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ABSTRACT
In this paper, optimal power allocation and relay selection strategies in energy harvesting cooperative wireless networks

are studied. In particular, signal-to-noise ratio (SNR)-maximizing based power allocation and relay selection without and

with energy cooperation—via wireless energy transfer—are considered. Moreover, total relay power minimization subject

to target end-to-end SNR is investigated. The different optimal strategies are formulated as optimization problems, which

are non-convex. Thus, intelligent transformations are applied to transform non-convex problems into convex ones, and

polynomial-time solution procedures are proposed. Simulation results illustrate that power allocation strategies achieve

higher end-to-end SNR than relay selection ones. Finally, energy cooperation is shown to be effective in improving end-

to-end SNR, while total relay power minimization balances end-to-end SNR, transmit power consumption, and harvested

energy.
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1. INTRODUCTION

Energy harvesting (EH) has recently appeared as a promising means to extend network life-time and minimize network

maintenance costs, ultimately sustaining green wireless networks. Network nodes intermittently harvest energy from

random energy sources from the surrounding environment for future use [1]. Due to the random nature of energy arrivals

and the time-varying channel conditions, harvested energy and energy availability become random and cannot be predicted

in advance. Moreover, stored energy in limited-capacity batteries depends not only on the amounts of harvested energy, but

also on the previous signal transmissions. In turn, some network nodes may become energy deprived if harvested energy

and transmit power are not cautiously managed [2]. In such scenarios, a balance between the achievable end-to-end signal-

to-noise ratio (SNR) and power consumption is imperative, so as to guarantee quality-of-service (QoS). Additionally,

energy cooperation—in the form of wireless energy transfer between network nodes—becomes highly desirable to improve
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network performance. All these factors make power allocation and relay selection strategies in EH cooperative wireless

networks more challenging than in conventional networks, requiring careful designs of such strategies.

Recently, several research works have studied power allocation and relay selection in EH wireless networks. For

instance, in [3], the authors designed a low-complexity online step-wise and time-continuous transmit power policies

with partial statistical knowledge of energy arrivals, where the optimal transmit-power decisions are performed after

energy arrivals and are based on the amounts of harvested energy. The authors in [4] study energy harvesting and energy

cooperation in a simple cooperative network composed of a source, a relay and a destination node. Specifically, both the

source and the relay harvest energy from the surrounding environment and the source assists the relay by sharing some

of its harvested energy. Moreover, the authors assume that the source and the relay nodes are fully informed about energy

arrivals, and thus design offline energy management policies to maximize end-to-end throughput. In [5], the authors also

study a simple cooperative network with EH source and decode-and-forward relay nodes for throughput maximization

over a finite number of transmission intervals. Particularly, the authors proposed an offline convex optimization problem

for power allocation; while for the online case, a dynamic programming approach is proposed for optimal transmit power.

Additionally, suboptimal online schemes are proposed, providing tradeoff between complexity and performance. Joint

power allocation and relay selection in EH amplify-and-forward (AF) systems is studied in [6]. Specifically, the authors

proposed an optimal offline optimization problem and two sub-optimal low-complexity online power allocation schemes

for throughput maximization. In [7], energy diversity via joint power assignment and relay selection is studied so as

to maximize the minimum utility among all transmissions. Particularly, the authors proposed a suboptimal algorithm—

based on statistical channel side information—that provides near-optimal performance and outperforms that of best-effort

cooperation. In [8], the authors further study relay selection under non-causal or causal channel side information (CSI) and

energy side information (ESI). With non-causal CSI/ESI, an offline relay selection problem is solved via a branch-and-

bound algorithm, which serves as an upper-bound to the system performance. With causal CSI and non-causal/causal

ESI, a dynamic programming problem is proposed, where a relay is selected if it has enough energy and results in

the highest instantaneous throughput compared with the average throughput. In [9], the authors study the problems of

throughput maximization by some deadline, and the minimization of the time delay to transmit a certain number of bits

in fading channels. Particularly, the first problem is solved via deterministic (offline) and stochastic (online) policies;

while the second problem is solved via a deterministic policy. In [10], offline throughput maximization for two-hop EH

communication networks with non-causal energy arrivals is studied. Specifically, the authors study the cases of single relay

and two relays, and provide convex formulations that yield optimal transmission policies. The authors in [11] study the

problem of optimal energy allocation over a finite number of time-slots for throughput maximization, with time-varying

channel conditions and harvested energy, and two types of side information (SI). Specifically, the cases of causal SI (i.e.

past and present time-slots) and full SI (past, present, and future time-slots) are studied. The solutions for these cases are

based on offline dynamic programming and convex optimization techniques. In [12], the minimization of transmission

completion time for a certain number of bits per user over broadcast channels with known energy harvesting instants

and packet arrival times is studied. Particularly, an iterative offline algorithm is utilized to schedule the transmit power

levels and rates across time. The transmission completion time minimization problem has also been studied in [13] for

EH broadcast channels. Particularly, the objective is to minimize the time by which all of the rechargeable transmitter’s

packets—assuming an infinite-sized battery—are delivered to their intended receivers. Moreover, an iterative algorithm

is developed to obtain the globally optimal offline transmission policy, where the total transmit power is split optimally

based on defined cut-off power levels. A similar problem is considered in [14], where the battery capacity is assumed

to be finite. Furthermore, a directional water-filling algorithm is proposed to find the optimal shares of the users from

the total power. The problem of optimal transmission powers and rates in multiple-access channels for the minimization
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of transmission time with energy harvesting transmitters is studied in [15]. Particularly, an offline generalized iterative

backward water-filling algorithm is developed, where the energy harvesting times and harvested energy amounts are

assumed to be known. The solution of the developed algorithm is based on decomposing the transmission completion

time into convex optimization problems. In [16], power allocation and energy transfer policies for optimal sum-rate

maximization in a multi-source single-relay wireless network are studied. The authors assume the source nodes and the

relay to harvest energy, with energy sharing capability. Moreover, the sum-rate maximization problem is decomposed into

optimal energy transfer (OET) and optimal power allocation (OPA) problems. The solution to the OET problem reduces

to an ordered node selection based on wireless and energy transfer channels; while that of the OPA problem reduces to a

directional water-filling solution. In [17], the use of voluntary AF relays that participate in transmission only if they have

sufficient energy is proposed. Additionally, the authors analyze the symbol error rate performance for energy constrained

and unconstrained relays, and conclude that energy usage not only depends on transmit power setting, but also on the

number of available relays.

In this paper, different power allocation and relay selection strategies are studied for multi-user cooperative wireless

networks with multiple EH amplify-and-forward relays∗. Particularly, SNR-maximizing power allocation and relay

selection strategies are considered, where each relay only utilizes its own harvested energy. After that, energy

cooperation—via wireless energy transfer—is augmented with the different strategies to efficiently share and utilize the

harvested energy among the relay nodes. On the other hand, it is intuitive that increasing the transmit power of a relay

improves the end-to-end SNR; however, it may unnecessarily consume all its harvested energy, which otherwise could have

been stored for later transmission of its data, or cooperation with other nodes. Therefore, total relay power minimization

subject to target end-to-end SNR (which provides QoS guarantee) is also studied to achieve a balance between end-to-end

SNR, transmit power consumption, and harvested energy. The different power allocation and relay selection strategies

without and with energy cooperation are formulated as optimization problems, which happen to be non-convex, as they

involve non-convexities in the objective function and/or constraints [18]. Consequently, such problems are difficult to solve

in real-time, requiring computationally-intensive global optimization techniques. Therefore, intelligent transformations and

techniques are applied to convert the original non-convex problems into convex and/or linear programming ones. After that,

polynomial-time solution procedures are devised, which can be efficiently executed, yielding optimal solutions.

In contrast to previous works, this work provides an overall comparison of power allocation and relay selection strategies

for end-to-end SNR maximization in multi-user multi-relay energy harvesting wireless networks, while taking into account

energy cooperation. In addition, total relay power minimization subject to QoS guarantee is evaluated under different

combinations of power allocation, relay selection and energy cooperation strategies. This has been achieved via novel

optimization-theoretic formulations, and intelligent reformulations and solution procedures.

The main contributions of this paper are summarized as follows.

• Formulation of the optimal SNR-maximizing:

– power allocation without and with energy cooperation problems as multi-objective linear fractional

optimization problems, and reformulating them into parametric linear programming problems.

– relay selection without and with energy cooperation problems as mixed integer nonlinear fractional

programming problems, and reformulating them into integer fractional programs.

• Devising optimal polynomial-time solution procedures for the different power allocation and relay selection

problems, without and with energy cooperation.

∗It should be noted that the power allocation and relay selection strategies studied in this paper are online solutions, since energy arrivals and channel conditions are
random and not known a-priori [5].
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• Formulation of the optimal total relay power minimization subject to target end-to-end SNR:

– without and with energy cooperation as linear programming problems, which can be solved efficiently using

any standard optimization software package.

– with relay selection, and joint relay selection and energy cooperation problems as mixed integer nonlinear

programming problems, which—after appropriate transformation—can be solved using polynomial-time

solution procedures.

This paper is organized as follows. In Section 2, the network model with energy harvesting relays is presented. Sections

3 and 4 discuss SNR-maximizing power allocation and relay selection strategies, respectively. Power allocation and relay

selection strategies with energy cooperation are studied in Section 5. In Section 6, total relay power minimization subject

to target end-to-end SNR is considered. Simulation results are presented in Section 7 to validate the different strategies and

their solution procedures. Finally, conclusions are drawn in Section 8.

2. NETWORK MODEL

Consider a wireless network with N source-destination pairs, denoted Si −Di for i ∈ {1, 2, . . . , N}, and K

EH amplify-and-forward relays Rk, for k ∈ {1, 2, . . . ,K}. The source-relay Si −Rk and relay-destination Rk −Di

channel coefficients hsi,rk and hrk,di , respectively, are modeled as narrowband Rayleigh fading with additive white

Gaussian noise (AWGN). Particularly, let hsi,rk ∼ CN
(
0, σ2

si,rk

)
and hrk,di ∼ CN

(
0, σ2

rk,di

)
, where σ2

si,rk = d−ν
si,rk

and σ2
rk,di

= d−ν
rk,di

are the channel variances, expressed in terms of the inter-node distances, and the path-loss exponent

ν. Additionally, each source-destination pair Si −Di is assigned a signature waveform ci(t), which allows multiuser

detection at each destination node. The cross-correlation coefficient between waveforms ci(t) and cj(t) is denoted

ρi,j , where 0 ≤ ρi,j ≤ 1 for i ̸= j, and ρi,i = 1, ∀i ∈ {1, 2, . . . , N}. No direct link is assumed between each source

and destination node. Furthermore, the power consumption for data reception and processing at each relay is assumed

to be negligible. Without loss of generality, it is assumed that all source nodes have the same transmit power (i.e.

Psi = Ps,∀i ∈ {1, 2, . . . , N}).

Communication between each source-destination pair is performed over two time-slotted phases: (1) broadcasting phase

(N time-slots), and cooperation phase (1 multiple-access time-slot). Let ζ ≥ 1 represent a communication frame, which

consists of N + 1 equal-length unit-duration time-slots†. For the first frame, each relay harvests energy from the N prior

time-slots and utilizes the harvested energy for cooperative relaying in the cooperation phase (see Fig. 1). It should be

noted that any harvested energy during the multiple-access time-slot of the cooperation phase is not utilized for cooperative

transmission in that frame, but instead stored for use in the following communication frame(s). Hence, for the following

frames (i.e. ζ > 1), each relay harvests energy from N + 1 time-slots. Additionally, channels experience block-fading and

remain constant during each communication frame, but change from one frame to another.

Energy arrivals at each relay Rk are modeled as a Poisson process with rate λrk per time-slot [19]. Now, let Nrk (t (ζ))

be the number of energy arrivals up to and including the N th time-slot t(ζ) = N + (ζ − 1) · (N + 1) of frame ζ, where

ζ ≥ 1 and Nrk (t (ζ)) ≥ Nrk (t (ζ′)), ∀ζ ≥ ζ′ > 0. Also, let τrk,m (for m = 0, 1, . . .) be the random time instants of

energy arrivals at relay Rk, with τrk,m′ < τrk,m for m′ < m and τrk,0 = 0,∀k ∈ {1, 2, . . .K}. In addition, let the

energy arrivals Erk (τrk,m) be modeled as i.i.d. uniform random variables, such that Erk (τrk,m) ∼ U(0, Emax,rk),

where Emax,rk is the maximum value of an energy arrival at relay Rk. Moreover, let Eζ
Σ,rk

be the total harvested energy

up to the N th time-slot of communication frame ζ, such that‡

†Due to the normalized time-slots, power and energy terms can be used interchangeably.
‡Depending on the energy source, energy arrivals are usually random, sporadic in nature, and characterized with small amounts (i.e. energy arrivals are only known
causally) [17]. This corresponds to the case where energy is harvested from RF signals at the relays; only when such random signals are received with sufficient strength.
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E
ζ
Σ,rk

=

Nrk
(t(ζ))∑

m=1

Erk

(
τrk,m

)
(1)

The amount of harvested energy during communication frame ζ is given by ∆Eζ
Σ,rk

= Eζ
Σ,rk

− Eζ−1
Σ,rk

, for ζ ≥ 2.

Assuming battery-capacity constraint Bmax at all relays, then Eζ
Σ,rk

≤ Bmax.

Remark 1: The total harvested energy in any communication frame ζ must satisfy Eζ
Σ,rk

=

min
(
∆Eζ

Σ,rk
+ Eζ−1

Σ,rk
, Bmax

)
, ∀k ∈ {1, 2, . . . ,K}.

2.1. Broadcasting Phase

In the broadcasting phase of communication frame ζ, the received signal at relay Rk from source node Si is given by

y
ζ
si,rk

=
√

Psh
ζ
si,rk

x
ζ
i + n

ζ
si,rk

, (2)

where xζ
i is the source node’s symbol, and nζ

si,rk is the zero-mean N0-variance AWGN sample at relay Rk. The SNR of

the detected received signal is obtained as [20]

γ
ζ
si,rk

=
Ps

∣∣∣hζ
si,rk

∣∣∣2
N0

. (3)

At the end of the broadcasting phase, each relay Rk will have received N signals
{
yζ
si,rk

}N

i=1
from the N source nodes.

2.2. Cooperation Phase

In the multiple-access time-slot of the cooperation phase of frame ζ, each relay Rk simultaneously transmits the

following signal

X ζ
rk

(t) =

N∑
j=1

β
ζ
j,ky

ζ
sj,rk

cj(t), (4)

where βζ
j,k =

√
1

Ps

∣∣∣hζ
sj,rk

∣∣∣2+N0

is a normalization factor. The received signal at destination node Di is written as§

y
ζ
di

(t) =

K∑
k=1

√
P ζ

rk
h
ζ
rk,di

X ζ
rk

(t) + n
ζ
di

(t), (5)

where P ζ
rk is the cooperative transmit power allocated by relay Rk in communication frame ζ, and nζ

di
(t) is the AWGN

process at destination node Di. Substituting (2) and (4) into (5) gives

y
ζ
di

(t) =

K∑
k=1

N∑
j=1

β
ζ
j,k

√
PsP

ζ
rk,jh

ζ
sj,rk

h
ζ
rk,di

x
ζ
j cj(t) + n̄

ζ
di

(t), (6)

where

n̄
ζ
di

(t) = n
ζ
di

(t) +

K∑
k=1

√
P ζ

rk
h
ζ
rk,di

N∑
j=1

β
ζ
j,kn

ζ
sj,rk

cj(t). (7)

Let ρi,j = ρ,∀i ̸= j, then the decorrelated received signal of source node Si at destination node Di is obtained as [20]

y
ζ
di

=

K∑
k=1

(
β
ζ
i,k

√
PsP

ζ
rk

h
ζ
si,rk

h
ζ
rk,di

)
x
ζ
i + n̄

ζ
di

, (8)

where n̄ζ
di

∼ CN
(
0, N0ϱN

(∑K
k=1 P

ζ
rk

(
βζ
i,k

)2 ∣∣∣hζ
rk,di

∣∣∣2 + 1

))
, and ϱN is given by

§Perfect timing synchronization is assumed among the relay nodes.
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ϱN =
1 + (N − 2)ρ

1 + (N − 2)ρ − (N − 1)ρ2
. (9)

The instantaneous SNR of the received decorrelated signal yζ
di

can be shown to be

γ
ζ
si,di

=
1

N0ϱN

∑K
k=1 PsP

ζ
rk

(
βζ
i,k

)2 ∣∣∣hζ
si,rk

∣∣∣2 ∣∣∣hζ
rk,di

∣∣∣2∑K
k=1 P ζ

rk

(
βζ
i,k

)2 ∣∣∣hζ
rk,di

∣∣∣2 + 1
, (10)

which can be re-expressed as

γ
ζ
si,di

=

∑K
k=1 P ζ

rk
ξζi,k∑K

k=1 P ζ
rk

χζ
k,i + 1

, (11)

where ξζi,k =
Ps

(
β
ζ
i,k

)2∣∣∣hζ
si,rk

∣∣∣2∣∣∣hζ
rk,di

∣∣∣2
N0ϱN

, and χζ
k,i =

(
βζ
i,k

) ∣∣∣hζ
rk,di

∣∣∣2. For convenience, let ξξξζi =
[
ξζi,1, ξ

ζ
i,2, . . . , ξ

ζ
i,K

]
,

χχχζ
i =

[
χζ
1,i, χ

ζ
2,i, . . . , χ

ζ
K,i

]
, and pζ

r =
[
P ζ
r1 , P

ζ
r2 , . . . , P

ζ
rK

]T
, where [·]T denotes transposition. Hence, γζ

si,di
is re-

written as

γ
ζ
si,di

(
p

ζ
r

)
, ξξξζip

ζ
r

χχχζ
ip

ζ
r + 1

, (12)

which is a ratio of two linear functions.

Remark 2: The SNR function γζ
si,di

(
pζ
r

)
, ∀i ∈ {1, 2, . . . , N} is a linear fractional (LF) function that is quasi-

monotonic (i.e. both pseudo-convex and pseudo-concave) in P ζ
rk , ∀k ∈ {1, 2, . . . ,K}, with χχχζ

ip
ζ
r + 1 > 0 [21].

It should be noted that there is a total power constraint per time-slot Pmax, such that Ps ≤ Pmax, and P ζ
rk ≤ Pmax,

∀k ∈ {1, 2, . . . ,K}. In turn, the total transmit relay power must satisfy
∑K

k=1 P
ζ
rk ≤ Pmax, ∀ζ ≥ 1.

Remark 3: In any communication frame ζ, P ζ
rk ≤ min

{
Eζ

Σ,rk
, Pmax

}
, Ēζ

Σ,rk
, ∀k ∈ {1, 2, . . . ,K}.

3. POWER ALLOCATION

The aim is to optimally allocate the harvested energy such that the SNR of each source-destination pair is maximized

in each communication frame ζ. Hence, the optimal SNR-maximizing power allocation (OPT-PA) problem is formulated

as a multi-objective linear fractional optimization problem as¶

OPT-PA (ζ):

max

(
ξξξ
ζ
1p

ζ
r

χχχ
ζ
1p

ζ
r+1

,
ξξξ
ζ
2p

ζ
r

χχχ
ζ
2p

ζ
r+1

, . . . ,
ξξξ
ζ
N

pζ
r

χχχ
ζ
N

p
ζ
r+1

)

s.t.
K∑

k=1

P
ζ
rk

≤ Pmax, (13a)

0 ≤ P
ζ
rk

≤ E
ζ
Σ,rk

, ∀k ∈ {1, 2, . . . , K}. (13b)

The first constraint ensures that the total relay transmit power does not exceed the transmit power constraint Pmax, while

the second constraint ensures that the transmitted power per relay Rk does not exceed its total harvested energy.

The OPT-PA (ζ) problem is generally non-convex, since the SNR function γζ
si,di

(
pζ
r

)
of each source-destination pair

Si −Di is quasi-monotonic (see Remark 2); although the feasible region is a nonempty, compact convex set of linear

constraints [22]. Moreover, the maximization of LF functions is known to be NP-complete [23]. Consequently, solving

such problem for each communication frame ζ is computationally prohibitive.

¶When a relay Rk transmits in the cooperation phase, it does so at a constant power Pζ
rk

.
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To efficiently solve problem OPT-PA (ζ), one must maximize the LF function γζ
si,di

(pζ
r) of each source-destination

pair Si −Di, subject to the same set of constraints, i.e.

LF-PAi (ζ):

max
ξξξ
ζ
i p

ζ
r

χχχ
ζ
i p

ζ
r+1

s.t. Ap
ζ
r ≤ b

ζ
, (14a)

p
ζ
r ≥ 0, (14b)

where A is a (K + 1)×K matrix, bζ is a (K + 1)× 1 vector, and 0 is a K × 1 all-zeros vector. The LF-PAi (ζ)

problem possesses some interesting properties; most importantly, a local maximum is also a global maximum, which is

attained at an extreme point (i.e. a vertex) in the convex feasible region [24]. This leads to the following proposition [22].

Proposition 1: The LF function γζ
si,di

(
pζ
r

)
of source-destination Si −Di is maximized when only one of the relays

sets P ζ
rk = Ēζ

Σ,rk
, yielding the maximum value of ξξξ

ζ
i p

ζ
r

χχχ
ζ
i p

ζ
r+1

, while the other relays are nulled (i.e. P ζ
rl = 0, ∀l ̸= k).

Proof: By applying a solution of the Karush-Kuhn-Tucker optimality conditions, as in [25]. 2

Consequently, the solution to LF-PAi (ζ) is

Zζ
i , max

k∈{1,2,...,K}

Ēζ
Σ,rk

ξζi,k

Ēζ
Σ,rk

χζ
k,i + 1

. (15)

Based on the obtained solutions Zζ
i , ∀i ∈ {1, 2, . . . , N}, problem OPT-PA (ζ) is reformulated into a parametric linear

programming (LP) problem, as [26]

R-OPT-PA (ζ):

max
∑N

i=1

(
ξξξζip

ζ
r −Zζ

i ·
(
χχχζ

ip
ζ
r + 1

))
s.t. Ap

ζ
r ≤ b

ζ
, (16a)

p
ζ
r ≥ 0, (16b)

which can be easily solved using any standard optimization software package. The solution procedure for optimal SNR-

maximizing power allocation is summarized in Table I.

Remark 4: Under the R-OPT-PA (ζ) problem, not all the harvested energy is necessarily utilized (i.e. P ζ
rk ≤

Ēζ
Σ,rk

, ∀k ∈ {1, 2, . . . ,K}). Thus, in the following communication frame, the harvested energy is given by Eζ+1
Σ,rk

=

min
(
∆Eζ+1

Σ,rk
+ Eζ

Σ,rk
− P ζ

rk , Bmax

)
.

4. RELAY SELECTION

Relay selection (RS) can be implemented so as to reduce the number of simultaneous transmissions during the multiple-

access time-slot of the cooperation phase. In turn, this alleviates the need for the stringent timing synchronization of

all K relay nodes. It should be noted that relay selection in EH cooperative networks is slightly more involved than in

conventional cooperative networks, as it not only depends on channel conditions, but also on the amount of harvested

energy. For instance, a relay with the best source-relay and relay-destination channel conditions may have harvested the

least amount of energy. Consequently, it may not necessarily be the optimal relay to select.

To formulate the SNR-maximizing relay selection problem, let Iζ
rk ∈ {0, 1}, for k ∈ {1, 2, . . . ,K}, be a binary

decision variable, where Iζ
rk = 1 indicates that relay Rk is selected, while Iζ

rk = 0, otherwise. Consequently, the SNR

function γζ
si,di

of source-destination pair Si −Di in (11) can be written as
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γ̄
ζ
si,di

,
∑K

k=1 P ζ
rk

ξζi,k · Iζ
rk∑K

k=1 P ζ
rk

χζ
k,i · I

ζ
rk

+ 1
. (17)

Hence, the optimal SNR-maximizing relay selection (OPT-RS) problem can be formulated as

OPT-RS (ζ):

max
∏N

i=1

∑K
k=1 Pζ

rk
ξ
ζ
i,k

·Iζ
rk∑K

k=1
P

ζ
rk

χ
ζ
k,i

·Iζ
rk

+1

s.t.
K∑

k=1

P
ζ
rk

· Iζ
rk

≤ Pmax, (18a)

K∑
k=1

Iζ
rk

= 1, (18b)

0 ≤ P
ζ
rk

≤ E
ζ
Σ,rk

· Iζ
rk

, ∀k ∈ {1, 2, . . . , K}, (18c)

Iζ
rk

∈ {0, 1}, ∀k ∈ {1, 2, . . . , K}. (18d)

The second constraint enforces the selection of the optimal relay, while the third constraint ensures that if a relay

is not selected, then its transmit power is set to zero. Clearly, the OPT-RS (ζ) problem is a mixed integer nonlinear

fractional programming problem, which belongs to the NP-hard class of mixed-integer nonlinear programming (MINLP)

problems [27]. Therefore, such a problem is extremely computationally intensive, and a reformulation is necessary. As

per Proposition 1, the LF function γ̄ζ
si,di

is maximized when P ζ
rk = Ēζ

Σ,rk
for only one relay Rk; while the other relays’

transmit powers are set to zero. Thus, set P ζ
rkξ

ζ
i,k · Iζ

rk = Ēζ
Σ,rk

ξζi,k · Iζ
rk , ξ̄ζi,k · Iζ

rk , and P ζ
rkχ

ζ
i,k · Iζ

rk = Ēζ
Σ,rk

χζ
i,k ·

Iζ
rk , χ̄ζ

i,k · Iζ
rk . Also, note that the first constraint in problem OPT-RS (ζ) becomes

∑K
k=1 Ē

ζ
Σ,rk

· Iζ
rk ≤ Pmax, which

is always satisfied as per Remark 3; and hence can be eliminated. In turn, problem OPT-RS (ζ) can be reformulated into

an integer linear fractional program (ILFP) as follows

R-OPT-RS (ζ):

max
∏N

i=1

∑K
k=1 ξ̄

ζ
i,k

·Iζ
rk∑K

k=1
χ̄
ζ
rk,i

·Iζ
rk

+1

s.t.
K∑

k=1

Iζ
rk

= 1, (19a)

Iζ
rk

∈ {0, 1}, ∀k ∈ {1, 2, . . . , K}. (19b)

The optimization of an ILFP is known to be NP-hard [28]. However, based on Proposition 1, problem R-OPT-RS (ζ)

reduces to selecting relay Rk that maximizes the objective function when it sets P ζ
rk = Ēζ

Σ,rk
, while all the other relays

are idle. Hence, optimal relay selection ROPT can be achieved by the solution procedure outlined in Table II.

Remark 5: The relays that have not been selected in communication frame ζ remain in an idle state until the following

communication frame. Additionally, the selected relay (say Rk) utilizes P ζ
rk = Ēζ

Σ,rk
for relaying; while the idle relays

potentially get to harvest and store more energy. Hence, a relay with good channel conditions that was not selected in

communications frame ζ may have harvested high enough energy to be selected in the following communication frame.

5. ENERGY COOPERATION

Relay nodes may assist each other by sharing a portion of their harvested energy via a separate energy transfer unit,

to efficiently utilize the harvested energy. However, wireless energy transfer is subject to an energy efficiency transfer

8 Wirel. Commun. Mob. Comput. 2015; 00:1–20 c⃝ 2015 John Wiley & Sons, Ltd.
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factor [4], and since there is a loss associated with such wireless transfer, a tradeoff between transferring energy or using

it for relaying exists. Thus, this section considers the power allocation and relay selection strategies when augmented with

energy cooperation.

5.1. Power Allocation

Let εζk,l ≥ 0 be the amount of energy transferred from relay Rk to relay Rl, for k ̸= l. Also, let 0 ≤ δk,l ≤ 1 be the

end-to-end transfer efficiency factor∥. In this work, the transfer energy factor is defined in terms of the distance between

the relays, such that δk,l = e
−ηd2rk,rl = δl,k, where η is a constant loss factor. Therefore, the farther apart the relays, the

less the transfer efficiency. In turn, the total transmit power available at relay Rk becomes

0 ≤ P
ζ
rk

+

K∑
l=1,l ̸=k

δl,kε
ζ
l,k ≤ Pmax, (20)

while the transmit power and transferred energy must satisfy

0 ≤ P
ζ
rk

+

K∑
l=1,l ̸=k

ε
ζ
k,l ≤ E

ζ
Σ,rk

. (21)

The wirelessly transferred energy
∑K

l=1,l̸=k δl,kε
ζ
l,k may temporarily be stored in a super-capacitor until cooperative

transmission occurs [29]. This particularly happens when Bmax ≤ P ζ
rk +

∑K
l=1,l̸=k δl,kε

ζ
l,k ≤ Pmax. In the case of

Pmax ≤ Bmax, a super-capacitor is not needed.

The SNR function γζ
si,di

of source-destination pair Si −Di in (11) is re-expressed as

¯̄γ
ζ
si,di

,
∑K

k=1

(
P ζ

rk
+
∑K

l=1,l̸=k δl,kε
ζ
l,k

)
ξζi,k∑K

k=1

(
P ζ

rk
+
∑K

l=1,l ̸=k
δl,kε

ζ
l,k

)
χζ
k,i + 1

. (22)

The optimal SNR-maximizing joint power allocation and energy cooperation (OPT-PA-EC) problem is formulated as

OPT-PA-EC (ζ):

max
(
¯̄γζ
s1,d1

, ¯̄γζ
s2,d2

, . . . , ¯̄γζ
sN ,dN

)

s.t.
K∑

k=1

P
ζ
rk

+

K∑
l=1,l ̸=k

δl,kε
ζ
l,k

 ≤ Pmax, (23a)

0 ≤ P
ζ
rk

+

K∑
l=1,l ̸=k

ε
ζ
k,l ≤ E

ζ
Σ,rk

, ∀k ∈ {1, 2, . . . , K}, (23b)

P
ζ
rk

, ε
ζ
k,l ≥ 0, ∀k, l ∈ {1, 2, . . . , K} and k ̸= l. (23c)

The first constraint ensures that the total transmit power constraint is satisfied, while the second constraint ensures that

the total transmit relay power and transferred energy by a relay Rk does not exceed Eζ
Σ,rk

. The last constraint defines the

range of values P ζ
rk and εζk,l can take. As before, problem OPT-PA-EC (ζ) is non-convex. Thus, by the same token of

problem R-OPT-PA (ζ), the above problem can be reformulated as a parametric LP problem as

R-OPT-PA-EC (ζ):

max
∑N

i=1 S
ζ
i

s.t. Constraints (23a) - (23c), (24)

where Sζ
i is defined as

∥The delay associated with energy transfer is assumed to be negligible.
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Sζ
i ,

K∑
k=1

P
ζ
rk

+

K∑
l=1,l ̸=k

δl,kε
ζ
l,k

 ξ
ζ
i,k − Z̄ζ

i ·

 K∑
k=1

P
ζ
rk

+

K∑
l=1,l ̸=k

δl,kε
ζ
l,k

χ
ζ
k,i + 1

 . (25)

Additionally, Z̄ζ
i is obtained as

Z̄ζ
i , max

k∈{1,2,...,K}

P̄ ζ
rk

ξζi,k

P̄ ζ
rk

χζ
k,i + 1

, (26)

where P̄ ζ
rk is defined as

P̄
ζ
rk

, min

Ē
ζ
Σ,rk

+

K∑
l=1,l̸=k

δl,kε
ζ
l,k, Pmax

 . (27)

Remark 6: If Eζ
Σ,rk

≥ Pmax (and hence Ēζ
Σ,rk

= Pmax), then relay Rk does not need to receive any energy from other

relays; otherwise, Ēζ
Σ,rk

= Eζ
Σ,rk

and it must receive
∑K

l=1,l̸=k δl,kε
ζ
l,k to potentially reach Pmax.

Problem R-OPT-PA-EC (ζ) can be solved via the solution procedure provided in Table III.

5.2. Joint Relay Selection and Energy Cooperation

The optimal SNR-maximizing joint relay selection and energy cooperation (OPT-RS-EC) problem is formulated as

OPT-RS-EC (ζ):

max
∏N

i=1

∑K
k=1

(
Pζ
rk

+
∑K

l=1,l ̸=k δl,kε
ζ
l,k

)
ξ
ζ
i,k

·Iζ
rk∑K

k=1

(
P

ζ
rk

+
∑K

l=1,l̸=k
δl,kε

ζ
l,k

)
χ
ζ
k,i

·Iζ
rk

+1

s.t.
K∑

k=1

P
ζ
rk

+

K∑
l=1,l ̸=k

δl,kε
ζ
l,k

 · Iζ
rk

≤ Pmax, (28a)

K∑
k=1

Iζ
rk

= 1, (28b)

0 ≤ P
ζ
rk

≤ E
ζ
Σ,rk

· Iζ
rk

, ∀k ∈ {1, 2, . . . , K}, (28c)

K∑
l=1,l̸=k

ε
ζ
k,l ≤ E

ζ
Σ,rk

·
(
1 − Iζ

rk

)
, ∀k ∈ {1, 2, . . . , K}, (28d)

Iζ
rk

∈ {0, 1}, ∀k ∈ {1, 2, . . . , K}, (28e)

P
ζ
rk

, ε
ζ
k,l ≥ 0, ∀k, l ∈ {1, 2, . . . , K} and k ̸= l, (28f)

where the fourth constraint ensures that a relay will only transfer energy to another relay if it was not selected; while

the rest of the constraints are as before. By the same token of problem R-OPT-RS (ζ), problem OPT-RS-EC (ζ) can be

reformulated as

R-OPT-RS-EC (ζ):

max
∏N

i=1

∑K
k=1 P̄ζ

rk
ξ
ζ
i,k

·Iζ
rk∑K

k=1
P̄

ζ
rk

χ
ζ
k,i

·Iζ
rk

+1

s.t.
K∑

k=1

P̄
ζ
rk

· Iζ
rk

≤ Pmax, (29a)

K∑
k=1

Iζ
rk

= 1, (29b)
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P̄
ζ
rk

= Ē
ζ
Σ,rk

+

K∑
l=1,l̸=k

δl,kε
ζ
l,k, ∀k ∈ {1, 2, . . . , K}, (29c)

K∑
l=1,l̸=k

ε
ζ
k,l ≤ E

ζ
Σ,rk

·
(
1 − Iζ

rk

)
, ∀k ∈ {1, 2, . . . , K}, (29d)

Iζ
rk

∈ {0, 1}, ∀k ∈ {1, 2, . . . , K}, (29e)

ε
ζ
k,l ≥ 0, ∀k, l ∈ {1, 2, . . . , K} and k ̸= l. (29f)

To devise a solution procedure, the optimal SNR-maximizing relay ROPT-EC is the one that maximizes the product of LF

functions of the objective function when it uses all its harvested energy and “if necessary” cooperation energy from the

neighboring relays, according to P̄ ζ
rk (see (27)). Since there is a loss associated with wireless energy transfer, then energy

cooperation between the relays must be done in accordance with the following proposition.

Proposition 2: From an energy perspective, the optimal wireless energy transfer policy to a relay is an ordered sequence,

in which the relay with the best wireless transfer efficiency (i.e. closest to that relay) transfers its energy, then the second

best/closest relay and so on, until Pmax is reached.

Proof: This proposition can be proved by both contradiction and induction. Assume that energy is to be wirelessly

transferred to relay Rk, and let Ēζ
Σ,rk

= Eζ
Σ,rk

< Pmax. Thus,
∑K

l=1,l̸=k δl,kε
ζ
l,k ≤ Pmax − Eζ

Σ,rk
. Now, let there be

three other relays, Rl, Rq and Rw (for l ̸= q ̸= w ̸= k), with relay Rl (Rw) being the closest to (farthest from) relay

Rk (and hence 0 < δw,k < δq,k < δl,k < 1). Also, assume relays Rl, Rq and Rw have harvested energies Eζ
Σ,rl

,

Eζ
Σ,rq

, and Eζ
Σ,rw

, respectively. Now, consider only relays Rl and Rq , and assume that it is optimal that relay Rq

transfers energy first. Then, it would transfer εζq,k =
(
Pmax − Eζ

Σ,rk

)
/δq,k ≤ Eζ

Σ,rq
. If Eζ

Σ,rk
+ δq,kε

ζ
q,k = Pmax,

then relay Rl does not need to transfer any energy. However, the energy that would have been transferred by relay

Rl is εζl,k =
(
Pmax − Eζ

Σ,rk

)
/δl,k < Eζ

Σ,rl
, and thus εζl,k < εζq,k since δl,k > δq,k, which is a contradiction. Now,

consider the case of all three relays, Rl, Rq and Rw, and assume that relay Rl is in fact the first to transfer

all its energy, such that Eζ
Σ,rk

+ δl,kE
ζ
Σ,rl

< Pmax. Then, if Rw is the second to transfer its energy, then εζw,k =(
Pmax − Eζ

Σ,rk
− δl,kE

ζ
Σ,rl

)
/δw,k ≤ Eζ

Σ,rw
to reach Pmax. However, the energy that would have been transferred by

relay Rq is εζq,k =
(
Pmax − Eζ

Σ,rk
− δl,kE

ζ
Σ,rl

)
/δq,k ≤ Eζ

Σ,rq
, where it is clear that εζq,k < εζw,k since δq,k > δw,k,

and hence a contradiction. This process is inductively repeated, ultimately proving the proposition. 2

Hence, problem R-OPT-RS-EC (ζ) can be solved using the solution procedure illustrated in Table IV.

6. TOTAL RELAY POWER MINIMIZATION

It is intuitive to see that increasing the transmit power of a relay improves the end-to-end SNR; however, it may

unnecessarily consume all its harvested energy. In practical wireless networks, some relays may want to store some of the

harvested energy for later use in transmitting their own data while satisfying target QoS when relaying for other nodes.

Moreover, a relay with low transmit power may not provide a good performance; while a relay with a relatively high

transmit power will exhaust its harvested energy too soon. Consequently, it is essential to consider total relay power

minimization while meeting target SNR requirements, such that a balance between end-to-end SNR, transmit power

consumption, and harvested energy is achieved.
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6.1. Without Relay Selection

6.1.1. Without Energy Cooperation

The optimal total relay power minimization (OPT-TRP-MIN) problem subject to target minimum SNR γT-MIN per

source-destination pair Si −Di is expressed as∗∗

OPT-TRP-MIN (ζ):

min
∑K

k=1 P
ζ
rk

s.t.

∑K
k=1 P ζ

rk
ξζi,k∑K

k=1 P ζ
rk

χζ
rk,i

+ 1
≥ γT-MIN, ∀i ∈ {1, 2, . . . , N},

Constraints (13a) and (13b). (30)

Although the objective function is linear (and hence convex), this problem is still non-convex, as the first constraint

involves an LF function. However, it can be transformed into a linear one as

K∑
k=1

P
ζ
rk

ξ
ζ
i,k ≥ γT-MIN ·

(
K∑

k=1

P
ζ
rk

χ
ζ
rk,i

+ 1

)
, ∀i ∈ {1, 2, . . . , N}. (31)

Consequently, problem OPT-TRP-MIN (ζ) is reformulated as

R-OPT-TRP-MIN (ζ):

min
∑K

k=1 P
ζ
rk

s.t.
K∑

k=1

P
ζ
rk

ξ
ζ
i,k − γT-MIN ·

(
K∑

k=1

P
ζ
rk

χ
ζ
rk,i

+ 1

)
≥ 0, ∀i ∈ {1, 2, . . . , N},

Constraints (13a) and (13b), (32)

which is an LP problem that can be solved by any standard optimization software package.

6.1.2. With Energy Cooperation

The optimal total relay power minimization with energy cooperation (OPT-TRP-MIN-EC) problem is given by

OPT-TRP-MIN-EC (ζ):

min
∑K

k=1

(
P ζ
rk +

∑K
l=1,l̸=k δl,kε

ζ
l,k

)

s.t.

∑K
k=1

(
P ζ

rk
+
∑K

l=1,l ̸=k δl,kε
ζ
l,k

)
ξζi,k∑K

k=1

(
P ζ

rk
+
∑K

l=1,l ̸=k δl,kε
ζ
l,k

)
χζ
rk,i

+ 1
≥ γT-MIN, ∀i ∈ {1, 2, . . . , N},

Constraints (23a) - (23c), (33)

which is reformulated as

R-OPT-TRP-MIN-EC (ζ):

min
∑K

k=1

(
P ζ
rk +

∑K
l=1,l̸=k δl,kε

ζ
l,k

)

∗∗An alternative formulation could involve a target SNR γi,T-MIN per source-destination pair Si − Di . However, this work focuses on the case of common target SNR
to all source-destination pairs.
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s.t.
K∑

k=1

P
ζ
rk

+

K∑
l=1,l̸=k

δl,kε
ζ
l,k

 ξ
ζ
i,k − γT-MIN ·

 K∑
k=1

P
ζ
rk

+

K∑
l=1,l ̸=k

δl,kε
ζ
l,k

χ
ζ
rk,i

+ 1

 ≥ 0,

∀i ∈ {1, 2, . . . , N},

Constraints (23a) - (23c), (34)

which is an LP problem that can be easily solved.

6.2. With Relay Selection

6.2.1. Without Energy Cooperation

The optimal total relay power minimization with relay selection (OPT-TRP-MIN-RS) problem is formulated as

OPT-TRP-MIN-RS (ζ):

min
∑K

k=1 P
ζ
rk · Iζ

rk

s.t.

∑K
k=1 P ζ

rk
ξζi,k · Iζ

rk∑K
k=1 P ζ

rk
χζ
rk,i

· Iζ
rk

+ 1
≥ γT-MIN, ∀i ∈ {1, 2, . . . , N},

Constraints (18a) - (18d), (35)

which is an MINLP problem. Such problem can be reformulated as

R-OPT-TRP-MIN-RS (ζ):

min
∑K

k=1 P
ζ
rk · Iζ

rk

s.t.
K∑

k=1

P
ζ
rk

ξ
ζ
i,k · Iζ

rk
− γT-MIN ·

(
K∑

k=1

P
ζ
rk

χ
ζ
rk,i

· Iζ
rk

+ 1

)
≥ 0, ∀i ∈ {1, 2, . . . , N},

Constraints (18a) - (18d). (36)

To determine the optimal total power minimizing relay, for each relay Rk, set Iζ
rk = 1 while Iζ

rl = 0, ∀l ∈ {1, 2, . . . ,K}
and l ̸= k. Consequently, problem R-OPT-TRP-MIN-RS (ζ) becomes an LP problem, which can be easily solved to

determine the minimum amount of transmit power of relay Rk (denoted P̂ ζ
rk ) to satisfy the γT-MIN constraint. Thus, the

relay with the minimum transmit power is the optimal total power minimizing relay ROPT-TRP-MIN. The solution procedure

for the above optimization problem is summarized in Table V.

6.2.2. With Energy Cooperation

The optimal total relay power minimization with relay selection and energy cooperation (OPT-TRP-MIN-RS-EC)

problem is given by

OPT-TRP-MIN-RS-EC (ζ):

min
∑K

k=1

(
P ζ
rk +

∑K
l=1,l̸=k δl,kε

ζ
l,k

)
· Iζ

rk

s.t.

∑K
k=1

(
P ζ

rk
+
∑K

l=1,l ̸=k δl,kε
ζ
l,k

)
ξζi,k · Iζ

rk∑K
k=1

(
P ζ

rk
+
∑K

l=1,l̸=k
δl,kε

ζ
l,k

)
χζ
rk,i

· Iζ
rk

+ 1
≥ γT-MIN, ∀i ∈ {1, 2, . . . , N},

Constraints (28a) - (28f), (37)

which can be reformulated as
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R-OPT-TRP-MIN-RS-EC (ζ):

min
∑K

k=1

(
P ζ
rk +

∑K
l=1,l̸=k δl,kε

ζ
l,k

)
· Iζ

rk

s.t.
K∑

k=1

P
ζ
rk

+

K∑
l=1,l ̸=k

δl,kε
ζ
l,k

 ξ
ζ
i,k · Iζ

rk
− γT-MIN ·

 K∑
k=1

P
ζ
rk

+

K∑
l=1,l̸=k

δl,kε
ζ
l,k

χ
ζ
rk,i

· Iζ
rk

+ 1

 ≥ 0,

∀i ∈ {1, 2, . . . , N},

Constraints (28a) - (28f). (38)

The solution procedure to solving the above problem is similar to that presented in Table V, but with R-OPT-TRP-

MIN-RS (ζ) replaced by R-OPT-TRP-MIN-RS-EC (ζ). Moreover, the relay Rk with the minimum transmit power and

transferred energy
(

denoted ˆ̂
P ζ
rk , P ζ

rk +
∑K

l=1,l̸=k δl,kε
ζ
l,k

)
is selected.

Remark 7: All proposed solution procedures of the reformulated optimization problems have polynomial-time

complexity.

In summary, the formulated power allocation, relay selection and energy cooperation for SNR maximization and

total relay power minimization are optimal on a communication frame-by-frame basis. This is due to the fact that the

different strategies are performed every communication frame ζ, while taking into account the random energy arrivals

(modeled as Poisson processes), and instantaneous channel conditions that vary from one from communication frame to

another. Moreover, in our network model, a battery-capacity constraint Bmax is assumed at all relays, along with a total

power constraint per time-slot Pmax (as per Remarks 1 and 3), which are to be met in every communication frame ζ.

Furthermore, the different strategies take into account the total harvested energy (as well as any leftover energy from

previous transmissions) up to the N th time-slot of the current communication frame ζ (as per Remarks 4, 5 and 6). In

other words, such strategies harmonize the energy consumption for data transmissions with the battery recharge rate by

harvesting energy from the random and sporadic RF signals in every communication frame. Lastly, our wireless energy

transfer model (for energy cooperation) takes into account the loss associated with it. Hence, our online formulations and

solution procedures are optimal, since they take into account randomness in energy arrivals and channel conditions in every

communication frame, and thus capture the dynamics of practical energy harvesting networks.

7. SIMULATION RESULTS

In this section, the different power allocation and relay selection strategies without and with energy cooperation are

evaluated over the network topology shown in Fig. 2. The simulations assume Ps = Pmax , P = 100 mW, Bmax = 1000

mW, ν = 2.5, ρ = 0.1, η = 0.025, and Emax,rk = 5 mJ, ∀k ∈ {1, 2, 3}. Energy arrival rate at each relay Rk is given by

λrk = 4− k arrivals/time-slot for k ∈ {1, 2, 3}. The simulations are averaged over 5000 independent runs with randomly

generated channel coefficients that change from one communication frame to another, over 20 frames for each run.

In Fig. 3, the average end-to-end SNR of the formulated and reformulated SNR-maximizing optimization problems for

source-destination pairs S1 −D1 and S2 −D2 are evaluated††. Clearly, the reformulated optimal problems (i.e. R-OPT)—

which are solved via the proposed solution procedures—perfectly coincide with those of optimal formulations (i.e. OPT).

Moreover, the end-to-end SNR of source-destination pair S1 −D1 is greater than that of S2 −D2 under the different

strategies. This is due to the locations of nodes S1 and D1 being relatively closer to the relays than nodes S2 and D2

††Formulated optimal (OPT) power allocation and relay selection strategies without and with energy cooperation are solved using MIDACO [30], with tolerance set to
0.0001.
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(and hence less path-loss). Furthermore, it is evident that the end-to-end SNR values under the power allocation strategies

without and with energy cooperation (Figs. 3a and 3c) are greater than those of their relay selection counterparts (Figs. 3b

and 3d). This is because under the power allocation strategies, all the harvested energy from the different relays can be

simultaneously utilized in the multiple-access transmission; while under the relay selection strategies, only the harvested

energy at the selected relay and possibly transferred energy are utilized. Lastly, one can see that energy cooperation

improves the end-to-end SNR under the different strategies (see Figs. 3a and 3c, and Figs. 3b and 3d).

In Fig. 4, the average available energy at each relay under the different optimal SNR-maximizing strategies is shown.

In Fig. 4a, one can see that the available energy at relay R3 is greater than the other two relays, although it harvests energy

at a lower rate. This is due to its location being relatively farther from both source-destination pairs than the other two

relays, which in turn implies that its not as effective as the other relays for SNR maximization, and thus its harvested

energy is not utilized as much. Moreover, the available energy at relay R1 is the lowest although it has the highest rate

of energy arrivals, which indicates that its harvested energy is effective for SNR maximization and thus often exhausted.

Additionally, the available energy for all relays is exhausted at low P/N0 values, but starts to increase at relatively high

values of P/N0. This is because the resulting end-to-end SNR starts to saturate for high enough P/N0 values (see Fig.

3a) and thus, some of the available energy becomes redundant. Fig. 4b shows that relay R2 has the lowest available energy

although it has the second highest energy arrivals rates, but due to its location, it is more effective for SNR maximization

when selected (as will be illustrated in Fig. 5). Additionally, relay selection without energy cooperation (see Fig. 4b) results

in higher energy availability than power allocation without energy cooperation (see Fig. 4a), as only one relay is active in

any cooperation phase, and thus relays get to store more energy on average. Fig. 4c shows that the available energy at relay

R2 decreases with the increase in P/N0, while that of relays R1 and R3 increases. This implies that it is more effective for

SNR maximization for relay R2 to utilize its energy for relaying and possibly energy cooperation with relays R1 and R3.

One can also see that the available energy at the relays with energy cooperation (see Fig. 4c) is higher than that without

it (see Fig. 4a). Thus, joint power allocation and energy cooperation retains more energy at the relays, despite the loss

associated with wireless energy transfer. Finally, Fig. 4d shows that all the energy is exhausted for joint relay selection and

energy cooperation, as all the harvested energy at a relay is wirelessly transferred to the selected relay, which uses it along

with its harvested energy for cooperative relaying. This has happened in our simulations because the total harvested and

transferred energy at the optimal relay is always less than Pmax. If this had not been the case, then some relays would have

retained some of their harvested energy.

Figs. 5a and 5b illustrate the percentage of SNR-maximizing relay selection without and with energy cooperation at

P/N0 = 40 dB, respectively. In Fig. 5a, one can see that relays R1 and R2 are selected %52 and %43 of the time,

respectively, while relay R3 is selected only %5 of the time. However, in Fig. 5b, it can be seen that relay R2 is selected

about %88 of the time, despite its energy arrival rate not being the greatest. This is due to relay R2’s location being

relatively closer to both source-destination pairs, which makes selecting this relay more effective in improving the end-to-

end SNR when combined with energy cooperation.

In Fig. 6, the average total relay power is compared under the different optimal total relay power-minimizing strategies

when P/N0 = 40 dB and γT-MIN = 3 dB. It is clear that the optimal problem formulations coincide with the reformulated

solutions. In addition, one can see that power allocation without energy cooperation (Fig. 6a) requires more relay power

than that with energy cooperation (Fig. 6c). This is because with energy cooperation, it possible that a relay with bad

channel conditions but high enough harvested energy, to share its energy with other relays that have better channel

conditions, ultimately satisfying the target end-to-end SNR γT-MIN with less total relay power. On the other hand, relay

selection with energy cooperation (Fig. 6d) yields lower total relay power than that without energy cooperation (Fig. 6b).

This is explained by noting that a relay with good channel conditions but low harvested energy may still be selected, as
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energy can be transferred to it from the other relays to satisfy γT-MIN with the minimum amount of relay power. Overall,

the power allocation strategies require less total relay power than their relay selection counterparts, as all the relays can

participate in cooperative transmission, such that γT-MIN is satisfied‡‡

Fig. 7 illustrates the average end-to-end SNR of source-destination pairs S1 −D1 and S2 −D2 under total relay

power minimization. It is evident that both source-destination pairs satisfy the required γT-MIN, with source-destination

pair S1 −D1 achieving higher end-to-end SNR than S2 −D2 under the different strategies, in agreement with the results

presented in Fig. 3. Moreover, for the S1 −D1 pair, the TRP-MIN-ORS strategy yields higher end-to-end SNR than

TRP-MIN-ORS-EC, as it requires greater total relay transmit power (see Figs. 6b and 6d). In addition, the end-to-end

SNR of TRP-MIN-OPA-EC strategy is lower than that of TRP-MIN-OPA. This is attributed to the efficient sharing of

harvested energy between the relays such that the total relay transmit power is minimized (in agreement with Figs. 6a and

6c). Furthermore, due the locations of nodes S2 and D2 being relatively farther from the relays than nodes S1 and D1,

then intuitively, it is more important to select a relay that satisfies γT-MIN for S2 −D2, which will most likely satisfy it

for the S1 −D1 pair, and yield—on average—higher end-to-end SNR for it. Overall, the power allocation strategies yield

lower end-to-end SNR than the relay selection strategies, as they require less total relay transmit power to satisfy γT-MIN.

In Figs. 8a and 8b, the average relay selection probabilities for total relay power minimization without and with energy

cooperation are illustrated. In both figures, it is clear that relay R2 is selected much more often than the other two relays,

which is due to its location being relatively closer to both source-destination pairs than the other relays. Moreover, the

probability of selecting relay R2 is greater with energy cooperation, as noted earlier. On the other hand, relay R3 is selected

more often than relay R1. This is interpreted by noting that source-destination pair S2 −D2 is relatively farther from relay

R1 than source-destination pair S1 −D1. Thus, to minimize the total relay transmit power, both source-destination pairs

are better served by relays R2 and R3 to satisfy γT-MIN.

Fig. 9 compares the end-to-end SNR of source-destination pairs S1 −D1 and S2 −D2—when P/N0 = 40 dB—of the

different optimal SNR-maximizing power allocation and relay selection (without and with energy cooperation) strategies

with equal power allocation (EPA), and random relay selection (RRS). Under the EPA strategy, the transmit powers of the

relays are equal; while under RRS strategy, a single relay is randomly selected for cooperative transmission. In Figs. 9a

and 9b, one can see that the EPA and RRS strategies yield significantly less end-to-end SNR under both source-destination

pairs than the different optimal power allocation and relay selection strategies. Additionally, the obtained end-to-end SNR

under RRS is worse than that of the EPA, in agreement with previous results that demonstrated that the power allocation

strategies are superior to their relay selection counterparts.

In Fig. 10a, the average total relay power of the different optimal total relay power-minimizing strategies—when

P/N0 = 40 dB and γT-MIN = 3 dB—are compared with those of the TRP-MIN-EPA and TRP-MIN-RRS. It is evident

that the TRP-MIN-RRS strategy is the worst in terms of the total relay power, which is followed by the TRP-MIN-

EPA strategy. Figs. 10b and 10c illustrate the end-to-end SNR of the source-destination pairs S1 −D1 and S2 −D2,

respectively, where it can be seen that although the TRP-MIN-EPA and TRP-MIN-RRS strategies satisfy γT-MIN under

both source-destination pairs, the end-to-end SNR of the TRP-MIN-RRS strategy is higher than all the other strategies

for both source-destination pairs. This is in agreement with the observation made in Fig. 10a that it requires the greatest

total relay power. Therefore, the optimal strategies require less total relay power in order to closely satisfy γT-MIN = 3 dB

than the TRP-MIN-EPA and TRP-MIN-RRS strategies.

‡‡Since all the optimal and reformulated optimal SNR-maximizing and total relay power-minimizing strategies have been shown to yield identical results in terms of the
end-to-end SNR and total relay power, respectively, then the SNR-maximizing OPT-PA and R-OPT-PA (OPT-PA-EC and R-OPT-PA-EC) strategies are collectively
referred to as OPA (OPA-EC). Similarly, their relay selection counterparts are denoted ORS and ORS-EC. As for the total relay power-minimizing strategies, the OPT-
TRP-MIN and R-OPT-TRP-MIN (OPT-TRP-MIN-EC and R-OPT-TRP-MIN-EC) strategies are collectively referred to as TRP-MIN-OPA (TRP-MIN-OPA-EC).
Similarly, the relay selection strategies are collectively denoted TRP-MIN-ORS and TRP-MIN-ORS-EC.
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8. CONCLUSIONS

In this paper, power allocation and relay selection strategies for end-to-end SNR-maximization without and with

energy cooperation are studied. In addition, total relay power minimization subject to target end-to-end SNR is

considered to maintain QoS. Particularly, the different strategies are formulated as optimization problems, which are

non-convex. However, by applying intelligent transformations, such problems have been converted into convex ones.

After that, polynomial-time solution procedures have been proposed and verified to coincide with the optimal non-convex

formulations. Additionally, it has been shown that power allocation strategies achieve higher end-to-end SNR than the

relay selection strategies. Furthermore, energy cooperation has been shown to be effective in improving end-to-end SNR

and minimizing total relay transmit power when augmented with the power allocation and relay selection strategies.
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Table I. Solution Procedure for Optimal SNR-Maximizing Power Allocation

Step 1: Determine Zζ
i , ∀i ∈ {1, 2, . . . , N}.

Step 2: Solve problem R-OPT-PA (ζ) to obtain pζ
r .

Table II. Solution Procedure for Optimal SNR-Maximizing Relay Selection

Step 1: For each k ∈ {1, 2, . . . , K},

Step 1.1: Set Iζ
rk

= 1 and Iζ
rl

= 0, ∀l ∈ {1, 2, . . . , K} and l ̸= k.

Step 1.2: Evaluate ΠRS,k =
∏N

i=1

∑K
k=1 ξ̄

ζ
i,k

·Iζ
rk∑K

k=1
χ̄
ζ
rk,i

·Iζ
rk

+1
.

Step 2: Determine ROPT = argmaxk∈{1,2,...,K} ΠRS,k , and ΠOPT-RS = maxk∈{1,2,...,K} ΠRS,k .

Table III. Solution Procedure for Optimal SNR-Maximizing Joint Power Allocation and Energy Cooperation

Step 1: Determine Z̄ζ
i , ∀i ∈ {1, 2, . . . , N}.

Step 2: Solve problem R-OPT-PA-EC (ζ) to obtain P ζ
rk

, εζk,l, ∀k, l ∈ {1, 2, . . . , K} and k ̸= l.

Table IV. Solution Procedure for Optimal SNR-Maximizing Joint Relay Selection and Energy Cooperation

Step 1: For each k ∈ {1, 2, . . . , K},

Step 1.1: Determine P̄ ζ
rk

, and set Iζ
rk

= 1 and Iζ
rl

= 0, ∀l ∈ {1, 2, . . . , K} and l ̸= k.

Step 1.2: Evaluate ΠRS-EC,k =
∏N

i=1

∑K
k=1 P̄

ζ
rk

ξ
ζ
i,k

·Iζ
rk∑K

k=1
P̄

ζ
rk

χ
ζ
k,i

·Iζ
rk

+1
.

Step 2: Determine ROPT-EC = argmaxk∈{1,2,...,K} ΠRS-EC,k , and ΠOPT-RS-EC = maxk∈{1,2,...,K} ΠRS-EC,k .

Table V. Solution Procedure For Optimal Total Power Minimization with Relay Selection

Step 1: For each k ∈ {1, 2, . . . , K},

Step 1.1: Set Iζ
rk

= 1 and Iζ
rl

= 0, ∀l ∈ {1, 2, . . . , K} and l ̸= k.

Step 1.2: Solve problem R-OPT-TRP-MIN-RS (ζ) to determine P̂ ζ
rk

.

Step 2: Determine ROPT-TRP-MIN = argmink∈{1,2,...,K} P̂ ζ
rk

.
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Figure 1. Energy Arrivals of a Network with N = 3 and K = 2 Source and Relay Nodes, Respectively

Figure 2. Network Topology
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Figure 6. Total Relay Power Minimization: Average Total Relay Power (W) - P/N0 = 40 dB and γT-MIN = 3 dB
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Figure 7. Total Relay Power Minimization: Average End-to-End SNR (dB) of Each Source-Destination Pair - P/N0 = 40 dB and
γT-MIN = 3 dB
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Figure 8. Total Relay Power Minimization: Average Relay Selection (a) Without Energy Cooperation, and (b) With Energy Cooperation
- P/N0 = 40 dB and γT-MIN = 3 dB
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Figure 9. SNR-Maximization: Comparison of End-to-End SNR of Source-Destination Pair: (a) S1 − D1, and (b) S2 − D2 - P/N0 = 40

dB
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Figure 10. Total Relay Power Minimization: Comparison of (a) Average Total Relay Power, and End-to-End SNR of Source-Destination
Pair: (b) S1 − D1, and (c) S2 − D2 - P/N0 = 40 dB and γT-MIN = 3 dB
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