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Abstract: In this paper, we propose an optimal time and power allocation scheme in a wireless power
supply full-duplex (FD) relay system, where we consider the number of relay antennas in the energy
harvesting stage. At the same time, the energy efficiency optimization problem of the system is
structured, where optimization issues related to time allocation factors and power allocation are
established. For the FD dual-antenna and the FD single-antenna energy harvesting system, energy
efficiency function is proven to be a concave function over the time-switch factor, and the optimal
time-switching factor is theoretically obtained using the Lambert function. Then, according to the
given value range of the optimal time switching factor, the optimal power distribution scheme is
obtained by analyzing the derivative function of the system energy efficiency and using the properties
of the Lambert function. The time-switching factor and transmission power are optimally selected at
the wireless power supply FD relay. Results reveal that the performance of energy efficiency of the
dual-antenna energy harvesting at the FD relay outperforms that of the single-antenna. Moreover,
our results demonstrate that FD relay systems always substantially boost the energy efficiency
compared with half-duplex (HD) relay systems.

Keywords: full-duplex wireless power communication network; energy harvesting; time allocation
algorithm; power allocation algorithm; half-duplex relay

1. Introduction

In some practical scenarios, the traditional energy-limited communication system has a limited
operational life. To maintain the continuity and connectivity of energy-limited wireless relay networks,
nodes are usually equipped with fixed energy. Traditional battery-powered systems need to be
periodically replaced or charged to maintain network connectivity [1,2]. However, in certain situations
(such as in vivo sensors), battery charging is inconvenient or impossible, and the life cycle of the
wireless network is limited. To solve this problem, proposed energy acquisition schemes are proposed.
However, the energy collected from the external environment is random and susceptible to many
factors, such as weather and geography, and a continuous, stable energy supply is difficult to provide
to the wireless network, making normal communication more difficult. In recent years, because
radio-frequency (RF) signals can simultaneously carry information and energy, technology involving
the use of RF signals for energy collection has received extensive attention. This technology has the
advantages of controllability and measurability, which can be used in wireless systems compared with
traditional energy harvesting technologies, thereby providing an effective solution to solve the energy
supply problem of energy-constrained nodes in harsh environments.
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According to the interaction between wireless energy transmission and wireless information
transmission, two main architectures for implementing wireless energy information [3,4] are proposed,
namely, power splitting (PS) and time switching (TS). For the TS protocol [5,6], the energy and
information signals are transmitted through different time slots. The data source first collects energy
from the power signal and then uses the collected energy to transmit the information signal [7].
For the PS architecture [8,9], the receiver divides the received power between energy harvesting
and information processing. According to the time (TS) receiver architecture, we propose a closed
expression of system throughput based on an adaptive TS protocol, as seen in [10]. In [11], for PS
optimization of decode-and-forward (DF) and amplify-and-forward (AF) relays, an efficient algorithm
was proposed by using the PS strategy in a simultaneously (SWIPT), multi-relay assisted, dual-hop relay
system. In order to make full use of the collected energy, this study analyzes important performance
indicators [12–17] such as energy efficiency and outage probability. The analytic expressions of ergodic
capacity and outage probability based on adaptive TS protocol were deduced in [17]. However,
these tasks were only considered with regard to HD mode. Because HD relay transmits and receives
signals in different frequency bands, it causes significant loss of spectral efficiency. In order to reduce
the loss of spectral efficiency, FD architecture was proposed in [18].

With the latest advances in antenna and signal processing technology, FD relays are considered to
be possible [19–22]. Since the working mode of the relay node changes from HD to FD, the hardware
structure also changes, therefore, previous power allocation schemes are not applicable; we expect
new resource allocation schemes and transmission protocols to become the main directions in future
research. In [23], the authors studied wireless-powered FD relay systems based on a TS protocol,
where the number of antennas of relay nodes in the energy harvesting phase was considered and
the analytical expressions of throughput maximization in three different communication modes
(instantaneous transmission, delay-constrained transmission, and delay-tolerant transmission) were
derived by optimizing the TS factor. Moreover, the throughput of the wireless-powered multi-antenna
FD relay system was analyzed in [24]. In [25], the author proposed a new optimal power allocation
scheme for bidirectional FD relay. By using the optimal PS factor and the transmission beamforming
vector of the relay together, the throughput of the wireless-powered FD relay system based on the PS
protocol was maximized in [26]. Due to the gradual increase in energy costs and people’s awareness
of environmental protection, power efficiency has become an important performance indicator in
the field of wireless communication. However, there are few studies on the power efficiency of the
wireless-powered FD relay with dual-antenna energy harvesting.

Motivated by the above problems, in this paper, the optimal time allocation and optimal power
allocation scheme is proposed to maximize the energy efficiency in the FD relay system. In order to
make full use of the hardware resources of the system, this paper analyzes the FD relay in two ways:
By using two antennas to receive simultaneously in the energy acquisition phase, by selecting the
optimal single-antenna reception in the energy acquisition phase. The energy efficiency maximization
of the FD optimal time and the power allocation scheme was compared with that of traditional HD
optimal time and power allocation scheme.

The remainder of the paper is organized as follows. In Section 2, the system model of the
wireless-powered FD relay system is described and the energy efficiency optimization problem is
formulated. In Section 3, the optimal time and power allocation schemes to maximize the energy
efficiency of the dual-antenna energy harvesting system are proposed. Section 4 elaborates on
the proposed algorithm of the optimal time and power allocation in the FD single-antenna energy
harvesting system. In Section 5, the energy efficiency optimization problem for the HD relay systems
is introduced. Section 6 analyzes the numerical results, and the last section draws conclusions.

2. System Model and Problem Formulation

In this section, we first establish a system model and then develop an optimal time allocation
problem and optimal power allocation problem for energy efficiency maximization of the wireless
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power communication networks, namely, FD dual-antenna energy harvesting and single-antenna
energy harvesting.

2.1. System Model

As shown in Figure 1, the full-duplex decoding and forwarding (DF) wireless power
communication system consists of a source node S, a relay node R, and a destination node D.
In the system, both the source node and the destination node are equipped with one antenna, and the
relay node that performs the FD transmission is equipped with two independent antennas, including
one antenna for transmission and another for reception. The channel gains from the source node S

to the relay node R and R to the destination node D are |hi|
2 and

∣∣∣g∣∣∣2, where h and g are the channel
coefficients, respectively. All channels are distributed complex Gaussian channels with zero-mean and
unit-variance, i.e., CN(0, 1). It is assumed that there is no direct link between the source node and the
destination node. All channel power gains follow the fixed block fading model. They remain constant
during one block, but remain independent for a different block. It is assumed that the relay node is an
energy-limit node, and energy acquisition is performed from the source node.
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Figure 1. System model of wireless-powered FD relay systems.

The system uses a time division protocol in Figure 2. The process is divided into two phases,
namely, the energy harvesting phase and the information transmission phase. In the first phase,
the relay node performs energy acquisition from the source node. In the second phase, the relay node
use decoder forwarding to forward signals received from the source node to the destination node.

In order to make full use of FD hardware resources (antenna units) for energy harvesting, we use
the time-switch protocol, as shown in Figure 2b, to switch the receiving and transmitting antennas to
the energy harvesting circuit in the first stage.
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2.2. Full-Duplex Dual-Antenna Energy Harvesting

In the energy harvesting phase, the relay node uses dual antennas for energy harvesting.
The received signal of the relay R can be expressed as

yr1 =

(
h1

h2

)√
PSx1 + nr, (1)

where Ps is the transmission power of the source and nr is the Gaussian white noise of the relay node.
The unit power is known to be transmitted to the relay node by the source node. The energy that the
relay node obtains from the source node can be expressed as

E = ηαTPs
(
|h1|

2 + |h2|
2
)
, (2)

where η(0 < η < 1) is the energy conversion efficiency. As in [27], this depends on the rectification
process and the energy harvesting circuit. Here, we do not consider the noise power, which is much
smaller than the power of the energy signal [28].

As in [29,30], we assume that the system works in the original architecture used by the collector.
The energy collected during the energy harvesting phase is stored in a supercapacitor. Then, in the
information transmission phase, the energy collected in the first phase is used when the relay node
completely consumes the process of forwarding the source signal. Therefore, the transmission power
of the relay node can be expressed as

Pr =
ηαTPs

(
|h1|

2 + |h2|
2
)

(1− α)T
=
ηαPs

(
|h1|

2 + |h2|
2
)

(1− α)
. (3)

In the information transmission phase, the signal received by the relay node R can be represented as

yr2 = h1
√

Psx2 + f xr + nr, (4)
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where x2 is the information signal transmitted by the source node to the relay node in the second phase,

f is the self-interference coefficient that satisfies E
{∣∣∣ f ∣∣∣2} = 1, and nr is the Gaussian white noise at the

relay node, which obeys the distribution with a mean of zero and a variance of N0. Since the relay
node can recognize its own signal, it eliminates the interference caused by part of itself [31]. Therefore,
after interference cancellation, the signal received by the relay node can be expressed as

ỹr2 = h1
√

Psx2 + f̃ x̃r + nr. (5)

The residual self-interference coefficient caused by the imperfect self-interference cancellation is
usually considered as the Rayleigh channel [32].

In the second phase, we consider the DF protocol. xr(n) is written as

xr(n) =

√
Pr

Ps
x2(n− τ), (6)

where τ is the delay. The signal received by the destination node can be expressed as

yd = gxr(n) + nd, (7)

where nd is the Gaussian white noise at the destination node and g is the channel coefficient of the
relay node to the destination node.

Therefore, the signal to interference and noise ratio can be expressed as

SINR =min

 |h1|
2(1− α)

η
∣∣∣ f ∣∣∣2(|h1|

2 + |h2|
2
)
α

,
ηPs

(
|h1|

2 + |h2|
2
)∣∣∣g∣∣∣2α

N0(1− α)

. (8)

Therefore, the spectrum efficiency of the system can be expressed as

C = (1− α)log2(1+SINR). (9)

Therefore, the energy efficiency can be expressed as

ξ =
C

βPs + Pc
, (10)

where Pc is the constant circuit power consumption, which is independent of information transmission,
and β is the power amplifier. The objective function is to maximize the system energy efficiency, i.e.,

maxξ =

(1− α)log2

(
1 + min

{
|h1 |

2(1−α)

η| f |
2(|h1 |

2+|h2 |
2)α

,
ηPs(|h1 |

2+|h2 |
2)|g|2α

N0(1−α)

})
βPs + Pc

. (11)

2.3. Full-Duplex Single-Antenna Energy Harvesting

In the energy harvesting phase, the relay node uses a single antenna for the energy harvesting,
and the signal received by the relay node R can be expressed as

yr2 = h1
√

Psx2 + nr. (12)

The energy received by the relay node R can be expressed as

E = ηαTPs|h1|
2. (13)
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Therefore, the transmission power of the relay node can be expressed as

P
ηαTPs|h1|

2

(1− α)T
ηαPs|h1|

2

(1− α) r
. (14)

In the information transmission phase, the single-antenna energy harvesting system and the
dual-antenna energy harvesting system are identical for the relay node regarding the full-duplex
information transmission performance, in which one antenna is used to receive signals from the source
node and the other is used for decoding. Therefore, signal-to-interference-plus-noise ratio (SINR) can
be expressed as follows in regard to the single-antenna energy harvesting system

SINR =min

 (1− α)ηα
∣∣∣ f ∣∣∣2 ,

ηPs|h1|
2
∣∣∣g∣∣∣2α

N0(1− α)

. (15)

The objective function of energy efficiency can be expressed as

maxξ =

(1− α)log2

(
1 + min

{
(1−α)

ηα| f |
2 , ηPs |h1 |

2
|g|

2
α

N0(1−α)

})
βPs + Pc

. (16)

3. The Full-Duplex Dual Antenna Energy Harvesting

3.1. The Optimal Time Allocation Scheme

The energy efficiency optimization problem is written as

max
α
ξ(α) =

(1− α)log2

(
1 + min

{
|h1 |

2(1−α)

η| f |
2(|h1 |

2+|h2 |
2)α

,
ηPs(|h1 |

2+|h2 |
2)|g|2α

N0(1−α)

})
βPs + Pc

. (17)

s.t. 0 < α < 1

When the source node is equal to the relay node and the relay node to the target node,
|h1 |

2(1−α)

η| f |
2(|h1 |

2+|h2 |
2)α

=
ηPs(|h1 |

2+|h2 |
2)|g|2α

N0(1−α)
. The time switch threshold can be calculated as

α1 =
1

1 +

√
η2| f |

2
|g|

2(|h1 |
2+|h2 |

2)Ps

|h1 |
2N0

. (18)

Therefore, the optimal time allocation scheme to maximize the energy efficiency can be transformed
into two processes. For the first case, 0 < α < α1, the time allocation problem to maximize energy
efficiency can be presented as

max
α
ξ(α) =

(1− α)log2

(
1 + a1α

1−α

)
βPs + Pc

, (19)

s.t.0 < α < α1, (20)

where a1 =
η|g|

2PS(|h1 |
2+|h2 |

2)
N0

.
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In order to require the time allocation factor of the maximum energy efficiency, the first derivative
of the solution in (19) is

∂ξ(α)

∂α
=

−log2

(
1 + a1α

1−α

)
+ a1

(1−α)(1+
a1α
1−α )ln2

βPs + Pc
. (21)

Therefore, we can get the optimal time allocation factor in the range (0 < α < α1).

α∗ =
exp

(
W

( a1−1
e

)
+ 1

)
− 1

a1 − 1 + exp
(
W

( a1−1
e

)
+ 1

) , (22)

where a1 =
η|g|

2PS(|h1 |
2+|h2 |

2)
N0

, W(x) is the Lambert function, and W(x) is the solution of Wexp(W) = x.
For the second case, α1 < α < 1, we construct the energy efficiency optimization problem

max
α
ξ(α) =

(1− α)log2

(
1 + 1−α

a2α

)
βPs + Pc

, (23)

s.t.α1 < α < 1

where a2 =
η| f |

2(|h1 |
2+|h2 |

2)
|h1 |

2 .
The derivative function of the Equation (27) can be obtained and expressed as

∂ξ(α)

∂α
= −

1
βPs + Pc

log2

(
1 +

1− α
a2α

)
+

(1− α)
a2α2 ∗

1

1 + (1−α)
a2α

. (24)

Since ∂ξ(α)
∂α is always less than zero in the range α ∈ (α1, 1), the energy efficiency is a monotonically

decreasing function in the range α ∈ (α1, 1). At α = α1, the energy efficiency ξ(α) achieves the
maximum value within the range α ∈ (α1, 1). Therefore, we present both cases as follows.

α∗ =


exp

(
W

(
a1−1

e

)
+1

)
−1

a1−1+exp
(
W

(
a1−1

e

)
+1

) , i f
(( a1−1

e

)
+ 1

)
< ln a1√

a1a2

1
1+
√

a1a2
, otherwise

. (25)

3.2. The Optimal Power Allocation Scheme

Above, we have proved that when 0 < α < α1, the optimal time-division factor for maximizing
energy efficiency is α∗. When α1 < α < 1, the optimal segmentation factor for maximizing energy
efficiency is α1. Therefore, when α ∈ (0, 1), for any Ps, the optimal segmentation factor for maximizing

energy efficiency is α∗ ∈ 0,α1. At this time, SINR =
ηPs(|h1 |

2+|h2 |
2)|g|2α

N0(1−α)
. When we discuss the optimal

power allocation scheme, the objective function can be expressed as

max
Ps
ξ(Ps) =

(1− α)log2

(
1 +

ηPs(|h1 |
2+|h2 |

2)|g|2α
N0(1−α)

)
βPs + Pc

, (26)

s.t. 0 < Ps < Pmax.

By deriving the function of the system energy efficiency and simplifying it, we get

∂ξ(Ps)
∂Ps

=
η(|h1 |

2+|h2 |
2)|g|2α(βPs+Pc)−β

(
(1−α)N0+ηPs(|h1 |

2+|h2 |
2)|g|2α

)
log2

1+
ηPs(|h1 |

2+|h2 |
2)|g|2α

N0(1−α)

ln21+
ηPs(|h1 |

2+|h2 |
2)|g|2α

N0(1−α)

(βPs+Pc)
2N0ln2

. (27)
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Since the denominator of Equation (27) is greater than zero, the molecule is not judged positive or
negative, so we make the molecule of Equation (27)

G(Ps) = η
(
|h1|

2 + |h2|
2
)∣∣∣g∣∣∣2α(βPs + Pc) − β

(
(1− α)N0 + ηPs

(
|h1|

2 + |h2|
2
)∣∣∣g∣∣∣2α)log2

(
1 +

ηPs(|h1 |
2+|h2 |

2)|g|2α
N0(1−α)

)
ln2. (28)

For the Equation (28) derivation function, the simplification is

∂G(Ps)

∂Ps
= −βη

(
|h1|

2 + |h2|
2
)∣∣∣g∣∣∣2αlog2

1 +
ηPs

(
|h1|

2 + |h2|
2
)∣∣∣g∣∣∣2α

N0(1− α)

ln2. (29)

Since ∂G(Ps)
∂Ps

is less than zero for any Ps ∈ (0, Pmax), G(Ps) monotonically decreases in the range

of Ps ∈ (0, Pmax), due to G(0) = η
(
|h1|

2 + |h2|
2
)∣∣∣g∣∣∣2αPc > 0. If G(PS1) = 0, ξ(PS) is a monotonically

increasing function of PS in the region (0, PS1] and ξ(PS) is a monotonically decrease function of PS in
the region (PS1, Pmax), where PS1 is optimal PS

∗. Otherwise, Pmax will be optimal PS
∗.

If Equation (29) is equal to zero, we get

η
(
|h1|

2 + |h2|
2
)∣∣∣g∣∣∣2αβPs + η

(
|h1|

2 + |h2|
2
)∣∣∣g∣∣∣2αPc − β

(
(1− α)N0 + ηPs

(
|h1|

2 + |h2|
2
)∣∣∣g∣∣∣2α))∗

ln
(
N0(1− α) + ηPs

(
|h1|

2 + |h2|
2
)∣∣∣g∣∣∣2α)+ β

(
(1− α)N0 + ηPs

(
|h1|

2 + |h2|
2
)∣∣∣g∣∣∣2α)ln(N0(1− α)) = 0.

(30)

Equation (34) can be converted into

β(α− 1)N0 + η
(
|h1|

2 + |h2|
2
)∣∣∣g∣∣∣2αPc

βe(1− α)N0
= exp

(
ln

y2

e(1− α)N0

)
ln

y2

e(1− α)N0
, (31)

where y2 = N0(1− α) + ηPs
(
|h1|

2 + |h2|
2
)∣∣∣g∣∣∣2α.

Using the Lambert W function, Equation (35) can be written as

ln
y2

e(1− α)N0
= W

β(α− 1)N0 + η
(
|h1|

2 + |h2|
2
)∣∣∣g∣∣∣2αPc

βe(1− α)N0

. (32)

Therefore, we the optimal power allocation Ps
∗ can be written as

Ps
∗ =

(1− α)N0

(
exp

(
W

(
β(α−1)N0+η(|h1 |

2+|h2 |
2)|g|2αPc

βe(1−α)N0

)
+ 1

)
+ β

)
η
(
|h1|

2 + |h2|
2
)∣∣∣g∣∣∣2α . (33)

4. Full-Duplex Single-Antenna Energy Harvesting

4.1. Optimal Time Allocation Scheme

The energy efficiency optimization problem is converted to

max
α
ξ(α) =

(1− α)log2

(
1 + min

{
(1−α)

ηα| f |
2 , ηPs |h1 |

2
|g|

2
α

N0(1−α)

})
βPs + Pc

,s.t.0 < α < 1 (34)
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Like the full-duplex dual-antenna energy harvest, the time-switch threshold can be found by
calculation, i.e.,

α2 =
1

1 +

√
η2| f |

2
|g|

2
|h1 |

2Ps
N0

. (35)

Similarly, the optimal time allocation scheme for maximizing energy efficiency in a single-antenna
energy harvesting system can also be translated into two processes: (1)0 < α < α2 and (2)α2 < α < 1.

For the first case, the time allocation problem of maximizing energy efficiency can be translated into

max
α
ξ(α) =

(1− α)log2

(
1 + α

a3(1−α)

)
βPs + Pc

,
(1− α)log2

(
1 + α

a3(1−α)

)
βPs + Pc

,s.t.0 < α < α2 (36)

where a3 =
η|g|

2PS |h1 |
2

N0
.

Similarly, according to [31], the optimal time allocation factor α∗ to maximize energy efficiency
can be obtained in the range 0 < α < α2, which is expressed as

α∗ =
exp

(
W

( a3−1
e

)
+ 1

)
− 1

a3 − 1 + exp
(
W

( a3−1
e

)
+ 1

) . (37)

For the second case, the energy efficiency optimization problem can be translated into

max
α
ξ(α) =

(1− α)log2

(
1 + (1−α)

αη| f |
2

)
βPs + Pc

. (38)

The energy efficiency derivation function can be obtained by

∂ξ(α)

∂α
= −

1
βPs + Pc

log2

1 +
(1− α)

η
∣∣∣ f ∣∣∣2α

+ 1− α(
1 + (1−α)

η| f |
2
α

)
α2ln2

 (39)

Since ∂ξ(α)
∂α is always less than zero in the range of α ∈ (α2, 1), the energy efficiency ξ(α)

monotonically decreases at α ∈ (α2, 1), and when α = α2, the energy efficiency ξ(α) reaches the
maximum value in the range of α ∈ (α2, 1). Therefore, the above two cases can be represented as

α∗ =


exp

(
W

(
a3−1

e

)
+1

)
−1

a3−1+exp
(
W

(
a3−1

e

)
+1

) , i f
(
W

( a3−1
e

)
+ 1

)
< a3√

a3| f |
2
η

1

1+
√
η| f |

2
, otherwise

, (40)

where a3 =
η|g|

2PS |h1 |
2

N0
.
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4.2. Optimal Power Allocation Scheme

As above, when we find the optimal power allocation scheme, we only need to discuss the range

of α ∈ 0,α1. The signal to interference and noise ratio at this time is represented by SINR =
ηPs |h1 |

2
|g|

2
α

N0(1−α)
,

so the objective function can be expressed as follows

max
Ps
ξ(Ps) =

(1− α)log2

(
1 + ηPs |h1 |

2
|g|

2
α

N0(1−α)

)
βPs + Pc

,s.t.0 < Ps < Pmax, (41)

∂ξ(Ps)

∂Ps
=

η|h1|
2
∣∣∣g∣∣∣2α(βPs + Pc) − β

(
(1− α)N0 + ηPs|h1|

2
∣∣∣g∣∣∣2α)log2

(
1 + ηPs |h1 |

2
|g|

2
α

N0(1−α)

)
ln2(

1 + ηPs |h1 |
2
|g|

2
α

N0(1−α)

)
(βPs + Pc)

2N0ln2
. (42)

In a similar way, if ∂ξ(Ps)
∂Ps

∣∣∣∣Ps=Ps2 = 0 , ξ(PS) is a monotonically increasing function of PS in the
region of 0, PS2, ξ(PS) will be a monotonically decreasing function of PS in the region of (PS2, Pmax),
where Ps2 is the optimal PS

∗. Otherwise Pmax will be the optimal PS
∗.

If Equation (42) is equal to zero, we get

η|h1|
2
∣∣∣g∣∣∣2αβPs − β

(
(1− α)N0 + ηPs|h1|

2
∣∣∣g∣∣∣2α)∗

ln
(
N0(1− α) + ηPs|h1|

2
∣∣∣g∣∣∣2α)+ β

(
(1− α)N0 + ηPs|h1|

2
∣∣∣g∣∣∣2α)ln(N0(1− α)) = −η|h1|

2
∣∣∣g∣∣∣2αPc.

(43)

Equation (43) can be simplified to

ln
y4

e(1− α)N0
= W

β(α− 1)N0 + η|h1|
2
∣∣∣g∣∣∣2αPc

βe(1− α)N0

, (44)

where W is the Lambert function and y4 = N0(1− α) + ηPs|h1|
2
∣∣∣g∣∣∣2α.

Therefore, we can get the optimal power allocation Ps
∗, which is expressed as

Ps
∗ =

(1− α)N0

(
exp

(
W

(
β(α−1)N0+η|h1 |

2
|g|

2
αPc

βe(1−α)N0

)
+ 1

)
+ β

)
η|h1|

2
∣∣∣g∣∣∣2α . (45)

5. Half-Duplex

In this part, we study the energy efficiency maximization time allocation scheme and power
allocation scheme of the half-duplex relay system. The process is divided into three-timeslots. In the

first time slot, αT, the source node transmits energy to the relay node. In the second time slot. (1−α)T
2 ,

the source node transmits the information signal to the relay node. In the third time slot, the relay
node uses the energy received in the first time slot to decode the signal received in the second time slot
and transmit it to the destination node. In the system, the source node, the relay node, and the target
node are each equipped with an antenna.

In the first time slot, the energy signal received by the relay node can be expressed as

yr1 = h1
√

Psx1 + nr. (46)

Therefore, the energy that the relay node obtains from the source node can be expressed as

E = ηαTPs|h1|
2, (47)
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where η(0 < η < 1) is the energy conversion efficiency.
Therefore, the transmission power of the relay node can be expressed as

Pr =
ηαTPs|h1|

2

(1−α)T
2

=
2ηαPs|h1|

2

(1− α)
. (48)

In the second time slot, the signal received by the relay node is represented by

yr2 = h1
√

Psx2 + nr. (49)

The relay node uses a decoding and forwarding protocol (DF). In the third time slot, the signal
received by the destination node can be represented as

yd = gxr(n) + nd, (50)

where xr(n) =
√

Pr
Ps

x2(n− τ).
The system’s signal to interference and noise ratio can be expressed as

SINR =min

 |h1|
2Ps

N0
,

2ηPs|h1|
2
∣∣∣g∣∣∣2α

N0(1− α)

. (51)

The objective function is to maximize the system energy efficiency, which is expressed as

maxξ =

(1− α)log2

(
1 + min

{
|h1 |

2Ps
N0

, 2ηPs |h1 |
2
|g|

2
α

N0(1−α)

})
2(βPs + Pc)

. (52)

5.1. Optimal Time Allocation Scheme

The energy efficiency optimization problem is converted to

max
α
ξ(α) =

(1− α)log2

(
1 + min

{
|h1 |

2Ps
N0

, 2ηPs |h1 |
2
|g|

2
α

N0(1−α)

})
2(βPs + Pc)

,s.t.0 < α < 1. (53)

The time switch threshold is α3 = 1
1+2η|g|

2 .

Therefore, the optimal time allocation scheme for maximizing energy efficiency can be transformed
into two processes: (1)1(1)0 < α3 <

1
1+2η|g|

2 and (2) 1
1+2η|g|

2 < α3 < 1.

For the first case, the time allocation problem of maximizing energy efficiency can be translated into

max
α
ξ(α) =

(1−α)log2

(
1+

2ηPs |h1 |
2
|g|2α

N0(1−α)

)
2(βPs+Pc)

,

s.t : 0 < α < 1
1+2η|g|

2 .
(54)

Therefore, we can get the optimal time allocation factor α∗ in the range of 0 < α < 1
1+2η|g|

2 , which is

expressed as

α∗ =
exp

(
W

( a4−1
e

)
+ 1

)
− 1

a4 − 1 + exp
(
W

( a4−1
e

)
+ 1

) , (55)

where a4 =
2η|g|

2PS |h1 |
2

N0
.
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For the second case, the energy efficiency optimization problem can be translated into

max
α
ξ(α) =

(1−α)log2

(
1+ |

h1 |
2Ps

N0

)
βPs+Pc

,

s.t : 1
1+2η|g|

2 < α < 1.
(56)

The energy efficiency derivation function can be obtained as

∂ξ(α)

∂α
= −

log2

(
1 + |h1 |

2Ps
N0

)
βPs + Pc

. (57)

Since ∂ξ(α)
∂α is always less than zero in the range of α ∈

(
1

1+2η|g|
2 , 1

)
, the energy efficiency ξ(α)

is a monotonically decreasing function at α ∈
(

1
1+2η|g|

2 , 1
)
. When α = 1

1+2η|g|
2 , the energy efficiency

ξ(α) takes the maximum value in the range of α ∈
(

1
1+2η|g|

2 , 1
)
. Therefore, the above two cases can be

represented as

α∗ =


exp

(
W

(
a4−1

e

)
+1

)
−1

a4−1+exp
(
W

(
a4−1

e

)
+1

) , i f
(
W

( a4−1
e

)
+ 1

)
< ln

(
a4

2η|g|
2 + 1

)
1

1+2η|g|
2 , otherwise

α∗ =


exp

(
W

(
a4−1

e

)
+1

)
−1

a4−1+exp
(
W

(
a4−1

e

)
+1

) , i f
(
W

( a4−1
e

)
+ 1

)
< ln

(
a4

2η|g|
2 + 1

)
.

1
1+2η|g|

2 , otherwise
(58)

5.2. Optimal Power Allocation Scheme

As above, the optimal power allocation scheme for maximizing energy efficiency is only needed
to discuss the range of α ∈ (0,α3). At this time, the signal to interference and noise ratio is represented

by SINR =
2ηPs |h1 |

2
|g|

2
α

N0(1−α)
, and the objective function can be expressed as

max
Ps
ξ(Ps) =

(1− α)log2

(
1 + 2ηPs |h1 |

2
|g|

2
α

N0(1−α)

)
2(βPs + Pc)

, s.t : 0 < Ps < Pmax. (59)

By deriving the function of the system energy efficiency and simplifying it, we get

∂ξ(Ps)

∂Ps
=

2η|h1|
2
∣∣∣g∣∣∣2α(βPs + Pc) − β

(
(1− α)N0 + 2ηPs|h1|

2
∣∣∣g∣∣∣2α)ln(1 + 2ηPs |h1 |

2
|g|

2
α

N0(1−α)

)
2
(
1 + 2ηPs |h1 |

2
|g|

2
α

N0(1−α)

)
(βPs + Pc)

2N0ln2
. (60)

In a similar way, if ∂ξ(Ps)
∂Ps

∣∣∣∣Ps=Ps3 = 0 , ξ(PS) will be a monotonically increasing function of PS in
the region 0, PS3 and ξ(PS) will be a monotonically decreasing function of PS in the region (PS3, Pmax),
where Ps3 is the optimal PS

∗. Otherwise Pmax will be the optimal PS
∗.

If Equation (60) is equal to zero, it can be converted into

2η|h1|
2
∣∣∣g∣∣∣2αβPs − β

(
(1− α)N0 + 2ηPs|h1|

2
∣∣∣g∣∣∣2α) ∗ ln

(
(1− α)N0 + 2ηPs|h1|

2
∣∣∣g∣∣∣2α)

+β
(
(1− α)N0 + 2ηPs|h1|

2
∣∣∣g∣∣∣2α)ln((1− α)N0) = −2η|h1|

2
∣∣∣g∣∣∣2αPc

(61)
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According to the definition of the Lambert W function, Equation (61) can be finally converted into

ln
y6

e(1− α)N0
= W

2η|h1|
2
∣∣∣g∣∣∣2αPc − β(1− α)N0

βe(1− α)N0

, (62)

where y6 = N0(1− α) + 2ηPs
(
|h1|

2 + |h2|
2
)∣∣∣∣g∣∣∣∣2α .

Therefore, the optimal power Ps
∗ can be obtained as

Ps
∗ =

(1− α)N0

(
exp

(
W

(
2η|h1 |

2
|g|

2
αPc−β(1−α)N0

βe(1−α)N0

)
+ 1

)
− 1

)
2η|h1|

2
∣∣∣g∣∣∣2α . (63)

6. Simulation and Analysis

6.1. Simulation Parameters

In this section, we develop a time and power allocation scheme that maximizes system energy
efficiency versus three different scenarios of full-duplex dual-antenna energy harvesting, full-duplex
single-antenna energy harvesting, and half-duplex single-antenna energy harvesting. The distribution
scheme verifies the simulation results and studies the influence of some parameters on the energy
efficiency of the system. The specific simulation parameters are shown in the Table 1.

Table 1. Simulation parameters.

Parameter Value

Energy conversion efficiency 0.75
Noise at three nodes 1

Circuit power consumption 6 dB
Power amplifier efficiency 1

Coefficient of self-interference between antennas −80 dB
Source nodes transmit power 0–30 dB

6.2. Simulation Results

The system energy efficiency performance for different α values is shown in Figure 3 under three
schemes (FD dual-antenna energy harvesting, FD single-antenna energy harvesting, and HD) and fixed
PS = {30 dB, 20 dB, 10 dB}. According to Figure 3, under the different transmission powers, the energy
efficiency trend under the three schemes is the same, specifically that it monotonically increases first,
then monotonically decreases with the time-switching factor, because the energy collected in this short
period of time is insufficient to satisfy the second stage of information transmission. At this time,
the larger the time allocation factor, the greater the system energy efficiency. When the time-switching
factor is greater than 0.6, the energy efficiency curve of the FD single antenna and the FD single-antenna
energy harvesting system are almost identical, and they all gradually decrease as the time allocation
factor increases. As a result, long periods of energy harvesting can degrade system performance.
According to Figure 3, the optimal time allocation factor of the FD dual antenna is smaller than that of
HD and the optimal time allocation factor of HD is smaller than that of the FD single antenna. This is
because the extra antenna reduces the energy collection time.

Figure 4 shows how the energy efficiency varies with time allocation factors in three cases (FD
dual-antenna, FD single antenna, and HD). The energy conversion efficiencies are 0.7, 0.5, and 0.3,
respectively. We set Ps/N0 = 10dB. According to Figure 4, the energy efficiency of the FD relay
system is much better than the HD relay system. The energy efficiency of the FD dual-antenna energy
harvesting system is better than that of the single antenna.



Future Internet 2019, 11, 205 14 of 18

Future Internet 2019, 11, x FOR PEER REVIEW  12 of 16 

 

Table 1. Simulation parameters. 

Parameter Value 

Energy conversion efficiency 0.75 

Noise at three nodes 1 

Circuit power consumption 6 dB 

Power amplifier efficiency 1 

Coefficient of self-interference between antennas –80 dB 

Source nodes transmit power 0–30 dB 

6.2. Simulation Results 

The system energy efficiency performance for different 𝛼 values is shown in Figure 3 under 

three schemes (FD dual-antenna energy harvesting, FD single-antenna energy harvesting, and HD) 

and fixed 𝑃𝑆 = {30 𝑑𝐵, 20 𝑑𝐵, 10 𝑑𝐵} . According to Figure 3, under the different transmission 

powers, the energy efficiency trend under the three schemes is the same, specifically that it 

monotonically increases first, then monotonically decreases with the time-switching factor, because 

the energy collected in this short period of time is insufficient to satisfy the second stage of 

information transmission. At this time, the larger the time allocation factor, the greater the system 

energy efficiency. When the time-switching factor is greater than 0.6, the energy efficiency curve of 

the FD single antenna and the FD single-antenna energy harvesting system are almost identical, and 

they all gradually decrease as the time allocation factor increases. As a result, long periods of energy 

harvesting can degrade system performance. According to Figure 3, the optimal time allocation factor 

of the FD dual antenna is smaller than that of HD and the optimal time allocation factor of HD is 

smaller than that of the FD single antenna. This is because the extra antenna reduces the energy 

collection time. 

 

Figure 3. The system energy efficiency versus 𝛼 with 𝑃𝑆 = {30𝑑𝐵, 20𝑑𝐵, 10𝑑𝐵}. 

Figure 4 shows how the energy efficiency varies with time allocation factors in three cases (FD 

dual-antenna, FD single antenna, and HD). The energy conversion efficiencies are 0.7, 0.5, and 0.3, 

respectively. We set  𝑃𝑠/𝑁0 = 10𝑑𝐵. According to Figure 4, the energy efficiency of the FD relay 

system is much better than the HD relay system. The energy efficiency of the FD dual-antenna energy 

harvesting system is better than that of the single antenna. 

Figure 3. The system energy efficiency versus α with PS = {30dB, 20dB, 10dB}.

Future Internet 2019, 11, x FOR PEER REVIEW  13 of 16 

 

 

Figure 4. The system energy efficiency versus 𝛼 with 𝜂 = {0.7,0.5,0.3} and𝑃𝑆 =  10𝑑𝐵. 

In wireless power communication systems, the increase of 𝑃𝑠/𝑁0 not only has a positive impact 

on system performance, but also a certain negative impact on system performance. Figure 5 shows 

the variation of system energy efficiency with 𝑃𝑆/𝑁0 in three cases (FD dual-antenna, FD single-

antenna, and HD) when the time factor is optimal and the energy conversion efficiency 𝜂 is 0.7. 

According to Figure 5, the system energy efficiency of HD dual antennas for energy harvesting is 

greater than that of HD single-antenna energy harvesting system at the same transmission power, 

especially at low 𝑆𝐼𝑁𝑅 . Because of the same transmitted power, the FD dual-antenna energy 

harvesting system obtains more energy per unit time for information transmission. However, with 

the gradual increase of the transmitting power, an antenna obtains enough energy, and excessive 

energy harvesting causes greater loopback interference, which reduces the performance of the 

system. Therefore, when the transmission power is large, the effect of the extra antenna on the system 

energy efficiency gradually reduces. At this time, the effects of the FD dual-antenna and FD single-

antenna schemes on the system energy efficiency are not much different, and the curves almost 

coincide. At the same time, regardless of whether the signal-to-noise ratio is high or low, the system 

energy efficiency of the FD system is always greater than that of the HD system. FD significantly 

improves the performance of the system. 

 

Figure 5. The system energy efficiency versus 𝑃𝑆/𝑁0 with optimized 𝛼∗. 

Figure 4. The system energy efficiency versus α with η = {0.7, 0.5, 0.3} and PS = 10dB.

In wireless power communication systems, the increase of Ps/N0 not only has a positive impact
on system performance, but also a certain negative impact on system performance. Figure 5 shows the
variation of system energy efficiency with PS/N0 in three cases (FD dual-antenna, FD single-antenna,
and HD) when the time factor is optimal and the energy conversion efficiency η is 0.7. According
to Figure 5, the system energy efficiency of HD dual antennas for energy harvesting is greater than
that of HD single-antenna energy harvesting system at the same transmission power, especially at
low SINR. Because of the same transmitted power, the FD dual-antenna energy harvesting system
obtains more energy per unit time for information transmission. However, with the gradual increase
of the transmitting power, an antenna obtains enough energy, and excessive energy harvesting causes
greater loopback interference, which reduces the performance of the system. Therefore, when the
transmission power is large, the effect of the extra antenna on the system energy efficiency gradually
reduces. At this time, the effects of the FD dual-antenna and FD single-antenna schemes on the system
energy efficiency are not much different, and the curves almost coincide. At the same time, regardless
of whether the signal-to-noise ratio is high or low, the system energy efficiency of the FD system is
always greater than that of the HD system. FD significantly improves the performance of the system.
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The energy conversion efficiency determines how much power the relay can actually receive.
The larger the relay, the more energy the relay can receive, thereby increasing the transmitting power at
the relay node to enhance the signal to interference and noise ratio at the destination node. This leads
to higher system energy efficiency. Figure 6 shows the variation of the system energy efficiency with
the energy conversion efficiency when the transmission power is 20 dB, 15 dB, and 10 dB, respectively.
The energy efficiency increases as the energy conversion efficiency increases. From the Figure 6, we can
also observe that under the three schemes, the speed of energy efficiency increase is rapid and then
levels off.
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7. Conclusions 
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Figure 7 shows the system energy efficiency performance of FD dual-antenna energy harvesting,
FD single-antenna energy harvesting, and HD when the PS/N0 is different. The energy conversion
efficiencies are 0.7 and 0.5, respectively. At this point, we set the time conversion factor to 0.4. According
to Figure 5, the system energy efficiency of the FD system is always greater than that of the HD system.
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7. Conclusions

This paper studied the energy efficiency of a full-duplex relay system for RF energy harvesting
using two protocols, namely DF protocol and time-switching protocol (TS). According to the number of
antennas used in the energy harvesting process, the system was analyzed from two angles. An optimal
time and optimal power allocation scheme to maximize system energy efficiency was proposed.
By calculating the time-switching threshold, we divided time into two parts and discussed them
separately. We proved that energy efficiency was a concave function and a monotone decreasing
function respective to time. By using the properties of the Lambert function, we worked out the
optimal time allocation factor, then the optimal power distribution scheme was obtained by finding
the derivative function of energy efficiency with respect to power. We compared the time and power
allocation schemes for maximizing energy efficiency under the three schemes (FD dual-antenna energy
collection, FD single antenna energy collection, and HD). The results showed that the energy efficiency
of the FD dual-antenna energy harvesting was better than that of the FD single-antenna energy
harvesting, and the simulation results also showed that the energy efficiency in FD mode was much
better than that of the HD mode; therefore, the system performance was significantly improved.
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