signal of z; and zo via
superposition coding,

Ty =/ Prl(t)xl + \V/ PT’2 (t)xQ; (4)

where x; (i = 1,2) is the transmit message intended for Uj,
and E{|z;|?} = 1, P,;(t) is the transmit power for x;. Thus,
the received signal at U; (i = 1,2) is given by

(\/Prl xr1 + \/Prg(t)x

2) + Njq + Nic,

)
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where d,; denotes the distance between R and U;, n;, ~
CN(0,02) and n; . ~ CN(0,02) are additive white Gaussian
noise (AWGN) at the i-th user antenna and at the i-th
user down-converter, respectlvely Without loss of generality,
we assume that |gti(t)‘ < l:=0PF . According to NOMA
scheme, the optimal cfecodlng order for the downlink transmis-
sion is ascending order in the channel gain [36], i.e., both users
first use successive interference cancellation to decode x1, and
then U, subtracts the signal intended for U; and decodes its
own signal. Let R,1(t) and R,2(t) denote the achievable rate
from the relay to U; and Us at time slot ¢, respectively, we have

1 Pt t
er(t) = 5 1Og2 (1 + %) (63.)
1 r
Ris(t) = 5 log; (1+ (? g2(t )), (6b)
where g¢;(t) = 19: (m)l and 02 = o2 + o2. It should be

addressed that, the energy consumption of the relay should
not exceed its harvested energy, therefore we have

Pa(t) + Poa(t) < p(t) P(H)R(t), V. ™

In this paper, our objective is to minimize the power
consumption of the source subject to the minimum required
rate by two users. Since the total energy consumption of

the source in the ¢-th time slot is P(;)T, the average power
P(t)

consumption of the source at time slot ¢ is equal to
Thus, the power consumption minimization problem for the
PSR protocol can be formulated as follows

P()

P1: min :
P(t),Pri(t),p(t) 2
s.t. min{ Ry (t), Ryi(t)} > Ry, i =1,2,V1,
0<p(t) <1, Vi,
(3), (6),and (7),
where R;(i = 1,2) is the minimum required rate by U;.

Unfortunately, the optimization problem P1 is neither convex
nor concave. So it is difficult to directly solve it by using exist-
ing optimization tools. However, we can obtain the optimal
solution by some analysis and algebraic operations. Firstly,
in order to ensure that the relay can harvest enough energy to
forward the information to users, we can obtain the minimum
required transmit power at the relay by imposing constraints
R.i(t) = R; (i = 1,2). From (6), the minimum P, (¢) and
P,5(t) must satisfy the following equations

Py (i (200, P Py
r(t) = ( _ - )( 92(t) + () gz(t)), (5
B (2282 —1)02
Fralt) = g2(t) o

By substituting (8) into (7), we can obtain the minimum
required power by the source for a successful transmission
from the relay to both users, which is given by

0.2 <22R1 (22R2 o 1) 22R1 _ 1)

PS _
) = o\ wm 0

©)
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Moreover, in order to guarantee that the relay can success-
fully extract the data of two users, according to (3) and
imposing constraints Ry (t) = R; (i = 1,2), we can
derive the minimum required transmit power at the source as
below

st(p(t)) _ (22(R1+R2) _ 1) ((1 — p(t))ag + O’S)
(1= p(t))n(t)
Thus, P1 can be transformed into the following single-variable
optimization problem:

PLL: min: max{ f{"(p(1)), £ (p(t))}

st 0 < p(t) <1.

(10)

It is worth noting that, ff9(p(t)) and fI9(p(t)) is
the monotonically decreasing and increasing function
of p(t), respectively. Moreover, we can easily derive
lim, ) o f{75(p(t)) = oo and lim,y 1 f37%(p(t)) = oo,
which indicates that f{%(p(t)) and fI5(p(t)) have
a unique intersection at p(t) € [0,1]. The optimal
p(t) should satisty f{9(p(t)) = fF5(p(t)). One may
readily derive that, the optimal p(t) satisfies the following
equation

—02Ap(t)* + (6*A+ B)p(t) — B =0, (11)

92R1 (22R2 71)02

— (92(Ri+R2) _ —
where A = (2°U0+H2) — 1)y and B = F0) +

%. Let f(p(t)) denote the left-hand side of (11).
We may easily observe that, f(0) < 0 and f(1) > 0.
Moreover, since —ogA < 0, there must be two roots for (11),
one of which satisfies 0 < p(¢f) < 1, and the other sat-
isfies p(t) > 1. Thus, we can derive the optimal p(t) as

follows

" _02A+B—\/(02A+B)2—403AB 1
When we obtain the optimal p*(¢), by substituting it into (8)
and (10), we can derive the optimal power allocation at R and
the minimal power consumption at the source, respectively.
In addition, it is worth noting that the optimal power splitting
factor p(t) for the PSR must satisfy f75(p(t)) = f£5(p(t)),
i.e., the transmission rate of the first hop equals to that of
the second hop, such that no power is wasted. The pseudo-code
of the energy efficient PSR design procedure is given in
Algorithm 1.

B. Energy Efficient Time Switching-Based Relaying Design

In the time switching based relaying protocol, the duration
of each slot will be further sub-divided into three subslots of
a(t)T, LT " ang 2T where aft) € [0,1] is the
time switching factor. «(¢)T is used for the relay to harvest
energy from the source, the first % is used for relay
receiving, and the remaining % is used for information
relaying. So the harvested energy at R in the energy harvesting
phase is

13)
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Algorithm 1 Energy Efficient PSR Design Procedure

Input: h(t), g1(t), g2(t), Ri, Ra,n,02,02;

Output: P*(1), Py (1), Py (t), p*(1);

1: Set A = (22Ua+H2) _ 1)y

| (t) ;gggi) th(.%l’lz
22R1(22F2 1),

32 B= (gg(t) ) _

Set Px(t) = (2*%

" 2252_1 P
Pr2(t) = ( L

(3]

(22F1 _1)52 |
g1(t) ’

92Ry ;2 o2 o2
- 1>( w0 T nm gz<t>)’

»

d g2(t) ’
e Sset p o 2REhone? | (*R2-1)o?
6: € = (g;g) o g2(t) 5
*(p) — (10"
7. Set Pr1 (t) _7 g1(t) 21; ) 5 2
% (1 _ (02R 2o < 0 )

Fralt) = (%% - V(% + 5l 5t )
8: end 1
9: Set p*(t) = 0®A+B—\/(¢>A1+B)?~402AB

202 A ’

10: Set P*(t) = (22(BaitRz) _ 1)—((1@5;9()2)‘7)%‘;3)

Like the PSR scheme, we assume that the source transmits
a signal x intended for either U; or Uy to R in the relay
receiving phase, and the received signal at R can be given
by

h(t)

V P(t)m + Npq + Npe-
Likewise, the achievable rate pair (R (t), Rs2(t)) from S to

R satisfies

Ra(t) + Reo(t) < 1220 1og, (1 + M)

o2

yr(t) = (14)

15)

After the relay correctly recovers the data for two users,
the relay will use the harvested energy to forward data to
two users by using the NOMA scheme. When ¢;(f) <
g2(t), the achievable rate from relay to two users can be
given by

Ry (t) = 1_70‘@)1%2 (1 + %), (162)
Rya(t) = 1_70‘(”1%2 (1 + %). (16b)

In addition, due to the energy causality of the relay, the energy
used by the relay to forward data should be no larger than its
harvested energy, namely,

(Pa(t) + PT22(t>)(1 —2®) _ P

At time slot t, since the total energy consumed by the
ig dFa@®)PH)T Snimizi

source is 5 , the problem of minimizing the source

power consumption in the TSR protocol can be expressed

as

a7)

P2: min —( (1)) P(?)
2

' 1+

P(t),Pri(8),a(t)

S.t. mln{RSz(t),R”(t)} > Ri, 1 =1, Q,Vt,
0<alt) <1, Vi,

(15), (16),and (17).
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Algorithm 2 Golden Section Search for o*(t)

Input: h(t), g1(t), g2(1), RlaRQvna

Output: « (t),

1: Initialization: a = 0, b = 1, a3 = a + 0.382(b — a),a2 =
a+0.618(b —a);

, tolerance error ¢,;

2: while ay — a7 > €. do

3 Calculate F(oy) = max{f{%(a1), fI%(a1)} and
F(az) = max{f{ *(az), f3 *(a2)};

4. if F(ag) > F(aq) then

5: b= g, az = ai, and oy = a + 0.382(b — a);

6: else

7: a= a1, a1 = ag, and s = a+ 0.618(b — a);

8: end if

9: end while

10: Set o (t) = 4tz

Like P1, P2 is also non-convex and non-concave. Similarly,
by imposing the constraints of Ry (t) = R.(t) = R;
(¢ = 1,2) and from (16), we can obtain the minimal power
requirement for the relay to satisfy the target rate constraints
by two users, which are given by

2Ry
2R 2T—a(t) g2 o2 o2

Po(t) = (2700 — 1 n _ ,

1® = ( (ot 00 %0)
(18a)

2Ry
2T — 1)o?

Po(t) = @ —1)7* (18b)

92(t)

Combined the objective function of P2 and the energy causal-
ity at the relay in (17), to ensure the successful transmission
from the relay to users, the minimum required average transmit
power at the source should satisfy

(1+a(t)P(t)

15 (at) = 5
_ 1oy (27 2 —1)o?
~ da(t)h(t)y g2(t)
(2% —1)0?
B 19
* g1(1) (19

On the other hand, to ensure that the rate from the source to
relay can be satisfied, according to (15), we can obtain the
minimum required average transmit power by the source as
follows
1+ a(t))P(t
QTS(Oé(t)) _ ( ( )) ( )
2(Rq+Ro)

(L +a)(2 e 1)o?
n 2h(t)

(20)

Therefore, P2 can be equivalently transformed into the fol-

lowing P2.1
P2.1: o)), f5 5 (a(t)}

s.t. 0 < aft) <1

min : max{ f
a(t)

Algorithm 3 Energy Efficient TSR Design Procedure

Input: h(t)7 g1 (t)7 gQ(t)a Rh R27 m, 02;
Output: P* (1), P, (0). Py (t),0 (1):

(R

(14a(t)) 2 1 ”(*) —1)0?
1 Set f79(a(r)) = Lre@2 T 1)
2: if 91( ) < gg( then
3 Set f a(t)) )
2R, 2R
- az(t 2T— a(f) 21 o(f) ) 2 (2?(1,),1)0-2 )
= Ta@hon o) MO :
4:  Calculate o*(t), ,and fI'(a*(t)) according

to Algorithm 2; .
= 2Rg
* _ % 21-a(® o2 o2 a2
50 Set Py(t) = (270 —1)(T<t>+g1—<t> - )
(2%71)02
Ph(t) =

IO
6: else
7. Set f{"%(a(t))
2Ry 2R 2Ry
i [T (pTE 1)t (2T )0 )
~ da(®)h(t)n g1(t) g2 (t) K

{%(a*(t)), and f3%(a

8: Calculate a* (1),
to Algorithm 2;
2Ry
2T—a(?) —1)02
g1(t) ’

. 121?% 2%02 o2 o?
Ph(t) = (2 = 1)( o T nm gl(t));

10: end if

11: Set P*(t) =

*(t)) according

9. Set P (t) =

2max{fT%(a* (1)), fI5 (a* N}
T+a*(t)

We may easily observe that, P2.1 is a single-variable optimiza-
tion problem on «(t), which can be effectively solved by using
one-dimension line search algorithms, for instance, the uni-
form sampling search and the golden section search. In the
proposed algorithm, the golden section search is used to derive
the optimal «(¢), as illustrated in Algorithm 2. Since the search
space will be reduced by 38.2% after each iteration in the
golden section search procedure and «a(t) € [0,1], the max-
imum number of iteration N for the given tolerance error
€. satisfies 0618N < €, i.e., N > log(e.)/ log(0.618) =
2.0788 log( ~). Thus, the computation complexity of Algo-
rithm 2 for calculatmg a*(t) is O(log(L)).

When the optimal a*(¢) is obtained, by substituting it
into (18), we can obtain the optimal power allocation at R.
In addition, the optimal transmit power at .S can be given by

2max{f{"*(a*(t)), f3 (" (1))}

1+ a*(t) '
The pseudo-code of the energy efficient TSR design procedure
can be outlined in Algorithm 3.

P(t) = b3

IV. ADAPTIVE TRANSMISSION DESIGN

In this section, we assume that the source is provisioned
with a data buffer to store the data from the upper layer
application temporarily. The relay is equipped with data
buffer and energy storage for temporarily storing the received
messages and harvested energy, respectively. The data queue
size is assumed to be large enough such that the overflow
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probability of data buffer can be negligible.” Let Q;(t) and
Qri(t) (i = 1,2) denote the amount of data for U; stored in S
and R in time slot ¢, respectively. Let E(¢) denote the available
energy in the energy storage at time slot ¢. The energy storage
size is denoted by E. Unlike the conventional PSR and TSR,
when the relay is provisioned with data buffer and energy
storage, the entire time slot can be adaptively allocated to the
relay for harvesting energy, receiving information, or transmit-
ting data. Thus, we introduce three binary decision variables
qr(t) = {0,1}, k € {1,2,3} to indicate whether or not the
corresponding transmission mode is chosen in the t¢-th time
slot. ¢1(t) = 1 if the energy harvesting mode is selected at
time slot ¢, otherwise ¢1(t) = 0. g2(t) = 1 (g3(t) = 1) if the
relay receiving (transmitting) mode is chosen at time slot ¢,
otherwise ¢2(t) = 0 (¢3(t) = 0). In addition, we assume that
at most one transmission mode can be selected in each time

slot, i.e., S, qr(t) = 1.

A. Problem Formulation

Our objective is to minimize the long-term average power
consumption of the source under the constraints of the
given target rates by two users, as well as the data and
energy queue causality. Moreover, the rate allocation at S,
the power allocation at S and R, and transmission mode
selection are jointly optimized to minimize the average power
consumption of the source. Therefore, the long-term power
consumption minimization problem can be formulated as
below

. .1
P3R5 2 PO
st C1: Qui(t+1) = (Qui(t) + Ry — Ryi(1)) ™,
i=1,2,Vt,
C2: Qri(t +1) = (Qrilt) + Rsi(t) — Rus(t)) ",
i=1,2,Vt,
C3: E(t +1)=min { (E(t)+Ex(t)— E.(t)) ", E},
Vi,
1 M—-1 B
C4: lim — Z Rei(t) > Riyi=1,2,
M—-1 M—-1
lim —ZRm(t)z lim —ZR%(t),z—l, 2,
M—oco P M—oco o
P(t)h(t
O5 : Rai(t)1+ Rya ()< g2 (t) log, (1+%), Vi,
C6: P(t) < P,Vt,
O7: Pri(t) + Pro(t) < Po(t), Vi,
C8: q;(t) € {0,1},i € {1,2,3}, V1,

9 : ql(t) + QQ(t) + Q3(t) =1, Vt,

where (-)* £ max{-,0} and P,(t) = (q1(t) + q2(t)) P(t).
The transmission rate pair (R,1(t), Rr2(t)) is given

2In [30], it is shown that, the practical buffer occupancy will be less than the
pre-defined control parameter V. Thus it is reasonable to assume no overflow
if the storage size is larger than V', which can be adjusted for different traffic
delivery delay requirements.
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by

(er (t); Rr2 (t))
(I3(t)<10g2 (1 + W),
Pra(t)g2(t)
log, (1+ T ORT 592 ( 5 +(U)2 )())
B Prl t g1 t
q3(t)| log, (1 + W)
Pra(t)g2(t) )>

if g1(t)>ga(t),

log, (1 + otherwise,

o2
En(t) and E,(t) denote the harvested energy and consumed
energy by R in time slot ¢, respectively, which are given by

En(t) = qu(t)PO)h()NT,

P and P,(t) are the peak transmit power at S and R,
respectively. In particular, in each time slot, we set P, (t) =
# such that the energy consumed by R does not exceed
the stored energy. C'l and C2 represents the data queue
causality constraint at S and R, respectively. C'3 denotes the
energy queue evolution constraint. C'4 represents the target
rate constraint of two users. C5 ensures that the transmission
rate from S to R does not exceed its link capacity. C'6 and
C'7 stands for the peak transmit power constraint of S and
R, respectively. C8 and C9 specify the transmission mode
selection constraint in each time slot.

It is worth noting that the above problem P3 is a
mixed-integer non-convex time average optimization prob-
lem. To make the problem more tractable, we transform the
time average optimization problem into real-time problem
by employing the Lyapunov optimization framework, and
decompose it into three subproblems to derive the optimal rate
allocation, power allocation, and transmission mode selection
separately.

(22a)
(22b)

B. Lyapunov Optimization Framework

At first, based on the practical data and energy queue
evolution, we can obtain the following Lemma 1.
Lemma 1: If all the data queues of Qsi(t) and Q,i(t)

(¢ = 1,2) are both rate stable, i.e., limp_ o0 Q"}"éM) =
limps oo QTT(M) = 0, then we have
M—1
Jim > Rait) > Rivi=1,2, (23a)
t=
| M-l =
_ > lim — . —
J\}l—rflooMtZ: Rm(t) - J\}linooM =0 R%(t),l 1, 2
(23b)
Proof: See Appendix A. [ ]

From (23), all the data stored in the data buffer of the source
can be successfully sent out if all the data queue are rate
stable. This means that, the target rates by both users can be
effectively guaranteed, i.e., C'4 is satisfied. Thus, Lemma 1
indicates that, P3 can be transformed into minimizing the
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long-term power consumption under the constraints of stabi-
lizing all data queues. The Lyapunov optimization framework
can be used to effectively handle this issue.
According to the data and energy queue states, the quadratic
Lyapunov function is defined as
2
=32 (

i=1

Q%L(M) + 5B - E()?,

[\3|H

(24)

where ©(t) £ [Q4;(t), Q.i(t), E(t)] denotes the concatenated
vector for all involved queues at the beginning of time slot .
1 1S a non-negative weighting coefficient for the energy queue,
which is used to ensure that the data and energy queue size are
in the same order of magnitude. L(©(t)) measures the current
backlog of all queues, which grows with the increase in all data
queue sizes. The Lyapunov drift specifies the expected change
of L(O(t)) between two consecutive slots, which is given by

@)e)l,

where the expectation depends on transmission decisions and
the randomness of CSI for the given ©(t). To guarantee the
stability of all data queues, our transmission decision should
minimize the above Lyapunov drift. Meanwhile, our goal is
to minimize the long-term power consumption of the source,
and thus we can minimize the following Lyapunov drift-plus-
penalty

AO(t)) = E[L(O(t + 1)) — L(© (25)

A(B(1)) + VE[P;(1)[©(1)],
where V' > 0 is a non-negative weighting coefficient, which
can be set up to effectively realize the tradeoff between the
queue stability and the long-term power consumption at .S.

Lemma 2: The Lyapunov drift-plus-penalty has the follow-
ing upper bound,

(26)

A(O(t)) + VE[P.

+ Z{Q

+@wm@w—%w@w}
+ (B — E()E[E, (t) - Bn(1)|©(),

where B is a constant independent of V, and B =
5 Zz 1{2R2 + R2 + R?} + %(Ef + E?). Ry and R.;
denotes the maximum transmission rate of the corresponding
link. E, and Ej, represents the maximum energy consumed
and harvested by the relay, respectively.
Proof: See Appendix B. [ |
Lemma 2 gives us the upper bound of the Lyapunov
drift-plus-penalty. Here we propose an online rate allocation,
power allocation, and transmission mode selection algorithm
to minimize the long-term power consumption of the source
by minimizing the above upper bound. Given all queue states
©(t) and CSI in each time slot, we make up the transmission
decisions on rate and power allocation, as well as transmission
mode selection by solving the following real-time optimization

S()|O()] < B+ VE[P()|O(t)]

E[R; — Ry (1)|©(t)]

27)

1439

problem.
P3.1: . IEIII;T,q z_;{ Qri(t) = Qui(t)) Rei(t) — Qri(t) Ryi(t) }
+ H(E - E(t))(Er (t) - Eh, (t)) + VPS (t)
S.t. C5,06,C7,C8,C9.

Note that the optimization problem P3.1 is still non-convex.
However, we can observe that the optimization variables ¢;(t),
(1 = 1,2,3) are binary, and at most one transmission mode
can be chosen in each time slot. Therefore, we can enumerate
the optimization problem in different situations. If ¢1(t) =
1, we can derive the optimal power allocation in the energy
harvesting mode. If g2(¢) = 1, we can design the optimal rate
and power allocation of the source in the relay receiving mode.
If g3(t) = 1, we can obtain the optimal power allocation of
the relay in the relay transmitting mode.

C. Power Allocation in the Energy Harvesting Mode

If the relay is selected to harvest energy from the source,
e, q1(t) = 1 and ¢2(t) = ¢3(t) = 0, the optimization
problem P3.1 can be equivalently transformed into P3.2
P3.2: r}gl(ir)l (V- w(E — E(t))h(t)nT) P(t)
t
st.  0< P(t) < P.

Apparently, the above optimization problem is a standard
linear programming problem, and the optimal solution can be
obtained at the boundary only. Thus, we can easily obtain the
optimal power allocation of the source in the energy harvesting
mode, which is given in Lemma 3.

Lemma 3: The optimal power allocation of the source in
the energy harvesting mode is

if W(E—E(t)h(tnT >V,

. (28)
0, otherwise.

From Lemma 3, for a given V, the source transfers energy
to the relay with the maximum allowed transmit power only
when the channel state h(t) is good enough. Moreover, with
the increase in E(t), the probability that the relay can harvest
energy from the source will decrease. Furthermore, as V'
increases, the relay harvests energy only when the channel
state h(t) is in a better state.

D. Rate and Power Allocation in the Relay Receiving Mode

If the relay is scheduled to receive messages from the source
in time slot ¢, i.e., g2(t) = 1 and

2
i 2l

s.t. Rg1(t) + Rsa(t) < log, (1 + %)’
0< P(t)<P.

P3.3:

) = Qui(t)) Rai(t) + V P(t)

Obviously, the objective function of P3.3 is linear, and
all the constraint functions are convex for all optimization
variables. Therefore, the above optimization problem is a
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standard convex problem. We can easily obtain the optimal
rate and power allocation scheme by using the KKT (Karush-
Kuhn-Tucher) conditions, which are given in Lemma 4.

Lemma 4: The optimal rate and power allocation scheme
of the source in the relay receiving mode can be given by

(Baa(t), Reoft)
HE)-0)

(i, 1+

if D1(t) > D2 (t)&Dy(t) > 0,

(e 14 P

lfDQ(t) > Dl(t)&DQ(t) >0,

(29)

(0,0),
otherwise,

(30)

otherwise,

where D1 (t) = Qsl(t)—er(f,) and Dg(t) = ng(t)—Qrg(t).

We can observe from Lemma 4 that, unlike the PSR and
TSR, at most one user’s data will be scheduled to transmit
if the current time slot is allocated for relay receiving. That
is, with the help of data buffer, the source always allocates
the data transmission to the user with the largest data backlog
difference between the source buffer backlog @Qs;(¢) and the
relay buffer backlog Q,;(t). The data of U; will not be
scheduled for transmission at S as long as the corresponding
data backlog Q..;(t) at the relay is larger than Q;(¢) at the
source. Furthermore, unlike the traditional power water-filling
algorithms, the optimal power allocation at S in the relay
receiving mode will not only depend on the underlying CSI,
but also on the data backlog. A larger D;(¢) will result in
a lager allocated power if the data of U; are scheduled for
transmission.

E. Power Allocation in the Relay Transmitting Mode

When the relay is scheduled to transmit the corresponding
data to both users by using the NOMA scheme, i.e., q;(t) =
g2(t) = 0 and ¢3(¢) = 1. Without loss of generality, we assume
that g1(t) < g2(t), and the results can be easily extended to
the case of g1(t) > g2(t). The optimization problem P3.3 can
be rewritten as below

P3.4: min: —ZQM i (O (E—E ()T (P (t)+P,o(t))
s.t. Ryi(t) = log, (1 > j 351)%(202)7 31)

Ry (t) = log, (1 + PTQ(Z)QQQ € )a (32

P (t) + Pra(t) < Po(t). (33)
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Qr2 Q,/\:Q,z
’ m o=m
P =0 - m; =0
P,=P >
m, =0 3%
Pm:/Q/
0<Pp <P N
AL P, =0 Bi=h B, =0
my, =0~ 0<P,<P
‘ - >
[0) m =0 B=0 P+P,<P
P =0 er
rl
P,=0

Fig. 2. The optimal transmit power allocation illustration in the relay
transmitting mode when g1 (t) < g2(%).

The above optimization problem is non-convex since both
equality constraints are non-linear. However, we can convert
P3.4 into the convex problem by using some mathematical
transformation. From (31) and (32), we can obtain

9Rr2(t)o? 2 2
Pa(t) = 2710 = 1)( e ),
92(1) 91(t)
(34a)

(2ftr2(®) — 1)g?

92(t)
By substituting (34) into P3.4, we can obtain the following
equivalent optimization problem

Z Qi(t)

QR,,I(t)JrR,,.z(t)
' 92(t)

1
_ 9B (t) _
g2 (t) )

Pro(t) = (34b)

P3.5: t) + w(E — E(t)To?

+ (gll(t)

1
g1(t)

L\_~% Pp(t)
Cat)) 02 ’
Ryi(t) > 0,i=1,2.

mln

We can easily find that the optimization problem P3.5
is convex when gi(t) < g2(t). Hence, we can obtain the
optimal rate and power allocation scheme by using the KKT
conditions, which are given in Lemma 5.

Lemma 5: The  optimal  transmission — rate  pairs
(Rr1(t), Rr2(t)) are given in (35), as shown at the bottom of
the next page.®> By substituting them into (34), we can obtain
the optimal power allocation scheme in the relay transmitting
mode.

Proof: See Appendix C. |

3Here we drop the time index ¢ for brevity.
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In order to gain more insight, the impact of data queue size
on the power allocation at the relay is demonstrated in Fig. 2.
One may easily observe that, the larger data backlog @,1(t)
and @Q,2(t) will lead to larger power consumption, such that
the queue stability can be guaranteed. Moreover, if ¢1(t) <
g2(t), the relay will use the NOMA scheme to forward the
data to both users only when Q,1(t) > Qp2(t). Otherwise,
the relay prefers to transmit the data of Us only such that
the power consumption can be saved. Furthermore, if the data
buffer backlog size of U; is much larger than that of U,
to ensure the stability of data queues, the relay tends to only
forward the data of U; even if its link quality is poor.

F. Transmission Mode Selection

When the optimal power allocation or rate allocation in
the corresponding mode have been obtained, by substituting
them into the corresponding objective function, we can get the
optimal transmission mode selection scheme, which is given
in Lemma 6.

Lemma 6: The optimal transmission mode selection scheme
is given by

(36)

* L, le = argmink=1,2,3 Ak(t)7
g (t) = .
0, otherwise,

where Ay (t),k = 1,2,3, are the transmission mode selection
metrics, which are given by

1441

As(t) = — Qri(t)Ryi(t) + (B — E(t)) Pri(t)T).

1
(37¢)

2
i=

From the transmission mode metrics, one may easily
observe that, the energy harvesting mode will be scheduled
if there is a smaller energy queue size. As the data backlog
size at the source Q4 (t) increases, the system tends to choose
the relay receiving mode such that the data backlog size
of relay Q,;(t) will increase. With the increase in Q,;(t),
the relay transmitting mode will be scheduled with a higher
probability. In the relay transmitting mode, E(t) and Q,;(t)
will be decreased until the system goes back to select the
energy harvesting mode or relay receiving mode. Therefore,
by using the proposed BATS, the stability of data buffers can
be guaranteed.

In order to clearly clarify the workflow, the pseudo-code of
the proposed BATS is outlined in Algorithm 4.

G. Performance Analysis

In this subsection, we analyze the upper bound of the data
queue size and the long-term power consumption of the source
achieved by using the proposed BATS.

Theorem 1: When the proposed rate and power allocation,
and transmission mode selection scheme are used, for any
V' > 0, there exists € > O such that the proposed BATS satisfies

M(t) = (V —uE - E(t))h(t)nT)P(t), (37a) the following features:
2
Ao(t) = Z(Qm(t) — Qsi(1)Rsi (1) + VP(t), 370y (. All data queue Qsi(t) and Q.i(t) (i = 1,2) are rate
i=1 stable.
oy (=S8 o, (7@:";‘-“’675’531))7 ity > ma,mg > 0,6 <0,
Qr1—Qr Qr2(92—91) : .
logs ((qf ) (u(E~ E§T+[3) 1n2> log (( Q72(t))gl>>’ if ms > 0,mz > 0,5 >0,
log, ( gﬂEngln2> 0)’ if my >0,m3 < 0,6 <0,
Rr 7Rr = 35
(Rp1, Rro) b@( >>’ £ < 04> 0. (35)

Q'V' g
0, 10g2 (Uzu(EzE)zT ln2)> ’
0, 10g2<1 + ng>>’

if mq < mo,mg > 0,my <0,

if ms < 0,my4 > 0,

(0,0), otherwise,

0'2 A 0'2 N
my = Qr1 — —p(E — E)T1n2, me = Qr2 — —p(E — E)T'n2,

g1 g2

~ 0'2 N

ms = Qr2g2 — Qr191, mg = Qro — (P,, + g—2)u(E — E)T'In2,

~ 0‘2 ~ 0'2 ergl A
ms = Qr(Pr+— ) — Qra( Pr + — ), = ————"———-u(ll - E)T.

° Ql( 92) Q2( 91) (Prg1 +02)In2 ( )
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Algorithm 4 BATS

Input: h(t), g1(t), g2(t), R1, Ro,n, 0, T, and V;
Output: R§1 (t)7 R:Q (t)a P (t)7 P:l (t)7 :2 (ﬂ?
q;;(t) (k=1,2,3);
1: Initialization: Qsl (t) = ng(t) = er(t) = Q,Q(lf) =
E(t) =0;
2:.fort=1,2,...,00 do
3:  Calculate optimal power allocation of the source in the
energy harvesting mode based on Lemma 3;
4:  Calculate the P*(t), R (t), and RX,(¢) in the relay
receiving model based on Lemma 4;
5. Calculate optimal P’ (¢t) and P%(t) in the relay trans-
mitting mode based on Lemma 5;
6:  Derive optimal transmission mode selection ¢ (t) (k =
1,2, 3) according to Lemma 6;
7. Update data queues and the energy queue according to
C1, C2, and C3;
8: end for

and

(2). The average data queue size and average power con-
sumption of the source satisfy the following constraints:

M—-1 2
. 1 B+ VP!
= E E ) . <27 V5s
A/}Enoo M t=0 i=1 ElQui(D) +Qrilt)] < € ’
(38)
M—1 B
* < : < * J—
B gy SEROISE AT 6

where P! is a theoretical optimal average power con-
sumption of the source.
Proof: See Appendix D. [ |
From Theorem 1, we can observe that the stability of all
data queues can be guaranteed by using the proposed BATS.
Combined with Lemma 1, this means that the target rates
by two users can be effectively ensured. Moreover, one may
easily find that the average data queue size grows linearly with
V, and the gap between the long-term power consumption
achieved by the proposed BATS and the theoretical optimal
value P} is inversely proportional to V. This implies that,
the long-term power consumption of the proposed BATS can
arbitrarily approach P; at the cost of a large enough average
queue size. According to Little’s law, the average queueing
delay is proportional to the average queueing size. Therefore,
we can achieve a tradeoff of [O(V),O(1/V)] between the

average queueing delay and the average power consumption.

V. SIMULATION RESULTS

In this section, we evaluate the performance of the PSR,
TSR, and BATS scheme through Monte-Carlo simulations.
In all simulations, the data transmission bandwidth is set
to be 1 MHz, the noise variance at the antenna and at the
down-converter are assumed to 02 = 02 = —93 dBm. The
energy storage size is E =1 J. The maximum transmit power
at the source is P = 2000 mW. We assume that all links are
Rician fading channel, and the Rician factor is set to 10 dB.

The path loss exponent is set to be m = 2.7. In addition,
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Fig. 3. The average power consumption of the source at different user
targeted rates.

we assume that the average signal power attenuation is 30 dB
at the reference distance of 1 m. Thus, the distance-dependent
path loss model is modeled as PL = 10~3d~". The weighting
coefficient of energy queue is ;¢ = 10'C. The energy con-
versation efficiency is 7 = 0.5. The duration of each time
slot is normalized. All the presented simulation results are
obtained for T'= 5 x 10° time slots. Unless otherwise stated,
the distance from the source to relay is assumed to dg. = 5
m, and the distances from the relay to two users are d,.; = 10
m and d,» = 5 m, respectively.

Fig. 3 presents the average power consumption of the source
for different user target rates. One may easily observe that,
the average power consumption in both the PSR and TSR
scheme dramatically increases with the increase in the user
target rate. However, the average power consumption growth
of the BATS scheme is relatively slow. Moreover, we can
find that the PSR outperforms the TSR in terms of energy
efficiency, and the performance of the BATS is noticeably
superior to the PSR and TSR. This can be explained as
follows: (i) Based on the previous analysis in Section III,
when compared with the TSR, the optimal power splitting
factor p(t) for the PSR must satisfy f{%(p(t)) = f5(p(t)),
i.e., the transmission rate of the first hop equals to that of
the second hop, such that no power is wasted. (ii) In the BATS,
benefiting from the advantages of the data buffer and energy
storage, the system can adaptively decide the mode selection
based on the current queue length and CSIs, which results
in significant improvements in terms of the realized energy
efficiency and the time diversity gain.

To explore the effect of target rate changes on the queue
length for the BATS, we present the time evolution of the
energy queue size, the data queue size, and the transmission
rate from the relay to two users in Fig. 4. At the initial time,
the targeted rates are Ry = Ry = 0.5 Mbps. At time ¢ = 10,
the target rates are changed to R, = Ry = 1 Mbps. At time
t =3 x 105, the target rate of Us increases to Ry =2 Mbps.
We can find that both energy and queue sizes will quickly enter
a new stable state when the target rates are changed, which
indicates that the BATS can effectively ensure the stability of
all queues. Moreover, with the increase in target rates, energy
queue size will decrease, and data queue size will increase.
Furthermore, as shown in Fig. 4(c), the user rate requirements
can be quickly fulfilled when the target rates change.
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Fig. 5 presents the effect of the relay location on the average
power consumption of the source. Here, we assume that the
source, the relay, and Us are on the same horizontal line. U is
located in the vertical direction of Us and is 8.66m away from
Us. The distance between the source and Us is fixed at 10 m.
It can be easily observed that, the average power consumption
of the source will increase as the distance between the source
and the relay increases, which complies with the heuristics
that, the power consumption can be reduced if the relay is
closer to the source.

With different values of V, the average power consumption
of the source in the energy harvesting mode and relay receiving
mode are presented in Fig. 6. We can observe that, both
average power consumption for energy harvesting and data
transmission will decrease with the increase in V. How-
ever, the average power consumption for data transmission is
reduced to a certain value and will not continue to decline. This
is because the amount of transmitted data is fixed when the
target rates are given. Moreover, we can find that the average
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Fig. 6. The average power consumption for energy harvesting and data
transmission with different V.

power consumption used for energy harvesting is much larger
than that for data transmission. This can be interpreted by
the fact that, the relay is an energy-constrained node and its
harvested energy decays exponentially with distance. In order
to ensure successful transmission of the second hop, the relay
has to harvest enough energy, resulting in larger power con-
sumption in the energy harvesting mode.

The effect of different choices of V' on the average data
queue size and average power consumption for the BATS are
shown in Fig. 7(a) and Fig. 7(b), respectively. We can find
that the average queue length of data buffers are proportional
to the value of V. Moreover, the average power consumption
of the source decreases as the value of V' increases. However,
it is worth noting that only a slight amount of transmitting
power can be saved when V is large enough. All of these
simulation results are consistent with Theorem 1. The relation-
ship between the average queueing delay and V' is presented
in Fig. 7(c). We can observe that, the average queueing delay
increases with the increase in V', which indicates that we can
set an appropriate value of V' based on the user’s sensitivity to
the delay to ensure its delay requirement. Moreover, Us has a
lower average queueing delay than that of U;. This is because
U, is closer to the relay and it can achieve a larger transmission
rate. Furthermore, combined with Fig.7(b), we can conclude
that, if users can accept larger queueing delay, user target rates
can be satisfied with less power consumption.
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VI. CONCLUSION

In this paper, we study the power consumption minimum
problem for the wireless powered cooperative NOMA net-
works, where a source communicates with two users via an
energy-constrained relay, and the NOMA scheme is used for
forwarding data to both users. First, we derive the minimum
power consumption for the conventional PSR and TSR with-
out buffering. Moreover, we formulate the long-term average
power consumption minimization problem when the relay is
equipped with data buffer and energy storage, which considers
the data queue and energy queue causality, peak transmit
constraint, and transmission mode selection. By transforming
the long-term optimization problem into real-time one, we pro-
posed a novel BATS scheme and proved that the proposed
BATS can provide us asymptotically optimal solution. Further-
more, simulation results reveal that, PSR outperforms TSR in
terms of the realized energy efficiency. Compared with TSR
and PSR, the proposed BATS can significantly improve energy
efficiency due to the advantage of buffer-aided transmission
mechanism. Finally, in the realistic scenarios, the obtained
CSI may be imperfect, and we need to design a robust
transmission scheme, which will be explored in our future
work. Moreover, it should be addressed that, in this paper,
the required energy consumption for transmitting training
pilots for channel estimate at the source and relay, as well as
the required energy consumption for the CSI feedback by two
users to the relay and the control decision transmission from
the relay to the source and two users via the dedicated control
signalling system is not considered. When the aforementioned
energy consumption becomes non-negligible, there should be
some increase in the required energy consumption at the relay
and the source. We leave this practical analysis in our future
work as well.

APPENDIX A
PROOF OF LEMMA 1

Based on the data queue evolution in C'1 and C2 of the
optimization problem P3, we have

Qsi(t+1) > Qui(t) + R — Ryi(t), i =1,2,V¢, (40a)

QTi(t + 1) Z Qm’(t) + Rsi(t) - Rm(t), 1= 1; 27Vt-
(40b)

choice of V.

The average data queue size, average power consumption, and average queueing delay with different V.

By summing the above equations from 0 to M —1, dividing it
by M and taking limit, we have

M—1
A}I_IPOOQ%(MZQ%(O) > Ri_]\}iinooi Z R%(t)7
t=
(41a)
. e M)— % 0 . 1]\’{71

(41b)

Without loss of generality, we assume that the initial states
of data queues are zero, i.e., Qs (0) = @Q,;(0) = 0. Since
all data queues are rate stable, i.e., limp; o QT =
limps— oo QT(M) = 0, by substituting them into (41), we can
obtain the Lemma 1.

APPENDIX B
PROOF OF LEMMA 2

According to data and energy queue evolutions in P3, for
each time slot, we have

2(t+1) < Q%) + 2(Ri — Rui(1))Qui(t) + RY + B2,
2t +1) < QL1 +2(Rei(t) — Rai(1) Qui (t) + B2+ R,
(E—E(t+1))? < (E-E(t)?
+2(E — E(t))(E.(t) — En(t)) + E2 + E?.

Substitute the above equations into (26), we can obtain the
Lemma 2.

APPENDIX C
PROOF OF LEMMA 5

Since the proposed algorithm for deriving the power allo-
cation of the relay is to solve the optimization problem
P3.4, which is non-convex. However, we have equivalently
transformed P3.4 into the convex problem, i.e., P3.5. Thus,
we can use KKT conditions to obtain the optimal solution,
and the corresponding Lagrange function is where ((¢) > 0
and 0;(t) > 0 (i = 1,2) are Lagrange multipliers associated
with constraint conditions of P3.5. According to the KKT
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conditions, we have.*

oL . oRri+Rr2
= (WE - E)T N
OR (M( T 6)0 < g2
+ (i — i)QRTl) In2— er - ﬁl = 0) (43)
g1 92
oL 2 Rr1tRr2
R N N Y
(44)
Rr1+Rr2 N
B(UQ (274— (i — i)2er—i) - PT>:O)
g2 g1 92 g1
(45)
BiRpi =0, i =12 (46)

Based on the possible value of transmission rate (R,1, Ry2),
we can divide it into four cases and discuss them separately.

Case I: If R.; > 0 and R,o > 0, we can obtain 5, = 32 =
0. By substituting (44) into (43), we can obtain the optimal
transmission rates in this case, which are given by

_ Q QT’Q
firs = logy ((”—2 — ) (u(E — E)T+B)1n2> @7

g1

Qr2(92 - 91) )
Ry, = lo — ] 47b
? g2 ((er - QT’Q)QI ( )
.. . o[ 2BritBRr2 1 1 R 1 B
In addition, if o ( 7 + (9_1 — g—,z)2 -] = P,

we have (3 > 0, otherwise § = 0. If § > 0, we can substitute
(47a) into (45) to obtain the value of 3, which is given by
Qr191

ﬂ:A——u(EA'

- E)T
(Prg1 +02)In2

(48)

If 3 =0, the optimal (R,1, R.2) must satisfy o2 (QR;%%-

(L_L)QRH_L
g1 g2
and set Rj,, > 0 and Ry, > 0, we can obtain the necessary
and sufficient condition that the optimal solution satisfies this
case.

Case 2: If R,y > 0 and R, = 0, we have 5; = 0 and
B2 > 0. From (43), we can obtain the optimal R,; in this
case, which is given by

< P, According to the above discussion
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(B, which is given in (48). When R,5 = 0, we can derive the
value of (35 from (44). Based on the above discussion and
set Ry, > 0 and B2 > 0, we can obtain the necessary and
sufficient condition that the optimal solution satisfies R,.; > 0
and R, = 0.

Case 3: If R,y = 0 and R, > 0, we have 3; > 0 and
(B2 = 0. The similar process with Case 2 can be performed in
this case. Here we omit it to save space.

Case 4: If R,1 = R,o = 0, we can yield 5, > 0, 32 > 0,
and 5 = 0. By substituting R,.; = R,o = 0 into (43) and (44),
we can obtain the values of 3 and (2. By setting 31 > 0,
B2 > 0, we can obtain the necessary and sufficient condition
for the case R, = R,o = 0.

Summarize all cases, we can conclude Lemma 5.

APPENDIX D
PROOF OF THEOREM 1

For the considered optimization problem P3, there exists
a stationary randomized rate and power allocation, and mode
selection policy (Rs(t), P(t), P.(t), (t)) that is independent
of current data and energy queue with following properties

[42]

E[P(t)|©(1)] = E[P(1)] = P!,
E[R; R i(t)|©] = E[R; — Ryi(t)] < —e,i= 1,2,
E[Rsi(t) = Ryi(1)|©] = E[Rsi(t) — Ryi(t)] < —€,i=1,2

Since the proposed BATS (Rs(t), P(t), Pr(t),q(t)) is to
minimize the upper bound of the Lyapunov drift-plus-penalty,
and the average energy consumption of the relay for any
scheduling scheme cannot exceed its harvested energy, sub-
stituting the above equations into (27), we have

A(O(1)) + VE[Ps(1)|O(1)]

<B+VP*—622: t)+Qri(t).  (50)
Taking expectations for (50)1, vlve can yield
E[L(O(t +1)) — L(6(1))] + VE[Ps(t)]

<B+VPr— eiE[Qsi(t) +Qult). (D)

i=1

Without loss of generality, we assume that the initial queue

R, :10g2( _ @r1g1 ) (49) states of all queues are zero, i.e., L(®(0)) = 0. Thus,
o?(u(E — E)T + 8)In2 summing the above equation from 0 to M — 1, we have
If w = P, we have 8 > 0, otherwise 8 = 0. 13 ) .
When [ > 0, by substituting (49) into (45), we can derive B (E[Q%,(M)] + E[Q7 (M)]) < BM +VP;M.
i=1
4Here we drop the time index for brevity. (52)
9Rr1(t)+Rr2(t) 1 1 1
: E—E®)T + 4(t))o? + — oftn () _
R..0) = ZQM + (B - E(&)T + B(1)) ( OB ORIl "o
2
BIOL(8) = Y Bilt) Rei(t) (42)
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Due to the fact that E[Q?(t)] > E[Q(t)]?

, from (52), we have

(33)

E[Qsi(M)] < 2M(B+VP?), i=1,2.

Dividing by M and taking the limit as M — oo for (53),

we

]E[Qm

can yield limp;_ ML — . Similar processes can

be used to data queues of the relay, and thus all queues are
rate stable.

On the other hand, by summing (51) from O to M — 1 slots
and dividing it by M, we have

BIL(©(M))] ~ E[L©0)] , v Mf E[P, (1)

M t=0
M— 2
<B+VP*——ZZ () +Qu(t)] (54
t=0 i=1
Since L(©(0)) > 0, we can yield
1 M—-1 B .
i ; E[P(t) < 5 + P, (55)
1= B+ VPr
31 2 S EQu(t)+ Qult)] £ = (56
t=0 i=1

By

taking the limit as M — oo for above equations, we can

conclude the Theorem 1.
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