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~ Abstract—The use of energy harvesting cooperative relays signal, re-encodes it and then forwards it to the destination
is a promising solution to battery-limited wireless networks. if the decoding is correct, has better performance than the

In this paper, we consider a cooperative system in which one Ap protocol, in which the relay simply amplifies the received
source node transmits data to one destination with the assistance . .
signal and forwards it.

of an energy harvesting decode-and-forward relay node. Our . o .
objective is to minimize the long-term average symbol error rate N many wireless applications, wireless nodes are untethered

(SER) performance through a Markov decision process (MDP) to an energy infrastructure and can only be powered by
framework. By doing so, we find the optimal stochastic power patteries with limited capacity. This major limitation requires
control at the relay that adapts the transmission power 10 the gaqyent battery replacement to prolong network lifetime when

changes of energy harvesting, battery, channel and decoding .
states. We derive a closed-form expression for the exact SER ofthe battery is exhausted. Such an embarrassment of energy

the cooperative system. Further insights are gained by analyzing shortage is even challenging for cooperative communications
the asymptotic SER and its lower and upper bounds at high as wireless cooperative nodes are often subject to space limi-
signal-to-noise ratio (SNR), and the performance is eventually tation to utilize multiple antennas, not to mention the use of a
characterized by the occurrence probability of the relay’s actions large battery with long lifetime. In addition, the replacement

at the worst channel states in the MDP. We also show that the f batteri be i ient fl d .
optimal cooperative policy at asymptotically high SNR follows ofbatteries may be inconvenient, costly or dangerous in some

a threshold-type structure, i.e., the relay spends the harvested applications, e.g., environmental mpnitoring in wireless sensor
energy only when the signal is successfully decoded and the sourcenetworks. Recently, energy harvesting has become an attractive
is faced with the worst channel condition in its direct link. Using option to wireless nodes by scavenging ambient energy from
these observations to quantify the diversity gain and the energy onyironments such as solar, wind, thermoelectric or motion

harvesting gain, we reveal that full diversity is guaranteed if and o .
only if the probability of harvesting zero energy quantum is zero, effects, etc [4]. Thus, it is a naturally evolutionary step to con-

which can be achieved by reducing the energy quantum size or Sider wireless cooperative nodes powered by energy harvesting
increasing the energy harvesting capability. Finally, we present devices. In spite of a potentially infinite amount of energy
several numerical examples to validate the analytical findings. gvailable at nodes, the dynamics of the harvested energy and

Index Terms—Energy harvesting, cooperative communication, the limited CapaCity of reChargeable batteries motivate us to
energy harvesting gain, diversity order. 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

Wireless communications are often vulnerable to smathat cooperates with an energy harvesting relay node achieve
scale fading caused by multipath channel propagation. In pasfull diversity gain in reality ? (2) What is the optimal
few years, cooperative communications have gained mueay transmission policy for achieving the full diversity ? (3)
interest to mitigate this negative effect through the use &ixcept for the diversity gain, what is the impact of energy
relays to reap the inherent spatial diversity gains [1]. Thigrvesting on the performance gain in terms of signal-to-
is particularly attractive when it is unaffordable to instalhoise power ratio (SNR) ? In traditional wireless systems, the
multiple antennas on size-limited communication nodes. VE&NR performance gain is often termed as the coding gain.
ious cooperative techniques have been proposed and analydete, a new terminologgnergy harvesting gajris introduced
in terms of the outage probability or the symbol error rat@stead to emphasize the influence of energy harvesting on
(SER), among which decode-and-forward (DF) and amplifghe coding gain performance of cooperative communications.
and-forward (AF) are deemed as the most popular onesWhile energy harvesting has been extensively investigated in
provide full diversity gains and to make a more efficient ushe recent literature, the aforementioned questions have not
of transmission power [2], [3]. It has been shown in [1] thateen fully addressed and remain to be answered, and these
the DF protocol, in which the relay first decodes the receivepiestions are important toward understanding the fundamental

performance limit of the cooperative networks with energy
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I. INTRODUCTION



assuming that the harvested energy and channel fading stagdsys. However, the battery-exhausted probabilities, which
are known non-causally. By using a deterministic energlepend on transmission actions and stochastic energy arrivals,
harvesting model, packet scheduling problems that aim vaére assumed to be known in the analysis of these two works,
maximizing the throughput or minimizing the transmissioand neither of them discussed the optimal transmission policies
time were studied in [6] for a point-to-point communicatiorior minimizing the outage probability or the SER performance.
system with an unlimited-capacity battery, while the design Cooperative communications, if successfully implemented,
was later generalized in [7] with finite energy storage. The undoubtedly expected to improve the link quality of wireless
work of [8] designed power allocation for throughput maxnetworks with energy harvesting. However, a quantitative
imization over a finite horizon with a preset energy arrivanswer on the impact of energy harvesting on the SER
profile. However, all these works require tight prediction operformance as well as the potential diversity gains and energy
the non-causal side information of energy amount arrivals, ahdrvesting gains is still missing. In this paper, we investigate
this becomes very challenging when the energy managem#rd optimal cooperative transmission policy for an energy
interval is enlarged. As an alternative, some other worksarvesting relay node that helps forward the signal from a
adopted stochastic energy harvesting models under which goeirce node to a destination node via a selective DF protocol.
energy arrivals are described in a probability sense [8]-[12]. For this purpose, we resort to the MDP as a means to find
[8], dynamic programming was employed to find the optimadut the optimal transmission action at the relay with the goal
power allocation scheme that maximizes the throughput aaf- minimizing the long-term average SER and to analyze
cording to a Markov random energy harvesting model. Whehe achievable diversity gains and energy harvesting gains
the energy and packet arrivals are formulated as Marko¥ the cooperative networks. Specifically, the novelty and
processes, sleep and wake-up strategies were developedctmtribution of this paper are summarized as follows:
wireless solar-power sensor networks in [10]. The authors ine A solar-data-driven stochastic energy harvesting model
[11] and [12] proposed data-driven stochastic models, aimd [12] is utilized in the construction of the MDP design
power control and adaptive modulation were jointly designddamework, in which the optimal relay transmission policy is
to maximize the net bit rate through a discounted Markalesigned in order to minimize the long-term average SER per-
decision process (MDP). formance by adapting the transmission power to the changes
On the other hand, recent attention has been paid to @fithe energy harvesting, battery, channel and decoding states.
ergy harvesting cooperative communications [13]-[24]. Bynlike the existing works that focus on either finding the
maximizing the short-term throughput, the authors in [13jptimal solution for the throughput maximization or simply
investigated directional water-filling power control schemeanalyzing the outage/SER performance without addressing the
for an energy harvesting source and a conventional hatfptimal transmission policy, the main goal of this paper is to
duplex relay with constant power in two-hop communicatioanalyze the SER performance of the energy harvesting co-
systems. In [14], power allocation problems were addressed fgrerative communications under a realistic energy harvesting
a scenario that both source and half-duplex DF relay nodes aredel and to analytically characterize the interplay between
self-sustained with energy harvesting, subject to different datee attainable performance and the transmission policy.
traffic delay constraints. The work in [15] proposed offline and e Based on the developed MDP framework, exact and
online power allocation algorithms for maximizing throughpuasymptotic SER expressions are derived for the energy har-
in the conventional and buffer-aided single link cooperativeesting cooperative communications. In particular, we estab-
systems with energy harvesting source and relay nodes.ligh the relationship between the asymptotic SER and the
[16], the problem of throughput maximization in an energgccurrence probability for the adopted relay action in the
harvesting two-hop AF relay network was carried out biDP. Furthermore, we analyze upper and lower bounds for
considering the non-causal or causal knowledge of harvested asymptotic SER to quantify the diversity gains as well
energy. The optimal energy expenditure schemes were adsothe energy harvesting gains of the considered cooperative
discussed in [17] and [18] for full-duplex relaying protocolstransmission policy. By theoretical analysis, a theorem regard-
while two-way relay channels with energy harvesting nodésg the accessibility of a diversity order of two is provided,
were considered in [19], [20]. Moreover, when only partighnd it reveals that the full diversity is achievable only if
state information about the relay is available at the sourtige stationary probability of the relay’s actions at the worst
node, the transmission scheduling problem was casted ashannel states for which the decoding is successful but the
partially observable Markov decision process (POMDP) irelay keeps silent goes to zero. To the best of our knowledge,
[21]. However, the aforementioned works primarily focusethis is the first attempt to comprehensively study the diversity
on the data throughput maximization problem and the dgains and energy harvesting gains of the optimal stochastic
velopment of the optimal solution and its property unddransmission policies by means of the MDP.
different network settings. Only few works concentrated on ¢ We then uncover that the optimal cooperative trans-
analyzing the outage behavior or the SER performance. rirission policy at asymptotically high SNR is degenerated
[23], the outage probability for a cooperative network aideidto a threshold-type policy. That is, the relay with non-
by energy harvesting relay nodes was derived based upoemapty battery spends the harvested energy only when the
simple on-off stochastic energy harvesting model. In [24], SESdurce node stays at the worst channel condition in its direct
performance analysis was performed for relay selection inlink and the relay node can successfully decode the signals.
cooperative network employing voluntary energy harvestingith this elegant characteristic, we further explore an energy



The received signals can be expressed as

Phase I1 Ysd =\ Pshgax + 24 (1)

!, and meanwhile, the information is received by the relay node.
g Phase I
G >

Ysr = V Pshsrx + zr, (2)

where z,; and z,. are additive complex white Gaussian noise
with zero mean and varianck, and P, is the transmission
power of the source node. From (1) and (2), the instantaneous
SNRs at the relay and the destination can be calculated as

PsCsd
Toq = 24 3
sd NO 9 ( )
Fig. 1. Energy harvesting cooperative communications with the selective DF P,
protocol. T = T ) (4)
0
where we defineC,q = |h.al® and ¢, = |hs|* as the

guantum supporting way, along with the promising structurésstantaneous channel power. In the second phase, the relay
of policies, for achieving the full diversity order. Our analysigan decide whether to forward the decoded data synmibol
shows that the fully diversity can be reached if and only ifith transmission poweP, or to keep silent with zero power
the energy quantum outage probability, i.e., the probability @bnsumption. In this paper, a selective DF strategy in [3] is
obtaining zero energy quantum, is equal to zero. By linkingdopted, and the relay can help forward the re-encoded data
this result to the solar-data-driven energy harvesting modeldgmbols, only if it can decode the received data symbols
[12], we prove that a zero energy quantum outage probabildgrrectly. In practice, this can be implemented by considering
is attainable if a ratio between the energy quantum size agl SNR threshold at the relay, and it is reasonable to assume
the energy harvesting capability is considerably small. Finallyyat the relay can successfully decode the data symbols with
some numerical examples are offered to justify the analyticalnegligible error probability if the instantaneous SNR of its
derivations and the proposed theorems in this paper. received signal is larger than a preset threshold. Hence, the
The rest of this paper is organized as follows. In Sectiaeceived signal at the destination is written as
II, we introduce the selective DF cooperative networks with ~
energy harvesting. In Section Ill, an MDP design framework Yra = \/F"“hrdx T2, ®)
for finding the optimal cooperative transmission policy igyhere z, stands for the noise in the second phase with the
presented, and the main structure results of the policy ajgme statistic as,, P, is the relay transmission power, and
also discussed. Section IV is devoted to derive the exact SEER £  if the data symbol is correctly decoded and forwarded
and the asymptotic SER, followed by the analysis of thg the destination by the relay; otherwis®, = 0.
diversity gains and the energy harvesting gains. Furthermoreye assume that the channel state information (CSI) of the
we address the optimal policy at asymptotically high SNRs ajgreless links h,; and h.q can be perfectly estimated by
the energy supporting condition for achieving the full diversitthe destination node. With the CSI knowledge, a maximum
Numerical results are presented in Section V, and conclusiagio combining (MRC) scheme is utilized for combining
are drawn in Section VI. the received signals (1) and (5) of the two phases at the
destination:
Il. ENERGY HARVESTING COOPERATIVE
COMMUNICATIONS

We consider a cooperative relay network in Fig. 1, whef@y applying the combining weights; = VP, /No and
a source §) and a destination nodeD) communicate over 2 = VPrhiy/No into (6), the SNR of the output of the
a wireless fading channel with the assistance of an enefggmbinery. can be further calculated as
harvesting relay nodef{). The relaying protocol involves two Py(sq + PrCra
signal transmission phases, and the time duration of each Te= N, Y
phase isT’p. Define hy, and hy; as the channel coefficients
from the source to the relay and the destination, respectivelyil. STOCHASTIC RELAY TRANSMISSIONPOLICY USING

and h,.; as the channel from the relay to the destination. MARKOV DECISION PROCESS

Further, the channelg,,, h.q, and h,q are complex white  The design of the relay transmission policy depends on a
Gaussian random variables with zero mean and variggnce couple of factors, like channel condition,, and H,, of

nsa and 7.q. Let z be the M-ary phase-shift-keying M-  the wireless links among nodes, battery conditigy) energy
PSK) data modulated symbol of the source node, wheggrvesting conditiory., and decodability of the relay node
E {|x|2} = 1 and the operatdk [-] takes the expectation. Inthe),. Our goal is to find the optimal transmission policy by
first phase, the source sends the information to the destinatifirmulating the problem as an average SER minimization

Ye = C1Ysd + C2Yrd - (6)



problem through the MDP, while concerning a limited batter3. Decoding States

recharging rate. Moreover, we intend to study the diversity and,o decoding states are taken into consideration in the
energy harvesting gains of the policy which can be formaliypp: “syccess” and “Fail”. IfQ. = 1, it means that data
defined as follows: symbols are correctly decoded by the relay during the first

Definition 1: Let 5 and Pspr(7) be the SNR and the phase. On the contrary, the stade = 0 indicates that the relay
SER, respectively. At asymptotically high SNR, if the SERyjis to decode the message from the source. In general, the
is expressed a®spr ~ (9p -7) "7, the constantgy andd  gecoding probability can be characterized by the instantaneous
are the energy harvesting gain and the diversity order of th}r of the source-to-relay (SR) |in§j§% and the decoding

cooperative communications. capability of the relay node which is specified by a threshold
Consider a five-tuple state spage= (., Hsa, @y, Qe, . We say that data symbols can be decodedf= > v, and
Qc) € Spa X Sea x Qo x Qe x Qe = S, WhereS,q = jtjs noted that the relay with a smaller threshold has relatively

{0,..., Nra—1}, 8sa ={0,..., Nsa—1}, @ = {0,..., Ny—  petter decoding capability. For simplicity, the channel varia-
1}, Qe = {0,..., Ne — 1}, and Q. = {0,1}. The policy is tions of the SR link are assumed to be independent across the
managed on the time scale B}, which covers a number of yanagement periods but quasi-static within the period. Thus,

two-phase transmissions. For each state, the relay can selgglransition probability of the decoding states is irrelevant to
to forward the information from the source to the destinatiofe previous state, and it can be expressed as

by adjusting its transmission power level or just to keep silent. )
Detailed descriptions of these sates and actions are provided P (Qc = m'[ Q. = m) (11)

in the following. P (Csr > 'vpﬂ) — exp (_ No ) Cml =1

Pensr
1—exp <—;]1\773r) , m'=0.

A. Channel States

The instantaneous channel power @f;, and (.4, which
correspond to the relay-to-destination (RD) and source- _ o
destination (S? links, can be quantized into several levels,Let P, = aG, whereG is a constant transmission power

t%‘_. Relay Actions

given byl',.g = {0 = Fi?i)mg)? B .’Fgm) — colandr,, — level. We considequ possible actions for the relay node in
©0) (1) (Noa) _ _ ~ the second_phas_e, e, e A = {0,..., N, — 1}, z_ind the_

L =D Tyjs - Tgq™ =00, respectively. By ignoring relay complies with the selective DF strategy while playing
the subscript of the notationsd” and “sd”, we say a channel these actions. Whea # 0, it means that the relay selects to
¢isinthe;jtt state, iff) < ¢ < TU*Y forj =0,...,N—1. help forward the information by consuming a total amount of
Furthermore, we assume that the channel gain is quasi-st%mr;TM energy in the battery; otherwise, the relay takes no
during the policy management peri@@,, and the channel can action.

only transit from the current state to its neighboring states. The

stationary probability of thg*" channel state can be computeq_) Energy Harvesting States

as
LG4 A solar-data-driven energy harvesting model in [12] is
o 1 ¢ adopted here. We assume that theredraunderlying energy
P(H=j)= —exp | —= )d¢ (8) . . ‘
G M n harvesting states, each of which stands for a meaningful
@) TG+ energy harvesting condition like "Excellent”, "Good", "Bad",
= exp <> — €xp ( 1 ) ) etc. Each state is governed by a state transition probability

P(Qe=10|Q.=1), for ,I' = 0,...,N. — 1, and it is
wheren = E[(] is the average channel power. Define gssociated with an energy harvesting probability in terms of
function h () = fp\/27¢/nexp(—(/n), where fp is the the number of energy quanta that can be obtained from the
maximum Doppler frequency, normalized by the policy marsplar power during the management peribg,. Here, one
agement periOTM. The state transition probabilities are thefénergy quantumE'U' is defined as the total amount of energy
determined by [25] with respect to the transmission powér during half the
management periogTyy, i.e., Ey = $GT)yy. In other words,

Y .

P ]J-f{n -7 ©) the relay action is also operated in units of energy quanta. At
%, j'=45+1 5=0,...,N—2; the [*" state, the probability of harvesting energy quanta
B(r)j is given by P(E =w|Q. =1), forl = 0,...,N. — 1 and

= o\ /) ) g . .

P(H:J()a(_>§ —J( (_1;1)3—1,...,1\[ 1;
h(IY h(rU . o

1_P(H:j)_ P(H=)) ’ i'=4, j=1,...,N =2,

w=0,...,00.

and the transition probabilites aP (H = j| H = j) at the E. Battery States

boundary states are given by The battery state transition is determined by both the
transmission action and the number of harvested energy quanta
P(H=0[H=0)=1-P(H=1/H=0); at the relay. WhileQ). = 1, the feasible action set at ti&"
P(H=N-1H=N-1)= (10) battery state is given asgl;, = {0,...,min{b, N, — 1}},

1-P(H=N-2|H=N-1). since the maximum number of affordable energy quanta is



subject tob. Otherwise, Ay, = {0} for Q. = 0. When the which can be implemented by a value iteration algorithm as
actiona is taken and the number of harvested energy quaritdlows:

is w, the battery state will transit from the stdtdo the state (a) _ pla) p p

v = max (b — a + w, N, — 1) due to the finite battery storage Vat (8) = B (s) + A Z Pa(s']5) Va (s7),

capacity. Hence, the battery state transition probability at the s'es

I*h energy harvesting state is given by s€S, a€Anp; (18)
— } _ —
fl@ =@ =00 = (2 Vowr ()= max (VL ()}, ses,  a9)
_{P(E:b’—b+a|Qe:l), W< N,—1; i,
P(E>Ny—1-b+a|Qc=1), V' =Ny—1, where the state transition probabilit}, (5| s), is given by

/
whered’ > b —a, for anya € A, 5. P (s = (§', Kb, m")| s = (j, k, b,1,m))

F. Reward Functions =P(Hyg=j|Hq=7)P(Hsqg=kK|Hsq =k)
The SER of the cooperative system is adopted here to serve P(Qe=1UlQe=DP(Q.=m'|Q.=m)
as the reward function in the MDP. L&tbe the decoded data P (Qo=V|Qyr=0b,Q.=1) . (20)

symbol at the destination. The obtained rewatd) at the

states = (Hyq, Hog, Qv, Qe, Q) = (4, k, b, 1,m) with respect Without loss of generality, the value dfy (s) in (18) can
to the actiona € A,, , is defined as be initialized as zero. For the purpose of simple notations,

an expectation form for the summation term in (18) will be

R (s = (4, k, b, 1,m)) (13)  ysed in the subsequent sections by applying (12) and (20) and

21— P9 (g #x|s=(jkbIl,m)) making changes of variables:
1*P(a)(j7éx‘(HrdaHsdavaQe): j7k7ba )7 ZP(L(S/|S)‘/;L(S/) (21)

= t=z), m=1 =%

l—P(l'#.’E‘HSd:-k), m:0 - - _ Z P(H7d:j/‘H7d:])P(H5d:k/|Hsd:k)
When the)/-PSK modulation scheme is applied in the coop- , /=7,
erative system, the first term in (13) can be calculated by sub-" "1, v _ 11 _ 1\ PO — m'lO. —
stituting P, = aG into (7), as shown in (14) at the top of the (Qe=1Qe=1)P(Qc=m|Qc=m)

(oo}
next page, wherg,, (6, ) = exp (— (% + 1) ni)’ _ Z P(E=w|Q.=1)
gra(0,2) = exp (7 (a% + 1) ﬁ), and ¢y = w=0

AR . ’ /

sin® (§7) is a modulation-specific parameter [26]. From (3), Vo (s = (7, K min (b —atw, Ny 1), I/, m))

and (8), the second term in (13) is calculated as shown i Ejktm [Va (s = (5", &', min (b —a +w, N, — 1) ,I',m"))] .

(15) at the top of the next page. When comparing (14) with

(15), we can find that if the action is zero, the conditiondfl. Main Structure Results of Optimal Relay Transmission

SER P (& # x| (Hyq, Hea, Qb, Qc) = (4, k,b,1) ,& = x) is  Policy

degenerated t&” (& # x| Hyq = k), since only the direct link  some important properties of the optimal relay transmission

is active in this case. policy are discussed in this subsection. These fundamental

results are helpful when we analyze the SER performance

i ) B in the next section, even though some of these have been
Define (s) : S — A as the policy that specifies theexpiored in various MDP problems. First, we point out that

relay transmission action at the states. The long-term expec{@tkn, the battery of the relay contains more residual energy, the

G. Optimization of Relay Transmission Policy

reward in an infinite horizon is formulated as cooperative transmission has a larger valud/pfs), making
Vi (s9) = By {Zoo N RTGR)) ()] less contribution to the overall SER performance degradation.
k=0 Theorem 1:For a fixed channel, energy harvesting
sk €8S, m(sk) € Amyp,  (16) and decoding state(H,q, Hsq, Qe, Q:) = (4, k,1,m),

whereV; (so) is the long-term expected reward starting fronat the n" iteration, we haveV, (s = (j,k,b,l,m)) >
the initial statesy and following the policyr from then on, and V,, (s = (4, k,b',1,m)), for b > ¥'.
0 < X < 1is a discount factor. The policy that can maximize  Proof: To prove this theorem, we need to first show that
the long-term expected reward is referred to as the optimal | ) ,
. ) = >
policy, i.e.,m* = argmax V; (sp). By assuming that the states Va® (s = U, ks, l’m)() )* _
of the Markov chain are recurrent, and thereby, unrelated to Vot (s=(j,k,b=1,1m)), (22)
the initial state, the optimal policy can be found through thgy anya € A,,,_1 andb > 1. This result can be proved by
Bellman's equation [27]: induction. Whenn = 1, we getV\” (s = (j,k,b,1,m)) =
Vi (s = (,k,b—1,1,m)) = R (s=(j,kb,1,m)) be-
_ (a) / / 1 s vy [T} s vy Uy by -
Ve () = P (R (5) + A Z Pa (8] 5) Ve (s )> v causeVy (s = (j,k,b,l,m)) = 0 and the reward function
s'es only depends on the channel state and the relay action.
ses, (17) Assuming thatn = ¢ holds for anyj € S,q4, £ € Sq,



(a) — (4 T »—
P(a) (i‘ 7& .’L‘| (Hrd>H8d7Qb’Qe> = (]a kvbJ) L= x) = ! ((irlg}?}[;d) ])(Ji’(]};;)j#l;| - x)

) . /(1\4M1)7\' /Fiﬂj” P+ ) ( ey (PsCsa + aGQd)) (Csa) P (Cra) dCsadCradd
= . — X - . ° ' ) '
P(Hrq=3j)P(Hsa=k) mJo rd o el ’ Nosin® e
1 W Jsd (9, Fiz)) — Gsd (07 F(el;—i_l))
-

1 Ps s iy &ty
(st + 1) (omp (322 ) - onp (-5
9rd (67F£‘J51)> — G9rd (971—‘5»]@; ))
' Gn. o) G+
(o282 + 1) (oxm (-5 ) - (555

1 e R e Py
P(z Hygy=k)=——7+—"— — ’ _ M7 shsd o) dCoqdf
(% # x| Hsq = k) P (Hoy = 1) W/o v ( Nosin2 0 P (Csa) dCsa
1 % 9sd (671—“(::{)) — 9sd (9,Fi§+1))

_1 / do. (15)

T Jo em Psnsa Fg’;) F(s];+1)
(Ngsin29 +1 €xp T Ned —expl - Nsd

le Q. andm € Q., we haveVl.(“) (s=(4,k,b—1,1,m)) < When the allowable relay action is binary, i.&V, = 2,
Vi(“) (s = (j, k,b,1,m)), for all b € Q;\{0}. It implies that ~ one can easily prove that the optimal relay transmission policy
follows an elegant threshold structure along with the direction
Vi(s = (j,k,b,l,m)) = max {Vi(a) (s = (4, k,b,l,m))} of the battery states, where the relay node helps forward the
e mb signals only when its instantaneous battery state is above a
>  max {Vi(“) (s = (j,k,b— 1,1, m))} threshold under given channel, energy harvesting and decoding
a€Ap b1 states, and the following theorem is given.

:V;‘(S:(j,/f,b—l,l,m)). (23)
. _ Theorem 2:For N, = 2, the optimal relay transmission
Using (18) and (21), we then prove that for= i + 1: policy is a threshold-type policy (or equivalently, a monotonic-
a . a . type policy in this special case).
VA (s = (kb Lom) = VI (s = (kb — L1y = P8 POIYIR TS 5P : |
A-Ejpim [Vi (s = (§', k' min (b — a+ w, Ny, — 1), I, m')) Proof: This can be proved by showing that

Vi) (s = (. k.bylm)) — Vi (s = (j,k,b,l,m)) i a

- et . 1 _ / /
—Vi(s=( K, min(b—1-a+w Ny —1),',m)] non-decreasing function ib € Q, via the induction method,

=>0. (24)  and the details can be referred to a similar proof for Theorem
Similar to (23), it concludes thati.1 (s = (j, k,b,1,m)) > 2 N [12]. .
Vigr (s = (j, k,b—1,1,m)), for b > 1. u While the relay action is not limited to a binary case, the

The simplicity of a structural policy makes it attractive foloptimal policy could exhibit a monotonic structure in the bat-
hardware implementation in power-hungry energy harvestingry states. A common method to assess the existence of such
relay nodes. Typically, two types of structures are discussadmonotonic-type structure is to check whether the function
for the optimal policy in the literature, and they are defined ip;(*) (s = (j,k,b,1,m)) is supermodular iru and b or not,

the following [12], [27]. e, Vi (s = (j.k,b,l,m)) — ViV (s = (4, k, b, 1,m)) >
Definition 2: A policy is called a threshold-type policy iny () (s — ( k. b— 1,1, m))= V"V (s = (j, k, b — 1,1,m)).
the battery states with the threshaldj, &, [, m), if In fact, the existence of the structure heavily relies on
, =0, b<e(j klm); the reward functions and the state transition probabilities,
T(s= (g,l@bJ,m)){ 20, otherwise. (25) and it is rza)rd to directly verify the supermodularity of the
i function V,,*’ (s = (j, k,b,1,m)). Instead, a sufficient condi-
for any fixedj € S,q4, k € Ssa, | € Q. andm € Q... tion in terms of the energy quantum harvesting probability,
Definition 3: A pc_)licy is called a monotonic-type policy in p (E = w| Q. = 1), is provided in [12] for ensuring the super-
the battery states, if modularity in point-to-point communications. The result can

w(s=(,kb—1,1,m) <7(s=(jkblm), (26) b_e st_raightforwardly _extended from the point-to-p_oinfc commu-
nications to the considered cooperative communications in this
for any fixedj € S;q, k € Sqq, | € Q. andm € Q.. paper.



IV. PERFORMANCEANALYSIS Theorem 3:The asymptotic SER is expressed as

A. Exact SER Expressions KO P!
. ~ 0 S
To evaluate the performance of the optimal relay M.asym. ~<07M SCTTod <No) (31)
transmission policy, the exact SER of the energy (o 0) 1 1
harvesting cooperative communications is analyzed by +Z <PS> (G> ,
calculating the stationary state probabilities of the MDP. a psatrdCisMsdlra \ No No

a#0
Consider an optimal policyt (s), and denotep as the

corresponding stationary state probability vector of the MDhere K(O) = M1 51n(i7;/M) and K(O 0) _ 43(1;\;1) +
whose (1 (NoN,aNsaNo) + L (NyNyaNog) + k (NyNya) +  sin(ze/M)_ sin 47%4)_

. th . 47
JNb + b) entry, pjkuim, Stands for the stationary Proof: When the SNR values for the RD and SD channel

probability of the state(H,q, Hsi, @b, Qe; Q) = (J,F:b,  jinks are sufficiently large, or equivalentl,n.q/Ny > 1 and
I,m). In addition, let M;x;,, be an N, x N, Gira/No > 1, we can write
battery state transition probability matrix at the state

( rd sda Qev Qc) (.77 ka lvm) with reSpeCt to the p0|lcy CMPSnsd 1 a2 CIMPsnsd . 32
7 (s), and the matrix is specified as Nosin2 6 Tl Nosin20’ (32)
e Gird cmGnrd
M, k.1mls 27 /% 4t l~ra—", f 0. 33
| j’k’l]; (]JbEJJ V —b+7*(s)] Qe =1) 0 “Nosin®0 “Nosin?g’ O “ # 33)
= — T S e — 5
b—m*(s) <b <Ny —2; By applying (32) and (33), the conditional SER in (14) with
=4 0, ¥V <b—n*(s)—1; cooperation is approximated as
L= g P(E=n—b+7(s)| Qe = 1), . )
e V=N, —1, P (% # @l (Hra, Hsa, Qv, Qc) = (j, k,0,1) & = x) (34)
1 N0Kc()k) =0:
where [Mj xi.m], , iS the transition probability from the (ex <_Fgg>>_ex <_r<k+1>>> e Paeg? @Y
battery stateb to ¥, corresponding to the optimal policy. P\ 7 ea P\ e
Thus, the stationary probabilities are computed by solving the ) oD
balance equation as follows: ~ (exf’(* Tsd > *exp<* Ned ))
1 NQK(k 23)
|: I]YI{ :| p= |: 113 :| ) (28) . (exp<7rgil)>—exp<7F(TJ;rl)>> aCMP andmd
Nrd Nrd
where 1 is an all-one column vector, andM is an a#0,
entre MDP state transition probability matrix, the *) (k) ]
(m’ (N;gNggNe) + 1 (NygNog) + k' (Nra) + 5, m (NraNeg where K"’ and K, ~’ are defined as
N,) 4 1(NygNsg) + k (Nyg) + 7)™ sub-matrix of which is (M—1)n (k)
given as K0 _ l/ 7 50?0 [ exp _C]LIPstd
) . / 0 ™ Jo Ny sin? 6
P(Hrd :lerd :j)~P(HSd:/€|HSd:k) (29) (k+1)
P(Qe=11Qe=1)-P(Qc=m'|Qc=m) Mjyim. N T T )
Ny sin? 0
From (13) and (28), the exact SER is expressed as (M—1ym *)
(ki) _ 1 .4 emPsl oy
Npa—1Ngg—1 Ny—1 No—1 K7 = — sin® 0 | exp —ﬁ
PI\/[exact_ Z Z Z Zngkblm TJo oS
j=0 k=0 b=0 1=0 m=0 CMPF(IC‘H)
(s ~ . — e _
- PUCD (& # 2l s = (j.k,b,Lm)) . (30) AT Nosin?0
CMGFEAJd) C]\{GF (G+1)
SBi.or,;‘:ssymptotic Approximations and Bounds for SER Expres-" | ¢XP *aiNO snzg | P *aiNO sin2 de.
(36)
Here we first analyze the SER expression at asymptoti-
cally high SNR. For simplicity of notation, we denote thane can further simplify the factok (" as follows:
stationary state probability of the zeroth channel state for
the channel linkz in (8) as ., where 2z could be *d” w1 el en P,T®)
or “sd”. Let ¢, be the occurrence probability for the action £y = = ;/ sin” 6 exp m
a at the zeroth states of the SD and RD channels, and 0 0
it is defined ass, = >, _, > s, Psr Where €, , = em B (FSZH) —Fi];)>
{5=1(0,0,b,1,m)| 7 (s) = a,b € Qp,l € Q.}. The follow- | 1—exp|— NosnZd de,
0

ing theorem is given.



(M—1)m

3
™ Jo

Q

sin? 0 exp ( CZMPSF'(SZ))dQ’ of the equality in (40), we can get

Ny sin® 0 Npa—1Nog—1 1
L O 2 g = M1 sinr/M) Py = D Y D P(Ha=j|Hai=j) (1)
=Jo sm =% T j=0 k=0 m=0

k=0; @7) - , _
'P(Hsd:k|Hsd:k)P(Qc:m|QC:m)pj,k,m’

Q

0, otherwise,

] o _becauserY;g1 P(Q.=1|Q.=1)=1and Z{)\f”:gl Pre(s)
where the first and second approximations work well, {fQ, = 5/'|Q, = b,Q. =) = 1. Then, it is concluded from
Pfk/J]r\lfg > (i) and the channel is quantized rationally, i.e41) that p,,,, is the stationary state probability for the
r,,// —r,; > ¢ for a sufficiently larges. Furthermore, state(H,q, Hya, Q) = (j, k,m), and it implies thatp ¢ ,,, =

by assuming thatG/N, > 1, the factor K" can be psaptraP (Qe = m) because the transitions of the channel and

approximated in a similar way: decoding states are independent of each other. We can there-
e fore obtaianLV;O_1 Sa = DPoo,0 t Poo,1 = Hsdltrd- Since the
1 T gind 0dh — SM—1) | sin(2r/M) actiona = 0 is the only action for the relay when the decoding
‘ =/ sin 7t oM 'c o
KR ~ _sinGm/M) oG, fails, it can be further shown that = Dy 00+ 2 > Pooo
32 o M=M= No—1 ~ ~ w o
0, otherwise. " and} "1 "< =DPoo1 — P < Pooa- u

(38) In fact, the stationary state probabilityplays an important
role in the achievable performance, and for a given policy, the

Likewise, an asymptotic approximation to the conditional SERrobability mainly depends on the energy harvesting capability

of the SD link can be derived as of the relay node. To get more insight into the performance
behavior, an upper bound and a lower bound for the asymptotic
P(&#a|Hy=k) SER are provided in the following theorgm. '
%) Theorem 5:AssumeG = ¢, P;. For sufficiently high SNR,
~ 1 NoKy ™ (39) the asymptotic SER is upper and lower bounded by
VAN NN e Pinsa
exXp Nsd exp Nsd o (Na - 1) < PM,asym- <o (1) ) (42)

o where the functiorp (z) is defined as
From (13), (34) and (39), it is concluded that the asymptotic

SER for (30) only depends upon how the relay node perform&’ ) = pK(go) <Ps >_1

its actions, to forward or not to forward, when the SD and RD T enpisatsa \ No
channels are both stayed at the zeroth states. As a result, we KO ( B )K(o,o) P\ 2
get the asymptotic SER in (31). [ (M“ﬂ 0 M;du‘“d k| ) <Ns>
It is noted that the asymptotic SER in Theorem 3 is tight CMsrllsd - ZChg CrHrdHsdllrdllsd 0
at reasonably high SNR. In fact, it can be verified from the ~E {00 P\ ?
above analysis that the asymptotic SER is also an upper bound N m <No> : (43)

for the exact SER in (30), iPs /Ny andG /N, are sufficiently - . . -
large. The aforementioned analysis clearly indicates that Prgc:o.f. Férlst,. th; Weégztid slum of the a<ct|ve prqgtzai)lhty
asymptotic SER is affected by the occurrence probabiliggge#0 o Irl\l/l( )is ok;m & )ga;112a¢0fga = Zafo ?h—
¢,. Below we state a theorem regarding the property of thgaz0 Se- VIOTEOVEr, by using: ~ 1 4z for z <1, when
occurrence probability. T”O > ~, the successful decoding probability in (11) can be

: N,
Theorem 4:The sum of the occurrence probabilities aPProximated ag (Q. = 1) =1— g7¢-. Let G = ¢, Ps. By
is equal tOZiV"'o_l o = fisajira. Furthermore, the inactive applying the above results and Theorem 4 into (31), we can

probability ¢o = prsapiraP (Qe = 0) + p > prsajiraP (Qe = 0) obtain the upper bound and the lower bound for the asymptotic

and the active probability" ™" ¢, = prapraP (Q. = 1) — SER as shown in (42). o n

p < fisapiraP (Qe = 1), wherep = 3 ., ps > 0is the LIS noted from Theorem 5 that the equality in (42) holds
> HsdMr c , s€Q 0 Ps = . . . . .

stationary state probability at the zeroth channel states fJ}Y When two kinds of actions, either keeping silent or

which the decoding is successful but the relay keeps silentifansmitting with a constant power level, are accessible

Proof: From the balance equation in (28), the stationa the relay node. In this case, .the bound; are tight and
state probability satisfies Masym. = ®(1). Another condition for which the lower

and upper bounds get closer at extremely high SNR values of
Nyy—1Nag—1Np—1Noel 1 ﬁs is when the stationary state probabilityis not equal to

0 . . . . .
Dt kbt = (40) zero._ln this case, the functiob(z) is dominated by the first
’ JZZ:O kz=o ; ; mXZ:O term in (43).

Prosy (5= (3", K01 ,m )| s = (4, k,b,1,m)) - Dj ke b tm -

C. Diversity Order and Energy Harvesting Gain

Define p; ., = évz"o’l Zf\;ﬁo’lpj_,k,b,l,m. Using (20) and  The main idea behind cooperative communications is to
taking summation over the indicésand!’ on the both sides form a virtual multiple-input multiple-output (MIMO) system



via separated single-antenna nodes, and it is interestingfdoa # 0, and the inequality is valid due to the result obtained
investigate the diversity order in such an energy-limited relay Theorem 1. Thus, the actian= 0 is optimal in this case.
network when the SNRs of the three channel links go to (iii) We define=,, (s = (j, k,b,1,m)) = AL (s = (j, k.0,

infinity. In addition to the diversity order, the energy har, m)) — V,{” (s = (j, k,b,1,m)) and AYY (s = (j,k,b,
vesting gain is another important metric to characterize the,,)) = A (s=(j,k,b—1,1,m)) — A2 (s = (j. kb1,
performance of energy harvesting cooperative networks.  ;)). Fork = 0 andm = 1, it suffices to prove (j, k, 1, m) =

Theorem 6:1f p > 0, the d|verS|ty order and the energyy py showmg that=,, (8 - (]7]{; b,l,m)) > 0 forall b#0

tively given asd = 1 andgp = <Lt Whenp = 0, @ jterationn,
P
full diversity d = 2 is achieved and the energy harvesting (0)
gain is bounded by Cy Crmlsrirarlsd < < A%OO) (S = (j/7k/7b/vllvm/)) > _%a
Cl\lcr,u'rdylrd'YKéO)+7]s7‘KiO7O) = 98 > MSdC]V[PSWSd

forany j/, k", 0, I'andm’; (47)

(Na—1)c2,crnsrransd
(Na_l)CI\/ICTMrdnrd"/K(()O)+77er£0’0) ’
Proof: From Theorem 5, ip > 0, the SER for sufficiently E, (s = (j,k,b,l,m)) >0, b#0, (48)
high SNR is dominated by the first term in (43), and it can
pK® P which can be proved by induction in the following:
be approximated asPis qsym. ( ) he

= Greansa \No (a) Without loss ofgenerallty, we initializ&, (s = (j/, k', V,
ﬁ; — oo. Therefore, the diversity order is one and the energy  ; ,,,/)) = 0. Forn = 1, by using (18) and (45) we

— CMMsdnsd
harvesting gain igg PR .Asp _%)4 the SER is dom- getA(OO)( — (R m) =0 > - i\gj{P —_—
inated by the second term in (43) wheép — oo, resulting B T NGRS
in a diversity order of two, and the ener(éy harvesting gain is addltlonza\)/ve havé, (s = (5, k,b,1,m)) = froacr oo
No K,

cifcr”]sr"g;d"]sd e < — Tsacar Pontaa "
earcrpran-av K" +na K170 7 (D) Asstimen = i holds. It then |mmed|ately implies from
(No— 1), cotlernratiea - 48) that V.V (s = (j, k, b, 1,m))> V¥ (s = (j, k,b, 1,

< .
IE =\ o= Dersertran,ar K 40 KOO _ _ m)), for b # 0. On the other hand, it can be de-
The aforementioned discussions raise an interesting ques- rived from (45) and Theorem 1 tha@(l) (s = (j, k. b1

tion on the prospects for achieving the full diversity order (@), /. >
of two. In fact, whether the full diversity order is achievable ’.”))2 ‘é) (s = Q’k’b’l’m))’ forb # 0 anda > 2,

. . .- since R\ (s = (j,k,b,l,m)) = 1 whena # 0. In
directly depends on the energy quantum harvesting probability conclusion, we getV; (s = (j, k,b,1,m)) = max {
P(E =w|Q. =1) and the optimal policy at asymptotically ' getvils = 19,5 0,4,  a€Am,
high SNR. Before introducing the condition of the energy Vi(“) (s = (4,k,b,1,m))} = Vi(l) (s = (j, k,b,1,m)), for
guantum supporting way for achieving= 2, we specify the b+0.

optimal cooperative transmission policy at asymptotically higft) Forrn =i+ 1, it is obtained from (18), (21) and (45) that
SNR with the following theorem.

lower and upper bounded

Theorem 7:When £ — oo, the optimal cooperative AL (s = (];’,Zc/,b/,l’,m/)) =A (Ejﬂk',l’fn'[
transmission policyr*(s) at asymptotically high SNR is a Vi(s = (3, k, min(d" — 1 +w, Ny, — 1),1,1m))
threshold-type policy, which is given by V(s = (G, B, min(® + w, Ny — 1),1,m))]) . (49)

. 0, k=0, m=1; . . ) .
e(jk,l,m) = { N, — 1, otherwise. (44) From the optimal thresholds in the cases of (i) and (ii)

and the discussions in (b), it yields
Proof: From (34) and (37)-(39), wher — oo, the

reward function (13) at asymptotically high SNR becomes Vi(s = (4, kb —1,1 ,1)) = Vi(s = (4, kb, 1, m))

~ o~~~ (0)
1_%1((;) AEOO)(S:<j7kab7laTh))>_M]\(IOTK;3nd
a . LsdC sNsd ’ sa s -
R@ (s = (j,k,b,1,m)) = 0 k=0, (45) N =0;
: 00 ~ 7797 ~ NoK
1, otherwise. AE )(5 = (j,k,b,1,m)) > _m:
The proof is then divided into three parts as follows. _ m=1k#0;
(i) If m = 0, the threshold is given by(j, ,1,m) = Ny—1 - A (5= Gk, b,1,m)) = - J\LOK;(;O’ 7
because the decoding is incorrect and the relay can only keep i _“fd ]%M_Sgsdg _q.
silent. (1) S o ’Nolgo)’ -
(i) If &+ 0 andm = 1, it can be shown from (18), (21) A (s = (k0,1 m)) > — =
and (45) that for fixedj andl, we get m=1k=0,b>

) a 50
VD (5 = Gk b L) = VD (5 = (5, k. b, 1 m)) = 0
A (B ptom [V (s = (5, &', min (b + w, Ny, — 1) ,1',m’)) where the first inequality and the second inequality are
V(s = (K, min (b—a+w, Ny — 1), 7', m'))) due to (47) at = 4, the third equallty is galculgted from
n{S=UJ,~, 3 4V s by A(Ol)( ( k,b,lm)):R(O)(S:(],k,b—l,l,m))—

20, (46) RO)(s = (.k,b,1,/m)), and the last inequality comes
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from A (s = (G, k,b,0,m)) = A%(s = (j, kb~ where the harvested energy quantum must be non-negative,
1,1,7m)) and the claim of (47) atn = i. Using (49) ie., P(E<0/Q.=1) = 0. By substituting (54) into
and (50), we then have\\)%) (s = (j,k',b/,l/,m’)) > (53), we can getpooor,1 = 0. According to the op-
N ” Furthermore, by definition, it leads to timal policy at asymptotically high SNR in Theorem 7

tsacn Pansa” ' ' and the definition ofp in Theorem 4, it then implies
=it (s = (j, by by1,m) (B51) P = Y, Ps = o Pooora = 0, where the

) ] 0) ) second equality is attributed to the definition ©f,, , =
= Vi (s =0, k0, 1,m)) = Viiy (s = (4, k, b,1,m)) {5=(0,0,b,1,m)| 7% (s) = a,b € Qp,l € Q.}.

=R (s =(j,k,b—1,1,m)) For the necessitypart, the conditionp = 0 with the
—_ RO (s=(j,k,b—1,1,m)) optimal policy at asymptotically high SNR in Theorem 7
1) . 0) . requires ppo0r1 = 0, for I’ = 0,...,N. — 1. From
+Vizr (5= (k0. ,m)) = Vi (s = (5, k. b, 1,m)) (53), the requirement ofpg oo, 1 = O implicitly indi-
=RW (s = (j,k,b,l,m)) — RO (s = (j,k,b—1,I,m)) cates thatP,. (s (Qy =0]Qy = 1,Q. =) = 0 because the
+A§9ro1) (s = (j,k,b,1,m)) > 0, stationary state probability; ;1,:.,» does not necessarily

equal zero. Sincer* (s = (0,0,1,1,1)) = 1 at sufficiently
for all b # 0. As a result, the optimal threshold in thishigh SNR, we can gef.. ) (Qy =0]Qy =1,Q. =1) =
case is given by (j, k,1,m) = 0. P(E=0[Q.=1)=0. u
n From Theorem 7 and Theorem 8, we know that any pol-
This theorem gives an important insight into understandidgy that obeys the threshold structure in (44) can achieve
the optimal cooperative transmission strategy for the eneri}g Same full diversity order but have different energy har-
harvesting relay node at asymptotically high SNR regimeéesting gains, if the energy quantum outage probability
Under this circumstance, the relay node with non-empty (E =0/Qc=1) = 0, for I = 0,..., N, — 1. Under
battery spends its harvested energy only when the decodind§§ Circumstance, the inactive and active pr]?]bjilb'““es are
successful and the source node experiences the worst chafifBPly given assy = psapraP (Qc = 0) and 31" ca =
condition in its direct link. For a special case &f, = 2, the HsdtraP (Qec =1) bngUSEP = 0. By using Theorem 3 and
optimal policy at asymptotically high SNR is simply given byf’ (Qe =1) = 1 — g7¢ in the proof of Theorem 5, the
asymptotic SER for the full-diversity achieving policy in (44)

1, k=0, is therefore given as
™ (s = (4, k,b,l,m)) = b>1, m=1; (52)
0, otherwise. P urdeéo) Nil Sa
M,asym. — |\ = + -
With the optimal cooperative transmission policy in Theorem Y CMNsrsd a1 @
7, a theorem regarding the energy quantum supporting way for K (0.0 P\ 2
achieving the full diversity gain is provided in the following. © =3 1 ) <NS>
Theorem 8:The energy harvesting cooperative communi- Cha Crhrdbsdlirdllsd 0
cations can achieve a diversity order of two, if and only if the - umKéO) Kﬁo*o) P\ 2
feorlelrgyoquantjlifm oTtage probabilify (£ =0|Q. =1) = 0, CMTsrNsd €y CrllrdTlsd (No
— Uy ...y e — 1. 0,0 _3
Proof: From Theorem 6, it suffices to prove this theorem _ ’VK{ ) (Ps) (55)
by showing thatp = 0 if and only if P(E =0| Q. = 1) = 0, A CrseMrdtsa \ No ’

fori =0,...,N.—1. By using (9), (10) and (20), the balance

equation in (40) for the stationary state probability at the yvhere the upper bqund is obta_ined from (42) by setl;mg_
states — (0,0,',1', 1) can be rewritten as in ®(1) as zero. It is worth noting that the above equality

holds when the optimal policy fortV, = 2 in (52) is

1 1 Nel 1 applied, and the corresponding energy harvesting gain is given
PooyiL = ZZ Z Z P (Hya =01 Hra = j) by CQMCT"S"Z]'”)”” - From (55), to maximize the
j=0k=0 1=0 m=0 cvCrpiraNraY Ky 4nsr Ky
“P(Hyq=0Hyq=k)P(Qe=1'1Q.=1) energy harvesting gain, one can appropriately design the
CP(Q.=1]Q. = m) non-zero power actions for the stat%kl(j,(),b,l,l), for
Ny—1 b > 1, by alternatively minimizing)_ " *= subject to a

_ i . sum probability constrainy" " ¢, = peapraP (Q. = 1),
bz:;) Pre () (Qo = ¥1Q0 = b, Qe = D psettm - (53) which strikes a balance befiween the oceurrence probahijlity
and the power scaling effee}lt. While the optimal policy for
For the sufficiencypart, sincen™ (s = (j, k,b,1,m)) < b attaining the maximum diversity and energy harvesting gains
and P(E=0[{Q.=1) = 0, for I =0,...,Ne — 1, it is can be acquired by the value iteration algorithm of the MDP,
obtained from (12) that this analytical result suggests an aggressive way to spend the
. . . harvested energy for those states with non-zero power actions
Proo) (@r =01@p =6,Qc = 1) to obtain the better energy harvesting gain, since the power
=P(E=-b+7"(s)|Qc=1) =0, (54) scaling effect usually dominates the occurrence probability.
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TABLE |
ENERGY HARVESTING STATE TRANSITION PROBABILITY AND ENERGY QUANTUM HARVESTING PROBABILITY

(a) State transition probabilit’ (Qe = I'| Qe = 1).

| [T=0]7=1]7=2]7=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 probabiliy/( E = w| Q. = 1) (2 = 8 cm?).

[ [ E=0 [ E=1 [ E=2 | E=3 | E=4 [ E=5 | E=6 | E>17 ]
Qe = 0.087 0.455 0.384 0.058 0.001 3x10°6 [ 1x1077 0.015
Qe=1| 4x10°1 0.015 0.144 0.402 0.343 0.089 0.006 1x 1071
Q. = 2x10°° | 5x10~% 0.006 0.039 0.141 0.276 0.295 0.241
Qe=3|5x10"2 [ 2x10720 | 7x10°18 | 1x10710 [ 1 x10°F© 0.001 0.061 0.937

(c) Energy quantum harvesting probabili/( E = w| Qe = 1) (2 = 4 cm?).
| [ E=0 | E=1 | E=2 | E=3 | E=4 | E=5 | E=6 | E>7 |

Qe=0 0.315 0.640 0.030 2x1070 [ 2x107™ [ 2x107206 [ 1 x 10~ %2 0.015

Qe = 0.008 0.352 0.588 0.051 7x107° [ 5x10710 [ 1x107T7 [ 2x10~?

Qe=2| 3x107% 0.026 0.299 0.521 0.148 0.006 3x10°? 2x 106

Qe=3|1x1072 [ 5x107 1T [ 5x10°% 0.279 0.688 0.033 7x10"7 | 3x 101

In addition, Theorem 8 raises an interesting question tife energy harvesting cooperative communications. The sim-
how to reach the energy quantum supporting condition afation parameters are set as follows. In the cooperative
P(E=0/Q.=1)=0,forl =0,...,N. — 1, in practice. communications, the policy management perigd is given
We recall from [12] that the energy quantum outage probas 300 sec, and the transmission power levels of the source
bility P(E =0|Q. =1) in the real solar-data-driven energynode and the relay node (if active) are the same and equal to
harvesting model is given as P, = G = 4 x 10* uW. Accordingly, the size of one energy

P(E=0[Q, =) guantum can be computed &5, = %GTM =6 x 103 mJ.
e The numbers of channel and battery states are set to three
= (1 _ /“) g1 (i, p1) — g2 (s 1) (56) and eight, respectively. The channel quantization thresholds
Ey for the SD and the RD links are both randomly chosen as
where ji;; and p; are two underlying parameters which rept,;, = I',;, = {0,2.0,3.0,cc}, and it is assumed that the
resent the mean and the variance of the random harvestgdnnels vary slowly with the normalized Doppler frequency
energy at theé'" energy harvesting state, respectively, and thg, = 5 x 10-2. The decoding capability for the relay node
functionsg, (i, p1) andgs (i, pr) are defined as [12] is given by~ = 15 dB, which corresponds to a successful

1 —fi decoding probability 0f0.95 at % = 28 dB. The discount
g1 (u, ;) = 5 | erfe = factor in the MDP is set close to Unity, given y= 0.99. The
2 /2pl y: 9 y= 0.99.

adopted modulation 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
7] I settings on the system performance such as the solar panel size
2mE?, (eXp <2pl) Q, the energy quantum sizBy, etc. The number of energy
1 harvesting states is set as four, and the data record of the
— exp (—_ (By — M)Q)) . (58) solar irradiance measured at the solar site in Elizabeth City
21 State University in June from 2008 to 2010 is adopted for
Notice that the larger the valye, the better the energy har-yaining the energy harvesting model in our simulation [28].
vesting condition, and the energy harvesting capability can P@th the solar panel siz& = 8 cm? or Q = 4 cm? and
enhanced by increasing the values of some system paramef§éSconversion efficiency for energy harvestihg- 20 %, the
such as solar panel area, energy harvesting time duration &ighing results, including the energy harvesting state transition
energy harvesting conversion efficiency, etc. Accordingly, Wsobability and the energy quantum harvesting probability, are
can find from (56)-(58) that the probabilify (£ = 0| Q. =) Jisted in Table I. We note from Table I(b) and Table I(c) that
approaches to zero whelfiy < /i, and this can be achievedihe relay node has more opportunities to harvest a higher
by either reducing the energy quantum size or improving thgimber of energy quanta when the panel size is expanded
energy harvesting capability. from 4 cm? to 8 cm?. The above settings are used throughout
the simulation, except as otherwise stated. When the value

V. NUMERICAL RESULTS AND DISCUSSIONS : X X : - i
. . . eration algorithm is executed, the integrations in the reward
In this section, some numerical examples are demonstrajed .. . . .
) . L tnctions (13)-(15) are carried out via a Riemann sum method.
to substantiate the analytical derivations and theorems for

erfc( %(Eum)»; (57)

g2 (fir, p1) =
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Fig. 2. Comparison of the exact SER and the asymptotic SER under vari(%:lig' 3. Upper and lower bounds for the asymptotic SER under various values

Py ; ; .
SNR values off g, for different modulation schemes: (a) QPSK and (b) 8PSI§V No for different modulation schemes: (a) QPSK and (b) 8P8K & 20,
(Q =8 cm?).

o =20, Tsr = 40 dB, andQ = 8 cm?).

using the approximate formula in (31). Just as mentioned in

Based on Theorem 7, two myopic policies which are able theorem 3, we can observe from these two figures that the
achieve the full diVerSity order if the energy quantum Outa%ymptotic SER is an upper bound for the exact SER, and
probability is equal to zero are included in the simulation fa§yr asymptotic results yield an excellent agreement with the
performance comparison. Both of the two myopic policiegxact curves in medium and high SNR regions. Hence, this
abide by the same threshold structure as described in (44)pression is useful to correctly predict the characteristic of
but with different relay actions when the relay is active. Thﬁ]e SER performance for the energy harvesting Cooperative
first one is an aggressive policy, called Myopic Policy I, izommunications in medium and high SNRs. Furthermore, the
which the |al’geSt available energy in the battery is ConsumgﬁR performance is improved as the Operating Smmand
for relaying the signals when the relay is active. Regarding the ; increase. We can make an interesting observation that
second one, called Myopic Policy II, the relay helps transmgy a fixed modulation scheme &, = 30 dB, the optimal
the signals only at the lowest transmission power level whegicy with a larger number of affordable relay actions can
It Is active. achieve a better SER performance, but the performance curves,

Fig. 2 shows the performance comparison between the exaa., N, = 2 and N, = 8, become identical whef(', is
SER and the asymptotic SER for QPSK and 8PSK modulatisnfficiently high, no matter how many number of non-zero
schemes under various SNR valuesYaf.. With the obtained actions is available for the relay node.
optimal policy, the exact SER is directly computed from (30) Selected examples of the upper and lower bounds for the
by applying the reward functions in (13)-(15) without anysymptotic SER versu% are demonstrated in Fig. 3, where
approximation, whereas the asymptotic SER is computed the parameters aV,, N, andY;,. are set a0, 20 and40 dB,
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(@) Diversity order Fig. 5. The exact SER for the optimal policy and the two myopic policies
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0.045]

an average energy quantum outage probabiliip Fig. 4(b),
which is averaged over the energy harvesting steady state
probability, i.e.,v = 3 P(Q. =1) P(E =0|Q. =1).
Since the validity of the asymptotic SER is attested to in Fig.
2, the diversity order for the exact SER can be quantified by
inspecting the asymptotic SER. We can see from Fig. 4(a)
that for @ = 4 cm? and G = 4 x 10* yW or G = 3 x 10*

uW, the diversity order for the asymptotic SER is one. While
the solar panel size is enlarged ®b= 8 cm? and the basic
transmission power level is set belo@ = 3 x 10* uW,

0.04

0.035

0.03

Probability

0.025

0.02

0.015

0.01r

0.005

oo % 40 the slope of the asymptotic SER bears a resemblance to the
G o performance curve with a diversity order of two. The reasons
(b) Stationary state probability behind this can be explained as follows. As shown in Fig. 4(b)

Fig. 4. The diversity order of the asymptotic SER and the correspondir%nd Table |, wherf2 and G are suff|C|entIy Iarge and small,

stationary state probability under different values of the solar panel size réspectively, the average energy quantum outage probability
and the basic transmission power lev&l(QPSK, N, = 4, No = 4, and 1 for the relay node is almost zero, thereby resulting in an

Msr = Trd = MNsa = 1). almost zero stationary state probabilityand a diversity order

of two. In contrast, the diversity order for the energy harvesting

cooperative communications turns out to be one when the
respectively. The adopted modulation schemes in Fig. 3(a) agtetionary state probability is not equal to zero.
Fig. 3(b) are QPSK and 8PSK, respectively. The transmissionrig. 5 demonstrates the exact SER for the optimal policy and
power level could b&Z =1 x 10 uW or G = 3 x 10" uW,  the two myopic policies under two different basic transmission
resulting in different energy quantum sizes. It is found th@‘ower levelsG. The parameters olV, and N, are both set
the lower and upper bounds are quite tight W|’}§;'ﬂ ranges as eight, the solar panel size is given fly= 8 cm?, and
from mediate to high SNRs, which confirms our qualitativehe adopted modulation scheme is QPSK. It is shown that for
findings in Theorem 5. In particular, the asymptotic SER ar‘(g =3 x 104 uW, the exact SER performance of the Myop|c
the corresponding lower bound performance are almost ovpplicy Il is comparable to that of the optimal policy, since the
lapped forG' = 1 x 10% uW, since)_, ., % ~ 5= >_,.0% energy is spent conservatively in the Myopic Policy Il and the
in this case. This phenomenon is accredited to the fact tl’%tionary state probab|||ty for which the re|ay runs out of
when the basic transmission pow@ris considerably low, the the battery is very small. On the other hand, it can be seen that
probability for harvesting a huge number of energy quantae Myopic Policy | performs worst than the optimal policy
becomes very high and thus the occurrence probabjlityith  when the operating SNR becomes high due to the aggressive
the highest power action = N, — 1 dominates the others. yse of the energy, yielding a relatively large stationary state

Fig. 4 shows the diversity order of the asymptotic SERrobability p. For the case ofi = 1 x 102 uW, where the

and the stationary state probabilipyunder different values energy quantum outage probability becomes much close to
of the solar panel siz€ and the basic transmission powerero, one can observe that the performance of the optimal
level G. The parameters aN, and N, are both set as four, policy is still superior to those of the two myopic policies,
and the adopted modulation scheme is QPSK. We also inclugiile they exhibit the same diversity order of two (reflected
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