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Abstract—The use of energy harvesting cooperative relays is a
promising solution to battery-limited wireless networks. In this
paper, we consider a cooperative system in which one source node
transmits data to one destination with the assistance of an energy
harvesting decode-and-forward (DF) relay node. Our objective
is to minimize the long-term average symbol error rate (SER)
performance through a Markov decision process (MDP) frame-
work. By doing so, we find the optimal stochastic power control
at the relay that adapts the transmission power to the changes
of energy harvesting, battery, channel, and decoding states. We
derive a finite-integral expression for the exact average SER of
the cooperative system. Further insights are gained by analyz-
ing the asymptotic average SER and its lower and upper bounds
at high signal-to-noise ratio (SNR), and the performance is even-
tually characterized by the occurrence probability of the relay’s
actions at the worst channel states in the MDP. We also show
that the optimal cooperative policy at asymptotically high SNR
follows a threshold-type structure, i.e., the relay spends the har-
vested energy only when the signal is successfully decoded and the
source is faced with the worst channel condition in its direct link.
Using these observations to quantify the diversity gain and the
energy harvesting gain, we reveal that full diversity is guaranteed
if and only if the probability of harvesting zero energy quantum is
zero, which can be achieved by reducing the energy quantum size
or increasing the energy harvesting capability. Finally, we present
several numerical examples to validate the analytical findings.

Index Terms—Energy harvesting, cooperative communication,
energy harvesting gain, diversity order.

I. INTRODUCTION

IRELESS communications are often vulnerable to
small-scale fading caused by multipath channel prop-
agation. In past few years, cooperative communications have
gained much interest to mitigate this negative effect through
the use of relays to reap the inherent spatial diversity gains
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[1]. This is particularly attractive when it is unaffordable to
install multiple antennas on size-limited communication nodes.
Various cooperative techniques have been proposed and ana-
lyzed in terms of the outage probability or the symbol error rate
(SER), among which decode-and-forward (DF) and amplify-
and-forward (AF) are deemed as the most popular ones to
provide full diversity gains and to make a more efficient use of
transmission power [2], [3]. With the optimal power allocation
for the source and the relay nodes, it has been shown in [1] that
the DF protocol, in which the relay first decodes the received
signal, re-encodes it and then forwards it to the destination if
the decoding is correct, has better SER performance in terms
of cooperation gains than the AF protocol, in which the relay
simply amplifies the received signal and forwards it.

In many wireless applications, wireless nodes are untethered
to an energy infrastructure and can only be powered by batteries
with limited capacity. This major limitation requires frequent
battery replacement to prolong network lifetime when the bat-
tery is exhausted. Such an embarrassment of energy shortage
is even challenging for cooperative communications as wire-
less cooperative nodes are often subject to space limitation to
utilize multiple antennas, not to mention the use of a large bat-
tery with long lifetime. In addition, the replacement of batteries
may be inconvenient, costly or dangerous in some applications,
e.g., environmental monitoring in wireless sensor networks.
Recently, energy harvesting has become an attractive option
to wireless nodes by scavenging ambient energy from environ-
ments such as solar, wind, thermoelectric or motion effects, etc
[4]. Thus, it is a naturally evolutionary step to consider wire-
less cooperative nodes powered by energy harvesting devices.
In spite of a potentially infinite amount of energy available
at nodes, the dynamics of the harvested energy and the lim-
ited capacity of rechargeable batteries motivate us to revisit the
classical problems of power management and to design more
efficient energy usage schemes.

When cooperative communications meet energy harvesting,
three interesting questions are raised: (1) Can/How a source
that cooperates with an energy harvesting relay node achieve
a full diversity gain in reality? (2) What is the optimal relay
transmission policy for achieving the full diversity? (3) Except
for the diversity gain, what is the impact of energy harvest-
ing on the performance gain in terms of signal-to-noise power
ratio (SNR)? In traditional wireless systems, the SNR per-
formance gain is often termed as the coding gain. Here, a
new terminology, energy harvesting gain, is introduced instead
to emphasize the influence of energy harvesting on the cod-
ing gain performance of cooperative communications. While
energy harvesting has been extensively investigated in the
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recent literature, the aforementioned questions have not been
fully addressed and remain to be answered, and these questions
are important toward understanding the fundamental perfor-
mance limit of the cooperative networks with energy harvesting
capability.

Extensive research efforts have been devoted to energy
management problems for energy harvesting in point-to-point
communications [5]-[12]. In [5], the authors investigated a
directional water-filling algorithm to maximize the short-term
throughput for a wireless link with an energy harvesting trans-
mitter by assuming that the harvested energy and channel
fading states are known non-causally. By using a deterministic
energy harvesting model, packet scheduling problems that aim
at maximizing the throughput or minimizing the transmission
time were studied in [6] for a point-to-point communication
system with an unlimited-capacity battery, while the design was
later generalized in [7] with finite energy storage. The work
of [8] designed power allocation for throughput maximiza-
tion over a finite horizon with a preset energy arrival profile.
However, all these works require tight prediction on the non-
causal side information of energy amount arrivals, and this
becomes very challenging when the energy management inter-
val is enlarged. As an alternative, some other works adopted
stochastic energy harvesting models under which the energy
arrivals are described in a probability sense [8]-[12]. In [8],
dynamic programming was employed to find the optimal power
allocation scheme that maximizes the throughput according to
a Markov random energy harvesting model. When the energy
and packet arrivals are formulated as Markov processes, sleep
and wake-up strategies were developed for wireless solar-power
sensor networks in [10]. The authors in [11] and [12] proposed
data-driven stochastic models, and power control and adaptive
modulation were jointly designed to maximize the net bit rate
through a discounted Markov decision process (MDP).

The energy management problems have also been studied in
cooperative communications with energy harvesting [13]-[24].
By maximizing the short-term throughput, the authors in [13]
investigated directional water-filling power control schemes for
an energy harvesting source and a conventional half-duplex
relay with constant power in two-hop communication sys-
tems. In [14], power allocation problems were addressed for
a scenario that both source and half-duplex DF relay nodes
are self-sustained with energy harvesting, subject to differ-
ent data traffic delay constraints. The work in [15] proposed
offline and online power allocation algorithms for maximiz-
ing throughput in the conventional and buffer-aided single link
cooperative systems with energy harvesting source and relay
nodes. In [16], the problem of throughput maximization in
an energy harvesting two-hop AF relay network was carried
out by considering the non-causal or causal knowledge of har-
vested energy. The optimal energy expenditure schemes were
also discussed in [17] and [18] for full-duplex relaying pro-
tocols, while two-way relay channels with energy harvesting
nodes were considered in [19], [20]. Moreover, when only par-
tial state information about the relay is available at the source
node, the transmission scheduling problem was casted as a par-
tially observable Markov decision process (POMDP) in [21].
However, the aforementioned works primarily focused on the
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data throughput maximization problem and the development
of the optimal solution and its property under different net-
work settings. Only few works concentrated on analyzing the
outage behavior or the SER performance. In [23], the outage
probability for a cooperative network aided by energy har-
vesting relay nodes was derived based upon a simple on-off
stochastic energy harvesting model. In [24], SER performance
analysis was performed for relay selection in a cooperative net-
work employing voluntary energy harvesting relays. However,
the battery-exhausted probabilities, which depend on transmis-
sion actions and stochastic energy arrivals, were assumed to be
known in the analysis of these two works, and neither of them
discussed the optimal transmission policies for minimizing the
outage probability or the SER performance.

Cooperative communications, if successfully implemented,
is undoubtedly expected to improve the link quality of wire-
less networks with energy harvesting. However, a quantitative
answer on the impact of energy harvesting on the SER per-
formance as well as the potential diversity gains and energy
harvesting gains is still missing. In this paper, we investigate the
optimal cooperative transmission policy for an energy harvest-
ing relay node that helps forward the signal from a source node
to a destination node via a selective DF protocol. For this pur-
pose, we resort to the MDP as a means to find out the optimal
transmission action at the relay with the goal of minimizing the
long-term average SER and to analyze the achievable diversity
gains and energy harvesting gains of the cooperative networks.
Specifically, the novelty and contribution of this paper are
summarized as follows:

e A solar-data-driven stochastic energy harvesting model in
[12] is utilized in the construction of the MDP design
framework, in which the optimal relay transmission pol-
icy is designed in order to minimize the long-term average
SER performance by adapting the transmission power
to the changes of the energy harvesting, battery, chan-
nel and decoding states. While the SER performance
was analyzed for relay selection in [24] and the outage
behavior was studied for point-to-point communications
in [25], cooperative communications with energy trans-
fer in [26], and multiple cooperative relays in [23], the
SER performance analysis, along with the optimal trans-
mission policy for minimizing the SER, has not been
conducted for three-node cooperative DF communica-
tions. The main goal of this paper is to analyze the SER
performance of such energy harvesting cooperative com-
munications under a realistic energy harvesting model
and to analytically characterize the interplay between the
attainable performance and the transmission policy.

e Based on the developed MDP framework, exact and
asymptotic average SER expressions are derived for the
energy harvesting cooperative communications. In par-
ticular, we establish the relationship between the asymp-
totic average SER and the occurrence probability for the
adopted relay action in the MDP. Furthermore, we ana-
lyze upper and lower bounds for the asymptotic average
SER to quantify the diversity gains as well as the energy
harvesting gains of the considered cooperative transmis-
sion policy. In addition to the considered scenarios, our
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TABLE I
BRIEF SUMMARY OF MAJOR SYMBOLS

Tp: Time duration of phase Qc: Decoding state

Tys: Policy management period N: Number of states

¢: Instantaneous channel power |E: Number of energy quanta
n:  Average channel power Ng:

Max. number of accessible actions|R@ (s):

W: Source transmission power gEg: Energy harvesting gain ; Discount factor

W,: Relay transmission power : Diversity order Vi (s): Long-term expected reward

G: Basic transmission power level |[I':  Channel quantization threshold Vu(s): Value function at the n'" iteration

Np: Noise power fp: Normalized Doppler frequency V,,(”) (s):  Value function for action a

T: Average SNR yr: Decoding threshold Py(s | s): System state transition probability for action a
Ey: One unit of energy quantum |ft;: Mean of solar irradiance e Threshold of policy

cpr: Ratio of G to Wy 8;:  Variance of solar irradiance Ps: Stationary probability at state s

H: Channel state X: Decoded symbol at destination Sa: Occurrence probability for action a

Qp: Battery state M: M-PSK modulation scheme Irds Msq: Stationary probability at the 0" channel state
Qe: Energy harvesting state cpr: Modulation-specific parameter p: Stationary probability in diversity analysis

Ppp exact: Exact average SER

Paf,asym.: Asymptotic average SER

w(s): Relay transmission policy

Reward function for action a at state s

work is different from [23] and [27], in terms of the
approach to diversity analysis, in that the diversity order
is analyzed from the viewpoint of the SER other than
the capacity outage. By theoretical analysis, a theorem
regarding the accessibility of a diversity order of two is
provided, and it reveals that the full diversity is achievable
only if the stationary probability of the relay’s actions at
the worst channel states for which the decoding is suc-
cessful but the relay keeps silent goes to zero. To the
best of our knowledge, this is the first attempt to compre-
hensively study the diversity gains and energy harvesting
gains of the optimal stochastic transmission policies by
means of the MDP.

e We then uncover that the optimal cooperative transmis-
sion policy at asymptotically high SNR is degenerated
into a threshold-type policy. That is, the relay with non-
empty battery spends the harvested energy only when the
source node stays at the worst channel condition in its
direct link and the relay node can successfully decode
the signals. With this elegant characteristic, we further
explore an energy quantum supporting way, along with
the promising structures of policies, for achieving the full
diversity order. Our analysis shows that the fully diver-
sity can be reached if and only if the energy quantum
outage probability, i.e., the probability of obtaining zero
energy quantum, is equal to zero. By linking this result
to the solar-data-driven energy harvesting model in [12],
we prove that a zero energy quantum outage probability is
attainable if a ratio between the energy quantum size and
the energy harvesting capability is considerably small.
Finally, some numerical examples are offered to justify
the analytical derivations and the proposed theorems in
this paper.

The rest of this paper is organized as follows. A brief sum-
mary of major symbols is listed in Table I. In Section II, we
introduce the selective DF cooperative networks with energy
harvesting. In Section III, an MDP design framework for find-
ing the optimal cooperative transmission policy is presented,
and the main structure results of the policy are also discussed.
Section IV is devoted to derive the exact average SER and the
asymptotic average SER, followed by the analysis of the diver-
sity gains and the energy harvesting gains. Furthermore, we

address the optimal policy at asymptotically high SNRs and
the energy supporting condition for achieving the full diversity.
Numerical results are presented in Section V, and conclusions
are drawn in Section VL.

II. ENERGY HARVESTING COOPERATIVE
COMMUNICATIONS

We consider a cooperative relay network in Fig. 1, where a
source (S) and a destination node (D) communicate over a wire-
less fading channel with the assistance of an energy harvesting
relay node (R). The relaying protocol involves two signal trans-
mission phases, and the time duration of each phase is Tp. Also
the relay is equipped with an energy harvesting device that can
incessantly harvest solar energy during the time duration of the
two phases 2Tp. Define hy,, hsq and h,4 as the channel coef-
ficients of the source-to-relay (SR), source-to-destination (SD)
and relay-to-destination (RD) links, respectively. Further, the
channels &g, hgq, and h,4 are complex white Gaussian random
variables with zero mean and variance 7y,, 754 and 1,4, and
they are statistically independent. Let x be the M-ary phase-
shift-keying (M-PSK) data modulated symbol of the source
node, where E[|x |2] = 1 and the operator E[-] takes the expec-
tation. In the first phase, the source sends the information to the
destination, and meanwhile, the information is received by the
relay node. The received signals can be expressed as

Vsd = v Yshsax + z4; (D
Ysr = v/ Woherx + 2, (2)

where z4 and z, are additive complex white Gaussian noise
terms with zero mean and variance Ny, and W is the trans-
mission power of the source node. From (1) and (2), the
instantaneous SNRs at the relay and the destination can be
calculated as q’;v—%" and ‘yj\,—%", where we define ¢5q = |hsd|2

and ¢ = |hs,|2 as the instantaneous channel power values.
In the second phase, the relay can decide whether to forward
the decoded data symbol x with transmission power W, # 0
or to keep silent with zero power consumption (i.e., ¥, = 0).
A selective DF strategy in [3] is adopted, and the relay can
help forward the re-encoded data symbols, only if it can decode
the received data symbols correctly. In practice, this can be
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Phase I

Fig. 1. Energy harvesting cooperative communications with the selective DF
protocol.

implemented by considering an SNR threshold at the relay,
and it is reasonable to assume that the relay can successfully
decode the data symbols with a negligible error probability if
the instantaneous SNR of its received signal is larger than a
preset threshold. Hence, the received signal at the destination is
written as

Yrd = v/ W hax + Za, 3)

where zZ,4 stands for the noise in the second phase with the same
statistic as z4.

We assume that the channel state information (CSI) of
the wireless links hgy and h,q can be perfectly estimated
by the destination node. With the CSI knowledge, a maxi-
mum ratio combining (MRC) scheme is utilized for combining
the received signals (1) and (3) of the two phases at the
destination':

VAN VAN
Ye = A;O id Vsd + 1\;0 rd Yrd» (4)

where (-)* is the complex conjugate operator. By defining ¢y =
|hq|%, the instantaneous SNR of the combiner output y. is
calculated as %{w.

III. STOCHASTIC RELAY TRANSMISSION POLICY USING
MARKOV DECISION PROCESS

The design of the relay transmission policy depends on a
couple of factors, like channel conditions H,.; and H,y of the
wireless links among nodes?, battery condition Q, energy har-
vesting condition Q,, and decodability of the relay node Q..
Our goal is to find the optimal transmission policy by formu-
lating the problem as an average SER minimization problem
through the MDP, while concerning a limited battery recharg-
ing rate. Moreover, we intend to study the diversity and energy
harvesting gains of the policy which can be formally defined as
follows:

Hf W, =0, the received (observed) signal at the destination in the second
phase, y,4, merely contains the noise term Z;, and the combining weight for
yrq 1s degenerated to zero. In this case, the destination only relies on the signal
vsq for decoding.

2Different from channel gains hgg and h,.4 in the previous section, Hgy and
H, 4 are used to represent discrete channel conditions in the MDP.

IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. 33, NO. 12, DECEMBER 2015

Definition 1: Let Y and Psgr(T) be the average SNR and
the SER at the destination node, respectively. At asymptotically
high SNR, if the SER is expressed as Psgg(Y) ~ (gg - Y) 79,
the constants gr and d are the energy harvesting gain and the
diversity order of the cooperative communications.

Consider a five-tuple state space s = (H,q, Hsq,
Op, O, O0) € 8ra X Ssa X Qp x Qp x Q. = 8, where 8,4 =
{0, . rd_l}SAd—{O Neg — 1}, 9 = {0, ..., Np —
1}, Qe ={0,..., N, — 1}, and Qc = {0, 1}. The pohcy is man-
aged on the time scale of Tjs which covers a number of
two-phase transmissions, i.e., each management period Ty,
contains several 2Tp intervals. Moreover, different data sym-
bols are transmitted by the source node for different two-phase
transmission rounds. The relay chooses its transmission action
every Ty, and the SER minimization problem is studied for an
infinite number of management periods. According to the state
information, the relay can select to forward the information
from the source to the destination by adjusting its transmission
power level or just to keep silent. Detailed descriptions of these
sates and actions are provided in the following.

A. Channel States

The instantaneous channel power values of the RD

and SD links can be quantized into several levels.
Specifically, we introduce two sets of quantization
thresholds Iy = [O = Fr(g), FS]), .. F(N’d) oo] and

_ (Nsa) __
Fya = sd ’ sd""’Fsd -

{sq into Nrg and N4 channel states, respectively. By ignoring
the subscript of the notations “rd”” and “sd”, the channel state
H = j implies that I'V) < ¢ < TU*D for j =0,...,N — 1.
We assume that the channel gain is quasi-static during T}y,
and the channel can only transit from the current state
to its neighboring states. The state transition probability
P(H[t + 1] = j'|H[t] = j) from the current period ¢ to the
next period 7 4+ 1 can be determined by using [28], if the
maximum Doppler frequency fp, normalized by the policy
management period Ty, is given. Moreover, the stationary
probability of the j* channel state can be computed as

’0 —17O® M oo} to partition ¢4 and

G+

P<H=j>=/ Lexp (—E)d;
o n n
( 1"(])) <
=exp|——— ) —exp|—
n

B. Decoding States

LU+
NG
n

Two decoding states are taken into consideration in the MDP:
“Success” and “Fail”. If Q. = 1, it means that data symbols
are correctly decoded by the relay during the first phase. On
the contrary, the state Q. = 0 indicates that the relay fails to
decode the message from the source. In general, the decoding
probability can be characterized by the instantaneous SNR of
the SR link 2 {" and the decoding capability of the relay node
which is specn‘ied by a threshold yr. We say that data sym-
bols can be decoded if \IJN%” > yr, and the relay with a smaller
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threshold has relatively better decoding capability. The decod-
ing state transition also depends on the channel variation of the
SR link. Assuming that the channel is quasi-static during Ty,
it can be equivalently modeled by a two-state Markov channel

with a quantization threshold VG,]YO as follows [28]:

P (Qclt + 11 =m'|Q.[t] = m)

SoN2myr No/(Vsnsr) exp(—yr No/(Ysnsr))
P(Q.=0) ’

1= P(Qclt+11=1Qclt]=0), m' =0,m=0;

- SN2 yr No/(Ysnsr) exp(—yr No/ (Wsnsr))
P(Qc=1) ’

1= PQlt+11=0[Qclt1=1), m'=1m=]1,

where the stationary probabilities for the successful decoding
and fail decoding states are given as

P(Qc =m)
P (;W > J/(p?’o) = exp (—gf—N"), m=1;

sMsr
_ _yriNo
1 eXp ( W nsr ) ?

@)

m = 0.

C. Relay Actions

Let W, = aG, where G is a constant transmission power
level. We consider N, possible actions for the relay node in
the second phase, i.e.,a € A = {0, ..., N, — 1}, and the relay
complies with the selective DF strategy while playing these
actions. When a # 0, it means that the relay selects to help for-
ward the information by consuming a total amount of %aGTM
energy in the battery; otherwise, the relay takes no action.
Notice that the factor % is due to the half-duplex mode of oper-
ation at the relay. Furthermore, it is assumed that the energy
consumption in the relay merely accounts for the transmission
power, and the energy consumed in the circuit is neglected.
Nevertheless, it is worth mentioning that our work can be eas-
ily generalized to the case with a non-ideal energy consumption
model.

D. Energy Harvesting States

A solar-data-driven energy harvesting model in [12] is
adopted here, and there are N, underlying energy harvest-
ing states, each of which stands for a meaningful energy
harvesting condition like “Excellent, ”Good*, “Bad*“, etc.
Each state is governed by a state transition probability
P (Qe[t +11=10'10.[r] = l), for 1,I'=0,...,N,— 1, and
the harvested solar power at the state Q, = is a Gaussian-
distributed random variable with mean f; and variance 5.
These underlying parameters can be trained by exploiting
solar irradiance data records and the well-known expectation-
maximization algorithm. The larger the value fi;, the better
the energy harvesting condition, and the energy harvesting
capability can be enhanced by increasing the values of some
system parameters such as solar panel area, energy harvest-
ing time duration and energy harvesting conversion efficiency.
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Moreover, the harvested energy is a continuous value and stored
in the relay’s battery before the usage for the forthcoming data
relaying. Since the power control level is usually discrete in real
applications, a quantization method is used to quantize the har-
vested energy in units of energy quantum Ey which is defined
as the total amount of energy with respect to the basic trans-
mission power G during half the management period %TM, ie.,
Ey = %GTM. In other words, the relay action is also operated
in units of Ey . Let erfc(-) be the complementary error function.
At the ['" state, the probability of harvesting w energy quanta
during T)y is given as [12]

P(E=w|Q.=1)

((w +1) - f{-ﬁ,) g (w, i, &) — g (w1, i, &),
w = 0;

(1= £2) g1 (w. . 8) = g2 (w+ 1, fu. 5r) +

(5—; —(w— 1)) g (w—1, 2. 8) + g2 (w, 1. &)

w # 0,
(3

where the functions gl(w,ﬁl,gl) and gz(w,/ll,ﬁ_l) are
defined as

_ = _1 wEy — iy

81 (w,.le, 51) =3 (el’fC <W>
(w+1Ey —

—erfc| ——————— ; 9

) C< V26 )) ®

(w, . 1) = (oo (_w=1Ey— )

82 \w, ui, o 2nE%/ p 2,

( <wEU—m>2))

—exp|————=— .

26

The battery state O, = b means that the amount of energy
stored in the battery and available for use is bEy . The battery
state transition is determined by both the transmission action
and the number of harvested energy quanta at the relay. While
Q. = 1, the feasible action set at the b'" battery state is given as
A1p =10, ..., min{b, N, — 1}}, since the maximum number
of affordable energy quanta is subject to b. Otherwise, Agp =
{0} for Q. = 0. When the action a is taken and the number of
harvested energy quanta is w, the battery state will transit from
the state b to the state b’ = min (b — a + w, N — 1) due to the
finite battery storage capacity. Hence, the battery state transition
probability at the /! energy harvesting state is given by

(10)

E. Battery States

Py (Oplt +11=0'|Qplt] = b, Q.[1] =1)
_|P(E=V —b+alQ.lt]=1), b <Np—1;
C|P(E=Ny—1—b+alQ.lt1=1), b =N,—1,
(11)

where b’ > b — a, forany a € A, p.
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F. Reward Functions

The probability of correct symbol detection given the sys-
tem state and the relay’s action is served as the reward function
in the MDP. Let x be the decoded data symbol at the destina-
tion and define s £ (j, k,b,1,m) € § throughout this paper for
convenience of notation. The reward at the state s for the action
a e .Am, b is

RY(s) 21— P9 (% +x|s)

1 — P9 (% # x| (Hra, Hsa, Op, Qe) = (j k. b, 1),
= x=x), m=1I;

1—P(X #x|Hyg=k), m=0.

(12)

Define p(¢sq) and p(&rq) as the probability density functions
of ¢y¢ and ¢.4, respectively. Assume that the two-phase
transmission rounds over one policy management period
are independent of each other. With the M-PSK modula-
tion scheme, the average SER (given the system state and
the relay’s action during 7)) in the first term of (12) can
be calculated by substituting W, =aG into M
[29], as shown in (13) at the bottom of the page, where
8ra(0.T) = oxp (= (a219%2 +1) L), g0(0.T) = exp
( (%\;;"Y; + ) L ) and ¢y = sin(;r/M) is a modulation-
specific parameter. Wlth the same assumption of independent
two-phase transmissions and from (5), the second term in
(12) is calculated as shown in (14) at the bottom of the
page. When comparing (13) with (14), we can find that if
a = 0, the conditional SER P (¥ # x|(Hyq, Hyq, Qp, Q) =
(j, k,b,1), x = x) is degenerated to P(X # x|Hsq = k), since
only the direct link is active in this case.
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G. Optimization of Relay Transmission Policy

Define 7 (s) : & — Ay, p as the policy carried by the relay
node that specifies the relay transmission action at the states.
The long-term expected discounted reward in an infinite hori-
zon is formulated as

Vo (SO) =

o0
E, [Zk:o Ak RO (S0) (sk>] :

sk €8, m(sk) € Amp, (15)
where V(sp) is the long-term expected reward starting from
the initial state so and following the policy 7 (s) from then on,
and 0 < A < 1 is a discount factor. One advantage of this per-
formance measure is that the adjustment of the discount factor
A provides a broad range of performance characteristics, and
the long run time averaged objective can be closely approx-
imated by choosing a discount factor close to one. Besides,
it is very tough to analyze the system performance based
on the infinite-horizon average reward, as compared with the
expected discounted infinite-horizon reward. A link between
average and discounted objective problems is discussed in
[30]. Define the long run time averaged reward as V. (sg) =
limsupy_, o % -En [Z,](V:_Ol Ry sp) (sk)]. For any stationary
policy m(s), Vi (so) = limy_1 (1 — &) Vi (so). Hence, a policy
that maximizes V (so) for A =~ 1 also approximately maximizes
the average cost Vi (S0).

The policy that can maximize the long-term expected
reward is referred to as the optimal policy, ie., 7*(s) =
arg max Vz(sp). When A & 1, it is approximately equivalent to
minimizing the long-term average SER. By assuming that the
states of the Markov chain are recurrent, and thereby, unre-
lated to the initial state, the optimal policy 7*(s), along with

P ((Hyq, Hyq) =

(j. k), % # x| =x)

P(a)(i#xl(Hrda sds Qb, Qc) = (j, k, b, 1), x_x)

M- 1)71 F(j+l)

1
P(Hq=j)P(Ha=k m / /W r®

k+1
8sd (97 Fs(d ) — 8sd (9, F§d+ )>

(M— 1)7r

F(k+1)

P (Hya = J) P (Hsa = k)
< ey (Wslsa +aGéra)
exp | —

> P (;sd) V4 (;rd) d{sddé‘rdde

o

LM‘I’vThd + 1) ex (k) —ex
No sin 0 p p

sd
ﬂ sd
j j+1
8rd (91 F:{;) — 8rd (9’ F,Ei;_ )>

(A+I)

sd

Nsd

No sin 0

. _ _ de. (1
M Gﬂrd _ F;fl) _ - F:y—l)
(a Ny sin® @ + 1) (exp ( rd o "
(M—Dr (k+1)
1 1 = [Tsa cm Vs Esa
P - H — k - .= TN 2 d ' d9
(x 75 x| > ) 5 (Hvd — k) - /0 Fi’;) p < n2 0 V4 ({sd) Cad
(L1 8sd (9’ Fs(]:i)> — 8 (9’ FYZIH))
1 do. (14)
= ry ny”

(ks

Ny sin? @

cM‘l’cnsd + 1) ( Xp <_

)

Nsd Nsd
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its optimal value V«(s), must satisfy the Bellman’s equation
(optimality condition) [31]:

max (R(“) () + A Y Pa(s'ls) Var (s/)> ,

a€Stm.b s'es

Var(s) =

ses, (16)

where we define s’ £ (j’,k’, b’,l’,m’) € 8§ throughout this
paper, and the state transition probability, P, (s’|s), is given by
Py (s'Is) = P (Hyalt + 11 = j|Hralt] = j)
P (Hsd[t + 11 =K |Hglt] = k)
P (Qelt + 1] =1'|Ql1] =1)
P (Qclt + 11=m'|Qc[t] = m)

Py (Qplt +11="0|Qplt] = b, Qclr] =1).
A7)

The solution to the Bellman’s equation in (16) can be efficiently
found by a value iteration algorithm, including the following
two iterative steps. At the (n + 1)’ h jteration, we have

V(a)1 (s) = RW(s) + A Z (s'ls) Vi (s').
se8, ac€Aup; (18)
Vps1(s) = max {v(“) (s)} ses (19)
acA,, n+1 ’ ’

where V), (s) is the updated value for V (s) at the n'™ iteration.
Without loss of generality, the value of Vy(s) in (18) can be
initialized as zero. The update is repeated for several itera-
tions until it is converged, i.e., |V,+1(s) — V,(s)| is less than
a preset small value, and the optimal policy is finally given

by 7*(s) = arg max
aeAm,b

{ Vn(i)] (s) } To calculate the optimal pol-
icy, it requires the knowledge of the Doppler frequency of the
SR, SD and RD links and the collection of the solar irradiance
data at the relay node to determine the system state transition
probability beforehand. The Doppler frequency can be preset
according to the mobility of the target applications. Moreover,
the time scale of energy harvesting change and the coherent
time of wireless channels may be different in real applications
[32]. To accommodate this discrepancy, the policy management
period can be chosen as the one with the smaller time scale, and
the influence is that the transition probabilities from the cur-
rent energy harvesting state to the other adjacent states become
small if T}, is decreased.
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The size of the state space 8 is 2N, 4 Nsq Np N,, and the com-
putational complexity for the value iteration algorithm, in terms
of the required number of multiplications per iteration, can be
calculated as

Nyg—1 Ngq—1 Np—1 N.—1 1 in{b,N,—1}

SYYYY %

j=0 k=0 b=0 [=0 m=0 a=0
- (Np — b +a) ~ O(N*N2,N>N}).

(2NrstdNe)

(20)

To perform the policy, the relay node needs to know the system
state information. Since the channel gains of the SD and RD
links can be reliably estimated by the destination node through
pilot signals sent from the source and the relay nodes, the chan-
nel states can be obtained at the relay node via channel feedback
information. Also, the SR CSI is required to be estimated at the
relay for determining the decoding state, and the energy har-
vesting state can be determined based on the solar irradiance
observations at the relay node prior to the action decision [12].
Our work can be easily generalized to the scenario with source
retransmission, where the source node can retransmit symbols
at the second phase for combining at the destination when it
knows that the relay keeps silent. To realize this, it requires the
full knowledge of the system state information (or the relay’s
immediate action) at the source node, and due to the coher-
ent combining with retransmission, the reward function in (12)
is slightly modified by replacing W with 2W; when the relay
keeps silent, i.e., m = 0 or (m, a) = (1,0).

H. Main Structure Results of Optimal Relay Transmission
Policy

To simplify our notations, an expectation form for the sum-
mation term in (18) will be used in the subsequent sections
by applying (11) and (17) and making changes of variables, as
shown in (21) at the bottom of the page. Some important prop-
erties of the optimal relay transmission policy are discussed in
this subsection. These fundamental results are helpful when we
analyze the SER performance in the next section although some
of these have been explored in various MDP problems. First, we
point out that when the battery of the relay contains more resid-
ual energy, the cooperative transmission has a larger value of
V. (s).

Lemma 1: For a fixed channel, energy harvesting and decod-
ing state (H,q, Hyq, O, Oc) = (j, k, I, m), at the n'" iteration,
we have V,(s) > V,,(j, k, b, 1, m), forb > b'.

2P

s'es

(SIs) Vu () = )

j/’k/’l/’m/

P(Qelt +11=1'1Q.l1]
Y P(E=wlQl =DV, (j, ¥

w=0
£ IE:j,k,l,m [Vn (j/»

P (Hpglt +11= j'|Hpalt] = j) P

K, min(b—a+w,Ny,—1),I',m)].

(Hsd[t + 1] =K |Hylt] = k)

= l) P (Qc[t +11=m'lQ.[1] = m)
,min(b—a+w,Ny,—1),',m)

2



2648

Proof: To prove this theorem, we need to first show that

Vn(a)(S) > Vn(“) (J,k,b—1,1,m), (22)

b >1. This
proved by induction. When n=1, we get V,“(s)=
V@ (kb —1,1,m) = R¥(s) because Vy(s) =0 and
the reward function only depends on the channel state
and the relay action. Assuming that (22) holds for n =1,
for any j € 8,4, k€8, 1 €Q, and m € Q,, we have
VO (kb —1,1,m) < V“(s), forall b € Qp\{0}. It implies
that

for any ae€ App—1 and result can be

Vi(s) = max {vf“)(s)}
aGAm,h
> max VG kb—10m)
a€Am p—1

=Vi(j,k,b—1,1,m). (23)

Using (18) and (21), we then prove that forn =i + 1:
VO@s) = VD Gk b—1,1,m)

i+l i+1 > % b

=A-Ejiim[Vi(j K min(b—a+w, Ny—1),I',m)

—V;(j K. min(b—1—a+w,Ny—1),I',m')] = 0.
(24)

Similar to (23), it can be concluded that Vjyi(s) >
Vie1 (. k,b— 1,1, m), forb > 1. |

The simplicity of a structural policy makes it attractive for
hardware implementation in power-hungry energy harvesting
relay nodes. Typically, two types of structures are discussed for
the optimal policy in the literature, and they are defined in the
following [12], [31].

Definition 2: A policy is called a threshold-type policy in
the battery states, if these exists a threshold (j, k, [, m) in the
battery states above which the relay is active, i.e.,

=0, b ik, ;
) , <e(,k, I,m);

L0, (25)

otherwise,

for any fixed j € 8,4,k € 84,1 € Q. and m € Q..

Definition 3: A policy is called a monotonic-type policy in

the battery states, if
w(j,k,b—1,1,m) <m(s), (26)
for any fixed j € 8,4,k € 84,1 € Q. and m € Q..

When the allowable relay action is binary, i.e., N, = 2, one
can easily prove that the optimal relay transmission policy fol-
lows an elegant threshold structure along with the direction of
the battery states, where the relay helps forward the signals only
when its instantaneous battery state is above a threshold under
given channel, energy harvesting and decoding states, and the
following theorem is given.

Theorem 1: For N, = 2, the optimal relay transmission pol-
icy is a threshold-type policy (or equivalently, a monotonic-type
policy in this special case).
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Proof: This can be proved by showing that Vn(])(s) -
V,,(O) (s) is a non-decreasing function in b € Q;, via the induc-
tion method, and the details can be referred to a similar proof
for Theorem 2 in [12]. [ |

While the relay action is not limited to a binary case, the
optimal policy could exhibit a monotonic structure in the
battery states. A common method to assess the existence
of such a monotonic-type structure is to check whether
the function V,,(“) (s) is supermodular in @ and b or not,
e, V) -V V) = v G kb —1,1,m)— VY
(j, k,b— 1,1, m). In fact, the existence of the structure heavily
relies on the reward functions and the state transition probabil-
ities, and it is hard to directly verify the supermodularity of the
function Vn(a) (s). Instead, a sufficient condition in terms of the
energy quantum harvesting probability, P (E = w|Q, =),
is provided in [12] for ensuring the supermodularity in point-
to-point communications. The result can be straightforwardly
extended from the point-to-point communications to the
considered cooperative communications in this paper.

IV. PERFORMANCE ANALYSIS
A. Exact Average SER Expressions

To evaluate the performance of the optimal relay trans-
mission policy, the exact average SER of the energy har-
vesting cooperative communications is analyzed by calculat-
ing the stationary state probabilities of the MDP. Consider
an optimal policy 7*(s), and denote p as the correspond-
ing stationary state probability vector of the MDP whose
(mNpNyaNsgNe + INp N4 Nyg + kNpNra+jNp + b)!" entry,
Ps, stands for the stationary probability of the state s. In addi-
tion, let M x ; » be an N x Nj, battery state transition proba-
bility matrix at the state (H,q, Hyg, Q., Oc) = (J, k, [, m) with
respect to the policy 7w*(s), and the matrix is specified as

Mty
P(E=b—b+m")|Qc =1),
b—ra*@s) <b <N, —2;
=10, B <b-n*(s)—1;
1= g P(E=n—b+7"($)|0, =1,
b= Np—1,
(27)

where [Mj*kvl*m]b’,b
tery state b to b, corresponding to the optimal policy. Thus,
the stationary probabilities are computed by solving the bal-
ance equation which includes 2N,4NgqNpN, + 1 equations
and 2N, 4 N;q Ny N, variables as follows:

i Je=[7]

where 1 is an all-one column vector, (-)7 is the matrix
transpose operator, and M is an entire MDP state transition
probability matrix of size (2N;q4NsqgNpNe) X (2NrgNgaNpN,),

is the transition probability from the bat-

(28)
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the (m/NrstdNe +I'NygNgg + k'Nyg + j/v MNygNsqgNe+
IN,gNgq + kN,q + j)™ sub-matrix of which is given as

P (Hpalt + 11 = j'|Hyqlt] = j)
P (Hyqlt + 11 = k' |Hyq[t] = k)
P(Qclt + 11 =1'1Q.[t] =)

P (Qc[t + 1] = ml|Qc[t] = m) : Mj,k,l,m- (29)

In general, the computational complexity for solving the bal-
ance equation (28) is O(N?,N3 N} N3). From (12) and (28),
the exact average SER is expressed as

Pitexact = Y ps- PO (& # xs). (30)
se8
B. Asymptotic  Approximations and Bounds for SER

Expressions

Here we first analyze the SER expression at asymptotically
high SNR regimes for which Wsnsqs/No > 1 and Gn.q/No >
1. Also, we assume that Ws/Nog > 1 and G/Ng > 1 in the
asymptotic analysis. Before that, an occurrence probability for
the action a is defined in the following.

Definition 4: For a given policy, an occurrence probability
for the action a is the sum of stationary state probabilities over
a certain states for which the action is a.

Let ¢, be the occurrence probability for the action
a at the zeroth states of the SD and RD channels
which is defined as ¢, = Z,ln:O Zseﬂma ps, Where @, , =
{slt*(s)=a,j=k=0,be Q1 cQ,). For simplicity of
notation, we denote the stationary state probability of the
zeroth channel state for the channel link x in (5) as uy,
where x could be “rd” or “sd”. The following theorem is
given.

Theorem 2: The asymptotic average SER is expressed as

0 —1
P g K0 (&)
s MUsdCMNsd No

Ca K(O’O) W, -1/ 6\"!
e M (wytey!
l/Lderchnsdnrd 0 0

a7#0
(3D
where K(O) M—1 +w and Kl(o’o) 3(M 1)+
sin2r /M) sin(4m /M)
4 327 .

Proof: When the SNR values for the RD and SD channel
links are sufficiently large, or equivalently W;nss/No > 1 and
Gnra/No > 1, we can write

cuad |y cn¥onsa, (32)
No sin” 0 No sin” 6
G, Gr
M .772d M, for a # 0. (33)
Ng sin” 0 No sin® 6
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By applying (32) and (33), the conditional SER in (13) with
cooperation is approximated as

P@ (% # x| (Hya, Hsa, Qp, Qc) = (j. k. b, 1), % =x)
Nok P

1 —N-
( ( fi?) ( Fiﬁ*“)) ¥ 4T 0;
exp Tsd —exXp| — Nsd
1
(1;1) r<_1{<1+1)
R
. | N2 kD
L Rl e
a #0,
where K(gk) and K 1(k’j ) are defined as
M= (k)
1 M C ‘IJ r
Kék) = —/ sin? @ [ exp M—
T Jo Ny sin® 6
cM\IJ F(k+1)
—exp| ——— ) d0; (35)
Ny sin? 6
(M= k)
1 M c \IJ r
K](k’/) = —/ sin*6 exp M—
7 Jo No sin® 0

We can further simplify the factor K(gk) as follows:

1Y ey W, r'®
Kék) = —f sin” 6 exp M sd S ;d
T Jo Np sin“ 0
k+1 k
cm Vs (Fs(d+ ' Fs(d)>
1 —exp — dao,
Ng sin” 6
(M=n 1):1 (k)
cy VIl
~ —/ s1n296xp M— do,
No sin? 0

@ /M) —0
M +51n T k—O,

&

(M— 1)71
L, sin?0do =
O, otherwise,

(37)

where the first and second approximations work well, if
W,/No > 1 and the channel is quantized rationally, i.e.,

F§§+1) - FA(,’;) is sufficiently large. Furthermore, by assuming

that G/Np > 1, the factor K l(k’j ) can be approximated in a
similar way:

(M— 1):1

7o

. 4 _ 3(M—1) , sinQ2w/M)
sin” 6d6 = e~ T e

KED ~

in(4z /M) — 0
ST g, j=0;  (38)

0, otherwise.
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Likewise, an asymptotic approximation to the conditional SER
of the SD link can be derived as

P (X # x|Hsq = k)
1 Nok

™ (o () enp () o
p nd p Nsd

From (12), (34) and (39), it is concluded that the asymptotic
average SER for (30) only depends upon how the relay node
performs its actions, to forward or not to forward, when the SD
and RD channels are both stayed at the zeroth states. As a result,
we get the asymptotic average SER in (31). |

(39)

The asymptotic average SER in Theorem 2 is accurate at
reasonably high SNR. In fact, it can be verified that the asymp-
totic average SER is also an upper bound for the exact average
SER in (30), if Ws/Np and G/Ny are sufficiently large. The
analysis clearly indicates that the asymptotic average SER is
affected by the occurrence probability ¢,. Below we state a
lemma regarding the property of ¢,.

Lemma 2: The sum of the occurrence probabilities ¢, is

equal to Z a0 . Ga = MsdMUrd- Furthermore, the inactive proba-

bility o = psaptra P (Qc =0) + o > psapra P (Q = 0) and
the active probability ngii Ga = MsdrdP (Qc=1)—p <
sdttra P (Qc = 1), where p =3 (o ps > 0 is the station-
ary probability at the zeroth channel states for which the
decoding is successful but the relay keeps silent.

Proof: From the balance equation in (28), the stationary
state probability satisfies

Py =Y Pres) (8']8) - ps (40)
se8
Define P j.m = N” 121 7! ps. Using (17) and taking sum-

mation over the indlces b’ and l " on the both sides of the equality
in (40), we can get

Nra—1 Ngq—1
p]k’m—z ZZ rdt+1]—]|Hrd[] ])
j=0 k=0 m=0

P (Hvd[t +1]= k/|Hvd[t] = k)

P(Qclt +11=m'|Qcltl =m) - Pjim, (41
because Zl,g (Qe t+11=01Q.[t] = l) =1 and
Zb/ Prr(s) (Qplt + 11 = 0| Qplt] = b, Qc[t] =1) = 1.

Then, it is concluded from (41) that p j.km is the stationary
state probability for the state (H.q, Hsq, Qc) = (j, k, m),
and it implies that ]30,0,,,1 = Usara P (Q, = m) because
the transitions of the channel and decoding states are

independent of each other. We can therefore obtain

Zivaol Ga = Po 0,0 + Po 0.1 = Msdra- Since the action

a = 0 is the only action for the relay when the decoding fails,

it can be further shown that ¢y = 270,0,04— P> 50,0,0 and
Ny—1 - -

Dol Sa=Po01—p = Poo,1- u
The parameter p plays an important role in the achievable

performance, and for a given policy, the probability mainly
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depends on the relay’s energy harvesting capability. To get
more insight into the performance behavior, upper and lower
bounds for the asymptotic average SER are provided as follows.

Theorem 3: Assume G = crWy, where cg is a constant
power ratio. When Wgn,,./Ng > yr, the asymptotic average
SER is bounded by

P (Na - 1) =< PM,asym. < (D(l)a (42)

where the function ®(z) is defined as
0 —
)
CMMsalsa \ No
0 0,0 -
+ /erVTK(g ) n (Krdltsa — P) Kl( ) <&) 2
CMUsrNsd  ZChCRIralbsaNransa | \ No
k™Y (&)—3
2¢3,cRNsrMrasa \ No
Proof: The weighted sum of the active probability
> az0 % in (31) is bounded by ﬁ > uk0Sa < Pguo 2 <
Za#o ¢q. By using e¥ &~ 1 + x for x < 1, when \I’;\,’(’;’ > vr,
the successful decoding probability in (7) can be approximated
asP(Q,=1)=1- 3171]7\1? Let G = crY;. By applying these

results and Lemma 2 into (31), the bounds for the asymptotic
average SER are obtained. |

D(z)

(43)

It is noted from Theorem 3 that the equality in (42) holds only
when two kinds of actions, either keeping silent or transmitting
with a constant power level G, are accessible to the relay node.
In this case, the bounds are tight and Py q5ym. = ®(1). Another
condition for which the lower and upper bounds get closer at
extremely high SNR values of is when the stationary state
probability p is not equal to zero. In this case, the function ®(z)
is dominated by the first term in (43).

C. Diversity Order and Energy Harvesting Gain

The main idea behind cooperative communications is to form
a virtual multi-antenna system via separated single-antenna
nodes, and it is interesting to investigate the diversity order
in such an energy-limited relay network when the SNRs of
the three channel links go to infinity. Besides, the energy har-
vesting gain is another important metric to characterize the
performance of energy harvesting cooperative networks.

Theorem 4: If p > 0, the diversity order and the energy
harvesting gain of the cooperative communications are

given as d =1 and gp = %. When p =0, a full

0
diversity d =2 is achieved and the energy harvesting

gain is bounded by \/

2

CyC 1

MERNsr 7{(% Nsd o0 < <
CMCRHrdﬂrdVTKO 77er1

(Ng— l)C%,ICR NsrrdMNsd
0 0,0) *
(Nafl)c‘MCRMrdnrdVTKé >+'7erf )

Proof: From Theorem 3, if p > 0, the SER for suffi-
ciently high SNR is dominated by the first term in (43), and

. . pK(O) 7 -1
it can be approximated as Py gsym. ~ 4 (—V) when

W,
No

cMitsansa \ No
— 00. Therefore, the diversity order is one and the energy
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harvesting gain is gg = %. As p = 0, the SER is dom-
0
inated by the second term in (43) when %—S — 00, resulting

in a diversity order of two, and the energy harvesting gain

2
. ChsC dNsd
is lower and upper bounded by MR edTod 5 <
CMCRMrdNrd YT KO +1sr K] '
(Na=1)c3/CRsrralsd
8E = - © 0.0 u
(Na—Demepiratrayr KO +0sr Kl

This theorem reveals the effect of the parameter p on the
interplay between the diversity order, which characterizes the
slope of the SER, and the energy harvesting gain, which reflects
the SNR advantage achieved by energy harvesting. From the
definition of p in Lemma 2, one can show that for a given pol-
icy, the value of p decreases as the energy harvesting condition
becomes better. Hence, for p > 0, a larger energy harvesting
gain is attained when the energy harvesting condition gets bet-
ter although the diversity order remains one. On the other hand,
when p is decreased to zero, a full diversity order is achiev-
able. The energy harvesting gain in this case is bounded within
fixed lower and upper values which are irrelevant to the param-
eter p, and the equality of the bounds holds for the binary
action, i.e., N, = 2. The above discussions raise an interesting
question on the prospects for achieving the full diversity order
of two. In fact, whether the full diversity order is achievable
directly depends on the energy quantum harvesting probabil-
ity P (E = w|Q, = I) and the optimal policy at asymptotically
high SNR. Before introducing the condition of the energy
quantum supporting way for achieving d = 2, we specify the
optimal cooperative transmission policy at asymptotically high
SNR with the following theorem.

Theorem 5: When N% — 00, the optimal cooperative trans-
mission policy 7w*(s) at asymptotically high SNR regimes is a
threshold-type policy, which is given by

0,k=0,
Np —1,

(i k.1, m) = me=n (44)

otherwise.

Proof: From (34) and (37)—(39), when N% — 00, the

reward function (12) at asymptotically high SNR becomes

0
_ MoKy
MsdCM Wshsd’
1, otherwise.

a=0, k=0;

RW(s) = (45)

The proof is then divided into three parts as follows.
(i) If m = 0, the threshold is given by e(j, k, I, m) = Np — 1
because the relay can only keep silent.
(i) If k #= 0 and m = 1, it can be shown from (18), (21) and
(45) that for fixed j and /, we get

AMOERARYC)
= (Ejrim[Va (j' k' min (b +w, Ny — 1), I',m")
-V, (j/,k’,min(b —a+w,Np — 1),1/,m’)]) >0,
(46)

for a # 0, and the inequality is valid due to the result
obtained in Lemma 1. Thus, the action a = 0 is optimal
in this case.
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(iii) We define E,(s) = V,V(s) — V¥ (s) and ALY (s) =

(a)

(b)

()

VO Gok,b—1,1,m) — VP (s). For k =0 and m =
1, it suffices to prove £(J, k, [, m) = 0 by showing that
E,(s) > 0 for all b # 0 and any 7 in the following. We
first claim that at each value iteration n,

(0)
NoK
A () > - 020 forany s’ (47)
HsdCmVsNsa
En(s) >0, b #0, (48)

which can be proved by induction in the following:

Without loss of generality, we initialize Vy (s') = 0. For
n = 1, by using (18) and (45), we get Agoo) (s)=0>
Nk . - Nk
T R In addition, we have E/(s) = yTRTIVL
L NoKy"
MsdCm Wssd *

Assume n =i holds. It then immediately implies from
(48) that Vi(l)(s) > Vl.(o) (s), for b # 0. On the other hand,
it can be derived from (45) and Lemma 1 that Vi(l)(s) >
Vi(a)(s), for b0 and a > 2, since R (s) =1 when
a # 0. Thus, we get Vi(s) = max {Vi(a)(s)} =vs),

aEAm.b
for b # 0.
Forn =i + 1, it is obtained from (18), (21) and (45) that

AR ) = 2 By [ (7.1,
min(b’— 1 +w, Ny — 1),l~,n~1)

=V (J. & min (6" + w, Ny = 1) L) ])
(49)

From the optimal thresholds in the cases of (i) and (ii) and
the discussions in (b), it yields

‘4(,}71’595—15[:”’;‘) _‘G(j,%,l;,i,"ﬁ)
Nok
AN

Nok

( )

A (J k.b.1, "7) > e Vg
( )
( )

m=20;

v

m=1k#0;
Nok
Hsdcm Vsnsa
m=1,k=0b=1;
NoKy”
HsdcmWsnsa’
m=1k=0b>2,
(50)

where the first inequality and the second inequality are
due to (47) at n =i, the third equality is calculated

fom A (JEb,1w) = RO (J.Eb—1,10) -
RM (j, k, l;, ] , N), and the last inequality comes from
AW (G kb, L) = A" (7 kb —1,1,77) and the
claim of (47) at n = i. Using (49) and (50), we then have
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(0)
(00) NoKy ... .
Al-‘rl ( ) > —m Furthermore, by deﬁnltlon, 1t
leads to

— 1 0
Eir18) = VD 9) — V)

=RO (j kb —1,1,m) = RO (j, k, b —1,1,m)

S AIOERAO)
=RV () — RO (kb — 1,1,m) + AL (s) > 0,
(5D
for all b # 0. As a result, the optimal threshold in this
case is given by ¢(j, k, [, m) = 0. [ |

This theorem gives an important insight into understanding
the optimal cooperative transmission strategy for the energy
harvesting relay node at asymptotically high SNR regimes.
Under this circumstance, the relay node with non-empty bat-
tery spends its harvested energy only when the decoding is
successful and the source node experiences the worst channel
condition in its direct link. Note that to achieve the condition
of G/Nop — oo in Theorem 5, it requires us to enlarge the
energy quantum size since one energy quantum Egy is equal
to %GTM. For a special case of N, = 2, the optimal policy at
asymptotically high SNR is simply given by

="
T = 0.

With the optimal cooperative transmission policy in Theorem 5,
a theorem regarding the energy quantum supporting way for
achieving the full diversity gain is provided in the following.
Theorem 6: The energy harvesting cooperative commu-
nications can achieve a diversity order of two at high
SNRs, if and only if the energy quantum outage probability
P(E=0Q,=1)=0,forl=0,...,N, — 1.

Proof: From Theorem 4, it suffices to prove this theorem
by showing that p = 0 if and only if P (E =0|Q, =1[) =0,
for/=0,..., N, — 1. By using (17) and the fact that chan-
nel transition only happens to neighboring channel states, the
balance equation in (40) for the stationary state probability
D0.0,,’,1 €an be rewritten as

k=0, b>1, m=1;

52
otherwise. (52)

P0,0,0',’,1
1 N.—1

- ZZ > Z P (Hpqlt + 11 = 0[Hpqlt] = j)

J=0k=0 1=0 m=0
- P (Hsqlt + 11 = O|Hsqlt] = k)
P(Qclt +11=1"1Q.lt] =1)
P (Qclt + 1] =1]Q.[t] = m)

Np—1
Y Pree (Qult + 11 =01Qp[1] = b, Qel1]1 =1) - ps
h=0
(33)
For the sufficiency part, since m*(s) <b and

P(E=0 Q.=1)=0, forl=0,.
from (11) that

Prr) (Qplt + 11 = 0[Qp[t] = b, Qclt] =1)
= P(E=—-b+7"()|Qlt] =1) =0,

— 1, it is obtained

(54)
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where the harvested energy quantum must be non-
negative, i.e., P (E <0|Q,=1[)=0. By substituting
(54) into (53), we can get pogo.0..1 =0. According

to the optimal policy at asymptotically high SNR in
Theorem 5 and the definition of p in Lemma 2, it
then implies o= Zseﬂl,o Ds = Z;Y;Bl P0.0.0r1 =0,
where the second equality is attributed to the definition
Qyq=1sl7*s)=a,j=k=0,be Q[ cQl

For the necessity part, the condition p =0 with the
optimal policy at asymptotically high SNR in Theorem 5
requires po.o.0,.1 =0, for '=0,..., N, — 1. From (53),
the requirement of pg o1 =0 implicitly indicates that
Presy (Qplt + 11 =0]Qplt] = 1, Qc[t] =1) = 0 because the
stationary state probability ps does not necessarily equal
zero. Since 7*(0,0,1,/,1) =1 at sufficiently high SNR,
we can get Prs) (Qplt + 11 =010pl1]1 =1, Qclt] = 1) =
P(E=0|Q.[t]=1)=0. |

From Theorem 5 and Theorem 6, we know that any pol-
icy that obeys the threshold structure in (44) can achieve
the same full diversity order but have different energy
harvesting gains, if the energy quantum outage proba-
bility P(E =0|Q,=1)=0, for [ =0,..., N, — 1. Under
this circumstance, the inactive and active probabilities are
simply given as ¢o = usara P (Q. = 0) and Zgﬁ;l Ca =
Wsattra P (Qc = 1) because p = 0. By using Theorem 2 and
PO, =1)=1- VTNO in the proof of Theorem 3, the asymp-
totic average SER for the full- -diversity achieving policy in (44)
is therefore given as

wavrky (NS g

r

PM,asym. = | = + Z <
CMNsrsd ot a

K" (xys )2
3 CRIralsdransd | \ No

0 0,0 —
_ wayr Ky N K (ﬂ) :
“\ emngtsa  cyernransa ) \No

0,0 —
kP (&)3
C%/ICRnsrnrdnsd No ’

(55)

where the upper bound is obtained from (42) by setting p
in ®(1) as zero. It is worth noting that the above equality
holds when the optimal policy for N, =2 in (52) is applied,
and the corresponding energy harvesting gain is given by

2
CyC
g R Ror Brd isd From (55), to maximize the energy
0) 0.0
CMCRMraNrayT Ky +05r K

harvesting gain, one can appropriately design the non-zero
power actions for the states s = (j,0,b,1, 1), for b > 1, by
alternatively minimizing Ziv ! g“ subject to a sum probabil-

ity constraint Z[IJV;‘II Sa = [,LsderdP (Q. = 1), which strikes
a balance between the occurrence probability ¢, and the power
scaling effect % While the optimal policy for attaining the max-
imum diversity and energy harvesting gains can be acquired by
the value iteration algorithm of the MDP, this analytical result
suggests an aggressive way to spend the harvested energy for
those states with non-zero power actions to obtain the better
energy harvesting gain, since the power scaling effect usually
dominates the occurrence probability.
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TABLE II

ENERGY HARVESTING STATE TRANSITION PROBABILITY AND ENERGY QUANTUM HARVESTING PROBABILITY

(a) State transition probability P (Qe[t + 11 = l’| Qclt1=1).

|l/:0 | =1 | =2 | =3 |

=0 0.979 | 0.015 | 0.006 0
=1 0.005 | 0.988 | 0.007 0
=2 0.006 | 0.009 | 0.975 | 0.010
=3 0 0 0.007 | 0.993

(b) Energy quantum harvesting probability P (E = w| Q, = [) (IT4 = 8 cm?).

| | E=0 | E=1 l E=2 | E=3 | E =4 | E=15 | E=6 I E>7 |
Qe = 0.087 0.455 0.384 0.058 0.001 3x107% [ 1 x 1079 0.015
Qc=1| 4x1074 0.015 0.144 0.402 0.343 0.089 0.006 1 x 1077
Q. = 2x107° | 5x107% 0.006 0.039 0.141 0.276 0.295 0.241
00=3|5x108 [ 2x1000 [ 7x10710 [ 1 x10710 | 1 x10°° 0.001 0.061 0.937
(c) Energy quantum harvesting probability P (E = w| Q. =) (II4 =4 cm?).
| [ E=0 | E=1 | E=2 | E=3 | E=4 | E=5 | E=6 | E>7 |
0,=0 0.315 0.640 0.030 2x1070 [2x100¥ [ 2x10726 [ 1 x107%2 0.015
Q=1 0.008 0.352 0.588 0.051 7x10™ [ 5x10710 [ 1 x10717 [ 2x107°
e=2 | 3x107% 0.026 0.299 0.521 0.148 0.006 3x10° | 2x107°
0,.=31x100 [ 5%x1071T | 5x107% 0.279 0.688 0.033 7x10~7 | 3x 10710
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In addition, Theorem 6 raises an interesting question of
how to reach the energy quantum supporting condition of
P (E =0|Q, =1) =0 in practice. Recall from (8) that the
energy quantum outage probability in the real solar-data-driven
energy harvesting model is given as P (E =0|Q, =) =

- g—;) 81 (O, s Sl) - (1, s 51). We can find from
(8)—(10) that the probability P (E = 0|Q, = [) approaches to
zero when Ey < 17, and this can be achieved by either reduc-
ing the energy quantum size or improving the energy harvesting
capability [12].

V. NUMERICAL RESULTS AND DISCUSSIONS

In this section, some numerical examples are demonstrated
to substantiate the analytical derivations and theorems for the
energy harvesting cooperative communications. The simulation
parameters are set as follows. In the cooperative communi-
cations, the time duration of each transmission phase 7p is
set as 10 msec, the policy management period Ty, is given
as 300 sec, and the transmission power levels of the source
node and the relay node (if active) are the same and equal to
U, = G =4 x 10*uW. Accordingly, the size of one energy
quantum can be computed as Eyy = 3G Ty = 6 x 10° mJ. The
numbers of channel and battery states are set to three and eight,
respectively. The channel quantization thresholds for the SD
and the RD links are both randomly chosen as I'sy = 'y =
{0, 2.0, 3.0, oo}, and it is assumed that the channels vary slowly
with the normalized Doppler frequency fp =5 x 1072, The
decoding capability for the relay node is given by yr = 15 dB,
which corresponds to a successful decoding probability of 0.95
at %—5 = 28 dB. Throughout the simulation, we denote the aver-

age SNRs of the SR and SD channel links as Yy, = —‘I';\%V’ and

Ysq = \I’jv'z)»"i , respectively. The discount factor in the MDP is
set close to unity, given by A = 0.99. The adopted modula-
tion schemes are quadrature-phase-shift keying (QPSK) and

8PSK. The solar-data-driven energy harvesting model in [12]

is utilized to capture the influence of parameter settings on
the system performance such as the solar panel size 14, the
energy quantum size Ey, etc. The number of energy harvesting
states is set as four, and the data record of the solar irradiance
measured at the solar site in Elizabeth City State University
in June from 2008 to 2010 is adopted for training the energy
harvesting model in our simulation [33]. With the solar panel
size T4 = 8 cm? or [T4 = 4 cm? and the conversion efficiency
for energy harvesting ¥ = 20%, the training results, including
the energy harvesting state transition probability and the energy
quantum harvesting probability, are listed in Table II. We note
from Table II(b) and Table II(c) that the relay node has more
opportunities to harvest a higher number of energy quanta when
the panel size is expanded from 4 cm? to 8 cm?. The above set-
tings are used throughout the simulation, except as otherwise
stated. When the value iteration algorithm is executed, the inte-
grations in the reward functions (12)-(14) are carried out via a
Riemann sum method. Based on Theorem 5, two myopic and
offline policies which are able to achieve the full diversity order
if the energy quantum outage probability is equal to zero are
included in the simulation for performance comparison. Both
of the two myopic policies abide by the same threshold struc-
ture as described in (44), but with different relay actions when
the relay is active. The first one is an aggressive policy, called
Myopic Policy I, in which the largest available energy in the
battery is consumed for relaying the signals when the relay
is active. Regarding the second one, called Myopic Policy II,
the relay helps transmit the signals only at the lowest transmis-
sion power level when it is active. Moreover, the performances
of the optimal MDP policy with the source retransmission and
the direct transmission without the energy harvesting relay are
simulated for comparisons.

Fig. 2 shows the performance comparison between the exact
average SER and the asymptotic average SER for QPSK and
8PSK modulation schemes under various SNR values of Y,
and Y,4. With the obtained optimal policy, the exact aver-
age SER is directly computed from (30) by applying the SER
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—@— Exact SER, Y__ = 30dB, Na= 2
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—A— Exact SER, Tsr= 30dB, Na=8
... Asym. SER, Y= 30dB, Na=8
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3 6 9 12 15 18 21 24 27 30 33 36
Y, (dB)
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Fig. 2. Comparison of the exact average SER and the asymptotic average SER
under various SNR values of Y, and Y4 for different modulation schemes:
(a) QPSK and (b) 8PSK (T4 = 8 cm?, g = ngq = 1).

expressions derived in (12)—(14) without any approximation,
whereas the asymptotic average SER is computed by using the
approximate formula in (31). Just as mentioned in Theorem 2,
we can observe from these two figures that the asymptotic aver-
age SER is an upper bound for the exact average SER, and
our asymptotic results yield an excellent agreement with the
exact curves in medium and high SNR regions. Hence, this
expression is useful to correctly predict the characteristic of the
SER performance for the energy harvesting cooperative com-
munications in medium and high SNRs. Furthermore, the SER
performance is improved as the operating SNRs Yy, and Y4
increase. We can make an interesting observation that for a fixed
modulation scheme at Y, = 30 dB, the optimal policy with a
larger number of affordable relay actions can achieve a better
SER performance, but the performance curves, e.g., N, =2
and N, = 8, become identical when Yy, is sufficiently high,
no matter how many number of non-zero actions is available
for the relay node.

Selected examples of the upper and lower bounds for the
asymptotic average SER versus %—5 are demonstrated in Fig. 3,
where the parameters of N, N, and Yy, are set as 20, 20

IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. 33, NO. 12, DECEMBER 2015

1074 4
107 4
10° 3
o
w
2]
10" 3
10°5L] —®@—Asym. SER (G= 1x10% pW)
O Upper Bound (G= 1x10? uw)
- O - Lower Bound (G= 1x10% uW)
1070 L] —@— Asym. SER (G= 3x10* uw)
-{+ Upper Bound (G= 3x10* uw)
- { = Lower Bound (G= 3x10% uW)
1077 T T T T T T i i
3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48
Ws/No (dB)
(a)
10° é
107k E
107°E 4
w107k E

—@— Asym. SER (G= 1x10? uW)
O Upper Bound (G= 1x10? uWw)
- O - Lower Bound (G= 1x10% uW)
E| —— Asym. SER (G= 3x10* uW)

-{+ Upper Bound (G= 3x10* uw)
= { = Lower Bound (G= 3x10% uW)

3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48
Ws/No (dB)

(b)

Fig. 3. U%)er and lower bounds for the asymptotic average SER under various
values of NTS) for different modulation schemes: (a) QPSK and (b) 8PSK (N}, =

20, Ny = 20, Y5, = 30 dB, and T4 = 8 cm?).

and 30 dB, respectively. The adopted modulation schemes in
Fig. 3(a) and Fig. 3(b) are QPSK and 8PSK, respectively. The
transmission power level could be G =1 x 10> uW or G =
3 x 10* uW, resulting in different energy quantum sizes. It is
found that the lower and upper bounds are quite tight when
1\1\;—(5) ranges from mediate to high SNRs, which confirms our
qualitative findings in Theorem 3. In particular, the asymptotic
average SER and the corresponding lower bound performance
are almost overlapped for G = 1 x 10> uW, since ), £0 4

ﬁ > a0 Sa in this case. This phenomenon is accredited to
the fact that when the basic transmission power G is consider-
ably low, the probability for harvesting a huge number of energy
quanta becomes very high and thus the occurrence probabil-
ity ¢, with the highest power action a = N, — 1 dominates the
others.

Fig. 4 shows the diversity order of the asymptotic average
SER and the stationary state probability p under different val-
ues of the solar panel size I14 and the basic transmission power
level G. The parameters of N;, and N, are both set as four,
and the adopted modulation scheme is QPSK. We also include
an average energy quantum outage probability v in Fig. 4(b),
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10" | —d— G=3x10* uW, Myopic Policy | “
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G (x 10° pW)
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Fig. 4. The diversity order of the asymptotic average SER and the correspond-
ing stationary state probability p under different values of the solar panel size
IT4 and the basic transmission power level G (QPSK, Nj, =4, N, =4, and
Nsr = Nrd = Nsqd = 1). (a) Diversity order. (b) Stationary state probability p.

which is averaged over the energy harvesting steady state prob-
ability, ie., v=Y1" P(Q, =1) P (E =0|Q, = ). Since
the validity of the asymptotic average SER is attested to in
Fig. 2, the diversity order for the exact average SER can be
quantified by inspecting the asymptotic average SER. We can
see from Fig. 4(a) that for [Ty = 4 cm? and G = 4 x 10* uw
or G =3 x 10* uW, the diversity order for the asymptotic
average SER is one. While the solar panel size is enlarged
to [14 = 8 cm? and the basic transmission power level is set
below G =3 x 10* uW, the slope of the asymptotic average
SER bears a resemblance to the performance curve with a diver-
sity order of two. The reasons behind this can be explained as
follows. As shown in Fig. 4(b) and Table II, when 14 and G
are sufficiently large and small, respectively, the average energy
quantum outage probability v for the relay node is almost zero,
thereby resulting in an almost zero stationary state probability
p and a diversity order of two. In contrast, the diversity order
for the energy harvesting cooperative communications turns out
to be one when the stationary state probability p is not equal to
Zero.

- G= 1x102 uW, Myopic Policy |

- G= 1x102 uW, Myopic Policy Il
ke

' Diversity Order 1: (¥s/No) ™' -

G= 1x10% uW, Optimal Policy

Direct Transmission w.o. Relay ~

= = = Diversity Order 2: (¥s/No) 2 ~

-10 T T i i i i i i i
3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48
Ws/No (dB)

Fig. 5. The exact average SER for the optimal policy, the two myopic poli-
cies, and the direct transmission without the relay under various values of N—(‘)

(QPSK, Nj =8, Ny = 8, T4 = 8 cm?, and gy = 1rq = ngq = 1.

Fig. 5 demonstrates the exact average SER for the optimal
policy, the two myopic policies, and the direct transmission
without the relay under two different basic transmission power
levels G. The parameters of N, and N, are both set as
eight, the solar panel size is given by IT4 = 8 cm?, and the
adopted modulation scheme is QPSK. It is shown that for
G =3 x 10* uW, the exact average SER performance of the
Myopic Policy II is almost overlapped with that of the opti-
mal policy, since the energy is spent conservatively in the
Myopic Policy II and the stationary state probability p for
which the relay runs out of the battery is very small. On
the other hand, it can be seen that the Myopic Policy I per-
forms worst than the optimal policy when the operating SNR
becomes high due to the aggressive use of the energy, yield-
ing a relatively large stationary state probability p. For the
case of G = 1 x 10> uW, where the energy quantum outage
probability becomes much close to zero, one can observe that
the performance of the optimal policy is overlapped with that
of the Myopic Policy I and superior to that of the Myopic
Policy II, while they exhibit the same diversity order of two
(reflected by the slope of the SER). This is because the opti-
mal policy can achieve the maximum energy harvesting gain.
Besides, it is found that the Myopic Policy I has an energy har-
vesting gain of about 4 dB in terms of Iq\',—(‘) over the Myopic

Policy II due to the power scaling effect % in (55). Finally,
this figure reveals that an energy harvesting relay can dra-
matically improve the SER performance at the destination
node, as compared with the conventional point-to-point com-
munication (i.e., direct transmission without the help from the
relay).

The exact average SER performances for various schemes
are compared in Fig. 6 under Yy, = 30 dB and different SNR
values of Y4. The solar panel sizes in Fig. 6(a) and Fig. 6(b)
are set as T4 = 4 cm? and I1, = 8 cm?, respectively. Again,
the proposed optimal policy outperforms the two myopic poli-
cies, and its performance can be further improved if the source
retransmission is taken into consideration. It is observed from
these two figures that the improvement is around 3 dB in terms
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Fig. 6. Comparison of the exact average SER for various schemes under dif-
ferent SNR values of Y4 and different solar panel sizes: (a) [T, =4 cm? and
() T4 =8 cm? (QPSK, N =8, Ny =8, G =3 x 10* uW, Ty, = 30 dB,
and nyq = n5q = 1).

of Ysg when the SD channel link is sufficiently good, i.e., at
medium and high SNRs of Y. In addition, the performance of
the optimal policy is much superior to that of the direct trans-
mission without the help from the relay, and the performance
gap between these two curves becomes widen as the solar panel
size is increased from 4 cm? to 8 cm?.

VI. CONCLUSIONS

In this paper, we investigated the long-term average SER
minimization problem for the DF cooperative communications
with an energy harvesting relay node. By means of the MDP,
we designed the optimal stochastic cooperative transmission
scheme for the relay node that varies the transmission power
with different energy harvesting, channel, battery, and decoding
states. A finite-integral expression for the exact average SER
and a closed-form expression for the asymptotic average SER
of the proposed optimal cooperative transmission policy were
analytically derived. Furthermore, we provided the SER upper
and lower bounds to quantify the diversity order and the energy
harvesting gain, which proves that a diversity order of two is
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guaranteed as long as the energy quantum outage probability is
zero. We also explored a threshold-type structure for the coop-
erative transmission policies which are capable of achieving
the full diversity, and examined the energy quantum supporting
way which can lower the energy quantum outage probability
in a practical energy harvesting model. The developed results
and the effect of various system parameters on the SER perfor-
mance were validated through extensive computer simulations.
The design framework is useful toward understanding how to
deploy the energy harvesting relays in cooperative networks as
more efficiently as possible.

REFERENCES

[1] K. J. R. Liu, A. K. Sadek, W. Su, and A. Kwasinski, Cooperative
Communications and Networking. Cambridge, U.K.: Cambridge Univ.
Press, 2008.

[2] J.N.Laneman, D.N. C. Tse, and G. W. Wornell, “Cooperative diversity in
wireless networks: Efficient protocols and outage behavior,” IEEE Trans.
Inf. Theory, vol. 50, no. 12, pp. 3062-3080, Dec. 2004.

[3] W. Su, A. K. Sadek, and K. J. Ray Liu, “Cooperative communication
protocols in wireless networks: Performance analysis and optimum power
allocation,” Wireless Pers. Commun., vol. 44, no. 2, pp. 181-217, Jan.
2008.

[4] S. Sudevalayam and P. Kulkarni, “Energy harvesting sensor nodes:
Survey and implications,” IEEE Commun. Surv. Tutorials, vol. 13, no. 3,
pp. 443-461, Third Quart. 2011.

[5] O. Ozel, K. Tutuncuoglu, J. Yang, S. Ulukus, and A. Yener,
“Transmission with energy harvesting nodes in fading wireless chan-
nels: Optimal policies,” IEEE J. Sel. Areas Commun., vol. 29, no. 8,
pp. 1732-1743, Sep. 2011.

[6] J. Yang and S. Ulukus, “Optimal packet scheduling in an energy har-
vesting communication system,” IEEE Trans. Commun., vol. 60, no. 1,
pp. 220-230, Jan. 2012.

[7] K. Tutuncuoglu and A. Yener, “Optimum transmission policies for bat-
tery limited energy harvesting nodes,” IEEE Trans. Wireless Commun.,
vol. 11, no. 3, pp. 1180-1189, Mar. 2012.

[8] C. K. Ho and R. Zhang, “Optimal energy allocation for wireless com-
munications with energy harvesting constraints,” IEEE Trans. Signal
Process., vol. 60, no. 9, pp. 4808—4818, Sep. 2012.

[9] O. Ozel and S. Ulukus, “Achieving AWGN capacity under stochastic

energy harvesting,” IEEE Trans. Inf. Theory, vol. 58, no. 10, pp. 6471—

6483, Oct. 2012.

D. Niyato, E. Hossain, and A. Fallahi, “Sleep and wakeup strategies in

solar-powered wireless sensor/mesh networks: Performance analysis and

optimization,” IEEE Trans. Mobile Comput., vol. 6, no. 2, pp. 221-236,

Feb. 2007.

M. L. Ku, Y. Chen, and K. J. R. Liu, “Data-driven stochastic scheduling

for solar-powered sensor communications,” in Proc. IEEE Global Conf.

Signal Inf. Process. (GlobalSIP), 2014, pp. 83-87.

M. L. Ku, Y. Chen, and K. J. R. Liu, “Data-driven stochastic models

and policies for energy harvesting sensor communications,” IEEE J. Sel.

Areas Commun., vol. 33, no. 8, pp. 1505-1520, Aug. 2015.

Y. Luo, J. Zhang, and K. B. Letaief, “Optimal scheduling and power

allocation for two-hop energy harvesting communication systems,”

IEEE Trans. Wireless Commun., vol. 12, no. 9, pp. 4729-4741, Sep.

2013.

C. Huang, R. Zhang, and S. Cui, “Throughput maximization for the

Gaussian relay channel with energy harvesting constraints,” IEEE J. Sel.

Areas Commun., vol. 31, no. 8, pp. 1469-1479, Aug. 2013.

1. Ahmed, A. Ikhlef, R. Schober, and R. K. Mallik, “Power allocation

for conventional and buffer-aided link adaptive relaying systems with

energy harvesting nodes,” IEEE Trans. Wireless Commun., vol. 13, no. 3,

pp. 1182-1195, Mar. 2014.

A. Minasian, S. Shahbazpanahi, and R. S. Adve, “Energy harvesting

cooperative communication systems,” IEEE Trans. Wireless Commun.,

vol. 13, no. 11, pp. 6118-6131, Nov. 2014.

D. Gunduz and B. Devillers, “Two-hop communication with energy har-

vesting,” in Proc. IEEE Int. Workshop Comput. Adv. Multi-Sensor Adapt.

Process. (CAMSAP), 2011, pp. 201-204.

O. Orhan and E. Erkip, “Optimal transmission policies for energy har-

vesting two-hop networks,” in Proc. Annu. Conf. Inf. Sci. Syst. (CISS),

2012, pp. 1-6.

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]



KU et al.: ON ENERGY HARVESTING GAIN AND DIVERSITY ANALYSIS IN COOPERATIVE COMMUNICATIONS

[19] K. Tutuncuoglu, B. Varan, and A. Yener, “Energy harvesting two-way
half-duplex relay channel with decode-and-forward relaying: Optimum
power policies,” in Proc. IEEE 18th Int. Conf. Digit. Signal Process.
(DSP), 2013, pp. 1-6.

[20] W.Li, M. L. Ku, Y. Chen, and K. J. R. Liu, “On the achievable sum rate
for two-way relay networks with stochastic energy harvesting,” in Proc.
IEEE Global Conf. Signal Inf. Process. (GlobalSIP), 2014, pp. 133-137.

[21] H.Li, N. Jaggi, and B. Sikdar, “Cooperative relay scheduling under par-
tial state information in energy harvesting sensor networks,” in Proc.
IEEE Global Commun. Conf., 2010, pp. 1-5.

[22] M. Kashef and A. Ephremides, “Optimal partial relaying for energy-
harvesting wireless networks,” IEEE/ACM Trans. Netw., 2014, doi:
10.1109/TNET.2014.2361683.

[23] T.Li, P. Fan, and K. B. Letaief, “Outage probability of energy harvesting
relay-aided cooperative networks over Rayleigh fading channel,” IEEE
Trans. Veh. Technol., 2014, doi: 10.1109/TVT.2015.2402274.

[24] B. Medepally and N. B. Mehta, “Voluntary energy harvesting relays
and selection in cooperative wireless networks,” IEEE Trans. Wireless
Commun., vol. 9, no. 11, pp. 3543-3553, Nov. 2010.

[25] C. Huang, R. Zhang, and S. Cui, “Optimal power allocation for outage
probability minimization in fading channels with energy harvesting con-
straints,” IEEE Trans. Wireless Commun., vol. 13, no. 2, pp. 10741087,
Feb. 2014.

[26] Z. Ding, S. M. Perlaza, 1. Esnaola, and H. V. Poor, “Power allocation

strategies in energy harvesting wireless cooperative networks,” IEEE

Trans. Wireless Commun., vol. 13, no. 2, pp. 846-860, Feb. 2014.

S.Luo, R. Zhang, and T. J. Lim, “Optimal save-then-transmit protocol for

energy harvesting wireless transmitters,” IEEE Trans. Wireless Commun.,

vol. 12, no. 3, pp. 1196-1207, Mar. 2013.

[28] H. S. Wang and N. Moayeri, “Finite-state Markov channel—A useful
model for radio communication channels,” IEEE Trans. Veh. Technol.,
vol. 44, no. 1, pp. 163-171, Feb. 1995.

[29] M. K. Simon and M. S. Alouini, Digital Communication Over Fading
Channels. Hoboken, NJ, USA: Wiley, 2000.

[30] D. P. Bertsekas, Dynamic Programmming and Optimal Control, 3rd ed.
Belmont, MA, USA: Athena Scientific, 2005.

[31] M. L. Puterman, Markov Decision Processes—Discrete Stochastic
Dynamic Programming. Hoboken, NJ, USA: Wiley, 1994.

[32] H. Li, J. Xu, R. Zhang, and S. Cui, “A general utility optimization
framework for energy-harvesting-based wireless communications,” IEEE
Commun. Mag., vol. 53, no. 4, pp. 79-85, Apr. 2015.

[33] N.R.E. Laboratory. (2012, Feb.). Solar Radiation Resource Information
[Online]. Available: http://www.nrel.gov/rredc/

[27]

Meng-Lin Ku (M’11) received the B.S., M.S.,
and Ph.D. degrees from the National Chiao Tung
University, Hsinchu, Taiwan, in 2002, 2003, and
2009, respectively, all in communication engineer-
ing. Between 2009 and 2010, he was a Postdoctoral
Research Fellow with the Department of Electrical
and Computer Engineering, National Chiao Tung
University and with the School of Engineering
and Applied Sciences, Harvard University. In
August 2010, he became a Faculty Member with
the Department of Communication Engineering,
National Central University, Jung-li, Taiwan, where he is currently an Associate
Professor. During the summer of 2013, he was a Visiting Scholar at the Signals
and Information Group, University of Maryland. His research interests include
green communications, cognitive radios, and optimization of radio access. He
was the recipient of the Best Counseling Award in 2012 and the Best Teaching
Award in 2013, 2014, and 2015 from the National Central University. He was
also the recipient of the Exploration Research Award of the Pan Wen Yuan
Foundation, Taiwan, in 2013.

2657

Wei Li received the B.S. and M.S. degrees in electri-
cal and electronics engineering from Xi’an Jiaotong
University, Xi’an, China, in 2001 and 2004, respec-
tively, where he has been pursuing the Ph.D. degree
in information and communication engineering, since
2012. From 2005 to 2011, he was a Senior Engineer
with Huawei Technology Corporation. From 2013 to
2015, he was a Visiting Student at the University
of Maryland, College Park, MD, USA. His research
interests include green communications, energy har-
vesting and cooperative communications in wireless
networks.

Yan Chen (SM’14) received the Bachelor’s degree
from the University of Science and Technology of
China in 2004, the M.Phil. degree from Hong Kong
University of Science and Technology (HKUST) in
2007, and the Ph.D. degree from the University of
Maryland, College Park, MD, USA, in 2011. Being
a founding member, he joined Origin Wireless Inc.
as a Principal Technologist in 2013. He is currently a
Professor with the University of Electronic Science
and Technology of China. His research interests
include data science, network science, game theory,
social learning, and networking, as well as signal processing and wireless
communications. He was the recipient of multiple honors and awards includ-
ing Best Paper Award at the IEEE GLOBECOM in 2013, Future Faculty
Fellowship and Distinguished Dissertation Fellowship Honorable Mention
from the Department of Electrical and Computer Engineering in 2010 and
2011, Finalist of the Dean’s Doctoral Research Award from the A. James Clark
School of Engineering, the University of Maryland, in 2011, and the Chinese
Government Award for outstanding students abroad in 2011.

K. J. Ray Liu (F’03) was a Distinguished Scholar-
Teacher with the University of Maryland, College
Park, MD, USA, in 2007, where he is currently
a Christine Kim Eminent Professor of Information
Technology. He leads the Maryland Signals and
Information Group. His research interests include
information and communications technology with
recent focus on future wireless technologies, net-
work science, and information forensics and secu-
rity. He was the recipient of the 2016 IEEE Leon
K. Kirchmayer Technical Field Award on graduate
teaching and mentoring, the IEEE Signal Processing Society 2014 Society
Award, and the IEEE Signal Processing Society 2009 Technical Achievement
Award. He was also the recipient of the University-Level Invention of the
Year Award from the University of Maryland; College-Level Poole and Kent
Senior Faculty Teaching Award, Outstanding Faculty Research Award, and
Outstanding Faculty Service Award, all from the A. James Clark School
of Engineering. He is recognized by Thomson Reuters as a Highly Cited
Researcher. He is a Fellow of AAAS. He is a Director-Elect of the IEEE
Board of Directors. He was a President of the IEEE Signal Processing Society,
where he has served as Vice President-Publications and Board of Governor.
He has also served as the Editor-in-Chief of the IEEE Signal Processing
Magazine.



