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Achievable Rate Region of the Buffer-Aided
Two-Way Energy Harvesting Relay Network

Xiaolong Lan, Qingchun Chen
and Lin Cai

Abstract—In this paper, we investigate the buffer-aided two-
way wireless energy harvesting (EH) relay network comprising
two users and one relay, where two users exchange information-
with the help of the relay via three phases of EH, multiple-access,
and broadcast. By transforming the opportunistic scheduling de-
sign problem into an equivalent convex problem, we present the
adaptive design for the buffer-aided two-way EH relay network
to maximize the long-term achievable rate region. To fulfill the
delay sensitive transmission requirements, a delay-aware adaptive
transmission (DAAT) scheduling scheme is proposed to guaran-
tee the average end-to-end delivery delay by employing the Lya-
punov optimization framework. Our analysis discloses that the
average achievable rate region of the two-way wireless EH relay
network can be improved when fully considering the potentials
by deploying data buffer and energy storage at the relay. There
exists an inherent tradeoff among the achievable sum rate, the de-
livery delay, and the power consumption. It is shown that, when
a certain time delay is tolerable, the DAAT scheduling scheme
is able to realize a rate region arbitrarily close to the achiev-
able rate region of the buffer-aided two-way wireless EH relay
network.

Index Terms—Buffer-aided two-way relay, energy harvesting,
achievable rate region.

1. INTRODUCTION

ECENTLY, as an effective method to prolong the lifetime
R of energy-constrained networks, energy harvesting based
wireless communication has attracted much research attention,
in which communication nodes can harvest both energy and in-
formation from ambient radio frequency (RF) signals [1], [2].
Since the ambient RF signals can carry energy as well as in-
formation at the same time, simultaneous wireless information
andpower transfer (SWIPT) has been widely studied in [3]-[9].
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The first two practical receiver designs were proposed in [3] to
realize SWIPT via either time switching (TS) or power splitting
(PS). Some typical transmission design for different wireless
network topologies are presented in [4]—[9].

Cooperative communication plays a vital role in improving
the throughput/diversity gains, and extending the coverage of
wireless networks. However, in the conventional half-duplex
relaying protocol, two successive time slots scheduling policy
is usually assumed, wherein the relay always receives data in
one time slot and forwards it in another. The conventional relay-
ing protocol tends to be inefficient over time-varying channel
since the transmission scheduling is independent of the current
channel state information (CSI). Recently, buffer-aided relay-
ing was proposed to improve the cooperative relaying networks,
and it is shown that using buffer provides a new degree of the
freedom to better schedule the relaying transmission. It is dis-
closed in [10] that the buffer-aided relaying can transform the
slow fading two-hop channel into an equivalent end-to-end fast
fading channel. In [11], an adaptive link selection scheme was
proposed for the buffer-aided relaying network always to se-
lect the link with a better CSI. Due to its efficiency, two-way
relaying has been considered as an effective relay-assisted solu-
tion for the information exchange between two users [12], [13].
It is unveiled in [16], [17] that the buffer-aided two-way relay
networks can significantly improve the achievable throughput.
Apparently, the system performance of the two-way relay net-
works with EH nodes will be improved when both data buffer
and energy storage are provisioned at the relay. However, previ-
ous research efforts of two-way RF-EH relay networks in [18],
[19] have been devoted to optimizing either the TS or the PS
factor. The influence of buffers was not yet explored. Thus, how
to fully exploit the benefits of two-way RF-EH relay networks
with data buffer and energy storage and how to design efficient
transmission scheme is our primary research motivation in this
paper.

Motivated by the enormous potential of energy harvesting
technologies and the buffer-enabled scheduling opportunities, a
buffer-aided adaptive transmission framework will be presented
at first in this paper for the two-way wireless EH relay network,
where two users exchange information with the help of the re-
lay via three phases of EH, multiple-access, and broadcast. To
reveal the achievable rate region, the opportunistic scheduling
design problem is formulated to take into account of transmis-
sion mode selection, power allocation, and rate allocation with
the peak transmit power and the average transmit power con-
straints.

The contributions of this paper can be summarized as follows:

e Qur analysis discloses that, the average achievable rate

region of the two-way wireless EH relay network can be
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noticeably improved when fully considering the potential
by deploying data buffer and energy storage at the relay.

® A delay-aware adaptive transmission scheme was proposed

to fulfill the delay sensitive traffic requirements.

® An inherent tradeoff among the achievable rate, delivery

delay, and power consumption is disclosed. It is shown that,
if a certain time delay is tolerable, the DAAT scheduling
scheme is able to realize an average rate region arbitrarily
close to the achievable rate region.

The remainder of this paper is organized as follows. In
Section II, a literature survey is presented. The system model
of the buffer-aided two-way EH relay network is presented in
Section III. The achievable rate region analysis and the DAAT
scheduling scheme are given in Section IV and Section V,
respectively. Simulation results are shown in Section VI
Finally, we conclude this paper in Section VII.

II. RELATED WORKS

The throughput maximization problem of the single user
channel with a limited energy storage capacity was studied in
[4]. The throughput maximization problem in the classic three-
node Gaussian relay model with EH source and relay nodes
was addressed in [5] for traffic either with or without delay
constraints. SWIPT subject to time-varying co-channel interfer-
ence was investigated in [6], where the optimal mode switching
rule was proposed to realize the rate-energy tradeoff and the
outage-energy tradeoff. The multi-user scheduling in RF-EH
network was considered in [7], and the "harvest-then-transmit”
protocol was recommended, where all users first harvest energy
from the downlink broadcast signals, and then use the harvested
energy to transmit data to the access point in a time division
multiple access manner. It is shown that, by carefully allocating
time for downlink wireless power transfer and uplink informa-
tion transmission, the sum rate for all users can be maximized.
A wireless broadcast system with three nodes, where one user
harvests energy and another user decodes information from a
common transmitter provisioned with multiple antennas was
studied in [8], and it was revealed that there exist fundamental
tradeoffs between the information rate and the energy harvesting
efficiency. Multiple relay network with energy harvesting issue
was considered in [9] to show that, for a given energy transfer
constraint, a relay selection policy can be utilized to realize the
optimal tradeoff in terms of either the maximum capacity or the
minimum outage probability.

The time division broadcast (TDBC) and the multiple access
broadcast (MABC) are two representative two-way relaying
protocols. The TDBC protocol requires three successive phases
to complete the information exchange between the source
and destination [14]. While it is proposed in the MABC
protocol to accomplish the information exchange within two
phases, wherein the source-to-relay and the destination-to-relay
transmission will be integrated into one multiple access phase
[15]. The buffer-aided TDBC two-way relaying protocol was
proposed in [16] to maximize the sum-rate via opportunistic
scheduling. The transmission mode selection and the power
allocation issues were jointly considered in [17] to maximize
the achievable rate region. The average delivery delay and
the average power consumption tradeoffs in the buffer-aided
two-way relay network was addressed in [28].

Recently, two-way relay networks with EH nodes received
much attention. TS and power allocation were jointly consid-
ered in [18] to maximize the sum rates in two-way RF-EH relay
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Fig. 1. Two-way wireless energy harvesting relay network consisting of two
users Uy, Uy and one half-duplex DF relay R. It is assumed that there is no
direct link between U, and U,.

network. A flexible transmission policy for the EH relay with
data buffer and energy storage was considered in [20] to maxi-
mize the sum rates as well. A directional water-filling algorithm
was proposed in [21] to maximize the sum rates of the two-
way EH relay networks. An offline optimal joint energy and
transmission time allocation scheme was proposed in [22] in
the presence of the CSI uncertainty.

Although there are some interesting results about the EH
two-way relay network with EH capability, there is no research
regarding the achievable rate region of the buffer-aided two-way
EH relay network as well as the effective method to approach
the rate region. This is the motivation of this paper.

III. SYSTEM MODEL AND PROBLEM FORMULATION

A. Two-Way Wireless EH Relay Network Model

Let us consider a two-way EH relay network, in which user
1 (Uy) and user 2 (U,) are supposed to exchange data with the
help of a half-duplex decode-and-forward relay R, as illustrated
in Fig. 1. We assume that the direct link between the two users
experience large-scale shadowing such that it does not exist, so a
relay is necessary for the system model. Both users and relay are
assumed to be equipped with a single antenna. Relay R harvests
energy from U, and U,, and the harvested energy is utilized
to either receive data from or forward data to U; and U,. R is
provisioned with one energy storage B, and two data buffers B
and B,. B, is used to store the collected energy from both users,
while B and B, are employed to buffer data from U; and U,
respectively. In this paper, we assume that the energy storage size
and both data buffer sizes are large enough such that no overflow
happens.! Let E(t) denote the amount of energy available in
energy buffer B, in the ¢-th time slot, Q;(¢) and Q,(t) denote
the amount of data in B; and B, within the ¢-th time slot,
respectively. The block fading channel model is assumed such
that the channel coefficients are constant within each time slot
but change independently from one to another. It is assumed that
all the involved channels are reciprocal. Meanwhile, perfect
CSI is assumed,” where hi(t), hy(t) stands for the channel
coefficients of the links U; <+ R and U, <+ R within the ¢-th
time slot, respectively. Let Q; = E[|h;(t)|?], Q% = E[|ha(2)]?],
where IEI[; denotes the statistical expectation. The fading gains
of |h(t)|* and |h,(t)|?> are assumed to follow the exponential
distribution with parameters - and g, respectively.

For the two-way EH relay network, three transmission modes
are assumed: (i) EH mode in which the relay node harvests

'In [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.

2Since our focus is the achievable rate region analysis, 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., [27].
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energy from the received RF signals of two users, (ii) multiple-
access mode in which both users transmit their data to the re-
lay simultaneously? and relay decodes the received information
and store them in the corresponding buffer, and (iii) broadcast
mode in which the relay forwards the multiplexed data from
both buffers back to two users by using the harvested energy.
In particular, in the broadcast mode, a special broadcast chan-
nel with side information is created, in which the relay broad-
casts data generated from messages of both data buffers [23].
To characterize the transmission mode selection, binary vari-
ables of {¢;(t) € {0,1}, i = 1,2, 3} are introduced to indicate
whether or not the corresponding transmission mode is selected
in the ¢-th time slot. ¢;(¢) = 1 if the ¢-th transmission mode
is selected in the ¢-th time slot, otherwise ¢;(¢)=0. Furthe-
rmore, since only one mode can be selected at each time slot, ¢;
(t) + @2(t) + q3(t) = 1, Vt. We denote R;, (t)* and R,; (¢)(i =
1, 2) the transmission rate from U; to the relay and the transmis-
sion rate from the relay to U; in the ¢-th time slot, respectively.

When both U; and U, transmit simultaneously to the relay,
the received signal at the relay in the ¢-th time slot is

Pi(t Py(t)
t —+ 4| —
d’” (*) ay

2(t) +n(t), (1)

where d; (i = 1,2) denotes the distance between U; and relay, m
is the path loss exponent x;(t) stands for the transmitted signal
by U;, E{|z;(t)]’} = 1, Pi(t) and P5(t) denotes the transmit
power at U; and Uy, respectively. n(t) represents the additive
Gaussian noise with zero mean and variance 0.
1) My (EH Mode): In this mode, Y, (¢) is used for energy
harvesting, and the amount of harvested energy is

2 2
En(t) = qi() <P1 (t)cllflil MF Pz(t)cll;z(m ) o

)

where 7 € [0, 1] denotes the energy conversion efficiency,
T is the duration of each time slot. Moreover, the harvested
energy will be stored in B,, which can be updated as

E(t)=E(t—1) + Ey(t). 3)

2) My (Multiple-Access Mode): In this mode, the relay will
try to extract data of Uy and U, from Y, (¢) by employ-
ing successive interference cancellation. Therefore, the
achievable rate of Ry, (t) and Ry, (¢) in the ¢-th time slot
for a successful transmission must satisfy the following
multiple-access capacity region constraints [17]

Rir(t) < (t)C(Pi(t)si(t)), i = 1,2, (4a)
Ry (t) + Rap (t) < qu(t)C(Pi(t)s1(t) + Pz(t)sz(t2)7

4b)
where C(z) = log,(1 + ) and s; (t) = ";l,,,@f (i=1,2).
Please note that the special case that one user keeps silent
while the other user transmits data to R (i.e., the tradi-
tional point-to-point transmission) can be subsumed by

the above capacity region of the multiple-access channel.

3We don’t consider the timing synchronization issue in this paper. For the
practical timing synchronization issue, the readers may refer to the related
literature, e.g., [31].

“Bit per time slot is assumed in all the rate and capacity in this paper.
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After the relay has successfully restored data from both
users, the queue length in B and B, will be updated as

Qit)=Qi(t—1)+ R (t),i =1,2. 5)

3) M3 (Broadcast Mode): In this mode, the relay extracts
the message intended for U, from data buffer B, and the
message intended for U; from data buffer B,, respectively.
By using the coding scheme recommended in [23], the
relay generates a coded data x, (t), which is a function of
two codewords that correspond to the messages extracted
at B; and B,, while the transmit power is supplied by the
collected energy in B,. Therefore, the received signals at
U, and U, are given by

b (t)

Vi) = [ h(t)a

where P, (t) denotes the transmit power at the relay. It is
assumed that E{|x, (t)|*} = 1. Since each user knows its
own data, the maximal broadcast rate at each link equals
to the maximal achievable rate when only that individual
link presents, and thus we have [17]

Roi(t) < g5(0)min{ (P, (£)s1(£)), Qalt — 1)},
Rya(t) < g3(0)min{C(P, (£)s2(1)), Qi (t — 1)}
Both data and energy buffers at the relay will be updated as

(7)
(7b)

Qi(t) = Qi(t—1) — Ria(2), (8a)
Qa(t) = Qa(t — 1) — Ry (t), (8b)
E(t)=E({t—1)—qt)P0)T. (8¢)

B. Problem Formulation

In this paper, our objective is to determine the achievable
rate region of the buffer-aided two-way EH relay networks with
the long-term average and the peak transmit power constraints.
Most of the existing analysis in the two-way relay network as-
sumes a fixed scheduling policy to select the transmission mode.
However, when the relay is provisioned with the data buffer and
its transmit energy is supplied via wireless energy transfer, now
the transmission mode can be adaptively selected based on the
underlying channel state information (CSI), the data buffer state
information (BSI) and energy storage information (ESI). More-
over, the optimal power allocations, rate allocations, and the
transmission mode selection are jointly considered for the sake
of maximizing the long-term achievable rate region.

For the power allocations, the transmit power at both users
and relay are now adjusted based on the underlying CSIs, BSIs,
and ESI. Here the following two transmit power constraints
should be satisfied: 7). the long-term transmit power constraints
at U; and U,, i1). the peak transmit power constraint at U, U,
and R within each time slot, i.e.,

0< P(t) < Pie{1,2,r},Vt, (9a)

N
_ 1 B
= 1 — P < pmax i _ 19
im 7 2 @0+ e(0) ) < P i 1.2
(9b)

where ]52 denotes the peak transmit power at node i € {1,2,r},
P; and P"** denotes the time average transmit power and the
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maximum allowed time average transmit power budget at U;,
respectively. Moreover, the average energy consumed by the
relay should not exceed the average energy that it can harvest,
ie.,

=

() < lim —

N—oco N

(9

N
= lim —
N—oo N Z:

In particular, we set P = é ) such that the energy consumed
in each time slot does not exceed the energy in the energy
storage. Let Ry, Ry, Ry, and R, denote the long-term average
transmission rates from user 1-to-relay, relay-to-user 2, user 2-
to-relay and relay-to-user 1, ¢.e.,

i€ {lr,r2,2r,r1}. (10)

The transmit rate pair (Ry,(t), Ro-(t)) must satisfy the
multiple-access capacity region and the transmit rate pair
(Rr1(t), Rr2(t)) has to satisfy the broadcast capacity with side
information. Furthermore, Let Ry, and Ry; denotes the aver-
age transmission rates from user 1-to-user 2 and user 2-to-
user 1, respectively. Obviously, Ri» = min{R,,, R,»}, Ry =
min{Rzr, er}.

We focus on the long-term achievable rate region for the
energy harvesting two-way relay network, and the maximum
long-term sum rate can be obtained when the queues in B and
B, are at the edge of non-absorbtion [24], i.e.,

er = R7’27 RZT = er- (1)

As shown in [17], the long-term achievable rate region can be
determined by maximizing the following weighted long-term
sum rate problem for all weighting coefficients 6 € [0, 1] of P1
for the optimization variables of q(t)=[qi(t),q2(t), ¢3(¢)],

P(t) = [P (1), P5(t), P.(1)] and R(t) = [Ry,(t), Ria(t), Rar
(t)7 er(t)]
P1: max ORy, + (1 — 0)Ry,

q(t),P(t),R(t)
st (4),(7),(9), (11),
a1 (t) + @) + a3(t) =1, V¢,
GO (qt) 1) =0,i=1,2,3 Vi,

Unfortunately the optimization problem P1 is mixed-
integer non-convex since Fj(z,y) = yC(x) = ylog,(1 + z)
and Fy(x,y) = xy are not convex for {(z,y)lz >0,y >
0}, and {¢(t),7=1,2,3} are binary integer variables. In
Section IV, we will transform P1 into a standard convex opti-
mization problem by introducing some new variables.

IV. THE OPTIMAL ADAPTIVE RELAYING DESIGN

Since the optimization problem P1 is non-convex, we pro-
pose to introduce new variables of EM'(t) = ¢, (t)P;(t), EM?
(t) =q)P(t),i=1,2, and E,(t ) = ¢;(t)P-(t). In fact,
EMi(t) and EM(t) represents the energy consumed by Uj
in the EH mode (M) and the multiple-access mode (M>)
at slot ¢, respectively, and FE, (t) stands for the energy con-
sumed by the relay in the broadcast mode (M3) at slot ¢.
Let B(t) = [B)" (1), B (1), BV (1), 3% (1), B, ()] denote
the collection of the new optimization variables. Therefore, by
substituting E(t) into (4), the multiple-access capacity region
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can be reformulated as
Rir(t) < Cip (1), i = 1,2, (12a)
Ry, (t) + Ry (1) < Ci (1), (12b)

where Cj, (1) =g (t)C(EM (t)s:(t) /q2(t)), i = 1,2 and C,.(t)
= () C((B)" (t)s1(t) + By (D)2(t))/a2(1))-

Based on the optimal queue condition [24], as N — oo, the
effect of data queue at the relay can be neglected, i.e., the relay
always has enough data to be delivered to both users. Thus the
broadcast capacity region with side information can be rewritten
as

R”(t) < Cri(t>7 1= ]727 (13)

where C,.; (t) = ¢3(t)C(E, (t)s;(t)/q3(t)). Similarly, by substi-
tuting E(t) into (9), the time average transmit power constraint
and the peak transmit power constraint can be reformulated as

0<EM@t)<q(t)B,i=1,2,Vt, (14a)

0< B (1) < gt)Pr,i= 1,2,V (14b)

0 < E,.(t) < q(t)B,, Vt, (14c)

1 N

n . M M pmax

o= Jim oy 30 (810 + BV 0) < i 12
(14d)

N N
_ 1 1 Ey(b)
Er=lm 5> B(0)< lm 5> = (14e)

Now we relax ¢; (t) € [0, 1], and the constraint g; (¢)(g; () —
1) = 0 can be replaced by ¢;(¢)(¢g;(t) — 1) < 0. P1 can be re-
formulated as the following optimization problem of P2

P2 ORy, + (1 — 0)Ry,

max
a(t),R(t),E(t)

s.t. (11),(12), (13), (14),
q(t) + q@t) +g3(t) = 1, Ve,
@) (qi(t) —1)<0,i=1,2,3VL

Note that the right-hand sides in (12) and (13) are of the gen-
eral form F3(z,y) = yC(x/y). Moreover, — F5(x, y) is the per-
spective of the convex function —C'(z), which is convex since
the perspective operation preserves convexity [25]. Therefore,
with linear objective function as well as convex and linear
constraints, now the optimization problem P2 is convex for
a(t). R(t), E(t).

In the following, we will derive the optimal g*(t), R*(t) and
E*(t). However, before formally stating the optimal power allo-
cation, the optimal rate allocation, as well as the optimal mode
selection scheme, we introduce the utilized Lagrange multi-
pliers at first. Let pu, (¢), pr2(t), o (t), pr1 (), and p,(t) de-
note the Lagrange multipliers associated with the transmission
rate constraints Ry, (t) < Cy,.(t), Rra(t) < Cra(t), Rar (t) <
Cor(t), Rpi(t) < Cyi(t), and Ry, (t) + Ry (t) < Ci (1), re-
spectively. We denote the Lagrange multipliers associated
with the peak power constraints (14a), (14b) and (14c)
by AM1(#),AM2(t)(i = 1,2) and AM3(t), respectively. Let o
and a; denote the Lagrange multipliers associated with the
constraints (11) in the optimization problem P2, respectively.
We denote the Lagrange multipliers associated with the long-
term average power constraint of U;, U,, and R by 71, 72, and
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v, respectively. Furthermore, the values of @ = [«, ;] and k?"jz(t) =
~ = [y1, 72, 7] only depend on the statistical CSIs, power bud- R .
gets, and the value of §. Based on the optimization problem P2, 0, it P2 (t) < B,
we have Theorem 1.
Theorem 1: Given the long-term average transmit power and pr ()53 (1)
the peak transmit power constraints, the optimal power alloca- (14 PM2()s,(t) + P2 (t)s2(t)) In2
tion, the optimal rate allocation, and the optimal mode selection
in terms of the maximal achievable weighted sum rate for the pir ()i (1) | :
buffer-aided two-way EH relay networks are determined by the + L 2 Yi , otherwise,
following policy.’ (1+ B (1)si(1)) In
1) The optimal mode selection policy 2 Ms (t) =
1, ifi=argmax;—;23 Ai(t), . N
q(t) = . 123 Ai(0) (15) 0, if P.(t) < P,
0, otherwise, ()s:(6) N
2 i (E)s; (T .
where A, (t), Az(t) and A3 (t) are the corresponding mode (Zi_l (1+ ];Tl(t)s;(t)) o ’Yy) , otherwise,
selection metrics, and
My My B where A represents logical AND and ()" = max{z, 0},
Ai(t) =247 (O + 27 (0P, (16a) w1 =0 —«ajand py=1— 0 — ay. The values of & = [y,
2 ] and v = [y1, 72, .| are presented in Proposition 1.
Ao (t) = Z (u,;r(t)C (Pi(t)si(t)) 2) The optimal rate allocation policy in both M3 and Ms:
o C(Pi(t)s1(t), ifpir(t) > 0A pay(t) =0,
P @ W0=1 ( Pwsw L
(1+ Pi(0)s:(1)) n2 [EN ORI ) AR
i OBEBsi () + Pat)sa(t) a7
(L+ Pi(t)si(t) + Py(t)s2(t)) In2 C(Py(t)s2(t)), ifpar(t) >0A py,(t) =0,
+ - (H)C(Py (¢ +P t Ry, (1) = t
1 (OC(Py ()31 (1) + Pa(t)sa(1) D=0 (L2020 e
Pa(t)= P‘;(f) 1+P](t)81(t)
M () Py Mt )PZ‘P“( - Pﬂ,;( .+ (16b) (17b)
t t
#1(t) = min{C (P, (t)s1(t)), Q2(1)}, (17¢)
H=Y" (u,.i(t)C(P,,. (t)s: (1)) 72 (t) = min{C(P, (t)s1(t)), Qi (1)} (17d)
i=1 3) The optimal power allocation policy in My :
o fhri (t)P’!‘ (t)sl (t> ]5 if Ir ‘ |277 .
(I 4+ P.(t)s;(t))In2 PiMr(t) _ i 7dm =R gy
+ )Lf-‘h (t) 157 7 (16¢) 0, otherwise.
P, (t)=P;(t)

4) The optimal power allocation policy for the two users in
(), par (), pr1 (), pr ()] and Ma: See (19) at the bottom of the next page.
'(t), A2(t),AM3(t)] are  S5) The optimal power allocation policy for the relay in Ms:

07 ierl (t)sl(t) + MTZ(t)SZ(t) < Ir 1112,
p g A ®)si() . pra(t)sa(t)

A(D)=[1"1 (1), 1" (8),
given by

(11 (6, e (1), 10 (1)

i T ~ ~ > Yr 1112,
(042 = g, ). 10 < pur < o Pi(t) = U Bsilt) | 1+ Prsa(t)
,0, if0 < po < py,
(:u'l H2 .u2) M2 = b+ m )
=q (11,0,0), ifpip >0A pp <0, T 24 otherwise,
(0 H2, )7 iful <O0A Mo < 0, (20)
(0,0,0), if g <OA pp <O, where a = s1(t)s2(t)y- In2,b = (s1(t) + s2(t)),and c =
_ Ve 02 — gy (£)51(8) — pra(t)52(2).
(11 (0), 12 (1)) = (a2, 1), Proof: See Appendix A. [
0 if PM (t) < P, In Theorem 1, o and -y corresponds to the time average rate

M and power constraints, respectively. Both o and ~ only depend

A (t) = ¥ | hi (£)Pn + . on the underlying statistical CSIs, the power budget, and the
<d'.” - %) ;  otherwise, value of @, as illustrated in the following proposition.

! Proposition 1: The o and -y in Theorem 1 can be obtained

SHere we drop time index £ for brevity. by employing the gradient descent method [25]. In each time
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slot, the estimates of «(t) and ~(¢) can be updated as below

;
K ; v+ 1) = (ZPJ Pm“> =12
t+1)= et (Ry, ( : 21 i=0
ar(t+1) ; I Ry2(i)), (2la) 210)
521 (t) t ‘ ' where 012(t), d21(t) and 6, (t) are the utilized step sizes in the
ar(t+1)=ay(t) + ; (Ry (1) — Ry (i),  (21b)  ¢-th time slot, which will control the speed of convergence of o
i=0
0,0), iffi<OAf,<0
' T 1 .
( M’z}/zl—;g —52>, iffp >0Nfu <OANf3>0
(Oap2)7 1ff420/\f8§0
r r 1 .
(’“‘;111’; —Sl,o>, i fi>0Afo<OAfs>0
(P1,0), if fo > 0N fio0 <0
Hir $2 I HirS1 .
- — fuy,>0AN 0OA 0OA 0OA 0
((7152 —ms)In2 s’ mIn2  (7182(t) — 1s) 1n2)’ Wpar > fs < ERS fu < RS
o H2r S2 M2 51 1 .
_ , ), i =O0Afs <OAf5<OA 0A 0
(PIMZ,PZMZ) = (’yl In2  (yms1 —vs2)In2’ (v281 — 7182) In2 sz> t Js < i< Sz < Jia <
. b 44 1
( 1, s 2a22 az(:z_Sl)7 if 1, =0A flo>0A fo <OA fia >0
by R4 1.
( 2t 2a11 a161817P2>’ ifp, >0ANfg <OA fo <OA f122>0
R . 1+ P .
( 1,72'u1nz— +52181>7 ifp, >0A fio>0A f7 <OA f11 >0
: 1+ DPsy -
(75;12_ +512827 2>, ifp, =0Afs >0A fo <OA f1320
(P, Py), iffo>0Nf;>0
fi= (1 + )51 — 11 1In2, fo = (p2r + pr)s2 — 72 In2,
r U )S
f3 = (par + i )s2(y1 In2 — pyp51) — pr 517202, fa= M -7 In2,
1+ Psy
(er +/’Lr)51
fs = (p1r + pr)s1(72102 — o, 82) — prr 5271 In 2, Jo=——="— -2,
1+ P;sy
H2r 52 M S2 My S1
fr= = = ~— —72In2, fs = prs1+ —7n2,
1+P282 1—|—P1$1—|—P2$2 1—|— 282
Hir St My S1 o S2
= = = = - 11127 = PSS+ ——— — 1112,
fo T+ s 13 Pus 4 Boss M fio = p2r 52 T+ Pro "2
152 1+ Pis i 1 S1 -
_ _ _ _ _p,
. (7152 —7281) In2 s fuz 2 (ms—ms)m2
Mo 51 1+ Pysy o 1252 -
pu— _— P P— _P
fis (7251 — 7152) In2 s fue yIn2 (281 —v181)In2 b
ar =vn2, by = PsyyiIn2 — (1, + )51, c1 = —pir Prsysa,
=1n2, by =Psimin2 — (uo + p)sa, ¢ = —po Pisisy, (19)
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and ~ towards their optimal values. These step sizes should be
chosen to be monotonically decreasing functions of ¢.

From Theorem 1, the optimal mode selection variables
q;(t),Yie M ={1,2,3} can only be obtained at the bound-
ary of the region [0, 1], which corresponds to the binary values

before relaxation. Thus, the optimal values of EM (t)(i = 1,2)
and E, (t) equal to P,(t)(i = 1,2) and P, (t) when the corre-
sponding mode is selected. We have the following observations:
¢ Inthe EH mode M, from (18), the optimal transmit power
at U; can only be zero or ]5, Moreover, in order to reduce
energy consumption in the EH mode, two users of U; and
U, will transmit at the maximum power only when the
channel of the corresponding link is in a good condition.
e In the multiple access mode Mo, the CSIs (s;(t), s2(t))
can be divided into several mutually exclusive regions,
each of which corresponds to one optimal power allocation
case, as illustrated in (19). From (17), one may notice
that the optimal rate allocation R* is dependent on the
transmit power, the CSIs, «;, ap and 6. Moreover, it also
discloses that, in the successive interference cancellation
of the multiple-access mode, the decoding order depends
only on the statistical CSIs and the weighting coefficient
0, it is independent of the CSIs of the current time slot.
In particular, when g, (¢) > 0 and py, (t) = 0, the relay
considers the signal received from U as noise and decodes
the signal received from U,. Then the relay subtracts the
signal from U, and decodes the signal from U;, and vice
versa for uy, (t) > 0 and p,- () = 0.

¢ In the broadcast mode M3, the optimal power allocation
policy can be divided into three mutually independent re-
gions based on the current CSIs (s;(t), s2(t)). Moreover,
from (20), better channel conditions can result in a higher
transmit power being allocated at relay.

According to Theorem 1, we can obtain the optimal adaptive
relaying design for the buffer-aided two-way EH relay network,
which can achieve the optimal long-term average achievable
rate region. When data buffers are deployed at the relay, the
relay can adaptively decide which one to transmit to achieve a
higher throughput. When energy storage is deployed at the relay,
in any given time slot, the relay can adaptively allocate power
and decide whether to forward data or harvest energy based on
the current CSIs, which can improve the energy efficiency. It is
worthwhile to address that, Theorem 1 subsumes the following
two special cases: 1) The one-way relaying either from U, to U,
or from U, to U, corresponds to the case of § = 1 and § = 0,
respectively. Since each user has its own power budget, in order
to harvest more energy at the relay, the user without data to de-
liver still needs to transmit energy to the relay. 2) The maximum
sum rate can be achieved when 6 = % [17]. In the next sec-
tion, in order to fulfill the delay sensitive traffic requirements,
a delay-aware adaptive transmission (DAAT) scheme was pro-
posed. The optimal adaptive relaying design can be considered
as the outer bound of the DAAT scheme.

V. DELAY-AWARE ADAPTIVE TRANSMISSION DESIGN

In this section, a delay-aware adaptive transmission scheme
is proposed to allocate transmit powers adaptively and to de-
termine the transmission mode based on the current BSIs, the
ESI, and CSIs for the given delay transmission requirement.
Moreover, it is shown that there exists an inherent tradeoff be-
tween the average transmission rate and the average delay by
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using Lyapunov optimization framework. In fact, Lyapunov op-
timization can be utilized to guarantee the queue stability and to
approach the maximum achievable rate region simultaneously
for the given average transmit power and the peak transmit
power constraints.

A. Dynamic Queue Model

The relay has an energy storage for storing the harvested
energy and two data buffers for storing the received data from
both users. When scheduled for energy harvesting at slot ¢, the
relay stores the harvested RF energy into B, . When the multiple-
access mode is selected at slot ¢, the relay stores the received data
into By and B,. When scheduled for data broadcast transmission
at slot ¢, the relay uses the harvested energy to forward the data
back to both users. Therefore, the dynamic update process of
B., B, and B, can be described as follows

E(t+ 1) =max{E(t)+ E,(t) — ¢:(t)P.(t)T,0}, (22)
Qi(t +1) = max{Q(t) + R, (t) — R2(t),0}, (23)
Q2(t + 1) = max{Q2(t) + R (t) — Rr1(¢),0}. (24)

Moreover, we also consider the average power consumption
states for each user. Let Z;(t) and Z,(t) denote the aver-
age power consumption states of U; and U,, respectively, and
Z;(t),i = 1,2 can be given by

Zi(t+ 1) = max{Z(t) + (ar(t) + (D)) P.(t) — P, 0}.
(25)
In fact, one may readily derive from (25) that
Zi(t+1) = Zi(t) + (@ (1) + @) P () = ™. (26)

By summing (26) over ¢ time slots and dividing it by ¢, we can
obtain

Z; (t)

+ q2 )P( ) _ pimax. (27)

Without loss of generality, we assume that the initial state of
Z;(t) is zero, i.e., Z;(0) = 0. By taking expectations on both
sides and letting ¢ — oo, we obtain

E{Z:(t o
Furthermore, if Z,;(t) is mean rate stable, ie., lim; .
E{\Z )

b= =0, we can derive P; < P™®*_ Hence the average
power consumption constraint of U; can be satisfied. This im-
plies that we can transform the time average power consumption
constraints into a pure queue stability problem. The Lyapunov
optimization framework can be utilized to solve problem P1.

B. Lyapunov Optimization Framework and Delay-Aware
Adaptive transmission policy

Based on the energy storage state, two data buffer states, as
well as two virtual power consumption states, we can define the
following quadratic Lyapunov function

2
Z )+ ZE(t), (29)

l\) \
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where O(t) = [E(t),Q1(t), Q2(t), Z1(t), Z»(t)] denotes the
concatenated vector of all queues, 1) is a nonnegative constant
and ¢ represents perturbation value of the energy storage at the
relay. We assume that the energy storage size does not exceed
¢. The value L(©(t)) is a scalar measure of the current queue
length, which grows larger as the data buffer size );(¢) and the
virtual power consumption queue size Z;(t) increases, or the
energy storage size F/(t) decreases. The Lyapunov drift stands
for the expected change in the Lyapunov function between two
consecutive time slots, which is given by

A(O(t)) = E{L(O(t + 1)) — L(©(t))|O(t)},

where the expectation is taken over the CSIs randomness of
the and transmission decisions during time slot ¢ for given the
current queue vector O (t). To ensure stability of all queues, our
transmission decisions should try to minimize the Lyapunov
drift A(O(t)).

The objective of the proposed scheme is to maximize the
achievable rate region while stabilizing the queues. To this end,
we can follow the Lyapunov optimization framework to mini-
mize the following Lyapunov drift-plus-penalty

(30)

A(O(t)) — VE{Rsum (1)|©(t)}, 31

where Ry (1) = 0Ry, (t) + (1 — 0)Ry,-(t) and V is a non-
negative control parameter, which can effectively affect the
tradeoff between the expected queue size and the achievable
rate region.

Lemma 1: The Lyapunov drift-plus-penalty function can be
upper bounded by

A(O(t)) — VE{Ruu (8)]
+¢(¢— E@)E{qg(t)P,

O(t)} < B — VE{Ry,. (t)|©(t)}
()T — B3 (1)|©(t) }

2
+Z OE{ (@ (t) + () Pi(t) — P |O(t)}
+ Qi1()E{ Ry, (t) — Ri2(t)|O(t) }
+ Q2(t)E{ Ry, (t) — Ry1()|©O(t) }, V4, (32)

where B is a positive constant that satisfies the following con-
straint

B> VE{(s()P(0T) + Bu(t/10(1))

+5 ZE{ a(t

)+ a)P(1)” + (PP)?|O(t)}

+5 ZIE{RZT

Proof: See Appendix B. |

In order to ensure that both the queue stability and the maxi-
mum achievable rate region can be achieved simultaneously, we
have to minimize the drift-plus-penalty in (32). Since Lemma 1
provides us an upper bound on the drift-plus-penalty, we may
resort to minimizing the upper bound in (32) instead of directly
minimizing the drift-plus-penalty item. At each time slot ¢, given
the current queue state @ (t) and the current CSIs, decisions on
power allocations, rate allocations, and mode selection are made

*+ R(1)O(t)}, V. (33)
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by solving the following optimization problem:
— A(t) Ry (t) — Ax(t) R (t) —

Roi(t) + ) _Zi(t)(a1(t) + a2 (t)) Pi(t)
i=1

+v(¢— E@)(s(t) B ()T — En(t))

st ), (7), (%a).

where A (t) =0V — Q(t) and Ay(t) = (1 —0)V — Qa(t).
Since the optimization variables q(t) are binary variables, and
only three transmission modes can be selected. We can enumer-
ate the above optimization problem in different cases.

1) EH Mode M : Attime slot ¢, if the EH mode is selected,
the relay harvests energy transmitted from both users, we have
@1(t) =1 and ¢ (t) = ¢3(t) = 0. Therefore, the optimization
problem of (34) can be equivalently rewritten as below

s = (¢ — E(t)En(t) + Zi(t) Pi(t) + Z2(1) Pa(t)

min
q(t),P(t),R(t)

—Qx(t)

Q1(t)Rya(t)

(34)

min
Py (t),Pa(t)

s.t. 0<P(t)< P, i=1,2. (35)

The objective function and the constraint function in (35) are
both linear, thus the optimal solution can only be obtained at the
boundary. We can obtain the following Lemma 2.

Lemma 2: In the energy harvesting mode, the optimal power
allocation of U; (i = 1,2.) is given by

Bit) = { B Z{t) < blo— EO)h()FTh,

0, otherwise.

(36)

2) Multiple-Access Mode M,: In the multiple-access mode,
the relay is selected for reception, we have ¢(t) =1 and
q1(t) = ¢3(t) = 0. Thus, the optimization problem in (34) can
be rewritten as below

min
Ry, (t),Rar (), P1(t),Pa(t)

> (-4

i=1

(t) + Zi(t) (1))

4, (9a).

Obviously, the objective function is linear and the constraint
functions in (4) and (9a) are convex, thus the above optimiza-
tion problem is standard convex. we can derive the optimal solu-
tions by exploiting KKT conditions. Without loss of generality,
we assume that A (t) > A,(t), however, the following analy-
sis can be extended the case A;(t) < Ay(t). The optimization
problem (37) can be sub-divided into the following three cases
based on (A;(t), Ax(t)) to find out the corresponding optimal
solution.

Case 1: Ny(t) < Ay(t) <0. In this case, the objective
function monotonically increases with respect to Ry, (),
Ry, (t), Pi(t) and P5(t), thus the optimal rate and
power allocation scheme are satisfied with R;, = P;(t) =0,
i=1,2.

Case 2: Ay(t) <0 and A;(t) > 0. Firstly, we may derive
the optimal Ry, (¢) and Ry, (t) for the given P;(t) and Ps(t).
The objective function monotonically decreases with respect to
Ry, (t) and monotonically increases with respect to R, (¢), thus
the optimal rate allocation policy is achieved when R, (1) =
log, (1 4+ Pi(t)si(t)) and Ry, (t) = 0. Then, we can derive the

s.t., (37)
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optimal power allocation as follows

Py(t) = min {( Zﬁ;)(az - s,l(t)> ,Pl} , D(t)=0.

Case 3: A(t) > Ay(t) > 0. The optimization problem in
(37) can be reformulated as
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It is worth noting that the optimal rate allocation scheme can
be achieved when Ry, (t) + Ry (t) =log,(1 + Pi(t)si(t) +
Py(t)s2(t)) and Ry, (t) = log, (1 + Py(t)s;(t)), thus the opti-
mal rate allocation policy is given by

Ry, (t) = logy (1 + Pi(t)s1(t)), (39a)
Ry, (t) = log, (1 + %) . (39b)

min = So()(Far (6) + For (8)) + (Aolt) = M (@) R (1) By substituting the optimal Ry, (¢) and R,, (¢) into (38), and
+ Z,(t)Pi(t) + Z(t) Pa(t) using the KKT conditions, we can obtain the optimal power
11 ion policy in (40) shown at the bottom of th . Dif-
s.t., (4), 9a). (38) aflelr(e):fftltfi:oHll)(ihzytlraditiozlesll (zvate?—tﬁtllfngoatltl(g)ori(t)hrils% It)l?eg:{ epowelr
allocation policy is not only related to the CSIs, but also depen-
(0,0), if g1(t) <0Ag(t) <0
(07 ZZA(;)(QQ - szl(t)> ) if g2(t) > 0Aga(t) <OAgs >0
(ZlA(tl)(fn2 Sll(t),0> , if g1(t) >0Ag3(t) <OAgs(t) <0
( (Ar(t) — Aq(t))s2(2) 1
(Zl (t)Sz(t) — Zz(t)sl(t) In 2) Sl(t) ’
Ay(t (Ar(t) — Aa(t))si(t) -
B ey — | 2O G050~ 22005, 0) i) R =
0, P), if ga(t) > 0Ag1p <0
(P1,0), if g3(t) > 0Ags(t) <0
(151, ZZA(tZ)(az ! +3];(1;1 (t)> ; if gs(t) > 0 A gs(t) <O A go(t) <0
—bs + b% —4dazc; 1 R
20,3 Sl(t),Pz R if g”(f) < 0OA glo(t) >0A glz(t) <0
(P, P), if go(t) > 0 A gia(t) > 0
Zl(t)ln2 - Zz(t)ln2
w1 (t) - S](t) ’ wZ(t) - Sz(t) )
g1(t) = Ay(t) —wi(?), (1) = Ao(t) — wa(t),
g3(t) = A(t) — (1 + Prsi(t))wi(t), 9a(t) = Do(t) — (1+ Prsy(t))wa(t),
g5(t) = Do(t) — (1 + Pysi(t))wa (1), 96(t) = Da(t) — (14 Prsi(t) + Pasa(t))wa(t),
r(t) = Daft) = D2 (1) = Ma(t) — A1) — (wal) — 1 (1),
go(t) = Aa(t) = Ay(t) — (1 + Pisi (1)) (wa(t) — wi(t)), gio(t) = Ai(t) — lpzfiﬁ)ﬁz(t) —wi(?),
+ P282(t)
911(t) = Al(t) — Z;Eg Az(t) — PzSz(t)(Ldz(t) — W1 (t)), asz = Z1 (ﬁ) 1I127 b3 = PzSz(t)Zl (t) In2 — Al(t)sl(t)

pzSz (t)

Al(t) a 1+ p181(t) + P282(t)

gia(t) =

Ay (t) — (14 Prsy(t))wi (t),

e3 = (Ag(t) — AL(t)Pysy (t)sa(t) (40)
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0<R <P ,
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P=0 P =P 2772 B=2 L —0<P <P,
(l+Pv+Pv)Zln2
B=F =
(1+P:)Z'“2 Hi
- X2 0<P <P,
Lol ! (+Ps )7|n2
0<P <P
Z,In2
s, »
- »
R=0 |9 |o<r<p R=FR A,
£, =0 =0 £ =0
Z,In2 (Hm}zlnz
8 5
(@
A
Q;
P(p — E)TIn2(1 + Bsy)
S1
Y(p—E)TIn2
S1
0<P<Bh
S
>
(0] Y(@—E)TIn2 Y(p —E)TIn2(1 + B.sy) Q

(b)

Fig.2. (a). The optimal transmit power allocation illustration of U; and U, in
the multiple-access mode. (b) The optimal transmit power allocation illustration
of relay in broadcast mode.

dent on the underlying queue states. To gain more insight, the
optimal power allocation scheme in the multiple-access mode
are demonstrated in Fig. 2(a). We can find that, larger A (¢)
and A,(¢) will result in larger allocated power at U; and U,,
respectively. That is, with the reduction in Q(t)(Q2(t)), the
transmit power of the corresponding user will be larger. In par-
ticular, one may readily observe that U; will never transmit
information to relay when A;(¢) < 0. In other words, 6V and
(1 —0)V can be regards as the threshold of the data queue
size Q1 (t) and Q,(t), respectively. Once Q1 (t)(Q2(t)) exceeds
OV ((1 —0)V), U;(U,y) will never transmit data to the relay.
Thus, we can effectively control the data queue sizes by strictly
controlling the value of V. Meanwhile, one may readily observe
that the power allocation policy in the multiple-access mode
complies with the rate adjusting requirement. If both data queue
sizes are larger, two users should remain silent since now there
are already enough data at the relay. If one of data queue size
is larger, the corresponding user should keep silent for a while
to guarantee queue stability. If both data queue sizes are small,
both users should transmit data simultaneously to the relay.
Moreover, in order to obtain the maximum amount of transmis-
sion data, both users should transmit data at maximum power
when both data queue sizes are small. On the other hand, one

may readily observe that, if the link quality U; < R (i = 1,2)

Zi(t)In2

is very poor, i.e., == (i = 1,2) is very large, which leads to

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 67, NO. 11, NOVEMBER 2018

0<P(t) < P, holds with high probability, U; tends to remain
idle to save transmit power when the corresponding link quality
is weak.

3) Broadcast Mode: In the broadcast mode, the relay is se-
lected for transmission, we have ¢ (t) = ¢2(t) = 0 and ¢3(t) =
1. The optimization problem of (34) can be reformulated as

R,-l(t),g}iz?t).P,- " Y= E@®)P-(t)T — Qi(t)Rea(t)
— Q2(t)R1 (1)
S.t. (7), 9a). 41)

Similarly, this is a typical optimization problem with linear
objective function and convex constraints. By exploiting KKT
conditions, we can derive the optimal power allocations and rate
allocations in the following Lemma 3.

Lemma 3: In the broadcast mode, the optimal power alloca-
tion of relay is given by

0, if (¢ — E())T1In2 > Qx(t)s1(t) + Q1 (t)s2(t),
- Qa2(t)s1(t)
P if(¢ — E(t)TIn2 < T(t)
P.(t) = Ql( )s2(t)
1+P82(t)
b + Vb — darey , otherwise,

ay

where a, = (¢ — E(t))T's1(t)s2(t) n2, b, = (¢ — E(1))T
(s1(t) + 52(1)) In2 — (Q1 () + @a(t))s1(t)s2(t), and ¢, =1
(¢ — E@)TIn2 —Q(t)s2(t) — Q2(t)s1(t). Moreover, the
optimal rate from relay to users are given by

(£, Qa(8)},
— min{log (1 + B, (t)sa(t), Qu ()}.

The optimal transmit power allocation scheme in the broad-
cast mode is not only related to the CSIs, but also dependent
on the BSIs and ESI. As illustrated in Fig. 2(b), we can find
that, the increase in both data queue sizes will lead to a larger
transmit power at relay. Moreover, with the increase in the col-

lected energy at relay, the value of w (i=1,2)will

gradually decrease, which leads to 0 < P, (¢) < Pr with smaller
probability. In other words, the larger F/(¢) will result in larger
allocated power at relay. Furthermore, when channel quality is
Y (p— E(f))Tan ( -1 2)

R, (t) = min{log, (1 + P, (t)s
}%TZ(t)

(42a)
(42b)

very poor, i.e., is very large, the relay
remains silent with much higher probability. In this case, the
relay tends to be idle to save power consumption. When both
the optimal power allocation and rate allocation scheme in the
corresponding mode have been obtained, by substituting them
into the objective function of the corresponding optimization
problem, we can obtain the optimal mode selection scheme in
the following Lemma 4.
Lemma 4: The optimal mode selection scheme is given by

1,if A,, (t) = argmin;_; 5 3A, (t),

q; (t) = . (43)
0, otherwise.



LAN et al.: ACHIEVABLE RATE REGION OF THE BUFFER-AIDED TWO-WAY ENERGY HARVESTING RELAY NETWORK

where A, (t), Ay(t) and A3 (t) are referred to as the mode selec-
tion metrics, which are given by

Ai(t) = — (¢ — E()En(t) + Zi(t)Pi(t) + Za(t) Pa(t),

, (44a)
2 (-

(t) + Zi(t) Pi(1)) (44b)

P.(O)T = Q2(t)Rea (t) — Q1 () Rya(2).

(44c)

From the mode selection scheme, we may see that, larger
data queue sizes are expected when the multiple-access mode is

activated, which leads to the increase in Kz(t) and the decrease

in A3(¢), such that the proposed scheme will prefer to selecting
the broadcast mode. The data queue size and energy queue size
will be decreased when the broadcast mode is selected, such that
the energy harvesting mode or multiple-access mode is selected
with much higher probability. Therefore, the proposed DAAT
scheme can ensure the stability of the data buffer and energy
storage.

C. Performance Analysis

When the DAAT scheme is utilized, we have the analytical
bounds on the weighted long-term sum rates and time average
queue size in Theorem 2.

Theorem 2: When all queues are initially empty and the
transmit rates are strictly within the capacity region, for any
V' >0 and € > 0, the weighted long-term sum rates and the
time average queue length of the DAAT scheme fulfill the fol-
lowing constraints

B 1 N-—1
Rium - V < ]\}linoo N E{ Wm( >} < Reumv
0

( )} B+ V[RZum — \I/(G)]’

€

lim — Z E{Q:(t)

N—oo N

where Rgym (t) = ORy,(t) + (1 — 0)Ry-(t) stands for the
weighted sum rate in the ¢-th time slot. R%,,, = 0R, + (1
0)R;, is the theoretically optimal weighted long-term sum rate,
R}, and I3, denotes the theoretical optimal time average data
rate from U to relay and that from U, to relay, respectively. W (¢)
isless than IR}, ., . € > O indicates the gap between the weighted
long-term sum rates and the theoretical sum rate region.

Proof: See Appendix C. |

From Theorem 2, we may notice that the average queue length
grows linearly with V', and the gap between the weighted long-
term sum rates achieved by DAAT scheme and R}, is inversely
proportional to V. Namely, there exists [O(1/V), O(V)] trade-

off between rates and average delay.

VI. NUMERICAL ANALYSIS

In this section, we evaluate the performance of the proposed
buffer-aided adaptive transmission policy and the delay-aware
adaptive transmission (DAAT) for two-way relay networks in
Rayleigh fading through Monte-Carlo simulations. The channel
gains (|h1(t)|* and |ha(t)|*) follow exponential distributions
with means Q% and é, respectively. In all simulations, unless
otherwise stated, we set Q; = (0, = 0 dB, the path loss expo-
nent m = 2.7, the energy conversion efficiency n = 0.5, the
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noise variances at all nodes are 0> = —100 dBm, the average
transmission power at U; and U, are P{"** = P;"** = 30 dBm,
and the peak transmission power at U; (i = 1,2) is P, = 3P™,
In particular, we set the peak transmit power at relay P = @
such that does not exceed the harvested energy in energy storage.
All the presented simulation results are obtained for N = 10°
time slots. For fair comparison purpose, we introduce the bench-
mark scheme at first.

A. Benchmark Scheme

We consider a two-way EH wireless relay benchmark net-
work, wherein the relay is neither provisioned with data buffer
nor with the energy storage. Thus all the harvested energy at
relay will be used for forwarding data in the broadcast phase.
We also refer to the benchmark scheme as the conventional
scheme, wherein the duration 7" of each time slot will also be
subdivided into three slots of a7, (]_; )T and ('_;)T aoT is
used for the relay to harvest energy from both users, the first

% is used for both users to transmit data to the relay si-
(1-a)T
2

multaneously, and the second is used for broadcasting
information from the relay to both users. Let | and E, de-
note the total energy consumption at U; and U, in each time
slot, respectively Thus, the transmit power at U; (¢ = 1,2) is
P = W In the EH phase, the harvested energy at relay

. _ 20n(Eq|h [Py + Ea|ho[PdT)
is By, = Tta)dr a7 . In the multiple-access phase,

the achievable rate region must satisfy the multiple-access ca-
pacity region. In the broadcast phase, all the harvested energy is
used to forward information, thus the average transmit power of

dan(Ey[hy Py + EalhoPd7 )
relay is P, = an( (’ll“lllz)dm d,f‘T“‘ .Let Rj» and Ry, denote

the transmission rate from Ul to U, and from U, to Uy, respec-
tively. And the achievable rate of region for the conventional
benchmark system can be derived by solving the following op-
timization problem

: —9R12 — (1 — 0)R21

min
Rz, Roy,cx

1l -« P1|h1|2
st,Cl: R < Tlogz (1 + dr]n o2 )

— P2|h2|2
1 1
ng( + ng'O'z 9
- Py |h]?
% 1og, <1+ 117 +

di”Uz
1 —a P,-|h2|2
1 1
— 2 08> ( + dgLO'Z ’
l1—a
5 log, (1 +

Pr|hl|2
dpo? )’
O<a<l.

where C'l, C2 and C3 stand for the multiple-access capac-
ity region constraints, C'4 and C'5 correspond to the broadcast
capacity region constraints, C'6 is the time assignment ratio con-
straint. Moreover, the right hand side of constraints C'1, C'2 and
C3 are convex functions with respect to «, the right hand side
of constraints C'4 and C'5 are concave functions with respect to
«. The objective function and constraint C'6 are linear function.
Thus, the above optimization problem can be solved effectively

1
2 R21 S

C3:

P2h22>

dé” 02

c4 -

=
A

5 R21 S

6 :
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Fig. 3. (a). The achievable average rate region with ]51"””‘ = ]52"‘“ =
30 dBm and d; = dy = 60 m. (b) The achievable average rate in different
relay placement scenarios.

by using the DC (difference of two convex functions) program-
ming algorithm [29].

B. Performance Assessment

In Fig. 3(a), we present the achievable long-term rate regions
of the proposed DAAT scheme and the benchmark scheme,
wherein the distances from both users to the relay are assumed
tobeidentical, i.e.,d; = dy = 60 m. We can find that the rate re-
gion of the conventional scheme is far inferior to that of the pro-
posed DAAT scheme. In addition, the rate regions of the DAAT
scheme with different V' are in the interior of the achievable
rate region of the adaptive relaying design for the buffer-aided
two-way wireless EH relay network. When V' is large enough,
the achievable rate region of the DAAT scheme will be very
close to that theoretical rate region.

The average achievable rates as a function of the distance be-
tween U} and the relay with different § are presented in Fig. 3(b).
Here, the distance between U; and U, is di + dr = 120 m.
Note that the two-way relay network will reduce to the one-way
relaying when 6 = 0 or § = 1. As shown in Fig. 3(b), when d,
increases from 20 m to 100 m, the achievable rate R, and R,
will first decrease till the minimum value, and then increases.
More interestingly, a larger R, can be realized when the relay is
placed farther away from U}, while a larger R;; can be achieved
when the relay is closer to the Uy, which suggests that the re-
lay should be placed closer to U; when a larger I;; is desired.
This can be interpreted as follows: i) The large-scale fading of
RF signals decays exponentially with distance, which implies
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Fig.5. The tradeoff of transmission delay, power consumption, and sum rate.

that more energy can be harvested by the relay if the relay is
placed closer to users; ii) The relay is an energy-constrained
node, which limits the system performance by the second
hop, so a larger R;; can be achieved when the relay is closer
to U;.

lele impacts of different choice V' on the achieved perfor-
mance in the proposed DAAT scheme are illustrated in Fig. 4.
The relationship between average queue size and V' is de-
picted in Fig. 4(a). We may see that, the average queue sizes
at both U; and U, are proportional to V', which are less than
0V and (1 — 0)V, respectively. The relationship between av-
erage achievable rate and average queue delay is presented in
Fig. 4(b). One may notice that, we may realize higher achievable
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rate when lager average queue delay is tolerable. Moreover, the
achievable rate will gradually approach the optimal rate with
the increase in V. It suggests us that the increase in average
achievable rate can be achieved at the cost of some increase in
the average queue delay. All of these simulation results comply
with Theorem 2. The inherent tradeoff between the average de-
lay, the average power consumption, and the average achievable
rate in the DAAT scheme is shown in Fig. 5. As is shown that,
a larger tolerable delay and larger average power consumption
will lead to a larger achievable rate, as expected. It also sug-
gests us that the requested delivery rate can be realized with
less power consumption if a larger delay is acceptable for the
specific traffic requirement.

VII. CONCLUSIONS

In this paper, we have investigated a buffer-aided relaying
protocol for the two-way EH relay networks. To reveal the
achievable rate region for the specific relay network, the
opportunistic scheduling design problem is formulated to take
into account of three transmission mode selection, the power
allocations and the rate allocations at multiple access mode.
Meanwhile, we consider the peak transmit power and the av-
erage transmit power constraint at two users and the energy
harvesting constraint at relay. The proposed protocols can real-
ize better temporal diversity gains due to the adaptive selection
of the transmission mode based on the CSIs and the queue
state information. Moreover, the inherent tradeoff between the
achievable rate, delivery delay and power consumption indicates
the great potential of the buffer-aided relaying design. Finally, it
is shown that, when a certain time delay is tolerable, the DAAT
scheduling scheme is able to realize a rate region arbitrarily
close to the achievable rate region of the buffer-aided two-way
wireless EH relay network, which suggests the great potential
of the buffer-aided relaying techniques in the wireless relaying
system. Since our focus in this paper is to show the achievable
rate region and the feasibility to approach it for the buffer-aided
two-way EH relay networks, we assume that the energy storage
size and both data buffer size are large enough such that no
overflow happens. In order to fulfill the delay sensitive traffic
requirements, the DAAT scheduling design is addressed. We as-
sume a centralized scheduling scheme, wherein a central control
node is able to acquire the underlying CSI, BSI, and ESI. The
central node is thus able to perform the scheduling operations
and inform all the nodes its decisions. In practical applications,
the energy storage and the data buffer size may be limited, and
there always exists some imperfections in the acquisition of the
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underlying state information, we leave these issues for the future
analysis. Finally, the secrecy issue in cooperative relaying net-
work has attracted many research attentions [32], how to fulfill
the secrecy requirement in the two-way EH relay network would
be another interesting research subjects in our future work.

APPENDIX A

In this appendix, our goal is to derive the optimal mode
selections, power and rate allocations by solving P2. Since
the problem P2 is convex for the optimization variables of
E(t), q(t), R(t) and the feasible set is nonempty, we can obtain
the optimal solutions to P2. Let [;(¢),j € J = {1r,r2,2r,r1}
denote the Lagrange multiplier associated with the constraint
R;(t) >0, 1M (t), 1M (t)(i = 1,2), and I3 (t) denote the La-
grange multipliers associated with the constraint EZM' (t) >0,
EM2(t) > 0, and EX3(t) > 0, respectively. vy, (t),m = 1,2,3
and v(t) stands for the Lagrange multipliers associated with
mode selection constraints and the constraint Z?:l qi(t) =1,
respectively. Other Lagrange multipliers are defined in Sec-
tion I'V. Now the Lagrangian function for P2 can be rewritten
in (45), shown at the bottom of the page.

1) The Optimal Mode Selection Policy Derivation: By setting
the derivative of the Lagrangian function with respect to g; ()
equal to zero we have

oL

o) 1) +v(t) =0,

(46a)

MNP =" Py 4 0 (1) 2an () —
i (t EUZ( t)s;(t) _ Hir (t)Cir (t)
(B (t)si(t) + qa(t)) In2 ©(t)

pr () (B} (8)s1(8) + By (1)1 (1))
(B2 (t)s1(t) + B3 (t)sa(t) + qu(t)) In2

Loy

i=1

By LL,2 (;2)(% W 33 )B =132 ()P, + v(t)
+ua(t)2ax(t) — 1) =0, (46b)

- (t)si(t) )
+q3(t)) In2

1) 4 v(t) = 0. (46¢)

0L~ miC(t) | p(DE
q3<t>‘§< o) (B O

— M) B+ 0s(8) (2g3(t) —

N
L(q, B, Ry, v, pty L, A, v) = —0Ry, — (1 —0)Ro, + oy (Rl,,. R, ) + ozz(Rzr — R, ZZ
t=1jeJ

+ZZM1’(7§) R;(1)

t=1 jeJ

N 2 2
XYy (e

t=1i=1 j=1

N 3
+ Z Z (o (t)qi (t) (Qi (t)

t=1 i=1

er

o)+ Lt

+R27‘( ) - Cr(t)) + Z Tk(Ek'

Pmax)
1k
ke{l,2,r}

(45)
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Now we will prove that the optimal ¢} (¢),Vi € M = {1,2,3}
can only be attained at the boundary of the region [0, 1]. If
there exists an optimal mode selection ¢} () € (0,1), n € M,
there must be another ¢, (t) € (0,1), n’ € M(n' # n) to sat-
isfy the constraint of Zf:l ¢i (t) = 1. Without loss of generality,
we assume that ¢} (¢) and ¢§(¢) € (0, 1), the similar analysis can
be readily extended to other cases. According to the comple-
mentary slackness of KKT conditions, the associated Lagrange
multipliers are zeros when the related inequalities do not hold,
i.e., v1(t) = v3(t) = 0. Now (46a) and (46c) can be rewritten
as follows

A(t) —u(t) =0, (47a)
i {w(tm(t) G AGETO)
— (B, (t)si(t) +q3(t))In2
+ M) B — o(t) = 0. (47b)
We assume that channel gains |hy(¢)[? and |h,(¢)|* have con-

tinuous probability density functions. Besides, the Lagrange
multipliers A7 (¢), 437" (t), and 223 (t) are related to fading
gains. Hence, we can hardly find such a v(t) to satisfy the
above two constraints at the same time for (47a) and (47b), so
qi(t),i = 1,2,3 must be attained at the boundary of the region
[0, 1].

Next, we will show the necessary conditions for ¢} () = 1
and ¢;(t) = ¢;(t) = 0, and the similar analysis can be readily
generalized to the case of ¢/ (t) = 1,7 = 2,3. By substituting
q;(t) = 1,45(t) = ¢4 (t) = Ointo (46) and considering that %
is a monotonically increasing function with respect to ¢; (t) (£
is convex), we have

oL
0 ()= =M1 (1) + 0 (t) + v(t),
oL oL
8q2(t) ;=0 = MLIZZI = —Az(t) — Uz(t) + U(t),
o - —A3(t) — v3(t) + v(?).

3@ B

Now we may derive A;(t) — Ay (t) > vy (t) + va(t) and Ay ()
— A3(t) > v (t) +v3(t). Since the Lagrange multipliers of
the inequality constraints must be non-negative, i.e., v;(t) >
0,7 = 1,2, 3, the necessary condition for ¢{(¢t) = 1 is A;(t) =
max{A;(t), A2(t), A3(¢)}. In the same way, we may have the
necessary conditions for ¢;(¢) = 1 and ¢;(¢) = 1, which corre-
sponds to the optimal mode selection policy in (15).

2) The Optimal Rate Allocation Policy Derivation: The opti-
mal rate allocation scheme in the multiple-access and the broad-
cast mode should fulfill the following conditions

oL

R M e O (6) = L (6) =0, (48a)
i—_ .+ (t)_l(t)—()—lz?é (48b)
Rr'i(t) T fori r =Ut] =121 7

where 1y = 0 — «; and pp = 1 — 0 — «y. Firstly, we assume
Ry, (t) > 0 and Ry, (t) > 0, then Iy, (t) = lp-(¢t) = 0. Either
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1 (t) or py,(t) is equal to zero due to the limit of multiple-
access channel. If . () > 0 and py, (t) = 0, we have

Ry, (t) = C(Pi(t)si1(t)), (49a)

Ry (t) = C(Pa(t)s2(t) /(1 + Pi(t)s1(t))), (49b)

() = p1 = po, () = poo. (49¢)
Similarly, if p,, (t) > 0 and p, (t) = 0, we have

Ry, (t) = C(Pi(t)s1 (1) /(1 4+ Pa(t)s2(t))), (50a)

Ry, (t) = C(Ps(t)s2(1))), (50b)

por(t) = py — pr, e (t) = pur. (50c)

The same analysis can be extended to the case of Ry, (t) >
0, Ry (t) = 0and Ry, (t) = 0, Ry, (t) > 0. Moreover, based on
the Lagrange multipliers p; > 0,Vj € J, we can obtain the
optimal rate allocation scheme in the multiple-access mode.
Similarly, we can obtain the optimal rate allocation scheme
from the relay to users, which is given in (17).

3) The Optimal Power Allocation Derivation: Since ¢ (t),i =
1,2, 3 is either one or zero. We can obtain the optimal transmit
power in the corresponding transmission mode when ¢;'(¢) = 1.
Based on the KKT conditions, the optimal EZ.M‘ (t),i=1,2,
satisfies the following equations

PIEM(t) = 0 and AM (EM (1) — By) = 0, (51a)
R ()
%—1%%Aﬂ—ﬁﬂ>+ﬂﬂ)—mizhl (51b)

From (51a) we know that wa' (t) = )‘le (t)=0if 0 < EYM'
(t) < B;. And we have v; = M Nonetheless, it is im-

= ”hd# since either |y (t)]? or |ha()]?

is time varying. Thus, the optimal EZ.M '(t) can only be zero or
P;. We have 1M1 (t) = 0 and 221 (t) > 0 if EM'(t) = P,. Sim-
ilarly, we have 11 (t) > 0 and A} (t) = 0 if EM'(t) = 0. So
the optimal power allocation in the EH mode is given in (18).

possible to attain y;

2
" B, i Ok
E7(t) = d;

0, otherwise.

(52)

To derive E'*(t) of U; in the multiple-access mode, we have

A (EM2 (1) — P) = 0and M2 (1) EM2 (1) =0, (53a)

pir (8)si(¢) _
(14 EM(t)s;(t)) In2

i+ AR () — 1 () —
(1 + B (0 (1) + B (0)sa(t)) n2

There are three possibilities: i). F'*(t) = 0, ii). 0 < E'
(t) < P, iii). EM (1) = P;. We can separately analysis the op-
timal transmit powers of the users in the multiple-access mode
based on nine cases of the values of (E1"2(t), E3"(t)), which
are given in (19) and we omit the detailed proof process here to
save space. In fact, by the KKT conditions, the optimal transmit

=0,i=1,2. (53b)
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power of relay should satisfy the following conditions

s s
(I14+E (t)s1(t))In2 (14 E,(t)s2(t))In2

— M) + A2 (t) = 0, (S4a)

+

M) E, (t) = 0and A3 () (B, (t) — P.) = 0. (54b)

We can derive that E, (t) = 0if [}3(¢) > 0 and A3 (¢) = 0,
E.(t) = P, if IM3(t) = 0 and A3 (t) > 0. Moreover, we have
IMs(t) = AM3(t) = 0if 0 < E,(t) < P,. And the left hand side
of (54a) is monotonically increasing in E, (¢) with the minimum
value v, — #rl(t)sl(fﬁr;v‘z(t)sz(t)
a f ;5‘?(:])'(3;;; in 27 f g(fjf:)(; in 5. One root of (54a) will be posi-
tive while the other one is negative if £ :g.):: ((f; *1‘ ;21(;):2’ ((f))

Y In2 < e ()s1(t) + pra(t)sa2(t). Otherwise both roots are
negative or greater than P,. Thus, we have the optimal transmit
power of relay in (20).

and the maximum value ~, —

APPENDIX B

It is worth noting that
(¢ — max{E(t) + By (t) — ¢s(t) P, ()T, 0})°
< (¢ — B(t) — Bn(t) + a3(t) P (1)T)*.
From (29), (30), and (31), we have
A(O(t)) < B +v(¢ — E(OE{g:(t) P ()T — En(1)|O(t)}

2
+ Y Zi(OE{(a1(t) + @2() Pi(t) — P"O(t)}

i=1

+ QOE{ R, (t) — R2(1)|O(t)}
+ Q(E{ Ry, (1) — R (1)|O(t)}.

By adding the penalty item to both sides of (56), we derive
Lemma 1.

(55)

(56)

APPENDIX C

Since we assume that the transmit rate is strictly interior
of capacity region and channel states are ¢.i.d over each time
slot, there exits a stationary randomized mode selection, power
allocation, and rate allocation policy, which is independent of
O(t) [26] satisfying

E{Rsum (t)|O(t)} = E{Rgum (t)} = ¥(e), (57a)
E{as(t)P, ()T — B, (1)|©(t)}
— E{q:(t)P, (T — Ex()} < —c, (57b)

) T
E{(a1(t) + (1)) P (t) — P |©(t)}

=E{(a1(t) + @2(t))Pi(t) — P} < —e,i = 1,2,
(57¢)

E{R;, (1) — Rr; (1)|O(t)}

= E{R;, () — R;(1)} < —e,i,5 = 1,2, andii # j.
(57d)
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By substituting (57) into (32), we obtain
A(O(t)) — VE{R,um (t)|O(t)}

<B = VU(e) = (6 — B(t))e =) _(Qi(t) + Zi(t))e. (58)
i=1

Using the law of iterated expectation and taking conditional
expectations over O (t) yields:

E{L(@(t + 1)) - L(@(t))} - VE{Rsum (t)} <

B-V¥(e) — (¢ —E{E(t)})e — ZE{Qi (t) + Zi(t)}e.

(59)
Then, summing over ¢ € {0, 1, ..., N — 1} and dividing by N,
we have
E{L(®(N)) — L(©(0 Vi
e 2
— V(e — G}(d? —E{EM}+Y E{Qi() + Z (t)}>~
t=0 i=1

The time average expectation for Ry, ,, (t) of the DAAT scheme

*

can not exceed the optimal R}, ., i.e., limy_. % Zi\:?)l E
{Rsum ()} < RY,,,. Moreover, using the fact L(@(N)) > 0,

sum*

L(©(0)) =0,Q;(t) >0, Z;(t) > 0,and ¢ — E(t) > 0 yields

N-1 S
LY B0 + Qo) < ZEVIEZMIL g
t=0

Moreover, we note that the queue length is not less than zero so
that we have

(61)

Taking a limit as N — oo and ¥(¢) — RY,,, as € — 0 for (60)

and (61), we can conclude Theorem 2.
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