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a b s t r a c t 

In this paper, we consider a secondary wireless powered communication network (WPCN) underlaid 

to a primary point-to-point communication link. The WPCN consists of a multi-antenna hybrid access 

point (HAP) that transfers wireless energy to a cluster of low-power wireless devices (WDs) and receives 

sensing data from them. To tackle the inherent severe user unfairness problem in WPCN, we consider a 

cluster-based cooperation where a WD acts as the cluster head that relays the information of the other 

WDs. Besides, we apply energy beamforming technique to balance the dissimilar energy consumptions 

of the WDs to further improve the fairness. However, the use of energy beamforming and cluster-based 

cooperation may introduce more severe interference to the primary system than the WDs transmit in- 

dependently. To guarantee the performance of primary system, we consider an interference-temperature 

constraint to the primary system and derive the throughput performance of each WD under the peak 

interference-temperature constraint. To achieve maximum throughput fairness, we jointly optimize the 

energy beamforming design, the transmit time allocation among the HAP and the WDs, and the trans- 

mit power allocation of each WD to maximize the minimum data rate achievable among the WDs (the 

max-min throughput). We show that the non-convex joint optimization problem can be transformed to 

a convex one and then be efficiently solved using off-the-shelf convex algorithms. Moreover, we simulate 

under practical network setups and show that the proposed method can effectively improve the through- 

put fairness of the secondary WPCN, meanwhile guaranteeing the communication quality of the primary 

network. 

© 2019 Published by Elsevier B.V. 
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. Introduction 

Wireless powered communication network (WPCN) is an

merging networking paradigm that attracts extensive research at-

entions recently [1–4] . Specifically, the communications of wire-

ess devices (WDs) in WPCN are powered by means of wireless

ower transfer [5] , which can effectively extend the battery life-

ime of low-power WDs, such as sensors and radio frequency

dentification tags. Compared with the traditional battery-powered

ommunication networks, WPCN does not require manual battery

eplacement/charging, and thus can achieve more stable through-

ut performance and lower network operating costs [2] . There-

ore, WPCN has found extensive applications, such as sensor net-

orks,internet of things system, unmanned aerial vehicles com-

unications [6] , and mobile edge computing [7] , etc. Because of

he scarcity of wireless spectrum, WPCNs often need to operate

n the same bandwidth with conventional wireless communica-
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389-1286/© 2019 Published by Elsevier B.V. 
ion system, which may cause strong interference to each other.

o tackle this problem, cognitive radio technology [8] has been in-

roduced to WPCN. Specifically, a cognitive WPCN (CWPCN) en-

bles the WPCN (as a secondary system) to transmit opportunis-

ically in the licensed spectrum of conventional primary wireless

ystem [9,10] . For efficient utilization of spectrum resources, Lee

nd Zhang [11] considered a secondary WPCN both underlaid and

verlaid with a primary system. In particular, in an underlay case,

he secondary system is not aware of the channel state information

CSI) of the primary system, thus it can only restrict the interfer-

nce power generated to the primary system, i.e., the interference

emperature constraint (ITC). In comparison, in an overlay case, the

econdary system knows the primary system’s CSI, e.g., via primary

ystem’s feedback, so it can control its own transmission to meet

he data rate requirement of the primary system, i.e., the primary

ate constraint. Under the ITC, Cheng et al. [12] considered a CW-

CN that uses a harvest-then-transmit protocol based on time di-

ision multiple access for secondary system and proposed an al-

orithm that optimizes the secondary system user throughput fair-

ess. Yin et al. [13] designed a cooperative spectrum sharing model

https://doi.org/10.1016/j.comnet.2019.07.009
http://www.ScienceDirect.com
http://www.elsevier.com/locate/comnet
http://crossmark.crossref.org/dialog/?doi=10.1016/j.comnet.2019.07.009&domain=pdf
mailto:wanghsz@szu.edu.cn
https://doi.org/10.1016/j.comnet.2019.07.009
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Fig. 1. A schematic of the considered cluster-based cooperation in an underlay CW- 

PCN, where W 0 is the CH and the rest (N − 1) WDs are CMs. 
of a CWPCN, which exploits the cooperation between primary and

secondary systems to maximize the energy efficiency of secondary

users. Xu and Li [14] investigated cooperative resource allocation

in a multi-carrier CWPCN, which the primary user harvests energy

from the information signals transmitted by the secondary users. 

In WPCN, it is common to use hybrid access point (HAP) that

transfers wireless energy to a cluster of low-power WDs and re-

ceives wireless information from them. It is well-known that a

severe “doubly-near-far” user unfairness problem exists in WPCN

that the data rates of users that are farther away from HAP is sig-

nificantly lower than that of the adjacent users [1] . User cooper-

ation is a commonly used method to enhance the user fairness

issue, which in fact can potentially benefit all the participating

users. Intuitively, the remote users can improve the link quality

to the HAP with the help from near users. While for near users,

the data rate loss caused by helping the others can be made up

from the longer energy transfer time allocated by the HAP, be-

cause now the far users need less time to harvest energy when

cooperation is applied. A number of practical user cooperation has

been proposed for WPCNs [15–19] . For instance, a two-user co-

operation WPCN was firstly investigated by Ju and Zhang [16] ,

where the authors showed that close-to-HAP user can improve its

data rate by helping the far user, achieving a win-win situation.

Subsequently, Zhong et al. [17] considered a pair of distributed

end users first harvesting energy from an energy node, and then

transmit jointly their information to a destination node using dis-

tributed space-time code. Further, Chen et al. [18] first presented

a harvest-then-cooperate protocol in WPCNs for a three-node ref-

erence model, and latter extended to a general multiple user co-

operation scenario. In addition, Yuan et al. [19] proposed a multi-

antenna enabled cluster-based cooperation, where one WD acts as

the cluster head (CH), e.g., selecting the one nearest to the cluster

center, to relay the information transmission of the other cluster

members (CMs, the remaining ones except the CH) to the HAP.

Meanwhile, energy beamforming (EB) technique [20] is used at

the multi-antenna HAP to achieve directional energy transfer for

balancing the energy consumptions of different WDs. It showed

that the cluster-based cooperation can effectively enhance both the

user fairness and spectral efficiency of WPCN, compared to some

other representative benchmark cooperation methods. Therefore,

we adopt the cluster-based cooperative WPCN in this paper. How-

ever, the use of cooperation and EB, although effective in enhanc-

ing the throughput of WPCN, may also cause strong interference

to the primary link. The achievable throughput performance of

cluster-based cooperation is not known when interference is taken

into consideration. 

As shown in Fig. 1 , we consider in this paper a WPCN under-

laid to a primary communication link. The WDs in the WPCN use

a cluster-based cooperation to transmit to the HAP. The detailed

contributions of this paper are as follows. 

• We consider a time division multiple access based protocol that

firstly the HAP broadcasts energy to a cluster of WDs and then

the WDs transmit their information back to the HAP using the

harvested energy. Here, one of the WDs is selected as the CH

that relays the messages of the other WDs. EB is applied at the

HAP for both enhancing the energy transfer efficiency in the

downlink and the spectral efficiency in the uplink information

transmission. We derive the throughput of each individual WD

under the interference from the primary communication link.

Meanwhile, to control the interference to the primary link in

the underlay scenario, we consider a peak ITC such that the in-

terference generated by the WPCN is limited to a prescribed

threshold. 

• To improve the user fairness among the WDs, we jointly opti-

mize the beamforming of the HAP, the transmit time allocation
among the HAP and the WDs, and the transmit power alloca-

tion of the WDs to maximize the minimum data rate achiev-

able among the overall WDs (the max-min throughput) under

the peak ITC. We show that the non-convex joint optimization

problem can be transformed to a convex one and subsequently

solved using off-the-shelf convex algorithms. 

• We simulate under practical network setups and show that the

proposed method can significantly enhance the throughput fair-

ness of the WPCN under the peak ITC compared to the rep-

resentative benchmark method. In particular, the advantageous

performance is most evident under stringent ITC requirement.

Intuitively, this is because the cluster-based cooperation can ef-

fectively control its interference to the primary system by re-

ducing the communication range, and thus the transmit power,

when the secondary users transmit their information. 

The rest of the paper is organized as follows. In Section 2 ,

e introduce the system model and the cluster-based coopera-

ion method. We analyze the secondary throughput performance

n Section 3 . In Section 4 , we formulate the maxi-min through-

ut optimization problem and transform the non-convex problem

nto the convex one. In Section 5 , simulation results are provided

o evaluate the performance of the proposed cooperation, followed

y concluding remarks in Section 6 . 

. System model 

.1. Channel model 

As shown in Fig. 1 , we consider a CWPCN coexisting with a pri-

ary link consisting of a pair of single-antenna primary transmit-

er (PT) and primary receiver (PR). The CWPCN consists of one HAP

nd N WDs. The HAP is assumed to be equipped with M anten-

as and the WDs each has a single antenna. The HAP can imple-

ent EB in the downlink for directional energy transfer and MRC

n the uplink to enhance spectrum efficiency [20] . Specifically, the
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AP broadcasts wireless energy and receives wireless information

ransmission (WIT) to/from the WDs. We assume that both the

rimary and secondary systems operate over the same frequency

and. For the secondary system, a time division duplexing circuit

s implemented at both the HAP and the WDs to separate the en-

rgy and information transmissions. Meanwhile, the primary com-

unication link is active throughout the considered time interval. 

In this paper, one of the WDs is selected as the CH that helps

elay the WIT of the other CMs, e.g., selecting the WD closest

o the cluster center. The impact of CH selection method will

e discussed in simulations. Without loss of generality, the CH

s denoted by W 0 , and the CMs are denoted by W 1 , ���, W N−1 .

ll the channels are assumed to be independent and recipro-

al and follow quasi-static flat-fading, such that all the chan-

els coefficients remain constant during each block transmission

ime, denoted by T , but can vary in different blocks. The chan-

el coefficient vector between the HAP and W i is denoted by a i ∈
 

M×1 , where a i ∼ CN (0 , σ 2 
i 

I ) and σ 2 
i 

denotes the average chan-

el gain, i = 0 , 1 , · · · , N − 1 . Besides, the channel coefficients be-

ween the j th CM and the CH are denoted by c j ∼ CN (0 , δ2 
j 
) ,

j = 1 , · · · , N − 1 . Meanwhile, the channel coefficients, between the

T and PR, and between the PT and HAP, are denoted by l T R ∼
N (0 , δ2 

T R ) and l T H ∼ CN (0 , δ2 
T H ) , respectively. Denote b ∈ C M×1 as

he interference channel coefficients between the HAP and PR,

here b ∼ CN (0 , σ 2 I ) . Let l iR ∼ CN (0 , δ2 
iR 
) and l iD ∼ CN (0 , δ2 

iD 
) , i =

 , 1 , · · · , N − 1 , represent the interference channel coefficient vec-

or between the PR and WDs, and between the PT and WDs,

espectively. Here, we use h i � | a i | 
2 , g i � | c i | 

2 , h iR � | l iR | 
2 , h iD � | l iD | 

2 ,

 TR � | l TR | 
2 , and h TH � | l TH | 

2 to denote the corresponding channel

ains, where | · | denotes the 2-norm operator. 

.2. Cluster-based cooperation protocol 

The operation of the proposed cluster-based cooperation in a

ransmission time block is illustrated in Fig. 2 . At the beginning of

 transmission block, channel estimation (CE) is performed within

 fixed duration τ 0 . Through CE, we assume that the HAP has the

nowledge of CSI inside the WPCN, i.e., a i ’s, and c i ’s, which are

cquired from pilot transmissions and CSI feedback from the WDs.

esides, we assume that the operating protocol of the primary sys-

em (including the transmit power of the PT and PR) is known,

.g., through a separate control channel. Therefore, the interference

hannels between the primary system and the secondary WPCN

an be estimated by the HAP and WDs (like in [12] ), e.g., by esti-

ating the pilot signals sent by the PT and PR. However, the chan-

el between the PT and PR is private information in our underlay

ramework and unknown by the HAP. 

After the CE stage, the HAP coordinates the secondary WPCN

o operate in three phases. In the first phase with time duration

1 , the HAP broadcasts wireless energy to the WDs. In the sec-

nd phase, the N − 1 CMs transmit its own information in turn

o the CH, where the i th CM transmits for τ 2, i amount of time,

 = 1 , · · · , N − 1 . In the third phase, the CH transmits the decoded

essages of the N − 1 CMs along with its own message to the HAP,

here the time taken to transmit the i th WD’s message is denoted
Fig. 2. The proposed cluster-based cooperation protocol in U-CWPCN. 

w  

c

 

c

3

 

t  

s

τ  
s τ 3, i , i = 0 , 1 , · · · , N − 1 . Evidently, the time allocations during a

ransmission block satisfy the following inequality 

0 + τ1 + 

N−1 ∑ 

i =1 

τ2 ,i + 

N−1 ∑ 

i =0 

τ3 ,i ≤ T . (1) 

Notice that τ 0 is a known parameter. Without loss of generality,

e assume T = 1 throughout this paper. 

.3. Cognitive underlay transmissions 

All WDs are assumed to have no fixed power supplies, and thus

eed to replenish energy by harvesting RF energy from the HAP’s

ireless energy transmission in the downlink; the harvested en-

rgy at each WD is stored in a rechargeable battery and then used

or its WIT in the uplink. The PT and the HAP are assumed to have

table power supplies. We assume that the PT transmits with con-

tant power P p , and the HAP’s maximum transmit power is P max . 

With the CSI knowledge at the HAP, it jointly optimizes the sys-

em resource allocation within the WPCN, e.g., transmission du-

ations, power, and the beamforming design, and coordinate the

ransmissions of all the WDs. Specifically, we can maximize the

hroughput of the secondary WPCN, meanwhile guaranteeing that

he resulting interference generated to the primary link is below a

redefined threshold. In the following, we formulate the through-

ut maximization problem and propose an efficient method to

olve it optimally. 

. Secondary throughput analysis 

In this section, we derive the throughput of each secondary WD

chieved by the proposed cluster-based cooperation protocol. The

esults will be used in the next section to optimize the throughput

airness of the U-CWPCN. 

.1. Phase I: energy transfer 

During the WET phase, the HAP adopts EB to deliver different

evels of wireless power to distributed WDs to balance their dif-

erent energy consumptions. Specifically, in the first phase of time

1 , the HAP transmits w ( t ) ∈ C M × 1 random energy signals on the

 antennas, where the transmit power of HAP is constrained by

 H as 

 

[| w (t) | 2 ] = tr 
(
E 
{

w (t) w (t) H 
})

� tr (Q ) ≤ P H , (2)

here tr( ·) denotes the trace of a square matrix, ( ·) H denotes the

omplex conjugate operator, and Q �0 is the beamforming matrix. 

Then, the received energy by the i th WD is [11] 

 i = ητ1 · tr (A i Q ) , (3)

ere, A i � a i a 
H 
i 

and η ∈ (0, 1] denotes the energy harvesting effi-

iency, which is assumed equal for all the WDs. Accordingly, the

esidual energy of the i th WD is 

 i = min { E 0 ,i + H i , E max } , (4) 

here, E 0, i is the known residual energy at the beginning of the

urrent time slot, and E max is the battery capacity. 

In the meantime, the interference power to the primary re-

eiver is tr( bb 

H Q ) � tr( H HR Q ), where H HR � bb 

H . 

.2. Phase II: intra-cluster transmissions 

In general, the CMs only use a part of the harvested energy to

ransmit to the CH. The transmit power of the i th CM P 2, i is re-

tricted by 

2 ,i P 2 ,i + e i ≤ E i , i = 1 , · · · , N − 1 , (5)
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where e i denotes the fixed circuit energy consumption of the i th

CM within a transmission block, e.g., on performing sensing and

data processing. The received signal at the CH is expressed as 

y (2) 
0 ,i 

(t) = c i 
√ 

P 2 ,i s 
(2) 
i 

(t) + n 

(2) 
i 

(t) , (6)

where n (2) 
i 

(t) includes the receiver noise N 0 and the interference

signal generated from the primary link h 0 D P p . The total interfer-

ence plus noise power E 

[ 
| n (2) 

i 
(t) | 2 

] 
= N 0 + h 0 D P p . In this paper,

we consider the worst-case interference in terms of the achievable

data rate given the noise power, where the interference distribu-

tion is cyclic symmetric complex Gaussian [21] . Then, the CH can

decode the i th CM’s message at the minimum achievable rate given

by 1 

R 

(2) 
i 

= τ2 ,i log 2 

(
1 + 

g i P 2 ,i 
N 0 + h 0 D P p 

)
, i = 1 , · · · , N − 1 . (7)

Meanwhile, the HAP can also overhear the transmission of the

CMs, such that it receives 

y (2) 
H,i 

(t) = a i 
√ 

P 2 ,i s 
(2) 
i 

(t) + n 

(2) 
H,i 

(t) , (8)

during the i th CM’s transmission, where i = 1 , · · · , N − 1 , and

n 

(2) 
H,i 

(t) ∼ CN 

(
0 , (N 0 + h T H P p ) I 

)
, h TH P p is the interference power to

the HAP from the primary link. 

Meanwhile, the interference power caused by the i th WD to the

primary system is h iR P 2, i , i = 1 , · · · , N − 1 . 

3.3. Phase III: cluster-to-HAP transmission 

After decoding the CMs’ messages, the CH transmits the (N − 1)

CMs’ messages along with its own message one by one to the HAP.

Let P 3, i denote the power used to transmit the i th WD’s message.

Then, the received signal of the i th WD’s message at the HAP is 

y (3) 
i 

(t) = a 0 
√ 

P 3 ,i s 
(3) 
i 

(t) + n 

(3) 
i 

(t) , (9)

where n 

(3) 
i 

(t) ∼ CN 

(
0 , (N 0 + h T H P p ) I 

)
, and i = 0 , 1 , · · · , N − 1 . The

total energy consumed by CH is upper bounded by its harvested

energy 

N−1 ∑ 

i =0 

τ3 ,i P 3 ,i + e 0 ≤ E 0 , (10)

where e 0 is the total energy consumed by the other modules of

the CH within a transmission block, such as the central processing

unit, and the passive power on circuitry. 

We assume that the HAP uses MRC to maximize the received

signal to interference plus noise power ratio (SINR), where the

combiner output SINR of the i th WD is 

γ (3) 
i 

= 

| a 0 | 2 P 3 ,i 
N 0 + h T H P p 

= 

h 0 P 3 ,i 
N 0 + h T H P p 

, i = 0 , · · · , N − 1 , (11)

where the numerator denotes the useful signal power for the i th

user, and the denominator is the sum of the interference power

generated by the primary link and the receiver noise power. At the

same time, the interference from the CH to the PR is h 0 R P 3, i , i =
0 , · · · , N − 1 , owing to CH’s WIT. 

We denote the time allocation as τττ = [ τ1 , τ2 , 1 , · · · , τ2 ,N−1 ,

τ3 , 0 , τ3 , 1 , · · · , τ3 ,N−1 ] 
′ , and the transmit power as P P P =

[ P 2 , 1 , · · · , P 2 ,N−1 , P 3 , 0 , P 3 , 1 , · · · , P 3 ,N−1 ] 
′ , where [ · ] ′ denotes the

transpose operator. Then, the data rate of the CH at the HAP is 

R 0 ( τττ , P P P ) = τ3 , 0 log 2 

(
1 + 

h 0 P 3 , 0 
N 0 + h T H P p 

)
. (12)
1 For simplicity of illustration in the following analysis, we use the term achiev- 

able data rate to represent the minimum achievable data rate by treating the inter- 

ference signal as cyclic symmetric complex Gaussian. 

 

 

e

For each CM’s message, however, is received in both the sec-

nd and third phases. In this case, the HAP can jointly decode each

M’s message across two phases at a rate given by [1] 

 i ( τττ , P P P ) = min 

{
R 

(2) 
i 

( τττ , P P P ) , V 

(2) 
i 

( τττ , P P P ) + V 

(3) 
i 

( τττ , P P P ) 
}
, (13)

here i = 1 , · · · , N − 1 , and R (2) 
i 

( τττ , P P P ) is given in (7) . V (2) 
i 

( τττ , P P P ) de-

otes the information that can be extracted by the HAP from the

eceived signal in (6) (in the second phase) using an optimal MRC

eceiver, which is given by 

 

(2) 
i 

( τττ , P P P ) = τ2 ,i log 2 

(
1 + 

h i P 2 ,i 
N 0 + h T H P p 

)
, (14)

 

(3) 
i 

( τττ , P P P ) denotes the achievable rates of the transmissions from

H to the HAP, which are given by 

 

(3) 
i 

( τττ , P P P ) = τ3 ,i log 2 

(
1 + 

h 0 P 3 ,i 
N 0 + h T H P p 

)
. (15)

An important performance metric of an U-CWPCN is the min-

mum achievable secondary throughput among all the WDs (the

ax-min throughput), i.e., 

 = min 

0 ≤i ≤N−1 
R i , (16)

hich reflects the throughput fairness. The max-min throughput

as important practical implication. For instance, the max-min

hroughput in a wireless sensor network reflects the accuracy of

ata reported by the “bottleneck” sensor, which can directly affect

he overall sensing accuracy of the network. In the next section,

e formulate the max-min throughput optimization problem and

olve it optimally. In fact, our proposed method in this paper can

lso be extended to maximize (weighted) sum throughput of the

Ds, which is omitted for brevity. 

. Max-min throughput optimization under the peak 

nterference constraint 

.1. Problem formulation 

In this subsection, we require that the interference power from

he WPCN to the PR is no larger than a predefined threshold, de-

oted by I max . Therefore, the interference constraints of the three

hases are, respectively, 

r (H HR Q ) ≤ I max . (17)

 

CM 

i = h iD P 2 ,i ≤ I max , i = 1 , · · · , N − 1 . (18)

 

CH 
i = h 0 D P 3 ,i ≤ I max , i = 0 , · · · , N − 1 . (19)

Under this setup, we are interested in maximizing the mini-

um (max-min) throughput of all WDs in each block, by jointly

ptimizing the EB Q , the time allocation τττ , and the transmit power

llocation P P P , i.e., 

(P 1) : max 
τ,P τ,P τ,P , Q 

S = min 

0 ≤i ≤N−1 
R i ( τ, P τ, P τ, P ) 

s. t. (1) , (2) , (4) , (5) , (10) , (17) , (18) , and (19) , 

τ1 ≥ 0 , τ2 ,i ≥ 0 , i = 1 , · · · , N − 1 , 

τ3 ,i ≥ 0 , P 3 ,i ≥ 0 , i = 0 , 1 , · · · , N − 1 , 

Q � 0 . (20)

By introducing an auxiliary variable S , problem (20) can be

quivalently transformed into its epigraphic form, 
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2 Spatial multiplexing is not used at the HAP as the number of WDs is often 

much larger than the number of antennas at the HAP. Otherwise, either strong in- 

terference or high computational complexity will be induced when the WDs trans- 

mit to the HAP simultaneously. 
(P 2) : max 
τττ , P P P , Q , S 

S 

s. t. (1) , (2) , (4) , (5) , (10) , (17) , (18) , and (19) , 

τττ ≥ 0 , P P P ≥ 0 , Q � 0 , S ≥ 0 , 

R 0 ( τττ , P P P ) ≥ S , 

V 

(2) 
i 

( τττ , P P P ) + V 

(3) 
i 

( τττ , P P P ) ≥ S , 

R 

(2) 
i 

( τττ , P P P ) ≥ S , i = 1 , · · · , N − 1 . (21) 

Notice that both the data rates expressions of intra-cluster com-

unication (i.e., R (2) 
i 

( τττ , P P P ) and V (2) 
i 

( τττ , P P P )) and cluster-to-HAP com-

unication (i.e., R 0 ( τττ , P P P ) and V (3) 
i 

( τττ , P P P ) ) are not concave functions.

esides, the LHS of (5) is also not a convex function. Therefore, (P2)

s a non-convex problem in its current form, which lacks of effi-

ient optimal algorithms. In the next subsection, we transform the

bove non-convex problem into a convex one through introduc-

ng some auxiliary variables, which can then be solved using some

nown convex optimization techniques, e.g., interior point method

22] . 

.2. Convex transformation of (P2) 

The basic idea of the convex transformation is to introduce

uxiliary variables to replace the multiplicative terms in (5) and

10) . Specifically, we first define �2 ,i � 

τ2 ,i P 2 ,i 
η , i = 1 , · · · , N − 1 and

= 

[
�2 , 1 , · · · , �2 ,N−1 

]′ 
. Accordingly, (5) can be re-written as a

unction of ���, 

2 ,i + 

e i 
η

≤ E i 
η

, i = 1 , · · · , N − 1 . (22)

Meanwhile, R (2) 
i 

( τττ , P P P ) and V (2) 
i 

( τττ , P P P ) in (7) and (14) can be re-

xpressed as functions of τττ and ���, respectively, 

 

(2) 
i 

( τττ , ���) = τ2 ,i log 2 

(
1 + ρ i 

�2 ,i 

τ2 ,i 

)
, (23)

 

(2) 
i 

( τττ , ���) = τ2 ,i log 2 

(
1 + ρi 

�2 ,i 

τ2 ,i 

)
, (24)

here ρ i � η
g i 

N 0 + h 0 D P p , ρi � η
h i 

N 0 + h TH P p 
are parameters, and i =

 , · · · , N − 1 . 

Subsequently, we define θ3 ,i � 

τ3 ,i P 3 ,i 
η , i = 0 , 1 , · · · , N − 1 , and

= 

[
θ3 , 0 , · · · , θ3 ,N−1 

]′ 
, then R 0 ( τττ , P P P ) and V (3) 

i 
( τττ , P P P ) in (12) and

15) can be reformulated as functions of τττ and θθθ, i.e., 

 0 ( τ, θτ, θτ, θ ) = τ3 , 0 log 2 

(
1 + ρ0 

θ3 , 0 

τ3 , 0 

)
, (25)

 

(3) 
i 

( τ, θτ, θτ, θ ) = τ3 ,i log 2 

(
1 + ρ0 

θ3 ,i 

τ3 ,i 

)
, (26)

here i = 1 , · · · , N − 1 , and ρ0 � η h 0 
N 0 + h TH P p 

. 

Next, we define W � τ 1 Q �0 . With the sum transmit power con-

traint in (3) , we have 

r ( W ) = tr ( τ1 Q ) ≤ τ1 P H . (27) 

ccordingly, we change the variables as 

 i � τ1 tr ( A i Q ) = tr ( A i W ) , (28) 

or i = 0 , · · · , N − 1 . Thus, the power constraint given in (10) can

e re-expressed as 

−1 ∑ 

i =0 

θ3 ,i + 

e 0 
η

≤ z 0 . (29) 
t the same time, (17), (18) , and (19) can be reformed as, respec-

ively, 

r (H HR W ) ≤ τ1 I max , (30)

2 ,i ≤ τ2 ,i 

I max 

φi 

, i = 1 , · · · , N − 1 , (31)

3 ,i ≤ τ3 ,i 

I max 

φ0 

, i = 0 , 1 , · · · , N − 1 , (32)

here φ0 = ηh 0 D , and φi = ηh iD , i = 1 , · · · , N − 1 . 

Accordingly, problem (21) can be transformed into the following

quivalent problem. 

(P 3) : 

max 
, θθθ, ���, z z z , S , W �0 

S 

s. t. (22) , (28) , (29) , (30) , (31) , and (32) , 

τττ ≥ 0 , θθθ ≥ 0 , S ≥ 0 , W � 0 , tr (W ) ≤ τ1 P H , 

R 0 ( τ, θτ, θτ, θ ) ≥ S , V 

(2) 
i 

( τττ , ���) + V 

(3) 
i 

( τ, θτ, θτ, θ ) ≥ S , 

R 

(2) 
i 

( τττ , ���) ≥ S , i = 1 , · · · , N − 1 , 

τ0 + τ1 + 

N−1 ∑ 

i =1 

τ2 ,i + 

N−1 ∑ 

i =0 

τ3 ,i ≤ 1 , 

E i ≤ E 0 ,i + ηz i , i = 0 , 1 , · · · , N − 1 , 

E i ≤ E max , i = 0 , 1 , · · · , N − 1 . 

Furthermore, our proposed method in this paper can also be ex-

ended to be under the average ITC, which is omitted for brevity.

rom [19] , both R (2) 
i 

’s in (23) and V (2) 
i 

’s in (24) are concave func-

ions in ( τττ , ���) ′ . Besides, R 0 in (25) and V (3) 
i 

’s in (26) are also

oncave functions in ( τττ , θτττ , θτττ , θ ) ′ . Therefore, the first three sets of con-

traints in (P3) are convex constraints. Meanwhile, the rest of the

onstraints are affine. It follows that the objective and all the con-

traints of (P3) are convex, therefore (P3) is a convex optimization

roblem, which can be efficiently solved by off-the-shelf optimiza-

ion algorithms, e.g., interior point method [22] . Let’s denote the

ptimal solution to (P3) as 
{
τττ ∗, θθθ ∗, ���∗, z z z ∗, S 

∗
, W 

∗}. Then, the opti-

al solution τττ ∗ of (P1) is the same as that in (P3). The optimal

 

∗ and P P P ∗ of (P1) can be restored by letting Q 

∗ = W 

∗/τ ∗
1 
, P 2 ,i =

���∗/τ ∗
2 ,i 

( i = 1 , · · · , N − 1 ), and P ∗
3 ,i 

= ηθ ∗
3 ,i 

/τ ∗
3 ,i 

( i = 0 , · · · , N − 1 ). 

.3. Benchmark methods 

For performance comparison, we consider two representative

enchmark methods, i.e., independent transmission and hybrid

ransmission. For simplicity, we assume that the time spent on CE

 τ 0 ) is equal for all the schemes. 

.3.1. Independent transmission 

In this case, all the WDs transmit independently to the HAP

ollowing the harvest-then-transmit protocol in [18] . Specifically,

he HAP first uses EB to perform WET for τ ′ 
1 

amount of time

or the WDs to harvest. Then, the WDs take turns to transmit

heir messages to the HAP, where each WD’s transmission takes
′ 
2 ,i 

( i ′ = 0 , 1 , · · · , N − 1 ) amount of time. Meanwhile, the HAP uses

RC to decode the message of each user. 2 Then, the data rate of

he i th user is denoted by 

 

′ 
i ( τττ

′ , P 

′ ) = τ ′ 
2 ,i log 2 

(
1 + 

h i P 
′ 
2 ,i 

N 0 + h T H P p 

)
, (33)
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Fig. 3. The deployment of HAP and WDs in C-WPCN, where N = 15 . 
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where i = 0 , · · · , N − 1 , τττ ′ � [ τ ′ 
1 , τ

′ 
2 , 0 , · · · , τ ′ 

2 ,N−1 ] 
′ , and P P P ′ �

[ P ′ 
2 , 0 

, · · · , P ′ 
2 ,N−1 

] ′ . Then, the max-min throughput can be ob-

tained by solving the following problem 

max 
τ ′ , P P P ′ , Q ′ 

min 

i =0 , ··· ,N−1 
R 

′ 
i ( τττ

′ , P P P ′ ) 

s. t. τ ′ 
0 + τ ′ 

1 + 

N−1 ∑ 

i =0 

τ ′ 
2 ,i ≤ 1 , 

τ ′ 
1 ≥ 0 , τ ′ 

2 ,i ≥ 0 , Q 

′ � 0 , tr ( Q 

′ ) ≤ P H , 

tr (H HR Q 

′ ) ≤ I max , h iD P 
′ 
2 ,i ≤ I max , 

τ ′ 
2 ,i P 

′ 
2 ,i + e i ≤ E ′ i , E ′ i ≤ E max , 

E ′ i ≤ E ′ 0 ,i + ητ ′ 
1 tr (A i Q 

′ ) , i = 0 , · · · , N − 1 . (34)

The optimal solution to the above problem can be similarly ob-

tained as (P3), where the detailed algorithm is omitted for sim-

plicity. 

4.3.2. Hybrid transmission 

In a hybrid transmission scheme, we separate the WDs into two

groups. One group of WDs perform the cluster-based cooperation

as proposed in this paper, while the WDs in the other group trans-

mit independently to the HAP. In particular, we first determine the

CH as the WD that is closest to the cluster center. Then, a WD

chooses to transmit directly to the HAP if its channel to the HAP

is better than that to the CH, otherwise, it operates under the pre-

viously proposed cooperation method. Specifically, the two groups

transmit in orthogonal time to avoid interference. The transmission

time and power of each WD, either transmitting independently

to the HAP or cooperatively via the CH, is jointly optimized with

those of the HAP. The detailed expressions are omitted here due to

the page limit. 

5. Simulation results 

In this section, we evaluate the performance of the proposed

cooperation method. In all simulations, we set the noise power

as N 0 = 10 −12 W and the receiver energy harvesting efficiency as

η = 0 . 5 . Unless otherwise stated, it is assumed that the number

of antennas at HAP is M = 5 and the threshold of the peak in-

terference temperature constraint is I max = −60 dBm (three orders

of magnitude larger than the noise power, and in fact, later we

discuss the performance of the system with different thresholds

as shown in Fig. 8 .) in the considered bandwidth P p = 0 . 1 W and

P max = 3 W. The mean channel gain between any two nodes (HAP,

WD, PT and PR) follows a path-loss model. Without loss of gen-

erality, we assume the circuit energy consumption of all the de-

vices are zero, i.e., e i = 0 , i = 0 , · · · , N − 1 . For instance, let d H,i de-

note the distance between the HAP and the i th WD, then the av-

erage channel gain δ2 
H,i 

= G A ( 
3 ×10 8 

4 πd H,i f c 
) α, where G A denotes the an-

tenna gain, α denotes the path-loss factor and f c denotes the car-

rier frequency. Likewise, d PT,i , d PR,i , d CH,i , d PR,H , d PT,H , and d PT,PR de-

note the distance between the PT and the i th WD, the PR and the

i th WD, CH and the i th CM, the PR and the HAP, PT and HAP,

and PT and PR, respectively, and their corresponding average chan-

nel gain model is similar to the above. We set G A = 4 , α = 3 , and

f c = 915 MHz. Besides, 15 WDs are uniformly distributed within

a circle with radius equal to r = 3 m, and the circle’s center is

d = 6 m away from the HAP as shown in Fig. 3 . Each point in the

figures of all the simulations is an average of 100 independent WD

placements, while the performance of each placement is averaged

over 10 0 0 Rayleigh fading realizations [23] . For simplicity, we as-

sume the coordinates of the circle’s center is (0,0). In all simula-

tions, the WD that is closest to the cluster center is selected as the

cluster head. 
The placements of the primary and secondary systems consid-

red in this paper are shown in Fig. 4 . We assume that the PT and

R are located 200 m (m) apart. Meanwhile, we consider three dif-

erent representative locations of the secondary WPCN. In Case 1,

he C-WPCN is located much closer to the PR than PT (the HAP’s

oordinate of the C-WPCN is 202 m from the PT) as shown in

ig. 4 (a); in Case 2, the distance from PT to C-WPCN and from

R to C-WPCN is equal (i.e., 100 m) as shown in Fig. 4 (b); while

n Case 3, the C-WPCN is located much closer to the PT (with a

istance of 30 m from the PT) as shown in Fig. 4 (c). 

In Fig. 5 , we compare the max-min throughput performance of

our methods, i.e., the proposed cluster-based cooperation (CC) se-

ecting the CH as the WD closest to the cluster center, the CC se-

ecting the CH as the WD closest to the HAP, the hybrid transmis-

ion, and independent transmission (IT) when the maximum trans-

it power of the HAP ( P max ) varies. Meanwhile, we also consider

wo different cases where the transmit power of the PT P p = 0 . 1 W

nd P p = 1 W, respectively. The max-min throughput performance

nder the placement of Case 1 is shown in Fig. 5 (a). We see that

nder both P p = 0 . 1 and 1 W, the performance of the proposed CC

ethod with CH closest to the cluster center is the best. Particu-

arly, with P p = 0 . 1 W and P p = 1 W, it achieve on average around

6% and 21% higher max-min throughput than those of the CC

ith CH closest to the HAP, around 35% and 32% higher max-min

hroughput than those of the hybrid transmission, and around 56%

nd 50% higher max-min throughput than those of IT, respectively.

urthermore, Fig. 5 (b) shows the sum throughput comparison un-

er different P p in Case 1. It is observed that the proposed CC with

H closest to the cluster center performs the best. Specifically, it

as on average 26% and 23% higher sum throughput than CC with

H closest to the HAP, around 35% and 32% higher sum through-

ut than those of the hybrid transmission, and average 56% and

0% higher sum throughput than IT with P p = 0 . 1 W and P p = 1 W,

espectively. For simplicity of illustration, in the following sim-

lations, we compare only the performance of the proposed CC

ethod with CH closest to the cluster center (simply referred to

s the CC method in the following) and the IT method, which is

ne commonly considered multi-user transmission method in re-

ated literatures. 

In Figs. 6 and 7 , we investigate the secondary max-min and

um throughput of CC and IT when P max changes for Case 2

nd Case 3, respectively. Due to the closer distance between the

rimary and secondary systems, the secondary system suffers

tronger interference from the primary network. Therefore, the

ata rates of the secondary network in Case 2 and 3 is worse than
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Fig. 4. Simulation setup. (a) Case 1. (b) Case 2. (c) Case 3. 

Fig. 5. The maxi-min and sum throughput performance versus the maximum HAP transmit power P max for Case 1. (a) Max-min throughput performance. (b) Sum throughput 

performance. 

Fig. 6. The maxi-min and sum throughput performance versus the maximum HAP transmit power P max for Case 2. (a) Max-min throughput performance. (b) Sum throughput 

performance. 
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Fig. 7. The maxi-min and sum throughput performance versus the maximum HAP transmit power P max for Case 3. (a) Max-min throughput performance. (b) Sum throughput 

performance. 

Fig. 8. Performance comparison of the different transmission schemes when I max varies in Case 1. The figures above and below compare the max-min throughput and sum 

throughput, respectively. 
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that in Case 1. In Case 3 when the two networks are only 30 m

apart, the achievable max-min throughput is only around 1/30 of

that in Case 1. However, the proposed CC method still significantly

outperforms the IT method in all simulation setups. Specifically, in

Fig. 6 (a), for Case 2 where the WPCN is equally distant from the PT

and PR, the proposed CC method achieves on average around 56%

higher max-min throughput than the IT method when P p = 0 . 1 W

and 58% higher when P p = 1 W. In terms of sum throughput per-

formance in Fig. 6 (b), the performance advantage of the proposed

CC method is around 56% and 58% when P p = 0 . 1 W and 1 W, re-

spectively. In Fig. 7 , when the WPCN is closely located to the PT as

in Case 3, the proposed CC method achieves on average around 61%

higher max-min throughput than the IT method when P p = 0 . 1 W

and 68% higher when P p = 1 W. The sum throughput performance

advantage is on average around 60% and 68% when P p = 0 . 1 and

1 W, respectively. Overall, we can observe from Figs. 5–7 that the
roposed CC method can achieve both higher user fairness and

pectral efficiency in all the three representative network place-

ents. 

In Fig. 8 , we plot the max-min and sum throughput perfor-

ance of the proposed CC and IT when the threshold of the peak

nterference temperature constraint I max varies. For simplicity of il-

ustration, we consider only the network setups in Case 1, while

imilar performance comparisons are also observed for Case 2 and

. Here we consider the number of WDs N = 15 . We can see from

ig. 8 that the maxi-min and sum throughput of both the proposed

C and IT increase with I max , i.e., higher tolerance of interference.

esides, both the max-min throughput and the sum throughput

erformance of the proposed CC method greatly outperform those

f the IT method. Specifically, in Fig. 8 (a), the proposed CC method

chieves on average around one time higher max-min throughput

han that of IT. Furthermore, in Fig. 8 (b), the proposed CC has on



L. Yuan, S. Bi and X. Lin et al. / Computer Networks 166 (2020) 106853 9 

Fig. 9. Performance comparison of the different transmission schemes when the number of WDs N varies in Case 1. The figures above and below compare the max-min 

throughput and sum throughput, respectively. 
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verage one time higher sum throughput than IT. Meanwhile, we

ee that the cluster-based C-WPCN is most effective under strin-

ent ITC requirement, i.e., low I max . For example, the performance

dvantage is more than one time for max-min throughput and one

ime for sum throughput when I max = −70 dBm. Intuitively, this

s because the cluster-based cooperation can effectively control its

nterference to the primary system by reducing the communica-

ion range, and thus the transmit power, when the secondary users

ransmit their information. 

In addition, Fig. 9 evaluates the throughput performance when

he number of WDs N increases from 15 to 30 in Case 1. On one

and, we can see from Fig. 9 (a) that the max-min throughput de-

reases with the number of WDs for both schemes. This is be-

ause in general each WD is allocated with shorter transmission

ime as N increases, especially for the time allocated to the worst-

erforming WD due to the doubly-near-far unfairness issue. In an

xtreme case, when the number of the WDs approaches infinity,

he transmission time allocated to the worst-performing WD ap-

roaches zero, thus resulting close-to-zero max-min throughput.

onetheless, we see that the proposed CC method achieves around

00% higher max-min throughput than the benchmark IT method.

n the other hand, we can observe in Fig. 9 (b) that the sum-

hroughput increases with N due to the benefit of multi-user diver-

ity, although the data rates of some individual WDs may decrease.

n particular, the proposed CC method achieves on average around

ne time higher sum throughput than the IT method. This indi-

ates that a tradeoff exists between each individual user’s through-

ut and the aggregate network throughput. In practice, the number

f WDs should be kept moderate, to guarantee satisfying per-user

hroughput performance. Nonetheless, we can still observe signif-

cant performance gain of the proposed method over the bench-

ark method. 

. Conclusions 

In this paper, we have considered a cluster-based cooperation

ethod in a WPCN underlaid to a primary communication link.

pecifically, a CH user is appointed to relay the information trans-

ission of the other cluster members to the HAP. Energy beam-

orming is applied at the multi-antenna HAP to balance the dif-
erent energy consumption rates of the WDs. To control the po-

ential severe interference, the secondary WPCN generates to the

rimary system, we optimize the system performance under an in-

erference temperature constraint. By jointly optimizing the energy

eamforming design, the transmit time allocation among the HAP

nd the WDs, and the transmit power allocation of the CH. Ex-

ensive simulations under practical network setups show that the

roposed method can significantly enhance user fairness and spec-

rum efficiency compared to the benchmark method, meanwhile

uaranteeing the quality of transmission in the primary network,

specially under stringent ITC requirement. 
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