
SCIENCE CHINA
Information Sciences

February 2019, Vol. 62 029303:1–029303:3

https://doi.org/10.1007/s11432-017-9387-5

c© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2018 info.scichina.com link.springer.com

. LETTER .

Resource allocation in cognitive wireless powered

communication networks with wirelessly powered

secondary users and primary users

Ding XU1* & Qun LI2

1Wireless Communication Key Lab of Jiangsu Province, Nanjing University of Posts and Telecommunications,

Nanjing 210003, China;
2Jiangsu Key Lab of Big Data Security and Intelligent Processing, Nanjing University of Posts and Telecommunications,

Nanjing 210023, China

Received 4 January 2018/Revised 9 March 2018/Accepted 14 March 2018/Published online 15 October 2018

Citation Xu D, Li Q. Resource allocation in cognitive wireless powered communication networks with wirelessly

powered secondary users and primary users. Sci China Inf Sci, 2019, 62(2): 029303, https://doi.org/10.1007/

s11432-017-9387-5

Dear editor,
Wireless powered communication networks
(WPCNs) are popular especially for wireless sen-
sor networks where sensors can be wirelessly pow-
ered. For coordinating wireless power and infor-
mation transfer, Ju and Zhang in their pioneer
work [1] proposed a “harvest-then-transmit” pro-
tocol for WPCN, where the time for wireless power
transfer (WPT) and wireless information transfer
(WIT) is divided into two phases: the WPT phase
and WIT phase. Meanwhile, cognitive radio (CR)
is another important technology that can provide
high spectrum efficiency [2]. In CR networks,
unlicensed secondary users (SUs) are allowed to
coexist with licensed primary users (PUs) under
underlay, interweave, or overlay models. In con-
trast to underlay and interweave models where the
PU does not benefit from the SU transmission, for
overlay CR model, the SU improves the transmis-
sion quality of the PU, and in turn the SU gains
transmission opportunities. Naturally, WPT and
CR can be considered together to improve spec-
trum efficiency and provide continuous energy to
user equipments [3, 4]. Specifically, a mutual ben-
efit between the SU and PU can be achieved in
WPT-based overlay CR networks. However, in

existing studies on such networks, only the SU or
PU is considered to be wirelessly powered [5, 6],
and to the best of our knowledge, no work has con-
sidered that both the SU and PU are wirelessly
powered in CR networks.

Motivated by the above discussion, this study
considers that both the SU and PU are wire-
lessly powered in a multi-carrier WPT-based CR
network, and adopts the “harvest-then-transmit”
protocol for coordinating WPT and WIT for the
SU and PU. The cognitive hybrid access point
(CHAP) is assumed to wirelessly broadcast energy
in the WPT phase and receive data from the SU
on the subcarriers that are permitted to be used
in the WIT phase, as long as the PU achieves a
minimum rate in the WIT phase, which guaran-
tees quality of service. Such cooperation leads to
a win-win situation for both the SU and PU, and
can be considered as an overlay CR model. Under
the PU minimum rate constraint and the trans-
mit power constraint at the CHAP, the SU rate
is maximized by optimizing the transmit power of
the CHAP in the WPT phase, the time allocation
between the WPT phase and the WIT phase, the
subcarrier allocation between the SU and PU in
the WIT phase, and the transmit powers of the
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SU and PU in the WIT phase. A resource al-
location scheme based on the dual optimization
method is proposed. For comparison, a heuris-
tic scheme is also proposed. It is shown that the
proposed dual scheme is practically optimal with
linear complexity in the number of subcarriers as
opposed to the exponential complexity required by
the optimal exhaustive search scheme. The dual
scheme achieves a higher SU rate than the heuris-
tic scheme, especially when the PU minimum rate
constraint or the transmit power constraint at the
CHAP is loose.

System model and problem formulation. We
consider an uplink WPT-based CR network with
a secondary link consisting of one CHAP and one
wirelessly powered SU sharing N subcarriers with
a primary link consisting of a wireless powered PU
transmitter (PU-TX) and a PU receiver (PU-RX).
The CHAP is able to wirelessly broadcast energy
signals in the downlink and receive information
signals from the SU in the uplink. The channel
power gains between the CHAP and the SU, from
the CHAP to the PU-TX, and from the PU-TX to
the PU-RX on subcarrier i are denoted by hi

s, h
i
sp,

and hi
p, respectively. All the channels are assumed

to be block fading.

The time for each transmission block is normal-
ized to be one and divided into two phases, i.e.,
the WPT phase with duration τ0 and the WIT
phase with duration 1 − τ0. The WPT phase is
dedicated for broadcasting energy signals by the
CHAP using all the subcarriers. Let pic denote
the transmit power of the CHAP on subcarrier i

in the WPT phase. The sum transmit power of
the CHAP is restricted as

∑N

i=1 p
i
c 6 P, where P

denotes the maximum transmit power limit. In
the WPT phase, the energies harvested by the SU
and PU-TX can be written as Es = ζ

∑N

i=1 p
i
ch

i
sτ0

and Ep = ζ
∑N

i=1 p
i
ch

i
spτ0, respectively, where ζ

denotes the energy harvesting efficiency.

The WIT phase is used for information trans-
mission from the SU to CHAP and from the PU-
TX to the PU-RX. In this phase, enough subcarri-
ers are allocated to the PU for achieving the min-
imum rate Rmin, while the remaining subcarriers
are allocated to the SU as a reward for broadcast-
ing energy to the PU. Let pis and pip denote the
transmit powers of the SU and PU-TX on sub-
carrier i in the WIT phase, respectively. Since
each subcarrier is either allocated to the PU or
SU, we have pisp

i
p = 0, i = 1, . . . , N . The energy

causality constraint requires that the consumed
energy cannot exceed the energy harvested in the
WPT phase, as given by

∑N

i=1 p
i
s(1−τ0) 6 Es and

∑N

i=1 p
i
p(1− τ0) 6 Ep. The achievable rates of the

SU and PU averaged over one transmission block

can be written as Rs =
1−τ0
N

∑N

i=1 ln(1+
pi

sh
i

s

σ2 ) and

Rp = 1−τ0
N

∑N

i=1 ln(1 +
pi

ph
i

p

σ2 ), respectively, where
σ2 denotes the noise power. It is required that
Rp > Rmin.

We aim to maximize the SU rate under the
aforementioned constraints by optimizing time
and power allocation as given by P1:

max
06τ061,{pi

c>0},{pi
s>0},{pi

p>0}
Rs (1)

s.t.
N
∑

i=1

pic 6 P, (2)

pisp
i
p = 0, i = 1, . . . , N, (3)

N
∑

i=1

pis(1− τ0) 6 Es,

N
∑

i=1

pip(1− τ0) 6 Ep, (4)

Rp > Rmin. (5)

Resource allocation schemes. This section pro-
poses schemes to solve the problem, P1. First, the
problem, P1, with a given τ0 is solved. Such prob-
lem may be infeasible because of the constraint in
(5) (see Appendix A). In what follows, we propose
a dual design for solving P1 with a given τ0. For
comparison, a heuristic design is proposed and the
optimal design is derived.

First, we propose the dual design. It has been
shown in [7] that the particular structure of the
nonconvex problem, P1, with a given τ0 satisfies
the time-sharing condition when the number of
subcarriers is infinity. This indicates that we can
solve the problem in the dual domain [8].

Proposition 1. Using dual optimization method
[8], the solution to the problem, P1, with a given
τ0 is pkc = P, k = argmaxi µ1h

i
s + µ2h

i
sp, p

i
c = 0,

i 6= k, and pis = p̂is, p
i
p = 0 if L2(p̂

i
s, 0, µ1, µ2) >

L2(0, p̂
i
p, µ1, µ2) +

ν
N
ln(1 +

p̂i

ph
i

p

σ2 ) and pis = 0, pip =

p̂ip otherwise, where ν, µ1, µ2 are the dual variables,

p̂is = ( 1
µ1N

− σ2

hi
s

)+, p̂ip = ( ν
µ2N

− σ2

hi
p

)+ and

L2(p
i
s, p

i
p, µ1, µ2)

=
1

N
ln

(

1 +
pish

i
s

σ2

)

− µ1p
i
s − µ2p

i
p. (6)

The variables, ν, µ1, µ2, can be obtained by the
subgradient method [8].
Proof. Refer to Appendix B.

The complexity of the dual design is ana-
lyzed here. For a given ν, µ1, µ2, obtaining
{pic}, {p

i
s}, {p

i
p} requires O(N) operations. The

subgradient method used to obtain ν, µ1, µ2 re-
quires △ operations, which is usually a small num-
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ber. Therefore, the complexity of the dual scheme
is O (N△) .

Then, we propose a heuristic design. Firstly,
pic is optimized to let the PU harvest more en-
ergy. Then, subcarriers are assigned to the PU
with high priority in the WIT phase to satisfy the
PU minimum rate constraint. If this is satisfied,
subcarriers are reallocated in a certain order to
the SU until any more reallocation would make
the PU minimum rate constraint not to be satis-
fied. After that, the SU uses these allocated sub-
carriers to maximize its own rate. The detailed
procedures of the heuristic design can be seen in
Appendix C. From Appendix C, the time complex-
ity of the heuristic design can be easily obtained
as O

(

N2
)

if Rmin is small and O (N) if Rmin is
large.

Next, the optimal design is proposed. Firstly,
for each subcarrier assignment, the problem, P1,
with a given τ0 without the constraint in (3) is
convex, and thus, it can be solved using the con-
vex optimization method similar to the dual design
with complexity O (N△) . As finding optimal sub-
carrier assignment between the SU and PU for N
subcarriers requires 2N searches, the overall time
complexity isO

(

2NN△
)

. Therefore, the complex-
ity of the optimal design is exponential in the num-
ber of subcarriers.

After the problem, P1, with a given τ0 is solved,
P1 can be solved by optimizing τ0, which can be
done by a simple one-dimensional search within
the narrow interval [0, 1].
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Figure 1 Comparison of the SU rates achieved by the
three schemes.

Simulation results. In the simulation, it is as-
sumed that all the channels follow Rayleigh fading
with a unit mean, and noise power is normalized
to be 1. Besides, we set ζ = 0.4 and N = 16.
Figure 1 compares the SU rates achieved by the
three schemes. It is shown that the proposed dual
scheme achieved the same SU rate as achieved by

the optimal scheme. This indicates that the pro-
posed dual scheme is practically optimal but with
much lower complexity than the optimal scheme.
It is also shown that the dual scheme achieved
higher SU rate than the heuristic scheme, and
the performance gap between them increases as
P increases; this indicates that the proposed dual
scheme is superior to the heuristic scheme espe-
cially when P is large. Besides, it is shown that
the SU rate decreases as Rmin increases. This is
as expected since more subcarrier resources will
be allocated to the PU with a higher Rmin. It is
also shown that the SU rate achieved by the dual
scheme is higher than that achieved by the heuris-
tic scheme, especially when Rmin is small. This
indicates that the proposed dual scheme is supe-
rior to the heuristic scheme, especially when Rmin

is small.
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