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Abstract—An optimal relay transmission policy by exploiting
a stochastic energy harvesting (EH) model is proposed for
EH two-way relay (TWR) networks, wherein a solar-powered
relay with a finite-sized battery adopts an amplify-and-forward
protocol for helping relaying signals. The relay transmission
power is optimized to minimize the long-term outage probability
by considering the causal EH information, battery energy and
random channel status. The design framework is formulated
as a Markov decision process (MDP), in which a monotonic
structure for the long-term reward values and a threshold
property for the optimal relay transmission are revealed.
Furthermore, an interesting saturation structure of the outage
performance is uncovered, which means the expected outage
probability eventually approaches to the relay’s battery empty
probability. Simulation results are demonstrated to verify the
theoretical analysis and prove that the proposed optimal policy
outperforms other myopic policies.

I. INTRODUCTION

Energy harvesting (EH) communication has recently at-

tracted significant attention due to its effectiveness to solve

energy supply problems in wireless networks without teth-

ering to a fixed power grid. In this paradigm, the EH nodes

can utilize ambient energy sources, e.g., solar, vibration,

electromagnetic radiation, etc., to fulfill data transmissions

for an infinite lifetime. However, the uncertain and random

nature of the energy sources requires us to revisit power

management and transmission scheduling.

Two-way relay (TWR) communications have been rec-

ognized as an efficient solution for information exchange

between two source nodes via intermediate relay nodes [1].

More recently, there has been a growing interest in studying

EH TWR networks, where relay nodes or source nodes can

harvest energy from environment. In [2]-[4], power allocation

methods for maximizing short-term sum rates in EH TWR

networks were investigated by exploiting deterministic EH

models, in which the EH information is non-causal and

known prior to transmission scheduling. In [2], an EH relay

with a data buffer can cache data and utilize flexible schedul-

ing policies. Moreover, the authors in [3] proposed a gener-
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alized iterative directional water-filling algorithm for various

relaying strategies. An optimization design considering the

uncertainty of channel state information was developed in

[4]. Furthermore, the authors in [5] investigated the optimal

transmission policy for maximizing the long-term sum rates

of EH TWR networks with stochastic EH models, wherein

the EH information is causal and unknown to transmitters.

Besides, the wireless energy transfer in EH TWR networks

has been considered in the literature. The authors in [6]

proposed a joint design of transceiver and power splitters

for the TWR network with energy transfer. Similarly, a

problem that the two source nodes can transfer the energy and

information simultaneously to the relay in the TWR network

was considered in [7]. By far, most of the research works on

EH TWR networks focused on the throughput maximization.

However, the outage probability performance in EH TWR

networks has not been analyzed, especially for stochastic EH

models.

Motivated by the aforementioned discussions, we propose

an optimal relay transmission policy for the EH TWR net-

work using the data-driven stochastic EH model in [8]. In

this network, two source nodes are traditional wireless nodes,

while a solar-powered EH relay node is equipped with a

finite-sized battery and exploits amplify-and-forward (AF)

protocols. Our objective is to minimize the long-term outage

probability by adapting the relay transmission power to the

causal solar irradiance condition, the battery energy amount

and random channel states. The framework is formulated as

a Markov decision process (MDP), in which the conditional

outage probability was calculated as the reward function. In

order to analyze the outage performance, we first propose the

monotonic structure of the long-term reward values, and the

threshold property of the optimal relay transmission power.

Finally, an interesting saturation structure of the outage per-

formance is revealed, in that the expected outage probability

eventually approaches to the battery empty probability in

sufficiently high signal-to-noise power ratio (SNR) regimes.

II. ENERGY HARVESTING TWO-WAY RELAY NETWORK

We consider an EH TWR network, wherein two tradition-

al wireless source nodes, A and B, exchange information
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simultaneously via an EH relay node, R, which can harvest

energy from the solar and is equipped with a rechargeable

finite-sized battery. Each node is operated in a half-duplex

mode and equipped with a single antenna. It is assumed that

there is no direct link between the two source nodes, and the

wireless channels are reciprocal, quasi-static and Rayleigh

flat fading. The two independent and identically distributed

(i.i.d.) random variables, har and hbr, with complex Gaussian

distribution CN (0, 1), represent the channel coefficients of

the wireless links between the source nodes and R, re-

spectively. Let γ1 = |har|2 and γ2 = |hbr|2 denote the

instantaneous channel gain with exponential distribution and

unit mean. The relay has the perfect channel state information

(CSI) of these two links. Further, it is assumed that the two

source A and B have the same transmission power P , while

the transmission power of R is given by Pr. The transmission

duration includes two phases, a multiple access (MA) phase

and a broadcast (BC) phase, and the relay utilizes amplify-

and-forward (AF) protocol to broadcast the received signal

to A and B.

Define R1 and R2 as the achievable data rates of the A-B

link and the B-A link, respectively. From [1], the achievable

rate pair (R1, R2) can be expressed as

R1 ≤ 1

2
I1 =

1

2
log

[
1 +

γ1γ2ηηr
γ1η + γ2 (η + ηr) + 1

]
; (1)

R2 ≤ 1

2
I2 =

1

2
log

[
1 +

γ1γ2ηηr
γ1 (η + ηr) + γ2η + 1

]
, (2)

where η = P / N0 and ηr = Pr / N0, with N0 being the

additive white Gaussian noise (AWGN) power at each node.

Therefore, the two outage events can be defined as Eout,1 ={
1
2I1 < Rth1

}
and Eout,2 =

{
1
2I2 < Rth2

}
, where Rth1 and

Rth2 denote the target rates for A and B, respectively. Thus,

the outage probability of the TWR network is given by [9]

Pout = Pr {Eout,1 ∪ Eout,2} . (3)

III. MARKOV DECISION PROCESS

The design of the relay transmission policy is influenced

by a couple of dynamic and stochastic factors, such as the

solar irradiance conditions, the energy amount in the battery

and the channel conditions among the three nodes. Our

objective is to find the optimal relay transmission power that

can minimize the long-term outage probability of the TWR

network. To achieve this, the design framework is formulated

as an MDP. The fundamental components in the MDP model

include states, actions and reward functions, and the detailed

descriptions of all these elements are introduced as follows.

A. Relay Action. Let W = {0, 1, · · · , Np − 1} denote an

action set of the relay transmission power. If the transmission

action is set as W = w ∈ W , the relay transmission

power Pr is equal to wPu during the BC phase, where

Pu is the basic transmission power corresponding to one

energy quantum Eu during a half policy period T / 2, i.e.,

Eu = PuT / 2.

B. System States. Let S = Qe×Har×Hbr×Qb be a four-

tuple state space, where × denotes the Cartesian product,

Qe = {0, 1, · · · , Ne − 1} represents a solar power state set,

Har = {0, 1, · · · , Nc − 1} and Hbr = {0, 1, · · · , Nc − 1}
are channel state sets of har and hbr, respectively, and Qb=
{0, 1, · · · , Nb − 1} denotes a finite battery state set. Mean-

while, define a random variable S = (Qe, Har, Hbr, Qb)∈S
as the system stochastic state of the MDP, and it remains

steady during one policy management period T .

(a) Solar power State: An Ne-state stochastic EH model in

[8] is utilized to mimic the harvested solar power conditions.

This data-driven EH model is a Gaussian mixture hidden

Markov chain, and different states represent distinct solar

irradiance intensity. The dynamic of the states is determined

by transition probabilities P (Qe=e′|Qe=e),∀e,e′∈Qe [8].

If the solar power state is given by Qe = e ∈ Qe, the har-

vested solar power per unit area, Ph, is a continuous random

variable with Gaussian distribution N (μe, ρe). Moreover, the

harvested solar energy during one policy period T can be

calculated as Eh = PhTΩη, where Ω is the solar panel

area size, and η denotes the energy conversion efficiency.

Further, a quantization model is utilized to deal with the

harvested energy, which is stored in the battery and consumed

for data transmission in unit of one basic energy quantum

Eu. The probability of the number of harvested energy

quanta conditioned on the eth solar state, P (Q=q|Qe=e)
for q∈{0, 1, · · · ,∞}, is theoretically derived in [8].

(b) Battery State: If the relay battery state is Qb = b ∈ Qb,

the number of available energy quanta in the relay battery

is given by b, i.e., the available energy is bEu. We exploit

the harvest-store-use protocol, which means the harvested

energy in the current policy period is first stored in the

battery, and then consumed in the next policy period [10].

Let b′ and b denote the next and current battery states,

respectively. The battery state transition can be given by

b′ = b−w + q, where q represents the number of harvested

energy quanta in the current policy period. Further, the

battery state transition probability at the eth solar power state

is given by Pw (Qb=b′|Qb=b,Qe=e) [8].

(c) Channel States: The instantaneous channel gains, γ1
and γ2, are quantized into Nc levels using a finite number of

thresholds, given by Γ = {0 = Γ0,Γ1, · · · ,ΓNc = ∞}. The

ith channel state represents the channel gain belongs to the

interval [Γi,Γi+1). We assume that the channel gain is quasi-

static in one policy management period T . Moreover, the

channel state transition is formulated by a finite-state Markov

chain, and the transition probability is defined in [11].

C. MDP State Transition: Since the solar irradiance

condition and the fading channel status are independent, the

system state transition probability from s = (e, h, g, b) to

s′ = (e′,h′,g′,b′) between two adjacent policy periods with

respect to the relay power action w is given by

Pw (s′|s) =P (Qe=e′|Qe=e)·P (Har=h′|Har=h) (4)

·P (Hbr=g′|Hbr=g)·Pw (Qb=b′|Qb=b,Qe=e)
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D. Reward Function. The conditional outage probability

at a fixed system state s = (e, h, g, b) ∈ S for a relay power

action w ∈ W is utilized as the reward function, defined as

Rw (s) � Pout (w, h, g) (5)

= Pr{Eout,1∪Eout,2|Pr =wPu,Har =h,Hbr =g}
According to (1)-(3) and the definition of channel states, the

conditional outage probabilities can be explicitly calculated.

Theorem 1: For the given target rate pair (Rth1, Rth2), the

conditional outage probability of the TWR network utilizing

the AF protocol associated with the state s = (e, h, g, b) and

relay action w can be expressed as in (6).

Specifically, when the relay remains silent, the reward

function is equal to one. While the SNR is sufficiently high,

i.e., N0 approaches to zero, it suffices to spend only one

energy quantum for achieving zero outage probability under

fixed target rates and channel states. Thus, it is given by

Rw=0 (s) = 1, lim
N0→0

Rw≥1 (s) = 0. (7)

E. Optimization of Relay Transmission Policy. Define the

policy π (s) : S → W as the action that indicates the relay

transmission power with respect to a given system state. The

goal of the MDP is to find the optimal policy π∗ that can

optimize the expected discounted long-term reward as

Vπ (s0)=Eπ

[∑∞
k=0

λkRπ(sk) (sk)
]
, π (sk) ∈ W , (8)

where s0 is the initial state, and 0 ≤ λ < 1 is a discount

factor that guarantees the convergence. The optimal policy for

minimizing (8) can be found through the Bellman equation,

which can be efficiently implemented by the well-known

value iterations as follows [12]

V (i+1)
w (s) = Rw (s) + λ

∑
s′∈S

Pw (s′|s)V (i) (s′); (9)

V (i+1) (s) = min
w∈W

(
V (i+1)
w (s)

)
, (10)

where i is the iteration number. The value iteration alternates

between (9) and (10) until a stopping criterion is satisfied.

IV. PERFORMANCE ANALYSIS OF OUTAGE PROBABILITY

The performance of the expected outage probability for the

proposed optimal policy in high SNR regimes is analyzed in

this section. First, we will introduce a monotonic structure

of the expected long-term reward.

Lemma 1: For any fixed system state s = (e, h, g, b >
0) ∈ S in the ith value iteration, the expected long-

term reward is non-increasing in the battery state, and the

differential value of the expected long-term rewards between

two adjacent battery states is not larger than one, i.e.,

1 ≥ V (i) (e, h, g, b− 1)−V (i) (e, h, g, b) ≥ 0, ∀b ∈ Qb\ {0}.

Therefore, the optimal policy π∗ is also satisfied with the

above special structure, i.e., 1 ≥ Vπ∗ (e, h, g, b− 1) −
Vπ∗ (e, h, g, b) ≥ 0, ∀b ∈ Qb\ {0}.

Based on the above special structure, the following thresh-

old property of the optimal policy is proposed.

Lemma 2: For any fixed system state s = (e, h, g, b > 0) ∈
S with the non-empty battery, in sufficiently high SNRs, i.e.,

N0 approaches to zero, the optimal relay power action w∗ is

equal to one.

In the following, we prove that there exists a saturation

structure of the expected outage probability.

Theorem 2: In sufficiently high SNRs, the expected outage

probability for the proposed optimal policy π∗ is equal to the

battery empty probability.

Proof: The expected outage probability can be calculated

by taking expectation on the reward function with respect to

the optimal policy π∗ as follows

R̄ =
∑

s∈S [pπ∗ (e,h,g,b = 0)×Rw∗ (e,h,g,b = 0)

+pπ∗ (e,h,g,b ≥ 1)×Rw∗ (e,h,g,b ≥ 1)] (11)

where pπ∗ (s) denotes the system steady state probability

with respect to the optimal policy π∗, and can be computed

by the balance equation and transition probability in [8].

According to the harvest-store-use protocol, the relay

keeps silent when the battery is empty. Meanwhile, by

applying Lemma 2, the optimal action w∗ is equal to one

in sufficiently high SNRs when the battery state b ≥ 1. From

(7), the expected reward in high SNRs can be expressed as

lim
N0→0

R̄=

Ne−1∑
e=0

Nc−1∑
h=0

Nc−1∑
g=0

pπ∗(e,h,g,b=0)=Pπ∗ (b = 0) , (12)

which means the expected outage probability converges to

the battery empty probability in high SNRs.

V. SIMULATION RESULTS

The outage probability of the proposed optimal policy

based on the stochastic EH model in [8] is evaluated by

computer simulations. The analytical results are computed

according to (11), while the simulation results are obtained

Pout (w, h, g)

⎧⎪⎨
⎪⎩

= 1, (γth1 ≥ Γh+1) or (γth2 ≥ Γh+1) or (γth3 ≥ Γg+1) or (γth4 ≥ Γg+1) ;
= 0, (γth1 ≤ Γh) and (γth2 ≤ Γh) and (γth3 ≤ Γg) and (γth4 ≤ Γg) ;

≈ 1− e−max(γth1,γth2)−e−Γh+1

e−Γh−e−Γh+1
· e−max(γth3,γth4)−e−Γg+1

e−Γg−e−Γg+1
, otherwise;

(6)

γth1=
(P + wPu)N0

P · wPu

(
22Rth1 − 1

)
, γth2 =

N0

wPu

(
22Rth2 − 1

)
, γth3 =

N0

wPu

(
22Rth1 − 1

)
, γth4 =

(P + wPu)N0

P · wPu

(
22Rth2 − 1

)
.
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by using the Monte-Carlo method. The policy period is set

as T = 300s. The numbers of the solar power states, channel

states and battery states are four, six and twelve, respectively.

The solar energy conversion efficiency is η = 20%. The

channel is quantized as Γ = {0, 0.3, 0.6, 1.0, 2.0, 3.0,∞},

and the channel gain is generated using Jakes’ model [13]

with the normalized Doppler frequency fD = 0.05. The

battery state is initialized randomly. We assume that the target

rates Rth1 and Rth2 are identical and equal to Rth/2. In

the value iteration algorithm, the discount factor is set as

λ = 0.99. A normalized SNR is defined with respect to the

transmission power of 1 mW .

Fig. 1 shows the outage probability of our proposed

optimal policy for different solar panel size Ω and source

nodes’ power P . There is a minor gap between the analysis

results and simulation results when SNR is small, while the

curves become almost identical in high SNRs. This is because

the conditional outage probability derived in Theorem 1

is an approximate value. It can be observed that there

exists the saturation structure, i.e., the outage probability is

gradually saturated and eventually close to the battery empty

probability (the dashed line without markers) with respect to

the optimal policy in sufficiently high SNRs, instead of going

to zero. This phenomenon coincides with Theorem 2. It can

be seen that the saturation outage probability in high SNR

regimes, i.e., the battery empty probability, becomes smaller

when the solar panel size Ω gets larger. The reason can be

explained as follows. Since a bigger solar panel size Ω means

there is more energy harvested within one policy period,

the battery empty probability P (b = 0) can be decreased by

increasing Ω. Besides, the instantaneous throughput can be

improved with the increase of the transmission power of the

source nodes P , yielding a better outage performance.

Ω

Ω

Ω

Ω

Ω

Ω

π

Fig. 1. Outage probability for solar panel size Ω and source nodes’
transmission power P (Rth = 4bit/s/Hz, Pu = 35 mW , Unit of
Ω : cm2)

Fig. 2 compares the outage probabilities of our proposed

optimal policy and two myopic policies for different target

sum rates Rth. For these two myopic policies, the relay

transmission power is set without concern for the channel

state and the battery state transition probabilities. Instead,

the relay transmits signals as long as the battery is non-

empty. In Myopic policy I, the largest available energy in the

battery is consumed by the relay for one transmission period.

Regarding with Myopic policy II, the relay attempts to exploit

the lowest power, i.e., the basic transmission power Pu. It can

be seen that the outage performance of our proposed optimal

policy is superior to those of the two myopic policies. The

outage probabilities of these three policies are all saturated

in sufficiently high SNR regimes, and the saturation outage

probabilities correspond to their own battery empty probabil-

ities in sufficiently high SNRs. Since the proposed optimal

policy is equivalent to Myopic policy II in high SNR regimes

according to Lemma 2, the saturation outage probabilities

of these two policies are identical. Regarding with Myopic

policy I, since the largest available energy in the battery is

consumed at once, its battery empty probability is much

larger than that of our proposed optimal policy. In other

words, the proposed optimal policy outperforms Myopic

policy I in high SNR regimes. Besides, when the target sum

rate Rth gets smaller, the outage probability becomes better.

Fig. 2. Outage probabilities of the proposed optimal policy and myopic
policies (Ω = 5 cm2, Pu = 35 mW , P = 3Pu, Unit of Rth: bit/s/Hz)

VI. CONCLUSION

The optimal relay transmission policy for minimizing the

long-term outage probability in the EH TWR network is

proposed. We make use of stochastic EH models to describe

the solar irradiance condition, and design the optimal policy.

First, we find out the monotonic structure of the long-term

reward and the threshold property of the optimal relay power.

Furthermore, an interesting saturation structure is uncovered

to predict the performance limit of the outage probability in

sufficiently high SNRs.
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