
Optimal Cooperation Strategy
in Cognitive Relay Networks with Energy
Harvesting

Kaiqiang Yan, Guochun Ren, Jin Chen, Guoru Ding and Huidong Liu

Abstract In this paper, we consider cognitive relay networks with energy har-
vesting and cooperative communications, the secondary user (SU) can get energy
and idle spectrum by helping primary user (PU) to transmit its information for each
slot. In such a scenario, we propose an optimal cooperation strategy in order to
maximize the overall networks’ throughput. We compare the results of the optimal
cooperation strategy with the other collaboration strategy. The results show that the
optimal cooperation strategy is always superior to the other collaboration strategy.
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1 Introduction

With the growing environmental concerns and the increasing demand of wireless
services, energy efficiency and spectral efficiency are two essential design metrics in
wireless communications [1]. Recently, it has been shown that the wireless infor-
mation and power transfer technology could make one device harvest energy from
the environment RF signal, and process the information at the same time [2]. On the
other hand, cognitive radio is a promising way to improve spectrum utilization by
allowing spectrum sharing. Therefore, combining cognitive radio networks with
energy harvesting offers an efficient way in terms of both energy and spectrum [3, 4].

Cognitive radio was proposed to improve the spectrum utilization by allowing
SUs to opportunistically exploit the spectrum unused by PUs [5, 6]. In [7], the
authors investigate optimization for the cooperative spectrum sensing with an
improved energy detector to minimize the total error rate (sum of the probability of
false alarm and miss detection). Follow-up works extend the scenario in [7] to
imperfect reporting channels [8] and SUs with multiple antennas [9], respectively.
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Cooperative spectrum sensing based on finite number of primary signal samples is
investigated in [10, 11], where the local and global thresholds are optimized in
order to minimize the total error rate. In [12–15], the authors investigate trans-
mission policies to guarantee that the energy constrained relay could carry out
simultaneously the energy harvesting and information processing in wireless
cooperative systems. Our research is inspired by [16]. In [16], the authors have
proposed the optimal cooperation protocol in cognitive radio system where the
direct link between the PUs is available and the SU’s energy is harvested from
ambient radio signal.

In this paper, we consider cognitive relay networks with one pair of primary
transceivers and one pair of secondary transceivers, which operate in time-slotted
mode. The secondary transmitter is powered exclusively by energy extracted from
the primary transmitter’s signal. The main contributions of this paper are summa-
rized as follows:

(1) We characterize a new transactional relationship between the PU and SU.
The PU provides sufficient energy and idle spectrum for the SU. In return, the
SU can act as a relay node to complete PU’s transmission.

(2) We formulate the problem of the SU’s achievable throughput maximization. In
such a scenario, there exist energy transfer (e.g., fraction of dedicated time),
cooperative transmission (e.g., allocated power for cooperative relay), and data
transmission. To tackle such trade-off, we investigate the optimal cooperation
strategy in cognitive relay networks, namely, the optimal action (to spend how
much time on energy harvesting and to allocate how much power for coop-
erative relay).

(3) We derive the expression of the optimal cooperation strategy and illustrate the
strategy by numerical computation and simulation analysis. Our numerical
results show that the optimal cooperation strategy can maximize the
throughput.

The paper is organized as follows. Section 2 sets up the energy harvesting,
information transfer, and cooperative communication model. The problems are
formulated and analyzed in Sect. 3. Simulations are presented in Sect. 4, followed
by conclusions in Sect. 5.

2 System Model

We consider cognitive relay networks with energy harvesting as shown in Fig. 1.
The PU has the ownership of a licensed channel. In each timeslot, the PU has a
certain amount of data stored in its buffer. Because the direct link between the PUs
is not available, the PU must rely on a relay node to use the licensed channel to
transmit its data. After PU’s transmission is finished, the PU turns into silence and
the licensed channel is vacated. On the contrary, the SU does not have any licensed
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spectrum and is allowed to transmit its own data only when the licensed channel is
unused by the PU in order to avoid collision with the PU. Moreover, the
self-powered SU has no fixed power supplies and extracts energy exclusively via
energy harvested from the PU’s radio signal. We also assume that the SU’s
transmitter follows a save-then-transmit protocol. This is because practically
rechargeable energy storage devices cannot charge and discharge simultaneously
(which is termed energy half-duplex constraint). In each timeslot, the SU first
devotes a fraction (referred to as save-ratio) of time exclusively to energy har-
vesting, then it uses the harvested energy for data transmission.

In such cognitive relay networks, the PU needs a relay to transmit the data and
the SU lacks energy and spectrum. Therefore, we assume that there is a transaction
between the PU and SU. The SU can act as a cooperative relay to help the PU finish
its certain transmission. In exchange, the PU provides ambient radio signal, which
the SU can harvest energy from, and idle spectrum. After all of PU’s data is
transmitted, the SU can transmit its own data on the idle channel by consuming the
remaining energy. As a result, the PU and the SU can achieve a win-win. Moreover,
the PU sever as a power source can make the harvested energy assured.

In order to do so, the SU must consume its harvested energy to help relay the
PU’s data. This cooperation can take place in several ways depending on the
cooperative protocol being used. In this paper, we assume the cooperative com-
munication between PU and SU follows the decode-and-forward (DF) protocol,
which is one of the commonly used protocols. In the DF protocol, the relays first
decode the received signal, re-encode it, and then transmit it to the destination.
Finally, the destination decodes the data.

Fig. 1 Cognitive relay networks with cooperation between PU and SU
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In the proposed mode shown in Fig. 2, a timeslot is partitioned into three
fractions synchronous for both PU and SU, which can be detailed as follows:

(1) During time interval 0, aTð �, the SU harvests energy from ambient signal. The
SU’s harvested energy amounts to XaT, where X denotes the SU’s energy
harvesting rate (average energy harvested in unit time).

(2) During time interval aT , aT + trð �, where the cooperative communication
duration is given by

tr = tr1 + tr2 =Qlog2 1+ rPSð Þ+Qlog2ð1+wγSRÞ ð1Þ

the PU and the SU cooperate with each other to complete the PU’s transmission,
Q denotes the data amount of PU in each timeslot, rPS denotes signal-to-noise ratio
of link between PU transmitter (source) and SU transmitter (relay), and γSR denotes
channel-power-gain-to-noise-power ratio of link between SU transmitter (relay) and
PU receiver (destination). Here, we specify that tr ≤ ð1− aÞT . Because the PU must
be able to complete its transmission within one timeslot. After consuming wtr2 of
energy for cooperative relay, XαT −wtr2 of energy remains. Following the DF
protocol, the PU transmitter (as source) transmits its data to the SU transmitter (as
relay) and PU receiver (as destination) in the first part of cooperation interval
aT , aT + tr1ð �. Then in the second part of cooperation interval aT + tr1, aT + trð �, the
SU transmitter relays the PU’s data to the PU receiver. Here, we focus on fully
decoding at the SU’s transmitter (i.e., repetition-coded scheme without error).

(3) During time interval aT + tr, Tð �, when PU’s transmission is completed and the
licensed channel is vacated, the SU starts to transmit its own data. The PU
keeps silent and of energy remains for secondary transmission. We assume that
the SU must exhaust all the harvested energy in each timeslot for data trans-
mission. While operating in cooperation mode, in addition to the save-ratio, the
SU can decide how much of its harvested energy is allocated to help relay the

Fig. 2 Timeslot structure of cooperation mode

96 K. Yan et al.



PU’s data as well. Evidently, with more energy consumed for cooperative relay,
the PU’s transmission could be completed earlier such that more opportunities
could be available for secondary transmission, whereas less energy is reserved,
which inevitably limits the SU’s achievable throughput.

3 Problem Formulation

In this section, problem of the SU’s achievable throughput maximization is for-
mulated. In the proposed mode as shown in Fig. 2, the SU’s achievable throughput
in each timeslot is given by

Rða,wÞ= ½ð1− aÞT − tr� log2 1+
ðXaT −wtr2ÞγS
ð1− aÞT − tr

� �
ð2Þ

Note that the SU’s achievable throughput in (2) is normalized with 1/T, and γS
denotes channel-power-gain-to-noise-power ratio of link between SU transceiver
pair. We aim at jointly optimizing the SU’s save-ratio (a) and allocated power
(w) for cooperative relay to maximize SU’s achievable throughput and the problem
can be formulated as the following:

max
a,w

Rða,wÞ
s.t. ð1− aÞT − tr ≥ 0

XaT −wtr2 ≥ 0

a,w≥ 0

Q= tr1 log2ð1+ rPSÞ= tr2 log2ð1+wγSRÞ
tr = tr1 + tr2

ð3Þ

The first constraint in (3) refers to the time causality constraint which guarantees
that the cooperative communication duration should not exceed the remaining time
after energy harvesting. The second one refers to the energy causality constraint
which guarantees that the energy consumed for cooperative relay should not exceed
the SU’s harvested energy. We ensure the PU’s transmission by the two constraints.
The one can guarantee the transmission time and the other one can satisfy the
transmission power. We aim at jointly optimizing the SU’s save-ratio (a) and
allocated power (w) for cooperative relay to maximize SU’s achievable throughput
in (2). The analysis of (3) did turn up that it is a typical convex optimization
problem [17], and its Lagrange Equation is given by
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L a,w, λ1, λ2ð Þ=R a,wð Þ+ λ1 1− að ÞT − tr½ �+ λ2 XaT −wtr2ð Þ ð4Þ

We first investigate the convexity of the optimization problem in (2) and then
derive the optimal by solving the equation system of Karush–Kuhn–Tucker
(KKT) optimality conditions. Thus, the global optimum of (3) exists and the
optimal can be derived by comparing all the candidate KKT points.

The KKT optimality condition of (4) is given by

∂R
∂a − λ1T + λ2XT =0
∂R
∂w − λ1W + λ2ð− tr2 +wWÞ=0
W = QγSR

ð1+wγSRÞ log22ð1+wγSRÞ
1− að ÞT − tr >0,XaT −wtr2 > 0
λ1 1− að ÞT − tr½ �=0, λ2 XaT −wtr2ð Þ=0
λ1, λ2 ≥ 0

8>>>>>>><
>>>>>>>:

ð5Þ

Therefore, we eliminate the complementary slackness conditions and dual
variables concerning these cases.

(1) Candidate KKT point 1: λ1 = λ2 = 0: Deriving the optimal and while is
equivalent to solving the following equation system:

∂R
∂a

=0

∂R
∂w

=0

8><
>: ð6Þ

The candidate KKT point (a1, w1) can be expressed as

a1 =
A1 +B1ð Þ ln 1+ A1

B1

� �
XT − γSA1

T + w1Q
XT log2ð1+w1γSRÞ

w1 =
A1 +B1ð ÞγSR ln 1+ A1

B1

� �
+ γS 1+w1γSRð Þ ln 1+w1γSRð Þ+B1γSR

A1γSR

8>>><
>>>:

ð7Þ

where

A1 = 1− a1ð ÞT − tr1 − Q
log2 1+w1γSRð Þ

B1 = Xa1T − w1Q
log2 1+w1γSRð Þ

� �
γS

8<
: ð8Þ

Then the feasibility of (a1, w1) can be tested with the constraints in (3).

(2) Candidate KKT point 2: λ2 = 0 and λ1 ≥ 0: In this case, we have
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a2 = 1−
Q

T log2 1+ rPSð Þ −
Q

T log2 1 +w2γSRð Þ ð9Þ

(3) Candidate KKT point 3: λ1 = 0 and λ2 ≥ 0 : In this case, we have

a3 =
w3Q

XT log2 1+w3γSRð Þ ð10Þ

However, we tested (9) and (10) with the constraints in (2), it can be concluded
that (a2, w2) and (a3, w3) are both practically infeasible. The values of R(a2, w2) and
R(a3, w3) are zero, obviously they do not meet with the maximum throughput.

4 Numerical Results

In this section, we illustrate how the optimal strategy depends on the system
parameters in cooperation. We respectively evaluate numerically the optimal
save-ratio and allocated power for cooperative relay in the proposed mode by
setting X = 150, T = 1, rPS = 15 dB, γSR = γS = 5 dB/W.

We set Q = 2, a∈ 0, 0.4½ � and w∈ 0, 80½ �. Simulation results are shown in
Fig. 3. In Fig. 3, it can be observed that: the figure of results is convex, and it exists
in the peak. We first set an initial value. Then, according to the formula (3), the
optimal save-ratio and the optimal allocation power are obtained by the iteration.
We mark the optimal point and corresponding throughput by plus sign (+), which
coincides with the peak. Therefore, the optimal cooperation strategy can be verified.

Optimal save-ratio in the proposed mode with different system parameters is
shown in Fig. 4. In Fig. 4, we can see that the SU’s achievable throughput R de-
creases as PU’s data amount Q increases, and the optimal save-ratio varies with
different Q. When the allocated power for cooperative relay is optimum, the

Fig. 3 The global throughput
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throughput which the optimal save-ratio achieves is always equal or greater than the
other save-ratio’s achievable throughput.

Optimal allocated power for cooperative relay in cooperation mode with dif-
ferent system parameters is shown in Fig. 5. In Fig. 5, we can see that the save-ratio
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is optimum, the optimal allocated power’s achievable throughput is always equal or
greater than the others. The difference between them increases as the PU’s data
amount Q increases. The reason of the phenomenon is that the influence of the
allocated power is not obvious when the value of Q is small.

5 Conclusions

In this paper, we consider cognitive relay networks with one PU and one SU and
both of their transmitters operate in time-slotted mode. The SU, which has no fixed
power supplies and extracts energy exclusively via energy harvested from ambient
radio signal, can optionally cooperate with the PU to help PU’s complete trans-
mission such that enough energy and idle channel can be available for its own
transmission. To tackle the trade-off in energy harvesting, cooperative relay, and
secondary transmission, we investigate the optimal action to maximize the SU’s
achievable throughout and derive the optimal closed-form solutions with numerical
analysis. Based on the analytical results, we further propose the optimal cooperation
protocol (OCP) to make the optimal cooperation decision. Simulation results
demonstrate the effectiveness of the proposed strategy.
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