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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 independently. 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 transmit 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 throughput fairness of the secondary WPCN, meanwhile guaranteeing the communication quality of the primary
network.
© 2019 Published by Elsevier B.V.

1. Introduction
Wireless powered communication network (WPCN) is an
emerging networking paradigm that attracts extensive research attentions recently [1–4]. Speciﬁcally, the communications of wireless devices (WDs) in WPCN are powered by means of wireless
power transfer [5], which can effectively extend the battery lifetime of low-power WDs, such as sensors and radio frequency
identiﬁcation tags. Compared with the traditional battery-powered
communication networks, WPCN does not require manual battery
replacement/charging, and thus can achieve more stable throughput performance and lower network operating costs [2]. Therefore, WPCN has found extensive applications, such as sensor networks,internet of things system, unmanned aerial vehicles communications [6], and mobile edge computing [7], etc. Because of
the scarcity of wireless spectrum, WPCNs often need to operate
in the same bandwidth with conventional wireless communica-

∗

Corresponding author.
E-mail address: wanghsz@szu.edu.cn (H. Wang).

https://doi.org/10.1016/j.comnet.2019.07.009
1389-1286/© 2019 Published by Elsevier B.V.

tion system, which may cause strong interference to each other.
To tackle this problem, cognitive radio technology [8] has been introduced to WPCN. Speciﬁcally, a cognitive WPCN (CWPCN) enables the WPCN (as a secondary system) to transmit opportunistically in the licensed spectrum of conventional primary wireless
system [9,10]. For eﬃcient utilization of spectrum resources, Lee
and Zhang [11] considered a secondary WPCN both underlaid and
overlaid with a primary system. In particular, in an underlay case,
the secondary system is not aware of the channel state information
(CSI) of the primary system, thus it can only restrict the interference power generated to the primary system, i.e., the interference
temperature constraint (ITC). In comparison, in an overlay case, the
secondary system knows the primary system’s CSI, e.g., via primary
system’s feedback, so it can control its own transmission to meet
the data rate requirement of the primary system, i.e., the primary
rate constraint. Under the ITC, Cheng et al. [12] considered a CWPCN that uses a harvest-then-transmit protocol based on time division multiple access for secondary system and proposed an algorithm that optimizes the secondary system user throughput fairness. Yin et al. [13] designed a cooperative spectrum sharing model
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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 receives 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 signiﬁcantly lower than that of the adjacent users [1]. User cooperation 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, because 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 cooperation 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 distributed space-time code. Further, Chen et al. [18] ﬁrst presented
a harvest-then-cooperate protocol in WPCNs for a three-node reference model, and latter extended to a general multiple user cooperation scenario. In addition, Yuan et al. [19] proposed a multiantenna 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. However, the use of cooperation and EB, although effective in enhancing 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 underlaid 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 interference generated by the WPCN is limited to a prescribed
threshold.
• To improve the user fairness among the WDs, we jointly optimize the beamforming of the HAP, the transmit time allocation

among the HAP and the WDs, and the transmit power allocation of the WDs to maximize the minimum data rate achievable 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 fairness of the WPCN under the peak ITC compared to the representative benchmark method. In particular, the advantageous
performance is most evident under stringent ITC requirement.
Intuitively, this is because the cluster-based cooperation can effectively control its interference to the primary system by reducing 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,
we introduce the system model and the cluster-based cooperation method. We analyze the secondary throughput performance
in Section 3. In Section 4, we formulate the maxi-min throughput optimization problem and transform the non-convex problem
into the convex one. In Section 5, simulation results are provided
to evaluate the performance of the proposed cooperation, followed
by concluding remarks in Section 6.
2. System model
2.1. Channel model
As shown in Fig. 1, we consider a CWPCN coexisting with a primary link consisting of a pair of single-antenna primary transmitter (PT) and primary receiver (PR). The CWPCN consists of one HAP
and N WDs. The HAP is assumed to be equipped with M antennas and the WDs each has a single antenna. The HAP can implement EB in the downlink for directional energy transfer and MRC
in the uplink to enhance spectrum eﬃciency [20]. Speciﬁcally, the

Fig. 1. A schematic of the considered cluster-based cooperation in an underlay CWPCN, where W0 is the CH and the rest (N − 1 ) WDs are CMs.
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HAP broadcasts wireless energy and receives wireless information
transmission (WIT) to/from the WDs. We assume that both the
primary and secondary systems operate over the same frequency
band. For the secondary system, a time division duplexing circuit
is implemented at both the HAP and the WDs to separate the energy and information transmissions. Meanwhile, the primary communication link is active throughout the considered time interval.
In this paper, one of the WDs is selected as the CH that helps
relay the WIT of the other CMs, e.g., selecting the WD closest
to the cluster center. The impact of CH selection method will
be discussed in simulations. Without loss of generality, the CH
is denoted by W0 , and the CMs are denoted by W1 , , WN−1 .
All the channels are assumed to be independent and reciprocal and follow quasi-static ﬂat-fading, such that all the channels coeﬃcients remain constant during each block transmission
time, denoted by T, but can vary in different blocks. The channel coeﬃcient vector between the HAP and Wi is denoted by ai ∈
C M×1 , where ai ∼ CN (0, σi2 I ) and σi2 denotes the average channel gain, i = 0, 1, · · · , N − 1. Besides, the channel coeﬃcients between the jth CM and the CH are denoted by c j ∼ CN (0, δ 2j ),
j = 1, · · · , N − 1. Meanwhile, the channel coeﬃcients, between the
PT and PR, and between the PT and HAP, are denoted by lT R ∼
CN (0, δT2R ) and lT H ∼ CN (0, δT2H ), respectively. Denote b ∈ C M×1 as
the interference channel coeﬃcients between the HAP and PR,
2 ) and l ∼ CN (0, δ 2 ), i =
where b ∼ CN (0, σ 2 I ). Let liR ∼ CN (0, δiR
iD
iD
0, 1, · · · , N − 1, represent the interference channel coeﬃcient vector between the PR and WDs, and between the PT and WDs,
respectively. Here, we use hi |ai |2 , gi |ci |2 , hiR |liR |2 , hiD |liD |2 ,
hTR |lTR |2 , and hTH |lTH |2 to denote the corresponding channel
gains, where | · | denotes the 2-norm operator.
2.2. Cluster-based cooperation protocol
The operation of the proposed cluster-based cooperation in a
transmission time block is illustrated in Fig. 2. At the beginning of
a transmission block, channel estimation (CE) is performed within
a ﬁxed duration τ 0 . Through CE, we assume that the HAP has the
knowledge of CSI inside the WPCN, i.e., ai ’s, and ci ’s, which are
acquired from pilot transmissions and CSI feedback from the WDs.
Besides, we assume that the operating protocol of the primary system (including the transmit power of the PT and PR) is known,
e.g., through a separate control channel. Therefore, the interference
channels between the primary system and the secondary WPCN
can be estimated by the HAP and WDs (like in [12]), e.g., by estimating the pilot signals sent by the PT and PR. However, the channel between the PT and PR is private information in our underlay
framework and unknown by the HAP.
After the CE stage, the HAP coordinates the secondary WPCN
to operate in three phases. In the ﬁrst phase with time duration
τ 1 , the HAP broadcasts wireless energy to the WDs. In the second phase, the N − 1 CMs transmit its own information in turn
to the CH, where the ith CM transmits for τ 2,i amount of time,
i = 1, · · · , N − 1. In the third phase, the CH transmits the decoded
messages of the N − 1 CMs along with its own message to the HAP,
where the time taken to transmit the ith WD’s message is denoted

3

as τ 3,i , i = 0, 1, · · · , N − 1. Evidently, the time allocations during a
transmission block satisfy the following inequality

τ0 + τ1 +

N−1


τ2,i +

i=1

N−1


τ3,i ≤ T .

(1)

i=0

Notice that τ 0 is a known parameter. Without loss of generality,
we assume T = 1 throughout this paper.
2.3. Cognitive underlay transmissions
All WDs are assumed to have no ﬁxed power supplies, and thus
need to replenish energy by harvesting RF energy from the HAP’s
wireless energy transmission in the downlink; the harvested energy at each WD is stored in a rechargeable battery and then used
for its WIT in the uplink. The PT and the HAP are assumed to have
stable power supplies. We assume that the PT transmits with constant power Pp , and the HAP’s maximum transmit power is Pmax .
With the CSI knowledge at the HAP, it jointly optimizes the system resource allocation within the WPCN, e.g., transmission durations, power, and the beamforming design, and coordinate the
transmissions of all the WDs. Speciﬁcally, we can maximize the
throughput of the secondary WPCN, meanwhile guaranteeing that
the resulting interference generated to the primary link is below a
predeﬁned threshold. In the following, we formulate the throughput maximization problem and propose an eﬃcient method to
solve it optimally.
3. Secondary throughput analysis
In this section, we derive the throughput of each secondary WD
achieved by the proposed cluster-based cooperation protocol. The
results will be used in the next section to optimize the throughput
fairness of the U-CWPCN.
3.1. Phase I: energy transfer
During the WET phase, the HAP adopts EB to deliver different
levels of wireless power to distributed WDs to balance their different energy consumptions. Speciﬁcally, in the ﬁrst phase of time
τ 1 , the HAP transmits w(t) ∈ CM × 1 random energy signals on the
M antennas, where the transmit power of HAP is constrained by
PH as





 

E |w(t )|2 = tr E w(t )w(t )H



 tr(Q ) ≤ PH ,

(2)

where tr(·) denotes the trace of a square matrix, (·)H denotes the
complex conjugate operator, and Q0 is the beamforming matrix.
Then, the received energy by the ith WD is [11]

Hi = ητ1 · tr(Ai Q ),

(3)

here, Ai  ai aH
and η ∈ (0, 1] denotes the energy harvesting eﬃi
ciency, which is assumed equal for all the WDs. Accordingly, the
residual energy of the ith WD is

Ei = min {E0,i + Hi , Emax },

(4)

where, E0,i is the known residual energy at the beginning of the
current time slot, and Emax is the battery capacity.
In the meantime, the interference power to the primary receiver is tr(bbH Q)tr(HHR Q), where HHR bbH .
3.2. Phase II: intra-cluster transmissions
In general, the CMs only use a part of the harvested energy to
transmit to the CH. The transmit power of the ith CM P2,i is restricted by

Fig. 2. The proposed cluster-based cooperation protocol in U-CWPCN.

τ2,i P2,i + ei ≤ Ei , i = 1, · · · , N − 1,

(5)
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where ei denotes the ﬁxed circuit energy consumption of the ith
CM within a transmission block, e.g., on performing sensing and
data processing. The received signal at the CH is expressed as

For each CM’s message, however, is received in both the second and third phases. In this case, the HAP can jointly decode each
CM’s message across two phases at a rate given by [1]

y0(2,i) (t ) = ci

Ri (τ , P ) = min Ri(2) (τ , P ), Vi(2) (τ , P ) + Vi(3) (τ , P ) ,

P2,i si(2) (t ) + ni(2) (t ),

(6)

(2 )

where ni (t ) includes the receiver noise N0 and the interference
signal generated from the primary link h0D Pp . The total interference plus noise power E |ni(2 ) (t )|2 = N0 + h0D Pp . In this paper,
we consider the worst-case interference in terms of the achievable
data rate given the noise power, where the interference distribution is cyclic symmetric complex Gaussian [21]. Then, the CH can
decode the ith CM’s message at the minimum achievable rate given
by1

Ri(2) = τ2,i log2

gi P2,i
1+
, i = 1, · · · , N − 1.
N0 + h0D Pp

(7)

Meanwhile, the HAP can also overhear the transmission of the
CMs, such that it receives
(2 )
yH,i
(t ) = ai

(2 )
P2,i si(2) (t ) + nH,i
(t ),

(8)

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

(2 )
nH,i
(t ) ∼ CN 0, (N0 + hT H Pp )I , hTH Pp is the interference power to
the HAP from the primary link.
Meanwhile, the interference power caused by the ith WD to the
primary system is hiR P2,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 P3,i denote the power used to transmit the ith WD’s message.
Then, the received signal of the ith WD’s message at the HAP is

yi(3) (t ) = a0

P3,i si(3) (t ) + ni(3) (t ),

(3 )





(13)

where i = 1, · · · , N − 1, and Ri(2 ) (τ , P ) is given in (7). Vi(2 ) (τ , P ) denotes the information that can be extracted by the HAP from the
received signal in (6) (in the second phase) using an optimal MRC
receiver, which is given by

Vi(2) (τ , P ) = τ2,i log2

1+

hi P2,i
,
N0 + hT H Pp

(14)

Vi(3 ) (τ , P ) denotes the achievable rates of the transmissions from
CH to the HAP, which are given by

Vi(3) (τ , P ) = τ3,i log2

1+

h0 P3,i
.
N0 + hT H Pp

(15)

An important performance metric of an U-CWPCN is the minimum achievable secondary throughput among all the WDs (the
max-min throughput), i.e.,

S = min Ri ,

(16)

0≤i≤N−1

which reﬂects the throughput fairness. The max-min throughput
has important practical implication. For instance, the max-min
throughput in a wireless sensor network reﬂects the accuracy of
data reported by the “bottleneck” sensor, which can directly affect
the overall sensing accuracy of the network. In the next section,
we formulate the max-min throughput optimization problem and
solve it optimally. In fact, our proposed method in this paper can
also be extended to maximize (weighted) sum throughput of the
WDs, which is omitted for brevity.
4. Max-min throughput optimization under the peak
interference constraint
4.1. Problem formulation

τ3,i P3,i + e0 ≤ E0 ,

(10)

i=0

where e0 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 ith WD is

γi



(9)

where ni (t ) ∼ CN 0, (N0 + hT H Pp )I , and i = 0, 1, · · · , N − 1. The
total energy consumed by CH is upper bounded by its harvested
energy
N−1




(3 )

|a0 |2 P3,i

h0 P3,i
=
=
, i = 0, · · · , N − 1,
N0 + hT H Pp
N0 + hT H Pp

1+

h0 P3,0
.
N0 + hT H Pp

tr(HHR Q ) ≤ Imax .

(17)

IiCM = hiD P2,i ≤ Imax , i = 1, · · · , N − 1.

(18)

IiCH = h0D P3,i ≤ Imax , i = 0, · · · , N − 1.

(19)

(11)

where the numerator denotes the useful signal power for the ith
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 h0R P3,i , i =
0, · · · , N − 1, owing to CH’s WIT.
We denote the time allocation as τ = [τ1 , τ2,1 , · · · , τ2,N−1 ,
τ3,0 , τ3,1 , · · · , τ3,N−1 ] , and the transmit power as P =
[P2,1 , · · · , P2,N−1 , P3,0 , P3,1 , · · · , P3,N−1 ] , where [ · ] denotes the
transpose operator. Then, the data rate of the CH at the HAP is

R0 (τ , P ) = τ3,0 log2

In this subsection, we require that the interference power from
the WPCN to the PR is no larger than a predeﬁned threshold, denoted by Imax . Therefore, the interference constraints of the three
phases are, respectively,

(12)

Under this setup, we are interested in maximizing the minimum (max-min) throughput of all WDs in each block, by jointly
optimizing the EB Q, the time allocation τ , and the transmit power
allocation P , i.e.,

(P1 ) : max S = min Ri (τ , P )
τ ,P ,Q

0≤i≤N−1

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

τ1 ≥ 0, τ2,i ≥ 0, i = 1, · · · , N − 1,
τ3,i ≥ 0, P3,i ≥ 0, i = 0, 1, · · · , N − 1,
Q  0.

(20)

1

For simplicity of illustration in the following analysis, we use the term achievable data rate to represent the minimum achievable data rate by treating the interference signal as cyclic symmetric complex Gaussian.

By introducing an auxiliary variable S, problem (20) can be
equivalently transformed into its epigraphic form,
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(P2 ) : max S

5

At the same time, (17), (18), and (19) can be reformed as, respectively,

τ ,P ,Q,S

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

tr(HHR W ) ≤ τ1 Imax ,

τ ≥ 0, P ≥ 0, Q  0, S ≥ 0,
R0 (τ , P ) ≥ S,
Vi(2) (τ , P ) + Vi(3) (τ , P ) ≥ S,

2,i ≤ τ2,i

Ri(2) (τ , P ) ≥ S, i = 1, · · · , N − 1.

(21)

Notice that both the data rates expressions of intra-cluster communication (i.e., Ri(2 ) (τ , P ) and Vi(2 ) (τ , P )) and cluster-to-HAP com(3 )

munication (i.e., R0 (τ , P ) and Vi (τ , P )) are not concave functions.
Besides, the LHS of (5) is also not a convex function. Therefore, (P2)
is a non-convex problem in its current form, which lacks of eﬃcient optimal algorithms. In the next subsection, we transform the
above non-convex problem into a convex one through introducing some auxiliary variables, which can then be solved using some
known convex optimization techniques, e.g., interior point method
[22].

θ3,i ≤ τ3,i

Imax

, i = 1, · · · , N − 1,

(31)

, i = 0, 1, · · · , N − 1,

(32)

φi

Imax

φ0

(30)

where φ0 = ηh0D , and φ i = ηhiD , i = 1, · · · , N − 1.
Accordingly, problem (21) can be transformed into the following
equivalent problem.

(P 3 ) :
max

τ ,θ , ,z ,S,W0

s. t.

S

(22 ), (28 ), (29 ), (30 ), (31 ), and (32 ),
τ ≥ 0, θ ≥ 0, S ≥ 0, W  0, tr(W ) ≤ τ1 PH ,
R0 (τ , θ ) ≥ S, Vi(2) (τ ,  ) + Vi(3) (τ , θ ) ≥ S,

4.2. Convex transformation of (P2)

Ri(2) (τ ,  ) ≥ S, i = 1, · · · , N − 1,

The basic idea of the convex transformation is to introduce
auxiliary variables to replace the multiplicative terms in (5) and

τ0 + τ1 +

(10). Speciﬁcally, we ﬁrst deﬁne 2,i 

Ei ≤ E0,i + ηzi , i = 0, 1, · · · , N − 1,





τ2,i P2,i
η , i = 1, · · · , N − 1 and

 = 2,1 , · · · , 2,N−1 . Accordingly, (5) can be re-written as a
function of  ,

2,i +

ei

η

≤

Ei

η

, i = 1, · · · , N − 1.

(22)

Meanwhile, Ri(2 ) (τ , P ) and Vi(2 ) (τ , P ) in (7) and (14) can be reexpressed as functions of τ and  , respectively,

Ri(2) (τ ,  ) = τ2,i log2

1 + ρi

2,i
,
τ2,i

(23)

Vi(2) (τ ,  ) = τ2,i log2

1 + ρi

2,i
,
τ2,i

(24)

where ρ i  η N

gi

0 +h0D Pp

, ρi  η N

hi

0 +hT H Pp

are parameters, and i =

1, · · · , N − 1.
τ P
Subsequently, we deﬁne θ3,i  3,iη 3,i , i = 0, 1, · · · , N − 1, and


θ = θ3,0 , · · · , θ3,N−1 , then R0 (τ , P ) and Vi(3) (τ , P ) in (12) and
(15) can be reformulated as functions of τ and θ , i.e.,

R0 (τ , θ ) = τ3,0 log2
Vi(3) (τ , θ ) = τ3,i log2

1 + ρ0

θ3 , 0
,
τ3 , 0

1 + ρ0

(25)

θ3,i
,
τ3,i

(26)

where i = 1, · · · , N − 1, and ρ0  η N

h0

0 +hT H Pp

.

Next, we deﬁne Wτ 1 Q0. With the sum transmit power constraint in (3), we have

tr(W ) = tr(τ1 Q ) ≤ τ1 PH .

(27)

Accordingly, we change the variables as

zi  τ1 tr(Ai Q ) = tr(Ai W ),

(28)

for i = 0, · · · , N − 1. Thus, the power constraint given in (10) can
be re-expressed as
N−1

i=0

θ3,i +

e0

η

≤ z0 .

(29)

N−1

i=1

τ2,i +

N−1


τ3,i ≤ 1,

i=0

Ei ≤ Emax , i = 0, 1, · · · , N − 1.
Furthermore, our proposed method in this paper can also be extended to be under the average ITC, which is omitted for brevity.
From [19], both Ri(2 ) ’s in (23) and Vi(2 ) ’s in (24) are concave func-

tions in (τ ,  ) . Besides, R0 in (25) and Vi(3 ) ’s in (26) are also
concave functions in (τ , θ ) . Therefore, the ﬁrst three sets of constraints in (P3) are convex constraints. Meanwhile, the rest of the
constraints are aﬃne. It follows that the objective and all the constraints of (P3) are convex, therefore (P3) is a convex optimization
problem, which can be eﬃciently solved by off-the-shelf optimization algorithms, e.g., interior
 point method∗ [22].Let’s denote the
optimal solution to (P3) as τ ∗ , θ ∗ ,  ∗ , z ∗ , S , W∗ . Then, the optimal solution τ ∗ of (P1) is the same as that in (P3). The optimal
Q∗ and P ∗ of (P1) can be restored by letting Q∗ = W∗ /τ1∗ , P2,i =
η ∗ /τ2∗,i ( i = 1, · · · , N − 1), and P3∗,i = ηθ3∗,i /τ3∗,i ( i = 0, · · · , N − 1).
4.3. Benchmark methods
For performance comparison, we consider two representative
benchmark methods, i.e., independent transmission and hybrid
transmission. For simplicity, we assume that the time spent on CE
(τ 0 ) is equal for all the schemes.
4.3.1. Independent transmission
In this case, all the WDs transmit independently to the HAP
following the harvest-then-transmit protocol in [18]. Speciﬁcally,
the HAP ﬁrst uses EB to perform WET for τ1 amount of time
for the WDs to harvest. Then, the WDs take turns to transmit
their messages to the HAP, where each WD’s transmission takes
τ2 ,i (i = 0, 1, · · · , N − 1) amount of time. Meanwhile, the HAP uses
MRC to decode the message of each user.2 Then, the data rate of
the ith user is denoted by

Ri (τ  , P ) = τ2 ,i log2

1+

hi P2 ,i
N0 + hT H Pp

,

(33)

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 interference or high computational complexity will be induced when the WDs transmit to the HAP simultaneously.
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where i = 0, · · · , N − 1, τ   [τ1 , τ2 ,0 , · · · , τ2 ,N−1 ] , and P  
[P2 ,0 , · · · , P2 ,N−1 ] . Then, the max-min throughput can be obtained by solving the following problem

max
min R (τ  , P  )
τ  ,P  ,Q i=0,··· ,N−1 i
s. t.

τ0 + τ1 +

N−1


τ2 ,i ≤ 1,

i=0

τ1 ≥ 0, τ2 ,i ≥ 0, Q  0, tr(Q ) ≤ PH ,
tr(HHR Q ) ≤ Imax , hiD P2 ,i ≤ Imax ,
τ2 ,i P2 ,i + ei ≤ Ei , Ei ≤ Emax ,
Ei ≤ E0 ,i + ητ1 tr(Ai Q ), i = 0, · · · , N − 1.

(34)

The optimal solution to the above problem can be similarly obtained as (P3), where the detailed algorithm is omitted for simplicity.
Fig. 3. The deployment of HAP and WDs in C-WPCN, where N = 15.

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 transmit 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 previously 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 N0 = 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 interference temperature constraint is Imax = −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 Pp = 0.1 W and
Pmax = 3 W. The mean channel gain between any two nodes (HAP,
WD, PT and PR) follows a path-loss model. Without loss of generality, we assume the circuit energy consumption of all the devices are zero, i.e., ei = 0, i = 0, · · · , N − 1. For instance, let dH,i denote the distance between the HAP and the ith WD, then the av2 = G ( 3×108 )α , where G denotes the anerage channel gain δH,i
A
A 4π d f
H,i c

tenna gain, α denotes the path-loss factor and fc denotes the carrier frequency. Likewise, dPT,i , dPR,i , dCH,i , dPR,H , dPT,H , and dPT,PR denote the distance between the PT and the ith WD, the PR and the
ith WD, CH and the ith CM, the PR and the HAP, PT and HAP,
and PT and PR, respectively, and their corresponding average channel gain model is similar to the above. We set GA = 4, α = 3, and
fc = 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 assume the coordinates of the circle’s center is (0,0). In all simulations, the WD that is closest to the cluster center is selected as the
cluster head.

The placements of the primary and secondary systems considered in this paper are shown in Fig. 4. We assume that the PT and
PR are located 200 m (m) apart. Meanwhile, we consider three different representative locations of the secondary WPCN. In Case 1,
the C-WPCN is located much closer to the PR than PT (the HAP’s
coordinate of the C-WPCN is 202 m from the PT) as shown in
Fig. 4(a); in Case 2, the distance from PT to C-WPCN and from
PR to C-WPCN is equal (i.e., 100 m) as shown in Fig. 4(b); while
in Case 3, the C-WPCN is located much closer to the PT (with a
distance of 30 m from the PT) as shown in Fig. 4(c).
In Fig. 5, we compare the max-min throughput performance of
four methods, i.e., the proposed cluster-based cooperation (CC) selecting the CH as the WD closest to the cluster center, the CC selecting the CH as the WD closest to the HAP, the hybrid transmission, and independent transmission (IT) when the maximum transmit power of the HAP (Pmax ) varies. Meanwhile, we also consider
two different cases where the transmit power of the PT Pp = 0.1 W
and Pp = 1 W, respectively. The max-min throughput performance
under the placement of Case 1 is shown in Fig. 5(a). We see that
under both Pp = 0.1 and 1 W, the performance of the proposed CC
method with CH closest to the cluster center is the best. Particularly, with Pp = 0.1 W and Pp = 1 W, it achieve on average around
26% and 21% higher max-min throughput than those of the CC
with CH closest to the HAP, around 35% and 32% higher max-min
throughput than those of the hybrid transmission, and around 56%
and 50% higher max-min throughput than those of IT, respectively.
Furthermore, Fig. 5(b) shows the sum throughput comparison under different Pp in Case 1. It is observed that the proposed CC with
CH closest to the cluster center performs the best. Speciﬁcally, it
has on average 26% and 23% higher sum throughput than CC with
CH closest to the HAP, around 35% and 32% higher sum throughput than those of the hybrid transmission, and average 56% and
50% higher sum throughput than IT with Pp = 0.1 W and Pp = 1 W,
respectively. For simplicity of illustration, in the following simulations, we compare only the performance of the proposed CC
method with CH closest to the cluster center (simply referred to
as the CC method in the following) and the IT method, which is
one commonly considered multi-user transmission method in related literatures.
In Figs. 6 and 7, we investigate the secondary max-min and
sum throughput of CC and IT when Pmax changes for Case 2
and Case 3, respectively. Due to the closer distance between the
primary and secondary systems, the secondary system suffers
stronger interference from the primary network. Therefore, the
data 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 Pmax 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 Pmax 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 Pmax for Case 3. (a) Max-min throughput performance. (b) Sum throughput
performance.

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

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 Pp = 0.1 W
and 58% higher when Pp = 1 W. In terms of sum throughput performance in Fig. 6(b), the performance advantage of the proposed
CC method is around 56% and 58% when Pp = 0.1 W and 1 W, respectively. 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 Pp = 0.1 W
and 68% higher when Pp = 1 W. The sum throughput performance
advantage is on average around 60% and 68% when Pp = 0.1 and
1 W, respectively. Overall, we can observe from Figs. 5–7 that the

proposed CC method can achieve both higher user fairness and
spectral eﬃciency in all the three representative network placements.
In Fig. 8, we plot the max-min and sum throughput performance of the proposed CC and IT when the threshold of the peak
interference temperature constraint Imax varies. For simplicity of illustration, we consider only the network setups in Case 1, while
similar performance comparisons are also observed for Case 2 and
3. Here we consider the number of WDs N = 15. We can see from
Fig. 8 that the maxi-min and sum throughput of both the proposed
CC and IT increase with Imax , i.e., higher tolerance of interference.
Besides, both the max-min throughput and the sum throughput
performance of the proposed CC method greatly outperform those
of the IT method. Speciﬁcally, in Fig. 8(a), the proposed CC method
achieves on average around one time higher max-min throughput
than that of IT. Furthermore, in Fig. 8(b), the proposed CC has on
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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.

average one time higher sum throughput than IT. Meanwhile, we
see that the cluster-based C-WPCN is most effective under stringent ITC requirement, i.e., low Imax . For example, the performance
advantage is more than one time for max-min throughput and one
time for sum throughput when Imax = −70 dBm. Intuitively, this
is because the cluster-based cooperation can effectively control its
interference to the primary system by reducing the communication range, and thus the transmit power, when the secondary users
transmit their information.
In addition, Fig. 9 evaluates the throughput performance when
the number of WDs N increases from 15 to 30 in Case 1. On one
hand, we can see from Fig. 9(a) that the max-min throughput decreases with the number of WDs for both schemes. This is because in general each WD is allocated with shorter transmission
time as N increases, especially for the time allocated to the worstperforming WD due to the doubly-near-far unfairness issue. In an
extreme case, when the number of the WDs approaches inﬁnity,
the transmission time allocated to the worst-performing WD approaches zero, thus resulting close-to-zero max-min throughput.
Nonetheless, we see that the proposed CC method achieves around
100% higher max-min throughput than the benchmark IT method.
On the other hand, we can observe in Fig. 9(b) that the sumthroughput increases with N due to the beneﬁt of multi-user diversity, although the data rates of some individual WDs may decrease.
In particular, the proposed CC method achieves on average around
one time higher sum throughput than the IT method. This indicates that a tradeoff exists between each individual user’s throughput and the aggregate network throughput. In practice, the number
of WDs should be kept moderate, to guarantee satisfying per-user
throughput performance. Nonetheless, we can still observe significant performance gain of the proposed method over the benchmark method.
6. Conclusions
In this paper, we have considered a cluster-based cooperation
method in a WPCN underlaid to a primary communication link.
Speciﬁcally, a CH user is appointed to relay the information transmission of the other cluster members to the HAP. Energy beamforming is applied at the multi-antenna HAP to balance the dif-

ferent energy consumption rates of the WDs. To control the potential severe interference, the secondary WPCN generates to the
primary system, we optimize the system performance under an interference temperature constraint. By jointly optimizing the energy
beamforming design, the transmit time allocation among the HAP
and the WDs, and the transmit power allocation of the CH. Extensive simulations under practical network setups show that the
proposed method can signiﬁcantly enhance user fairness and spectrum eﬃciency compared to the benchmark method, meanwhile
guaranteeing the quality of transmission in the primary network,
especially under stringent ITC requirement.
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