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Abstract 

In this letter, optimal power control and time resource allocation schemes are 

considered in wireless relay network, which two users communicate with each other 

assisted by an energy harvesting relay that gathers energy from the received signal by 

applying a time switching scheme and forwards the received signal by using the 

harvesting energy. It is focused on the optimal power control and time resource 

allocation for the system to cooperate the power transfer and information transmission 

among three nodes in Decode-and-Forward (DF) mode. Specifically, time ratios for three 

transmission phases are firstly investigated. Then, we proposed to formulate the power 

optimization problem with energy constraint. Since the transmission duration of the 

transmitter is not fixed, the energy constraint instead of power constraint is more 

reasonable to evaluate the system performance.  Through some variables substitution, we 

demonstrate that it is a convex problem. It can be solved efficiently by convex 

optimization technology. Simulation results are demonstrated that the performance of the 

proposed algorithm outperform than the fixed and semi-fixed traditional methods. 

 

Keywords: Energy cooperation; simultaneous information and power transfer; relay; 

power control. 

 

 

I. Introduction 

Energy harvesting is a promising technology to provide wireless networks with 

sustainable power supplies. It can overcome the bottleneck of energy constrained wireless 

networks. The nodes with energy harvesting technology can collect the different kinds of 

energy from the environment (wind/solar/tide energy) and convert it into usable electric 

power for the system. However, these energy sources always are affected by the weather, 

position, time and so on. It has intermittent and unpredictable nature and is critical for 

applications where the quality of service is of paramount importance [1]. 

Wireless power transfer technology, where the receiver can scavenge energy from the 

transmitted radio signal, has recently attracted much attention in academia and industry 

[2-4]. Simultaneous wireless information and power transfer is very convenient for 

mobile terminals, because it makes use of the RF signals in two ways: for transferring 

power as well as information. RF energy transfer can be fully controlled and therefore can 

be used for scenarios with strict QoS. Moreover, it can reduce the cost of communication 

networks, since peripheral equipment to take advantage of external energy sources can be 

avoided. This novel technology provides an exciting solution to meet the requirement for 

green communication. 

The concept of wireless-powered is first proposed by Varshney in [5]. In [6], Zhou 

proposed the SWIPT architecture for receiver design and suggested two methods to 

distinguish information and energy: Time Switching (TS) and Power Splitting (PS). The 

work in [7] proposes an amplify-and-forward relaying protocol for SWIPT with TS and 

PS mode, and investigate the effect of different parameters on the system performance. In 
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[8], the outage probability for a decode-and-forward (DF) cooperative network with TS 

mode is analyzed. Ding proposed several power allocation strategies to optimize the 

outage probability in DF cooperative network where multiple source-destination pairs 

communicate via a shared energy harvesting relay [9]. In [10], Krikidis investigated the 

role of relaying node in energy harvesting system. 

In this letter, we focus on the optimal power control and time resource allocation issues 

in a simple three nodes with DF cooperation networks. Since the transmission duration for 

the transmitter is flexible, we propose to formulate the optimization problem with energy 

constraint to investigate the relationship of time ratios between power transfer and 

information transmission in DF cooperative network. Since it is a causal problem for 

power control and time resource allocation, the optimization problem is non-convex.  We 

proposed a method to convert the joint optimization problem into a convex problem using 

the variable substitution. Despite the original problem is intractable, we construct an 

efficient algorithm to find an optimal solution with low computational complexity. 

Simulation results show that the proposed method can get higher throughput of the system, 

compared with the performance of optimal solutions in traditional protocols. 

This letter is organized as follows: Section II introduces the system model and the 

basic notation. In Section III, we present the optimization problem and our proposed 

method. Simulation results and comparisons are given in Section IV, and finally, 

conclusions are drawn in Section V. 

 

2. System Model 

We consider an energy harvesting cooperative network with two users and a relay node 

as shown in Figure 1.  
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Figure 1. System Model 

All nodes operate in half-duplex mode with single antenna. The transmit user is 

equipped with fix power supply. Two users cannot communicate with each other directly. 

They exchange the messages assisted by the energy harvesting relay node. The relay node 

is battery-free. It can scavenge the energy from its observation. It means that the relay 

node harvests the energy from RF signals transmitted by the transmitter and use this 

energy to relay transmitter’s information. 

The three-phase DF relaying protocol with time switching scheme for energy 

harvesting can be stated as follows:  

In the first phase (Energy harvesting phase, EH phase), the source terminal
aS  

transmits the signals to the energy harvesting relay node for energy transfer. It is 

worth noting that the EH receiver at the relay node does not need to convert the 

received signal from the RF band to the baseband for scavenging the carried energy. 

Nevertheless, according to the law of energy conservation, it can be supposed that 

the total harvested RF-band power is proportional to that of the received baseband 

signal. The harvested energy can be normalized by the baseband symbol period at 
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the EH receiver. Therefore, the scavenged power at the relay node can be presented 

as: 
2

1 1RQ P hx                                                        (1) 

where x denote the data symbol to be transmitted by source user, h denotes the 

channel coefficients between the relay and the source terminals;  0 1    is the 

energy conversion efficiency at the relay node R. 
1 denotes the percentage of 

transmission time allocated to the energy transfer time phase. For simplicity, it is 

assumed in (1) that the scavenged energy due to the background noise at the EH 

receiver is negligible and thus can be ignored.  

In the second phase (Information decoding phase, ID phase), the source terminal 

aS  transmits the signal to the energy harvesting relay node for information decoding. 

The relay’s detection is based on the following observation:  

2R Ry P hx n                                                           (2) 

where
Ry denotes the received signal at the relay node. 

Rn is the additional 

Gaussian noise for the baseband signal. The throughput of the system within the 

second phase can be expressed as: 

 2

2 2 2log 1Rr P h                                                    (3) 

where 2  is the information transmission duration of the transmitter in the second 

phase. It is supposed that the channel coefficients during the first and second phase 

is static. 
2P is the transmit power for transmitter during the second phase. We 

consider a DF relay protocol for the relaying network with energy harvesting. The 

relay node will decode the signal and reconstruct the message Rx for the 

transmission in the third phase. Furthermore, the relay node simultaneously 

processes and forwards the received signals using the harvested energy. 

In the third phase (Broadcasting phase, BC phase), the relay node broadcasts the 

signal to the receiver. The received signal Dy  at the destination terminal bS can be 

presented as: 

D R R Dy P gx n                                                       (4) 

where g denotes the channel coefficients between the relay and the destination 

terminal. RP  is the transmit power for the relay node. The additional Gaussian noise 

at the destination terminal is  0,1Dn CN . Then, the data rate of the destination 

terminal can be expressed as: 

 2

3 2log 1D Rr P g                                                     (5) 

where 3  is the broadcasting duration of the relay node in the third phase. 

Until now, the rate in DF cooperative network with energy harvesting can be 

presented as: 

 min ,R Dr r r                                                       (6) 

It is noted that the transmission duration of each phase is flexible. The time ratios 

of all the phases should be maintain the following constraint: 

1 2 3 1                                                           (7) 

 

3. Problem Formulation and Optimal Resource Allocation in 

Cooperative Network 
In this section, we investigate the optimal power control and time resource 

allocation among three phases to maximize the system throughput. At the energy 
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harvesting relay node, the scavenged power from the first phase should afford to 

broadcast the signal which is received in the second phase to the receiver during the 

third phase. The optimization problem can be formulated as follows: 

 
,

1 2 3

2

3 1 1

1 1 2 2

maximize                min ,

s.t .               1

               

                                     

i i

R D
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R R

r r r

P Q P hx
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  

 

 

                                     (8) 

It is noted that the transmission duration for each phase is the variable parameter 

to be optimized. It is not suitable to adopt the power constraint for this system, since 

the total energy consumption would be different for different transmission duration. 

Therefore, an energy constraint is proposed for the transmitter. It can maintain a fair 

comparison with other traditional algorithms. 

The optimization in (8) is a non-convex problem, which in general has intractable 

complexity due to the variables’ multiplied nature. However, we proposed a method 

to find an optimal solution via built on the reformulation of (8) into a convex 

optimization problem and strong Lagrange duality.  

It is proposed to substitute: 

1 1 1 2 2 2 3 3    ;  ;  RQ P Q P Q P                                                 (9) 

into the objective function and constraints of the problem (8). This reformulation 

does not change the original problem. Then the optimization problem can be 

reformulated as follows: 

,

22
2 2

2

23
3 2

3

1 2 3

2

3 1

1 2

log 1 ,

maximize      min

log 1

s.t .               1

               

                                     

i iQ

R

Q
h

r
Q

g

Q Q Q h

Q Q Q









  



  
  

   
  

    
  

  

 

 

                                      (10) 

It is noted that the objective function in (10) is concave respective  α,Q . Since 

22
2 2

2

log 1
Q

h


 
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 
and 

23
3 2

3

log 1
Q

g


 
 

 
are the perspectives of the concave 

functions  2

2 2 2log 1 P h   and   2

3 2log 1 RP g   respectively [11].  It is also 

noted that the minimum of two concave functions is a concave function. 

Furthermore, since all the constraints are convex sets and there are obvious feasible 

points, Slater’s condition is satisfied [12]. Hence, the convex optimization problem 

(10) has zero duality gap. It is suggesting that a globally optimal solution can be 

found in the Lagrange dual domain.  

The Lagrange function can be given as: 
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where [ ]μ,λ,β are the Lagrange multipliers associated with the energy constraints 

and time ratio constraints. The dual function is given as follows:  

 

1 2 3

2

3 1

1 2

( ) max
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                                        (12) 

The above maximization of the Lagrange function can be solved out by first 

optimizing the energy allocation given α  fixed. Using the KKT conditions, the 

optimal energy allocation can be given as: 
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where 3Q  is positive root of the following function: 
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Next, we consider the issue to maximize the Lagrange function over α . From the 

objective function, it is noted that 
1  did not play a role of maximizing the original 

problem. It means that, in order to maximize the system rate, the transmitter would 

operate in the regime of infinite power in the EH phase due to 1 0  , which cannot 

be implemented with practical power amplifiers. Hence, a more feasible region for 

transmit power in each phase is obtained by adding peak transmit power 

constraints: 1 2 peak, , RP P P P . 

Apparently, the optimal 1  can be given as: 

1 1 peak/Q P                                                           (15) 

Then 2 3,  should maintain the constraints: 

2 3 1 peak1 /Q P                                                    (16) 

Until now, there are only two variables in the reformulated problem. We can use 

the Golden-section or interior point method to find the optimal solution. 

 

4. Simulation Results 

In this section, the performance of optimal resource allocation in cooperative 

network would be investigated. For comparison, we adopt tworeference methods as 

introduced in [7] and [9]. The communication protocols of the two articles semi fix 

the time ratio among three phases. They are given as in Figure 2. 
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Figure 2. Time Ratios for Three Phases in Two Transmission Protocols for 
Relay Network with Energy Harvesting 

Supposed that all the channel coefficients are complex Gaussian with zero means 

and unit variances. Three nodes are distributed in a one-dimensional region. Denote 

the distance between transmitter aS and relay node as id and for destination terminal 

bS as1 id . Suppose the large scale path loss factor =3 , the channel coefficients 

between relay and terminals would have additional large scale path 

loss 3

1= id  , 3

2 (1 )id    , respectively. 

Firstly, we evaluate the performances of the system sum rate of all the mentioned 

methods. It is noted that the transmission duration in different protocol would be 

different. It is reasonable to adopt the energy constraint to evaluate the performance 

of all the mentioned methods. It is considered that transmitter and receiver could not 

both operate in the regime of infinite power in the EH time slot due to 0  , which 

cannot be implemented with practical power amplifiers. Supposed that the maximum 

transmit power peakP  is constrained with peak 4P Q .  Figure 3 shows that the 

proposed method can achieve higher throughput compared with two other methods 

under different transmit energy with 0.2id  . It is because that the proposed method 

using more flexible time ratio to balance the channel fluctuation between two hops.  

 

 

Figure 3. System Sum Rates Under Different Transmit Energy with 
0.2id   

0 5 10 15 20 25 30
0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

Transmit energy (dBmw)

S
y
s
te

m
 r

a
te

 (
b

it
/s

/H
z
)

 

 

Proposed method

Optimal resource allocation with Protocol 1

Optimal resource allocation with Protocol 2



International Journal of Future Generation Communication and Networking 

Vol. 9, No.7, (2016) 

 

 

Copyright ⓒ 2016 SERSC  211 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0

0.5

1

1.5

2

2.5

3

3.5

The relay position (d)

S
y
s
te

m
 r

a
te

 (
b

it
/s

/H
z
)

 

 

Proposed method

Optimal resouce allocation with Protocol 1

Optimal resouce allocation with Protocol 2

 

Figure 4. System Sum Rates Under Different Relay Position with 
20dBmwQ   

Next, we investigate the system performance with different relay position. Figure 

4 shows that the proposed method is always outperform than other two methods 

with different relay position. Moreover, the performance of protocol 1 is close to the 

proposed method when the transmitter is far away from the relay node. And the 

performance of the protocol 2 is near to the proposed method when the relay node is 

in the middle of two source terminals. It is due to that the transmit power is 

constrained by the peak power peakP , there is a compromise between the channel 

condition and the time occupation of each hop. 

 

5. Conclusion 

In this paper, we investigate the optimal energy control and time allocation in wireless-

powered relay network.  Different from the traditional transmit power constraint, we 

adopt an energy constraint to formulate the optimization problem. It is more reasonable 

and fair to evaluate system performance in energy harvesting cooperation system. It is due 

to that the occupation time for transmitter in different transmission protocol would be 

different. The total energy consumption in a whole transmission period would be variety 

if the power constraint adopted. We proposed to use the energy constraint to investigate 

the optimal resource allocation scheme in wireless-powered relay network. Moreover, it is 

demonstrated that the optimization problem is convex. The efficient algorithm is derived 

by using convex optimization technology. Simulation results shows that the proposed 

method can get higher system throughput by applying more flexible time ratios to balance 

the channel condition and time occupation for each phase. 
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