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Abstract—The pairwise error probability (PEP) performance
is investigated for the energy harvesting (EH) two-way (TW)
multi-relay network with stochastic EH models. In this network,
two relay nodes exploit the amply-and-forward (AF) protocol
and space-time network coding (STNC) to help two source
nodes exchange information simultaneously. We assume only
one relay node is solar-powered and equipped with a finite-
capacity battery. The optimal transmission policy for the EH
relay is proposed to minimize the long-term PEP by considering
the causal EH information, battery energy and stochastic
channel status. Thus, the design framework is formulated as
a Markov decision process (MDP). We reveal that the full
diversity order is achievable only if the EH relay’s battery empty
probability is equal to zero. Further, the PEP performance
can be improved when the battery empty probability becomes
smaller. Simulations validate the theoretical analysis and show
that the proposed optimal policy outperforms other myopic
policies.

I. INTRODUCTION

Energy harvesting (EH) communication has attracted sig-
nificant attention due to its effectiveness to tackle energy
supply problems in wireless networks without fixed power
grid. Recently, there has been a growing interest in investi-
gating two-way (TW) relay networks with EH nodes, which
can harvest energy from ambient energy sources. Unlike
the traditional TW relay networks, not only the TW relay
fading channels, but also the stochastic and uncertain energy
harvested from environments, should be seriously considered
in the transmission scheduling of the EH TW relay networks.

Power allocation for maximizing short-term sum rates
in EH TW relay networks was studied in [1]-[3] under
deterministic EH models with the assumption of non-causal
EH information. The authors in [1] considered an EH relay
with a data buffer to cache data so that a more flexible
scheduling policy can be applied. Moreover, a generalized
iterative directional water-filling method was developed in
[2]. In [3], an optimal scheme was proposed by considering
the uncertainty of channel state information. In addition,
an optimal transmission policy for maximizing the long-
term sum rates of EH TW relay networks was developed
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in [4] by exploiting stochastic EH models, in which the EH
information is causal and unknown to transmitters. Besides,
the wireless energy transfer in TW relay networks was
investigated in the literature. The authors in [5] studied the
optimal beamforming for multiple relay nodes to maximize
the throughput of the TW relay network, wherein the source
nodes can harvest energy from the signals of the relay nodes.
Similarly, the authors in [6] concentrated on the transceiver
design for the EH TW relay network, wherein a multi-
antenna relay can transfer the energy and information to two
source nodes simultaneously. The wireless energy transfer
from the source nodes to the relay in the EH TW relay
network was also considered in [7]. However, so far, the
performance of the EH TW relay network with multiple relay
nodes has not been investigated for stochastic EH models.

Motivated by the above discussions, we investigate the
pairwise error probability (PEP) performance of the EH TW
multi-relay network utilizing the data-driven stochastic EH
model in [8]. In this network, two source nodes exchange
information simultaneously with the help of two relay nodes
utilizing the amplify-and-forward (AF) protocol and space-
time network coding (STNC) to fulfill cooperative commu-
nications [9]. Since there is no direct link between the two
source nodes, one relay node with fixed power supply is
exploited to guarantee the reliable communication. Besides,
we assume the other relay node with a finite-sized battery
is solar-powered, and aim at studying the impact of the
stochastic EH on the PEP performance. First, an optimal
transmission policy for the EH relay node is developed to
minimize the long-term PEP through a Markov decision
process (MDP) framework, by considering the stochastic
harvested energy and channel states. Then, we analyze the
diversity performance, and an interesting result is revealed,
i.e., the full diversity order can be achieved only if the EH
relay’s battery empty probability is equal to zero; otherwise,
the diversity order is only one.

II. ENERGY HARVESTING TWO-WAY MULTI-RELAY
NETWORKS WITH NETWORK CODING

An EH TW relay network is considered in Fig. 1, where
two wireless source nodes, A and B, exchange information
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simultaneously via two intermediate relay nodes, Ry and Rs.
It is assumed that each node is half-duplex and equipped with
a single antenna. A, B and Ry are traditional wireless nodes
with fixed transmission power, while Ry is equipped with a
finite-sized battery and can only harvest energy from the solar
for data transmission. We also assume that there is no direct
link between the two source nodes, and the wireless channels
are reciprocal, quasi-static and Rayleigh flat fading. All chan-
nel coefficients are independent and identically distributed
(i.i.d.) random variables with complex Gaussian distribution
CN(0,1). Ry has the perfect knowledge of the channel state
information (CSI) related to itself. Moreover, the amplify-
and-forward (AF) protocol and STNC vectors are utilized by
R; and R, to forward signals. The whole transmission period
includes a multiple access (MA) phase and a broadcast (BC)
phase, and each phase consists of L = 2 slots. The detailed
transmission period is described as follows.

Fig. 1. The EH TW multi-relay network

A. MA Phase. The source nodes A and B simultaneously
transmit a set of L = 2 symbols to the relays in L slots. The
received signal vector at R, (I € {1,2}), is given by

Ysr, = ha?“z \/ﬁsa + hbrl \/ﬁSb + sy (1)

where s, and s, are the signal vectors transmitted by the
nodes A and B, respectively, P represents their transmis-
sion power, h,,, and hs,, denote the channel coefficients
between R; and the two source nodes, ng,, is the additive
white Gaussian noise (AWGN) vector with ii.d. entries
following CA (0, Ny) at R;. Subsequently, each relay takes
linear transformation on the received signal vector, and the
transmitted signal of R; is expressed as z,, = ﬁlOZTym,
where 0, = [0,1,0;2]" is the STNC vector with unit nor-
m for R;, and meets the full diversity criterion [9], i.e.,
|0;(s — 8)| # 0,Vs, V§(# s). The signal amplifying factor 3
is defined as 8, = \/LPg,/ (PYar, + PYor, + No), where
Yar, = |Par, 2, Yor, = |Pbr, 2, Pr, denotes the transmission
power of R;.

B. BC Phase. The two relay nodes take turn to forward
signal in two slots, i.e., each slot is solely occupied by one
relay. Each user node can subtract its self-interference, and
thus the received signal at the source A can be expressed as

grla = harl hbrl Bl \/Fo;rsb + harz ﬁlal’rnsm + Noyrya, (2)

where n.,, is the AWGN with distribution CA (0, Ny) at the
node A. Observing the received signal {gjma}?zl in the two

slots, The node A can exploit the maximum likelihood (ML)
criterion to jointly decode sj.
Let As, =58, — S, #0, a; = |9?Asb|2 (I €{1,2}), and
Yar; Vor, PR; Pal
[(P + PRL) Yar, + P’me + NO]NO

Then the instantaneous PEP of the source node A conditioned
on {’y(m}?:l and {fybn}lzzl can be calculated by using the
2

Q-function Q(z) = \/% e e~ 7 dt as follows [9]

Prsy = 81} = Q (V2Wn, +2Wn, ) )

1 /2 W, + W,
_ 1 / exp (—RER) &0
T Jo sin” 6

~ Le,ry X Pe,sza

W= Jde{l,2}. 3

where P, g, = exp(—Wg,) and P g,
%Oﬂ/ Qexp(—:ﬁgz@) df  represent the capacities of

contribution to the PEP by R; and Ro, respectively.

III. MARKOV DECISION PROCESS FORMULATION

Our goal is to find the optimal transmission power of the
EH relay Ry, in order to minimize the long-term PEP con-
sidering the causal solar power condition, the battery energy
and the channel status. In such a case, the design framework
is formulated as an MDP model, which is mainly composed
of the state space, the action space, the state transition prob-
ability and the reward function. Thus, let S = Sg x Sag, X
Spr, X Sp be a four-tuple state space, where x denotes
the Cartesian product, S = {0,1,---, N. — 1} represents
the solar power state subspace, Sagr, = {0,1,--- ,N. — 1}
and Sgr, = {0,1,--- ,N.— 1} denote the two channel
state subspaces for A-R; link and B-R; link, respectively,
and Sp = {0,1,---, N, — 1} is the battery state subspace
for Ry. Meanwhile, let S = (Sg,Sar,,SBr,,S8) € S
represent the stochastic state of the MDP. Define A =
{0,1,---, N, — 1} as the action space, and the action a € A
represents the transmission power of Rj.

A. Solar Power State. An N,_-state stochastic EH model
in [8] is used to capture the dynamic of the harvested solar
power conditions. This data-driven solar power model is a
Gaussian mixture hidden Markov chain, and different states
possess different solar irradiance intensity. The harvested
solar power per unit area, P, is a continuous random variable
with Gaussian distribution A (p., pe) for the solar power
state e € Sg. Thus, the harvested solar energy Ej, = P,TQn
during one policy period 7' is also continuous, where €2 is the
solar panel area size, and 7 denotes the energy conversion
efficiency. However, in practice, the solar energy storage and
usage model is discrete and designed based on the numbers
of energy quanta. Thus the harvested energy is first quantized
in units of one basic energy quantum FEjp; and then stored in
the battery for the forthcoming data transmission.

B. Battery State. The battery storage capacity is finite
and evenly quantized into multiple levels. The battery state
denotes the number of available energy quanta in the battery.
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C. Channel States. The instantaneous channel gains
of the links related to Ry, 7Y4r, and ~p,,, are quantized
into N, levels using several thresholds, given by I' =
{0=Tg,I'y,---,['y, = cc}. The i*" channel state repre-
sents the channel gain belongs to the interval [I';,T;y1).
Moreover, the channel state transition is modeled as an .-
state Markov chain in [10].

D. EH Relay Action. If the action a € A is chosen, the
transmission power of R; is set as Pr, = aPy, where Py is
a constant transmission power corresponding to one energy
quantum FEp in the battery during the half transmission
period, ie., Ey = 1 PyT.

E. MDP State Transition. Since we utilize the harvest-
store-use protocol [11], the harvested energy in the current
policy period is first stored in the battery, and then consumed
for data transmission in the next policy period. Thus, the
battery state will transit from the state b to the state b’ =
min (b — a + ¢, N — 1), when the action a is taken and the
number of harvested energy quanta is ¢ in the current period.
Meanwhile, it implies that @ < b due to the battery constraint.
Besides, the battery state transition probability at the e solar
power state, P,(Sp=0V'|Sp=0,Sg=e¢), is given in [8].

Since the transition probabilities of the solar power states
and channel states are independent, the system state transition
probability from s = (e, f, g,b) to ' = (¢/, f',¢’,b") for the
action a can be expressed as

P,(s'|s) =PSg=¢|Se=¢ -P(Sar, =f'|Sar, =f)

-P (SBR1 =g/‘SBR1 :g)-Pa(SB:b’\Ssz,SE:e), 5)
where the solar power state transition and the channel state
transition are defined in [8] and [10], respectively,

F. Reward Function. According to (4), the PEP is de-
termined by both P, g, and P, g,; however, only the term
P, g, is related with the transmission power P, in the MDP.

Thus, the reward function is defined as the conditional P, g,
associated with the state s = (e, f, g,b) and action a:

fFFijrFlee_%e_W -exp (=W, ) dyidyz
P(Sar, = f) - P(Spr, = 9)
é e, Ry (a7 f7 g) (6)

For simplicity, the transmission power of the source nodes is
P=Py. From (3), Wg, can be rewritten as

Wgr, = nyean’on/[4((a+ 1)y +me2 + 1)), (D)

R, (s) =

where n= %9 71 = Yary» and Y2 = VYory-

G. Optimization of Relay Transmission Policy. Define
m(s) : & — A as the power action. The goal of the MDP
is to find the optimal 7 (s) in the state s to minimize the
expected discounted long-term reward, given by

Vi (s0) =Ex [ZZOAkR,,(Sk)(sk)} 56 €S, (sk) €A, (8)

where 0 < A <1 is a discount that guarantees the convergence.
The optimal policy can be found by the Bellman equation,
which can be solved by the value iteration approach [12].

In the following, a non-conservative property of the opti-
mal relay transmission policy is provided.

Proposition 1: For any fixed system state s = (e, f, g,b >
1) € S with the non-empty battery, in asymptotically high
signal-to-noise power ratio (SNR), i.e., 7> 1, the optimal
power action a* is non-zero.

The reason is explained as follows. In asymptotically high
SNRs, the immediate reward for non-zero actions approaches
to zero. As compared with the zero action that conserves the
battery energy to improve the future reward, the non-zero
action leads to better long-term reward in high SNRs.

IV. DIVERSITY ANALYSIS

In this section, the expected PEP and diversity order of
the proposed optimal transmission policy in the EH TW
multi-relay network are analyzed. For a fixed policy 7(s),
the steady state probability p,(s) can be computed by using
the state transition probability in (5) and the balance equation
in [8]. Thus, the expected reward can be calculated by taking
expectation over the reward function using p,(s) as follows

Rﬂ. = ]Eﬂ. {Pe,Rl} = ZSES pﬂ(s) X Ra:ﬂ.(s) (5) (9)
From (4), the expected PEP can be computed as

Pr {Sb — éb} ~ Eﬂ- {Pele} X E{P67R2} s (10)

where E { P, g, } is the expectation result with respect to the
channel gains, ¥4, and 7,,,. When 77 > 1, it can be obtained
that E{P, r,} o ~!/aq, by following the similar steps of
Lemma 1 in [13].
Next, the following proposition is introduced to compute
the asymptotic approximation of the reward function.
Proposition 2: In asymptotically high SNRs, i.e., n>1,
the reward function R, (s) (a > 0) can be approximated as
—1
Wv min(f, g) = 0; (11
07 min(f7 g) 2 17
Proof: From (7), when n > 1, we have Wy, ~ %.
By using the harmonic mean inequality i min(z,y) <

3 <
+; < min(z,y), it is obtained that Wg, =~
L min (7y1,72). For the channel states where Sagr, =
f < Spr, = g, the asymptotic approximation of the reward

function in (6) is given by

Pe7R1(aafag) %{

r r _ —
Sl R e e rexp (= 25y )dydye

r
R, (s)~—~
(#) P(Sar, =) P(SBr, =9)
8n ! — 0
~ | amemar S =0 (12)
0, f=1
Similar derivation can be obtained when f > g. As as result,
we can get (11). [ |

Finally, we provide the following theorem to for the
diversity performance of the EH TW multi-relay network.

Theorem 1: In the proposed EH TW network-coded multi-
relay network with the optimal policy 7*, if the EH relay’s
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TABLE I
SIMULATION PARAMETERS

Modulation type QPSK
Basic transmission power (FPrr) 10mW
Policy management period (77) 300s
Energy conversion efficiency (7)) 20%
Channel simulation model Jakes” model
Normalized Doppler frequency (fp) 0.05

Channel quantization thresholds (I') {0,0.3,0.6,1.0,2.0,3.0, 00}
Discount factor (\) 0.99

battery empty probability is equal to zero, the full diversity
order d = 2 can be achieved. Otherwise, the diversity order
isonly d = 1.

Proof: The expected reward in (9) for the optimal policy 7*
can be rewritten by considering the battery states as follows

Rﬂ* = Zses [p"r* (6,f,g7b = 0) X Ra* (6,f,gab = 0)
+p7r* (e,f,g,b Z 1) ><f{a" (e,f,g,b Z 1)] . (13)

Since we utilize the harvest-store-use protocol, the relay Ry
keeps silent when the battery is empty. Meanwhile, according
to Proposition 1, the optimal action a* is non-zero in high
SNRs when the battery is non-empty. Further, by applying
Proposition 2, the asymptotic approximation of the expected
reward in high SNRs for the optimal policy 7" can be
calculated as

. D ses, P (8)
Row~Pr{b=0}4—=5820"" =1
{ }+a* (176*1“1)04177

where  Pr«{b=0} = > scs P (e,f,9,0=0)
represents  the  battery empty  probability, and
So ={s= (e, f,g,0),min(f,g) =0,b > 1,s € S} denotes
the system state set in which the battery is non-empty and
at least one channel state is zero.

From (10) and (14), in high SNRs we have

Pﬂ—* {b == 0}17_1

Q2

(14)

ZSESO Pr (8) —92
(1I—eT)ajas

PI'{S[7 —>§b} X + e
where a1 and oo must be positive due to the full diversity
criterion of the STNC.

In summary, if P;«{b=0} > 0, the expected PEP in
high SNRs is dominated by the first term, resulting in a
diversity order of one. Otherwise, a full diversity order of
two is achieved. [ ]

V. SIMULATION RESULTS

The average PEP of the proposed optimal policy based on
the stochastic EH model in [8] is evaluated by Monte-Carlo
simulation. The numbers of the solar power states, channel
states and battery states are four, six and twelve, respectively.
Other simulation parameters are listed in Table I. The STNC
matrix is an L X L Vandemonde matrix, whose entries are
defined as ), = /*A-D(=D/CL) "] n =12 ... L [9].

Fig. 2 illustrates the average PEP of our proposed optimal
policy for different solar panel area sizes 2. The EH re-
lay’s battery empty probability Py« {b = 0} becomes smaller
when Q gets larger. When € is set as 0.5, 1 and 2cm?, the
battery empty probability is approximately given as 107!,
1072 and 10710, respectively. It can be seen that the diversity
order is one when €2 = 0.5 or lcm?, while the diversity order
is close to two when € is set as 2cm?. This phenomenon
coincides with Theorem 1. Further, the average PEP can be
improve by changing €2 from 0.5cm? to 1cm?, even though
the diversity order remains one. This is because the smaller
P« {b =0} is, the better PEP performance is achieved.

Fig. 2 also compares the PEP performance between the
proposed optimal policy and two myopic policies, in which
the EH relay transmission power is set without concern for
the stochastic system states. In Greedy Policy, the whole
available energy in the battery is consumed for one policy
management period. Regarding with Economical Policy, the
EH relay utilizes the lowest power, i.e., the basic power P,,
to transmit signals. It can be seen that the average PEP of
the optimal policy is superior to those of the two myopic
policies.

PEP
S

—A— Q=0.5cm?, Optimal Policy
—8— Q=1.0cm?, Optimal Policy N
10} —o— Q=2.0cm’, Optimal Policy
—— Q=2.0cm’, Greedy Policy
—#— Q=2 0cm’, Economical Policy
----- Diversity Order d=1

s|l =~ ~ Diversity Order d=2 ‘ ‘ ¢
-10 -5 0 5 10 15 20 25 30
Normalized SNR (dB)

Fig. 2. PEP of the optimal policy for different solar panel area sizes €2,
as well as the performance comparison between the optimal policy and two
myopic policies

VI. CONCLUSION

The PEP performance is analyzed in the EH TW network-
coded multi-relay network with stochastic EH models. The
optimal transmission policy for the EH relay is developed to
minimize the long-term PEP by considering the stochastic
EH information and channel status. We prove that the full
diversity order is achieved only if the EH relay’s battery
empty probability is equal to zero.
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