
136 
International Journal of Communication Networks and Information Security (IJCNIS)                                            Vol. 13, No. 1, April 2021 

Power Management Strategies in  Energy-

Harvesting Wireless Sensor Networks 
Saîd El Abdellaoui 1,2, Youssef Fakhri 2,3 

2 LRIT, Unité Associée au CNRST (URAC 29), Faculty of Sciences, Mohammed V University - Agdal, Rabat, Morocco 
3 LARIT, équipe Réseaux et Télécommunications, Faculty of Sciences, Ibn Tofail University, Kenitra, Morocco. 

 
 

 

Abstract: Power management strategies are extremely important in 

Wireless Sensor Networks (WSNs). The objective is to make the 
nodes operate as long as possible. In the same context, in this article, 

our aim is to provide the optimal transmission power to maximize the 

network lifetime using the Orthogonal Multiple Access Channel 

(OMAC) in Harvesting System (HS). We consider that the nodes 

have direct communication with a Fusion Center (FC) with causal 
Channel Side Information (CSI) at the sender and receiver.  

We begin the analysis by considering a single transmitter node 

powered by a rechargeable battery with limited capacity energy. 

Afterward, we generalize the analysis with M transmitter nodes. In 

both cases, the transmitters are able to harvest energy from nature. 
 Eventually, we show the viability of our approach in simulations  

results. 
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1. Introduction 

Wireless Sensor Network (WSN) is composed of a large 

number of nodes distributed randomly in an area of interest 

that are deployed for environmental sensing, monitoring. 

Traditionally, a  node is primarily powered by a non-

rechargeable battery with a limited energy storage capacity [1-

4]. Therefore, maximizing network lifetime is essential for 

ensuring the operation of the nodes as long as possible.  

Several studies have addressed the problem of maximizing 

network lifetime for this kind WSN. Therefore, various 

approaches can be exploited to reduce the energy consumption 

[7]-[11]. 

According to the experimental measurements made by Li et 

al. [7], an optimal scheduling algorithm is proposed to 

minimize the data packet loss in the overall network with a 

fixed sink. While the authors, in [8], show that the energy-

efficiency can be achieved through network processing (data 

aggregation) which consists to reduce the data amount to be 

transmitted to the sink. In [9], Sabet and Naji proposed a new 

clustering algorithm by building an optimal routing tree with 

the lowest transmission cost and showed that equilibrating 

intra-cluster and inter-cluster power consumption among 

Cluster Heads, avoid Cluster Head premature death near Base 

Station.  

Zhuo et al demonstrate that Duty-cycle mechanisms can help 

to reduce the energy wastage, but they need to be designed 

carefully to be adaptive with low latency. Considering the 

power optimization in Incremental Redundancy (IR) based on 

Hybrid Automatic Repeat Request (HARQ) schemes, the 

authors [11], minimize the packet drop probability (PDP) 

under a total average transmit power constraint. 

In [12], the authors have proposed a heuristic solution schema 

to resolve processing time, energy and computing resources 

optimization, at the same time, in MEC. 

Conventional batteries cannot hold enough energy for the 

lifetime of the system which requires periodic replacement. 

Consequently, energy harvesting systems capture recently 

appears to collect the energy from nature to feed the battery 

such as solar, wind, and vibrations [5,6].  

The recent works show that can greatly extend the lifetime of 

those rechargeable battery-powered nodes. This last requires 

specific design concepts, unlike tra ditional WSN, in order to 

efficiently use the dynamic energy levels instantly available. 

In other words, power allocation for these systems should take 

into account the battery charging process for nodes and 

maximum battery capacity.  

Several contributions in the literature have considered the use 

of energy harvester as an energy source [13]-[22]. 

In [11] the authors optimize the harvesting duration to 

improve throughput using Nakagami fading channels with an 

uninformed fade figure. Power allocation has been studied in 

[13,14] to improve the throughput Multi-hop relaying as well 

as multiple inputs multiple outputs (MIMO) with EH has been 

suggested to benefit from spatial diversity [15].  The security 

aspect of EH systems has been investigated in [16] they 

maximize the achievable secrecy rate by jointly optimizing the 

distribution of energy for source and destination in [17].   

The authors demonstrate that The Application of MIMO in 

non-orthogonal multiple access can improve the wireless 

energy transfer efficiency by beamforming and maximize also 

the throughput in [18,19]. 

Furthermore, the energy efficiency is also a key issue for 

routing protocols for WSN. In [22] the authors proposed a new 

routing optimal algorithm which improves the network 

lifetime, while satisfying the QoS requirements of networks, 

compared to the existing routing protocols. 

The throughput maximization problem by a deadline is treated 

in [23] in a static channel conceding the energy harvesting 

nodes with finite energy storage capacity batteries. 

In [24] the dynamic programming framework is used to 

calculate the optimal online policy for sensors with different 

energy budgets. 

 In our work, we focus on the problem of finding the optimal 

transmission policy for maximizing network lifetime for the 

energy-harvesting wireless sensor networks taking into 

account a  set of constraints. 

The remainder of this paper is organized as follows. Section 2 

defines the terms used throughout the paper and presents the 

mathematical problem formulation. Section 3 discusses the 

experimental results whereas section 4 concludes the paper. 

2. Power Management Strategies 

2.1. Background and definitions 

In this section, we define the terms used throughout this paper. 

We assume M sensors randomly dropping from an airplane in 
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the area of interest (Figure 1). We consider that sensors 

transmit their data over Quasi-Static Rayleigh Fading 

Channels (QSRC) where the nodes have Channel State 

Information (CSI). All nodes have direct access to the FC 

using the Orthogonal Multiple Access Channel (OMAC). This 

channel type is based on the standard strategy of Time 

Division Multiple Access (TDMA) [26]. The temporal space 

is divided between all the transmitters, and the transmission 

can then be made on the same frequency band as it is 

alternately used by different transmitters. However, issuers 

must be synchronized to not use the channel at the same time. 
 

 

 

 

 

 

 

 
 

The source signal 𝜃 is collected by the i-th sensor with an 

Additive Complex Gaussian Noise ni ~ CƝ (0,𝜎𝑖𝑡
2) where:  

𝑥𝑖  = 𝜃 +𝑛𝑖       (1)         

After, the observation 𝑥 𝑖 is amplified by  𝑤𝑖 to be transmitted 

to the FC. Note that transmission power is written as 𝑝𝑖  =
 𝑤𝑖

2 (1 + 𝜎𝑖𝑡
2) assuming that 𝐸[𝜃2] = 1 where 𝐸[: ] is the 

mathematical expectation operator. 

We assume that the channel condition measure is every T 

second and the number of transmissions before the network 

lacking in energy is N (the first node gets depleted).  In the 

other hand, our objective is to maximize the network lifetime 

that is formulated as follows [28]:           

𝐿 = 𝑁 ∗ 𝑇  (2) 
We consider that the channel conditions a re measured every 

second (T=1). Consequently, to maximize the network 

lifetime (L) it is adequate to maximize the number of 

transmissions.  

On the other hand, the nodes are able to collect the energy of 

nature as long as the communication takes place in order to 

reload their batteries. 

We assume that the fading levels change in different  time 

instants which are indexed  {t1
h   , t2

h , . . . , tn
h}  and the energy 

arrivals occur in {t1
En   , t2

En , . . . , tn
En}. Note that  ℎ𝑖

(𝑗)
 is the 

fading level in [0, tj
h] and 𝐸𝑖

(𝑗)
 arrivals energy amount in 

tj
En  for the sensor 𝑖 (Figure 2). In addition,  ℎ𝑖

(𝑗)
 and 𝐸𝑖

(𝑗)
 are 

stochastic processes in time following Poisson Distribution  

with rates λh  and  λe , respectively.  

To simplify, we note an epoch  𝑇𝑖
(𝑗) 

a time interval where a 

change is made, either at the fading channel level or the 

energy arrival for each sensor. In other words,  𝑇𝑖
(𝑗) 
 is a  time 

interval between two consecutive events.  

Our analysis starts with a Single transmitter with a 

rechargeable battery (Figure 3) and is then extended to a 

multi-transmitter (Figure 4). 

2.2. Single transmitter with rechargeable battery 

Firstly, we consider the optimal power allocation problem for 

WSN with a rechargeable battery node where a single sensor 

transmits the noisy observation to the FC. We suppose that a 

Linear Minimum Mean Square-Error (LMMSE) detector is 

used at the receiver and the nodes have Channel State 

Information (CSI).  

 

 

 

 

 

 

Figure 3: System Model (Single transmitter) 

We suppose that the node S are able to collect the energy from 

their environment as long as the communication takes place. 

This energy (𝐸(𝑗)) is stored in the battery of the refillable 

transmitter for later use.  

2.2.1.  System Model 

The received signal at the FC is defined by:  

𝑦 = ℎ 𝑤 (𝜃  + 𝑛) + 𝑛𝑟           (3) 
Where ℎ is the channel coefficient of the wireless link between 

the sensor 𝑆 and FC and is known in the transmitter sensor; 

𝑛𝑟  is the noise component in the reception, and is assumed as 

additive complex Gaussian noise, with power spectral density 

given by 𝜎𝑟
2 [28]. To control the transmission power for sensor 

S, we must take into account three constraints. 

Constraint 1: 

There is a sturdy relationship between the lifetime and the 

Quality of Service (QoS) in WSNs. Therefore, it is essential 

to integrate QoS into our lifetime definition. We allow for the 

quality constraint defined as the estimation of the SNR at the 

FC being greater or equal than a target value γ [28].  

We express the 𝑆𝑁𝑅 in terms of transmission power [31], we 

obtain: 

𝑆𝑁𝑅 =
𝑝 | ℎ |2

𝜎𝑡
2𝑝| ℎ |2+ (1 + 𝜎𝑡

2)𝜎𝑟
2 
   (4) 

Constraint 2: 

Due to the arrival of energy at random times, the second 

constraint on the power management policy is as follows: 

∫ 𝑝(𝑢)𝑑𝑢 ≤∑ 𝐸(𝑘)        ∀

𝑗−1

𝑘=0

𝑡𝑗
𝐸𝑛

0
𝑗  (5) 

Where 𝐸(0)  is the amount of energy available at the beginning 

for the sensor S. Supposing that the transmission power 

remains constant during each epoch  𝑇 (𝑘) the last equation can 

be writing as follows:  

∑  𝑇(𝑘)𝑝(𝑘)
𝑙

𝑘=1

≤∑ 𝐸(𝑘)
𝑙 −1

𝑘=0

Where 𝑝(𝑗)  is the transmission power for the sensor S in the 

kth period. 

Constraint 3: 

Ɵ 

E(i) 

Emax 

 

h 

nr w n 

× × 

FC 

  
S + + 

Figure 1: The area of interest 

  ∀𝑙 ≤ 𝑁      (6) 
 

Figure 2: Fading levels and energy arrivals 
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We assume that the storage battery capacity is limited. In this 

case, we must ensure that the energy level in the battery does 

not exceed the value 𝐸𝑚𝑎𝑥  in times of energy arrival.  

Then, the third constraint on the power management policy is 

as follows: 

∑𝐸(𝑘)
𝑙−1

𝑘=0

 −∑  𝑇(𝑘)𝑝(𝑘)
𝑙

𝑘=1

≤ 𝐸𝑚𝑎𝑥    ∀𝑙 ≤ 𝑁 (7) 

After having quoted and determined the formulation of 

different constraints, it is time to formulate the problem 

mathematically. 

2.2.2.  Formulation Problem 

The formulation of our problem, taking into account these last 

constraints, is: 

{
 
 
 
 
 

 
 
 
 
 

 

𝑀𝑎𝑥 𝑁
  

𝑆. 𝑡        𝐸[𝑆𝑁𝑅(𝑘)  ]  ≥  𝛾 𝑘 = 1,…… ,𝑁; 𝑝(𝑘) ≥ 0             

∑ 𝑇(𝑘)𝑝(𝑘)
𝑙

𝑘=1

≤∑ 𝐸
(𝑘)

𝑙−1

𝑘=0

∑𝐸(𝑘)
𝑙 −1

𝑘=0

 −∑  𝑇(𝑘)𝑝(𝑘)
𝑙

𝑘=1

≤ 𝐸𝑚𝑎𝑥   

 
   

 

Using the weak law of large numbers [10], 𝐸[𝑆𝑁𝑅
(𝑘)  ] ≥ 𝛾  

became ∑  𝑆𝑁𝑅
(𝑘) 

𝑁

𝑘=1
≥ 𝑁𝛾 where 𝛾 is the average SNR at 

the FC over the network lifetime, given by: 

 𝛾 ≜  𝐸 [
𝑝 | ℎ |2

𝜎𝑡
2 𝑝 | ℎ |2 + (1 + 𝜎𝑡

2)𝜎𝑟
2 
] (9)  

Maximizing the network lifetime is adequate to minimize the 

transmission power. Then, the formulation of our problem is 

becomes as follows: 

{
 
 
 
 
 

 
 
 
 
 

𝑀𝑖𝑛 ∑ 𝑃(𝑘) 

𝑁

𝑘=1

𝑆. 𝑡  ∑  𝑆𝑁𝑅(𝑘)
𝑁

𝑘=1

  ≥ 𝑁𝛾 ,𝑃(𝑘) ≥ 0

 ∑  𝑇(𝑘)𝑝(𝑘)
𝑙

𝑘=1

≤ ∑ 𝐸(𝑘)
𝑙−1

𝑘=0

      

∑ 𝐸(𝑘)
𝑙 −1

𝑘=0

 −∑  𝑇(𝑘)𝑝(𝑘)
𝑙

𝑘=1

≤ 𝐸𝑚𝑎𝑥   (10)

 

As can be seen, the set of constraints is convex. Therefore, 

the above equation (10) is a convex optimization problem with 

a unique solution. To find this last, we consider the 

Lagrangian method as an optimization method for this class 

of problem which is written as follows. 

ℒ (𝑝,𝛼,𝛽, 𝜆, 𝛿) =  ∑𝑃(𝑘) 

𝑁

𝑘=1

−∑  𝛼(𝑘) 𝑃𝑘 

𝑁

𝑘=1

+ 𝛽 [𝑁𝛾 −∑
𝑃(𝑘)|ℎ(𝑘)|2

𝜎𝑡
2 𝑃(𝑘)|ℎ(𝑘)|2 +(1 +𝜎𝑡

2)𝜎𝑟
2 

𝑁

𝑘=1

]

+∑  

𝑁

𝑗=1

𝜆(𝑗)(∑  𝑇(𝑘)𝑝(𝑘)
𝑗

𝑘=1

−∑ 𝐸(𝑘)
𝑗−1

𝑘=0

)

+ ∑ 𝛿(𝑗)
𝑁−1

𝑗=1

[∑ 𝐸(𝑘)

𝑗−1

𝑘=0

−∑  𝑇(𝑘)𝑝(𝑘)

𝑗

𝑘=1

− 𝐸𝑚𝑎𝑥] (11) 

Then, 

𝛿ℒ (𝑝 ,𝛼, 𝛽, 𝜆, 𝜈)

𝛿𝑃(𝑙)
=  1 −  𝛼 (𝑙)

−  𝛽 [
|ℎ(𝑙) |2(1 + 𝜎𝑡

2)𝜎𝑟
2

[𝜎𝑡
2 𝑃(𝑙) |ℎ(𝑙) |2 + (1 + 𝜎𝑡

2)𝜎𝑟
2]2 

]

+ 𝑇(𝑙)∑  

𝑁

𝑗=𝑙

𝜆(𝑗) − 𝑇(𝑙)∑ 𝛿(𝑗)
𝑁−1

𝑗=𝑙

= 0  (12) 

We consider that the channel conditions are measured every 

one second (T=1s), then, 

 [
|ℎ(𝑙) |2(1 + 𝜎𝑡

2)𝜎𝑟
2

[𝜎𝑡
2 𝑃(𝑙) |ℎ(𝑙) |2 + (1 + 𝜎𝑡

2)𝜎𝑟
2]2 

]

=
1

𝛽
[1 − 𝛼

(𝑙) +∑   

𝑁

𝑗=𝑙

𝜆
(𝑗) − ∑𝛿

(𝑗)

𝑁−1

𝑗=𝑙

Finally, 

𝑃
(𝑙) =

1

𝜎𝑡
2|ℎ(𝑙) |2

[√
𝛽|ℎ(𝑙) |2(1 + 𝜎𝑡

2)𝜎𝑟
2

1 − 𝛼 (𝑙) + ∑   𝑁
𝑗=𝑙 𝜆 (𝑗) −∑ 𝛿(𝑗)𝑁−1

𝑗 =𝑙

− (1 + 𝜎𝑡
2)𝜎𝑟

2]

+

Where  [𝑥]+  =  𝑚𝑎𝑥{𝑥, 0}. 
Satisfying the KKT conditions [31], we find 𝛼 (𝑙) = 0 and 

𝛽 > 0, 𝜆(𝑗) , 𝛿(𝑗) ≥ 0. Then, 

𝑃
(𝑙) =

1

𝜎𝑡
2 𝜙

(𝑙)[𝜏
(𝑙) − 𝜙

(𝑙)]
+

Note that 𝜙 (𝑙) =  √
(1+𝜎𝑡

2)𝜎𝑟
2

|ℎ(𝑙)|
2     and  𝜏(𝑙) = √

𝛽

1+∑   𝑁
𝑗=𝑙 𝜆

(𝑗)−∑ 𝛿(𝑗)𝑁−1
𝑗=𝑙

 

  

2.3. Multi-transmitters with a rechargeable battery 

(Generalized) 

In this subsection, we consider the same assumptions as in the 

previous subsection where we generalize the process by 

considering M transmitters nodes (Figure 4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: System Model (Multi-transmitter) 

2.3.1.  System Model 

We use the orthogonal channels between the FC and each 

sensor. Then, the received signal at the FC is defined by: 

𝑦 = ∑ℎ𝑖𝑤𝑖 (𝜃 + 𝑛𝑖 ) + 𝑛𝑖𝑟

𝑀

𝑖=1

 

Where ℎ𝑖 is the channel coefficients of the wireless link  

between the sensor 𝑖 and FC; 𝑛𝑖𝑟  is the noise component in the 

Ɵ 
 

h1 

FC 
  

n1r w1 

 

n1 

× × 

Ɵ  

h2 

w2 

× × 
n2r 

E2

(i)
 

)
 

Emax 

Ɵ  

hM 

wM 

× × 
nMr 

n2 

nM 
+ 

+ 

+ + 

+ 

+ 

S1 

S2 

SM 

Emax 

E1

(i)
 

EM

(i) 

 
 Emax 

] (13) 

(14) 

 (15)          

 ∀𝑙 ≤ 𝑁                        (8)

          (16)
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reception for the sensor 𝑖, and is assumed as additive complex 

Gaussian noise, with power spectral density given by 𝜎𝑖𝑟
2 . We 

suppose that |ℎ𝑖| has a Rayleigh distribution where 𝜎ℎ𝑖
2  is 

known. 

𝑓(|ℎ𝑖|) =
|ℎ𝑖|𝑒

−|ℎ𝑖|
2

2𝜎ℎ𝑖
2

𝜎ℎ𝑖
2

The use of the OMAC enables us to decompose our problem 

into a series of optimization problems for each sensor. To 

control the transmission power of each sensor, we must take 

into account those constraints. 

Constraint 1: 

Our goal is minimizing power consumption with regards to 

the estimation of overall SNR quality at FC. Since we use the 

orthogonal channels, the average SNR at the FC is the sum of 

all the required SNRs from each sensor which can be written 

as follows: 

𝑆𝑁𝑅  = ∑𝑆𝑁𝑅𝑖 

𝑀

𝑖=1

 =∑[
𝑝𝑖  | ℎ𝑖  |

2

𝜎𝑖𝑡
2𝑝𝑖 | ℎ𝑖 |

2 + (1 + 𝜎𝑖𝑡
2)𝜎𝑖𝑟

2

𝑀

𝑖 =1

 

Constraint 2: 

The second constraint on the power management policy is as 

follows. 

∫ 𝑝𝑖 (𝑢)𝑑𝑢 ≤ ∑𝐸𝑖
(𝑘)
        ∀𝑖

𝑗−1

𝑘=0

𝑡𝑗
𝐸𝑛

0

Where 𝐸𝑖
(0)

 is the amount of energy available at the beginning 

for the i-th sensor. Since the transmission power remain 

constant during each epoch  𝑇𝑖
(𝑗)

 ∀𝑖 the last equation can be 

writing as follows:  

∑ 𝑇𝑖
(𝑗)
𝑝𝑖
(𝑗)

𝑙

𝑗 =1

≤ ∑𝐸𝑖
(𝑗)

𝑙 −1

𝑗=0

Where 𝑝𝑖
(𝑗)
 the transmission power for the i-th sensor for the 

j-th period. 

Constraint 3: 

The third constraint is ensuring that the energy level 

in the battery does not exceed the value 𝐸𝑚𝑎𝑥  in times of 

energy arrival. 

∑𝐸𝑖
(𝑗)

𝑙−1

𝑗=0

−∑  𝑇𝑖
(𝑗)
𝑝𝑖
(𝑗)

𝑙

𝑗 =1

≤ 𝐸𝑚𝑎𝑥

 

Our ultimate goal is to develop an algorithm that determines 

the transmission power versus time using causal knowledge of 

the system, namely, the state of instant energy, fading channel 

level, and quality of service required. 

2.3.2.  Formulation Problem 

We assume M sensors randomly dropping from an airplane in 

the area of interest. The formulation of our problem is as 

follows: 

{
 
 
 
 
 
 

 
 
 
 
 
 

𝑀𝑖𝑛 ∑∑𝑃𝑖
(𝑗)
 

𝑁

𝑘=1

𝑀

𝑖=1

𝑆. 𝑡  𝐸 [∑ 𝑆𝑁𝑅𝑖
(𝑗)

𝑀

𝑖 =1

 ] ≥ 𝛾;  𝑃𝑖
(𝑗)
≥ 0;  𝑗 = 1, . . , 𝑁 

 ∑ 𝑇𝑖
(𝑗)
𝑝𝑖
(𝑗)

𝑙

𝑗=1

≤∑𝐸𝑖
(𝑗)

𝑙 −1

𝑗=0

      ∀𝑖

∑𝐸𝑖
(𝑗)

𝑙 −1

𝑗=0

−∑  𝑇𝑖
(𝑗)
𝑝𝑖
(𝑗)

𝑙

𝑗=1

≤ 𝐸𝑚𝑎𝑥

 

the 𝑆𝑁𝑅𝑖
(𝑗)

 is corresponding to the i-th sensor during the j-th 

transmission period. 

We decompose our problem into a series of optimization 

problems. In other hand, we search to provide the optimum 

power consumption for each sensor independently. Using the 

weak law of large numbers also, we can rewrite the problem 

as [28]: 

{
 
 
 
 
 
 

 
 
 
 
 
 

𝑀𝑖𝑛  ∑𝑃𝑖
(𝑘)
 

𝑁

𝑘=1

𝑆. 𝑡   ∑ 𝑆𝑁𝑅𝑖
(𝑘)

𝑁

𝑖 =1

 ≥ 𝑁𝛾𝑖 

𝑃𝑖
(𝑘)
≥ 0

 ∑  𝑇𝑖
(𝑗)
𝑝𝑖
(𝑗)

𝑙

𝑗=1

≤ ∑𝐸𝑖
(𝑗)

𝑙−1

𝑗=0

      

∑ 𝐸𝑖
(𝑗)

𝑙 −1

𝑗=0

−∑  𝑇𝑖
(𝑗)
𝑝𝑖
(𝑗)

𝑙

𝑗=1

≤ 𝐸𝑚𝑎𝑥

 

As can be seen, that brings us to the previous section.  Then, 

we use the Lagrangian method as an optimization method 

which is written as follows. 

ℒ (𝑝,𝛼,𝛽, 𝜆, 𝛿) =  ∑𝑃𝑖
(𝑘) 

𝑁

𝑘=1

−∑  𝛼𝑖
(𝑘) 𝑃𝑖

𝑘 

𝑁

𝑘=1

+ 𝛽𝑖  [𝑁𝛾𝑖 −∑
𝑃𝑖
(𝑘)|ℎ𝑖

(𝑘)|2

𝜎𝑖𝑡
2 𝑃𝑖

(𝑘)|ℎ𝑖
(𝑘)|2 +(1+ 𝜎𝑖𝑡

2)𝜎𝑖𝑟
2 

𝑁

𝑘=1

]

+∑  

𝑁

𝑗=1

𝜆(𝑗)(∑  𝑇𝑖
(𝑘)
𝑝𝑖
(𝑘)

𝑗

𝑘=1

−∑ 𝐸𝑖
(𝑘)

𝑗−1

𝑘=0

)

+ ∑ 𝛿(𝑗)
𝑁−1

𝑗=1

[∑ 𝐸𝑖
(𝑘)

𝑗−1

𝑘=0

−∑  𝑇𝑖
(𝑘)𝑝𝑖

(𝑘)

𝑗

𝑘=1

− 𝐸𝑚𝑎𝑥

We follow the same procedure as the previous section, we 

obtain,  

𝑃𝑖
(𝑙)
=

1

𝜎𝑖𝑡
2|ℎ

𝑖

(𝑙) |2
[√

𝛽𝑖 |ℎ𝑖
(𝑙) |2(1 + 𝜎𝑖𝑡

2)𝜎𝑖𝑟
2

1 −𝛼
𝑖

(𝑙)
+ ∑   𝑁

𝑗=𝑙 𝜆(𝑗) − ∑ 𝛿(𝑗)𝑁−1
𝑗=𝑙

− (1 + 𝜎𝑖𝑡
2)𝜎𝑖𝑟

2 ]

+

Where  (𝑥)+  =  𝑚𝑎𝑥{𝑥, 0}. Satisfying the KKT conditions, 

we find 𝛼𝑖
(𝑙)
= 0 and 𝛽𝑖 > 0 , 𝜆

(𝑗) ,𝛿(𝑗) ≥ 0. Then, 

]  (17)
 

, 𝑗  (18) 

      ∀𝑙, 𝑖   (19) 

    ∀𝑙, 𝑖    (20) 

   𝑙 = 1, … . , 𝑁, ∀𝑖 (21)

   ∀𝑙  (22) 

] (23) 

(24) 
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𝑃𝑖
(𝑙)
=
1

𝜎𝑖𝑡
2 𝜌𝑖

(𝑙)[𝜏𝑖
(𝑙)
− 𝜌𝑖

(𝑙)]
+

 (24)          

Note that 𝜌𝑖
(𝑙)
=  √

(1+𝜎𝑖𝑡
2 )𝜎𝑖𝑟

2

|ℎ𝑖
(𝑙)|

2     and  𝜏𝑖
(𝑙)
= √

𝛽𝑖

1+∑   𝑁
𝑗=𝑙 𝜆

(𝑗)−∑ 𝛿(𝑗)𝑁−1
𝑗=𝑙

 

If  𝛿(𝑗) = 0 is equivalent to 𝐸𝑚𝑎𝑥𝑖 = ∞, in this case 𝜏𝑖
(𝑙)

 is 

monotonically increasing. If  𝛿(𝑗) = 𝜏𝑖
(𝑙)
= 0 is equivalent to 

the sensors have a non-rechargeable battery. 

We define our new algorithm in order to generate the 

transmission power which satisfies all conditions. The 

candidate solution is a member of a set of possible solutions 

that satisfies all constraints. The space of all candidate 

solutions is called feasible region. 

Considering that the transmission power can only change 

when a new energy quantity arrives, or the status of channel 

changes and that the energy level in the battery never goes 

beyond battery capacity  𝐸𝑚𝑎𝑥.  

          We define two transmission powers sets 

{𝑝𝑚𝑖𝑛𝑖
(1)

, … , 𝑝𝑚𝑖𝑛𝑖
(𝑛) } and {𝑝𝑚𝑎𝑥𝑖

(1)
, … , 𝑝𝑚𝑎𝑥𝑖

(𝑛) }  where 𝑝𝑚𝑖𝑛𝑖
(𝑙)

 and 

𝑝𝑚𝑎𝑥𝑖
(𝑙)

 are the lower and upper boundary power levels in  𝑇𝑖
(𝑛)

. 

We can define the set 𝑃𝑖   as  {𝑃𝑖
(1)
, . . . , 𝑃𝑖

(𝑛)
} with  𝑃𝑖

(𝑙)
=

[𝑝𝑚𝑖𝑛𝑖
(𝑙)

, 𝑝𝑚𝑎𝑥𝑖
(𝑙)

] where 

𝑝𝑚𝑖𝑛 𝑖
(𝑙)

=

(∑ 𝐸𝑖
(𝑗)
−  𝐸𝑚𝑎𝑥𝑖

𝑙

𝑗 =0

)

+

𝑇
𝑖

(𝑙)
 (25) 

𝑝𝑚𝑎𝑥𝑖
(𝑙)

=

∑ 𝐸𝑖
(𝑗)

𝑙−1

𝑗=0

𝑇
𝑖

(𝑙)
 (26) 

Figure 5 presents the feasible region or the tunnel of 

transmission power required. The upper wall represents the 

cumulative energy harvested  ∑ 𝐸𝑖
(𝑗)𝑙−1

𝑗=0  which presents the 

upper limit of the tota l emission energy that can be spent. In 

the same way, the bottom wall is offset downwards by an 

amount of  𝐸𝑚𝑎𝑥𝑖  of the upper wall:  ∑ 𝐸𝑖
(𝑗)
−  𝐸𝑚𝑎𝑥𝑖

𝑙
𝑗=0 . This 

wall presents the lower limit of the total emission energy that 

can be spent, otherwise it will cause Overtake the capacity of 

the battery. Between these walls a region which present the 

solution to our system namely feasible region (FR).  
 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Tunnel of transmission power required 

The required power consumption 𝑃𝑖  must be full located inside 

the tunnel which forms a continuous curve. For simply, 

instead to test all of the infinite number of points in the 

feasible region it is only sufficient to consider the corner 

points. Therefore, in figure, the 𝑝𝑚𝑖𝑛𝑖
(𝑙)

 and 𝑝𝑚𝑎𝑥𝑖
(𝑙)

 correspond to 

the lines slopes passing through the origin and to each corner 

point in FR. For example, range 𝑃𝑖
(2)

 is marked by an arc. In 

our algorithm, we use our solution (29) to calculate the 

optimal power, after we ensure that this power between 

𝑝𝑚𝑖𝑛𝑖
(𝑙)

 and 𝑝𝑚𝑎𝑥𝑖
(𝑙)

.  

3. Simulations 

To evaluate the performance of our new algorithm, we 

compare our Optimal Power Allocation algorithm with 

Rechargeable Batteries (OPA-RB) with three other methods, 

namely the Equal Power Allocation (EPA) method wherein 

the power is allocated to each sensor based on its residual 

energy [29], the Partially Observable Markov Decision  

Process (POMDP) where the nodes are assumed to have prior 

information about the arrival of harvested energy [30] and 

Optimal Power Allocation with Non-Rechargeable batteries 

(OPANR ) [28]. It is noted that the simulations have been 

performed using MATLAB. 

The simulation parameters summarized in the table above are 

generated randomly by following a uniform distribution 

between ψ and φ (U [ψ, φ]). 

Table 1: Simulations parameters           

Estimate Parameters 

U[0.1,0.4] 𝜎ℎ𝑖
2 : The variances of channel estimation  

U[0.02,0.2] 𝜎𝑖𝑡
2: The observation noise variances 

U[0.2, 0.4] 𝜎𝑖𝑟
2 : The noise variances at the FC 

U[400, 500 ]  𝐸𝑖𝑛𝑡  : The initial energy 

U[50, 100] 𝐸𝑖
(𝑘)
:The energy Quantity arrivals 

 

In the first, we begin by th evaluation of the proposed method 

with single-transmitter using a rechargeable battery. 

According to our simulations that are carried using MATLAB, 

we constate that our new method is more effective than the 

other methods concerning network lifetime (Figure 6). The 

batteries lifetime duration is extended by an average of 

37.14% compared to EPA method and 39.13% compared to 

OPANR method and 92.01% compared to POMDP.  

Figure 6: Comparison between our OPA-RB method and 
the PEA, OPANR methods concerning the network lifetime 

(Single-transmitter). 
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In the second, we evaluate the proposed method with Multi-

transmitters using a rechargeable battery. Figure 7 illustrates 

the behavior of the network lifetime while increasing the 

number of nodes. As it can be seen, the suggested method 

increases the network lifetime by an average up to 187.80% 

compared to the results obtained of the other two methods 

using a rechargeable battery or even six times longer lifetime 

with the no-recharge battery method. 

Indeed, the curves show that the network lifetime is plainly 

extended when the sensors number exceeds 50 nodes. 

Whereas less than 5 sensors, the extension of network lifetime 

is lower.  

 
Figure 7: Comparison between our OPA-RB method and 

the PEA, OPANR and POMDP methods concerning the 

network lifetime (Multi-transmitters). 

Previously, we have considered network lifetime is defined as 

the transmissions number before the first node gets depleted. 

In this sub-section, the network lifetime is defined as the 

transmissions number in the network until the exhaustion of 

the last node. Figure 8 illustrates the transmissions number 

until the last node gets depleted. The batteries lifetime 

duration is extended by an average of 222.03% compared to 

POMDP method and 493.81% compared to EPA method.  

  
Figure 8: Comparison between our OPA-RB method and 

the PEA, OPANR and POMDP methods concerning the 

network lifetime until the last node gets depleted. 

4. Conclusion 

In this paper, we proposed a new algorithm in order to 

maximize the network lifetime for the energy harvesting 

system. The results showed that our algorithm OPA-RB 

achieved a much higher Lifetime than the others algorithm. 

Future work will concern the application of our method to a 

multi-hop model using a Non-Orthogonal Multiple Access 

Systems (NOMAS) with Partial Channel Information (PCI). 
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