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In this paper, we study the resource allocation for simultaneous wireless information and power transfer (SWIPT) systems with the
nonlinear energy harvesting (EH) model. A simple optimal resource allocation scheme based on the time slot switching is proposed
to maximize the average achievable rate for the SWIPT systems. The optimal resource allocation is formulated as a nonconvex
optimization problem, which is the combination of a series of nonconvex problems due to the binary feature of the time slot-
switching ratio. The optimal problem is then solved by using the time-sharing strong duality theorem and Lagrange dual
method. It is found that with the proposed optimal resource allocation scheme, the receiver should perform EH in the region of
medium signal-to-noise ratio (SNR), whereas switching to information decoding (ID) is performed when the SNR is larger or
smaller. The proposed resource allocation scheme is compared with the traditional time switching (TS) resource allocation
scheme for the SWIPT systems with the nonlinear EH model. Numerical results show that the proposed resource allocation
scheme significantly improves the system performance in energy efficiency.

1. Introduction

In traditional energy-constrained wireless networks, the
wireless devices normally use batteries as energy source and
require periodically recharging or replacing the batteries,
which is difficult for a large number of wireless devices and
even hazardous or impossible in some circumstances [1],
resulting limited lifetime of the wireless devices and the
networks.

Energy harvesting (EH) that allows the energy-limited
wireless devices to harvest energy from the ambient environ-
ment is a promising solution for extending the lifetime of
energy-constrained wireless networks. Among the EH tech-
nologies, simultaneous wireless information and power
transfer (SWIPT) takes advantage of the radio frequency
(RF) signal’s ability of carrying both information and energy
at the same time, providing great convenience of recharging
to energy-constrained devices by harvesting energy from
the RF signals. SWIPT is especially suitable for the wireless
terminals with low-power consumption whereas hard to
access.

The SWIPT technique has gained wide attention from
both researchers and engineers since Varshney proposed
the idea in 2008 [1]. In [2], the trade-off between the amount
of the harvested energy and the achievable rate is studied for
the SWIPT systems in the frequency selection channel with
additive white Gaussian noise (AWGN). In [3], two kinds
of SWIPT receivers, namely, time switching (TS) and power
splitting (PS) receivers, are, respectively, proposed. Since they
were proposed, the TS and PS receivers have attracted a lot of
interest due to the simplicity of realization [4–8]. Specifically,
the trade-off between the information and energy transmis-
sion is studied for the point-to-point single-input single-
output (SISO) systems with a PS receiver in [4], which is
extended to the point-to-point multiple-input single-output
(MISO) systems with a TS receiver in [5]. In [6], the system
throughput maximization is proposed for the MISO systems
with TS and PS receivers. The TS and PS ratios are optimized
to maximize the weighted sum rate of all receivers for the
multiuser SISO orthogonal frequency-division multiplexing
(OFDM) systems in [7]. Aiming at the minimization for
the transmission power, the power allocation problem for
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the multiuser MISO downlink system is studied, and the
optimal PS ratio is obtained in [8].

Besides the receiver design and the trade-off between the
energy harvesting and information decoding, one of the
other key issues in the implementation of SWIPT is efficient
resource allocation [9–15]. In [9], the authors study the
power and subcarrier allocation schemes for energy-
efficient SWIPT in multicarrier systems. In [10], the secrecy
rate maximization is studied in an OFDM secrecy communi-
cation system. A multiuser OFDM system for maximizing
the sum rate with a minimum transmit power constraint is
designed in [11]. In [12], an optimal resource allocation pol-
icy is derived in a generalized WPCN where the devices can
harvest energy from both multiple-antenna power station
and ambient energy harvesting. In [13], the energy efficiency
maximization is considered in large-scale multiple-antenna
SWIPT systems. In [14], the authors propose an energy effi-
ciency maximization optimization scheme for the multiuser
multicarrier energy-constrained amplify-and-forward (AF)
multirelay network. In [15], a robust energy-efficient optimi-
zation is designed for MIMO two-way relay networks with
SWIPT.

Most of the aforementioned works about SWIPT sys-
tems consider the linear EH model, where the power con-
version efficiency factor of the EH receiver is assumed to
be a constant. However, it is found that the power conver-
sion efficiency of the practical RF to direct current (DC)
converter is affected by the input power, i.e., when the
input power is greater than a certain threshold, the output
power changes nonlinearly with the input power and
shows a saturation characteristic [16]. Hence, the linear
EH model cannot properly model the practical EH imple-
mentations and may lead to the resource mismatch in the
resource allocation or the overestimation in the system
performance evaluation [17]. In [16, 18], the parametric
and logistic function-based nonlinear EH model and the
piece-wise linear EH model are, respectively, proposed to
capture the nonlinear saturation input-output characteris-
tic of the practical EH circuit, which are further exploited
for the various scenarios [19–23]. Specifically, in [19], the
authors study the joint transmit power allocation and
receive power splitting for SWIPT systems with the realis-
tic nonlinear EH model. Considering a Nakagami-m chan-
nel, the authors investigate the outage probability and
reliable throughput of a multiuser wireless-powered
SWIPT system in [20]. In [21], the analytical results on
outage probability performance are presented for a cooper-
ative relay-aid network with spectrum sensing and energy
harvesting. In [22], the power split factor is optimized to
minimize the outage probability for the AF relay system
with PS receiver and the nonlinear EH model. In [23],
considering imperfect channel state information (CSI)
conditions, the authors analyse the outage probability for
the multirelay SWIPT systems with PS receivers and the
nonlinear EH model.

In this paper, we consider the single-input single-
output (SISO) point-to-point SWIPT communication sys-
tems with TS receiver. The piece-wise linear EH model is
considered to model the nonlinear saturation input-

output characteristic for the EH circuit. We propose a
simple optimal resource allocation scheme based on the
time slot-switching strategy to maximize the average
achievable rate for the systems. The information transmis-
sion block time T is divided into N time slots. Each time
slot is used for information decoding (ID) or EH accord-
ing to the optimal scheme. The optimal problem is formu-
lated as a nonconvex optimization, which is first proved to
satisfy the time-sharing condition and then solved by
using the time-sharing strong duality theorem and
Lagrange dual method.

Compared with work [24] where the linear EH model is
considered, the major contribution of our work is that we
consider the effect of the saturation characteristic of the prac-
tical nonlinear EH model and derive a more realistic optimal
resource allocation scheme.

The rest of this paper is organized as follows. “System
Model” introduces the system model. The optimal resource
allocation design is proposed and the optimal problem is
solved in “Design of Resource Allocation Optimization Algo-
rithm.” In “Numerical Results,” the numerical results and
discussion are presented. “Conclusions” concludes this
paper.

2. System Model

We consider a SISO point-to-point SWIPT communication
system as shown in Figure 1, where both the receiver Rx
and the transmitter Tx have single antenna and Rx is assumed
to be energy-limited and could harvest energy from the
received signals with a TS scheme. We assume that the chan-
nel between the transmitter and receiver is subjected to fre-
quency flat and the block Rayleigh fading. The channel
coefficient is denoted as h, which is a random variable follow-
ing the complex Gaussian distribution with zero mean and
variance σ2. Without loss of generality, we assume that each
time slot is normalized transmission time. In each time slot,
the TS ratio β is equal to 0 or 1, indicating that the receiver
implements EH or ID operations, respectively. The received
signal can be expressed as

y =
ffiffiffiffiffiffi
θP

p
hx + na, ð1Þ

where P is the transmit power, x is the data symbol with unity
power, i.e., E½jxj2� = 1 where E½ � means the mathematical
expectation, na ~ CNð0, σ2Þ is the channel noise, θ = d−m rep-
resents the path loss where d is the distance between the
source and the destination nodes, andm represents the path-
loss exponent. The achievable rate of the system based on the
TS scheme can be expressed as

R βð Þ = β log2 1 + θPH
σ2

� �
, ð2Þ

where H= jhj2 is the channel power gain.
We use the piece-wise linear function to model the non-

linear saturation input-output characteristic of the EH
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receiver. The harvested power at the EH receiver is then given
as [17, 18]

Po =
ηθPH, ηθPH < Ps

Ps, ηθPH ≥ Ps

(
ð3Þ

where ηð0 < η < 1Þ is the energy conversion efficiency of the
energy harvester in the linear region, Ps is the maximum sat-
uration harvested power of the EH receiver. As shown in (3),
when the conversion power of the energy receiver ηθPH
exceeds the saturation output power Ps, the output power
of the energy receiver remains unchanged and some of the
power is wasted, which means that in such case, the time slot
should be switched to the ID receiver rather than EH receiver
to avoid the waste of the power. Hence, the resource alloca-
tion scheme should be redesigned for the practical SWIPT
system considering the nonlinear input-output characteristic
of the EH circuit.

3. Design of Resource Allocation
Optimization Algorithm

In this section, we propose an optimal resource allocation
scheme based on the simple time slot-switching strategy to
achieve the balance between the maximum average achiev-
able rate and the maximum average harvested energy.

From (3), the harvested energy can be expressed as

Q βð Þ = 1 − βð ÞPo: ð4Þ

We consider maximizing the average achievable rate for
the SISO SWIPT systems as shown in Figure 1. The optimi-
zation problem is formulated as

max
β

E R βð Þ½ �, ð5Þ

s:t: E Q βð Þ½ � ≥ �Q

β ∈ 0, 1f g,
ð6Þ

where �Q is the minimum amount of the harvested energy
required to maintain the normal operation of the EH
receiver.

In general, it is difficult to solve the optimal problem (5)
directly since it is the combination of a series of nonconvex
problems due to the binary feature of β. In addition, the com-
plexity of solving the optimization problem using a numeri-
cal calculation method increases exponentially with the

number of the time slots. In this section, to solve the optimi-
zation problem (5), we use the time-sharing strong duality
theorem proposed in [25], which is given as follows.

We first prove that the optimization problem (5) satisfies
the time-sharing condition (for more detail about the defini-
tion of time-sharing condition, the reader is referred to Ref.
[25]).

Proposition 1. Let βx and βy be the optimal solutions of (5)

with �Q =Qx and �Q =Qy, respectively. Then, for any γ ∈ ½0, 1�
, there exists a feasible solution βz to the optimization problem
(5) such that

E R βzð Þ½ � ≥ γE R βxð Þ½ � + 1 − γð ÞE R βy

� �h i
, ð7Þ

E Q βzð Þ½ � ≥ γQx + 1 − γð ÞQy, ð8Þ

and hence, the optimization problem (5) satisfies the time-
sharing condition.

Proof. Let βx be the feasible solution to the optimization
problem (5).

(1) When γ = 0, let βz = βy. Since βy is the optimal solu-

tion of the problem (5) when �Q =Qy, the feasible
solution βz obviously satisfies Equations (7) and (8)

(2) When γ = 1, let βz = βx. Since βx is the optimal solu-
tion of the problem (5) when �Q =Qx, the feasible
solution βz also satisfies Equations (7) and (8)

(3) When 0 < γ < 1, let Hk denote the channel power
gain of the kthð1 ≤ k ≤NÞ time slot. The average
achievable rate and the average harvested energy
can be, respectively, expressed as

E R βj

� �h i
= lim

N⟶∞

1
N
〠
N

k=1
Rk βj,k

� �
,

E Q βj

� �h i
= lim

N⟶∞

1
N
〠
N

k=1
Qk βj,k

� �
,

ð9Þ

where j ∈ fx, y, zg, βj,k is the value of βj in the kth time slot.
Define an integer M such that M = dγNe, where d·e means
ceiling round operation. Let

Tx Rx

na

h

y

Information
receiver

Energy
receiver

Figure 1: The SISO point-to-point SWIPT system.
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βz,k =
βx,k, k = 1, 2,⋯,M
βy,k, k =M + 1,M + 2,⋯,N:

(
ð10Þ

When N ⟶∞, it can be obtained that M⟶∞ and
ðN −MÞ⟶∞. Then, for any γ ∈ ð0, 1Þ, it can be derived
that

E R βzð Þ½ � = lim
N⟶∞

1
N
〠
N

k=1
Rk βz,k
� �

= lim
N⟶∞

γ

M
〠
M

k=1
Rk βx,k
� �

+ 1 − γ

N −M
〠
N

k=M+1
Rk βy,k

� �" #
,

= lim
M⟶∞

γ

M
〠
M

k=1
Rk βx,k
� �

+ lim
N−M⟶∞

1 − γ

N −M
〠
N

k=M+1
Rk βy,k

� �
= γE R βxð Þ½ � + 1 − γð ÞE R βy

� �h i
,

ð11Þ

which means that the feasible solution βz satisfies the equa-
tion (7). Similarly, it can be derived that

E Q βzð Þ½ � = lim
N⟶∞

1
N〠

N

k=1
Qk βz,k

� �

= lim
N⟶∞

γ

M〠
M

k=1
Qk βx,k

� �
+ 1 − γ

N −M 〠
N

k=M+1
Qk βy,k

� �" #

= lim
M⟶∞

γ

M〠
M

k=1
Qk βx,k

� �
+ lim

N−M⟶∞

1 − γ

N −M 〠
N

k=M+1
Qk βy,k

� �
,

= γE Q βxð Þ½ � + 1 − γð ÞE Q βy

� �h i
≥ γQx + 1 − γð ÞQy

ð12Þ

which means that the feasible solution βz satisfies Equation
(8). From (11) and (12), Proposition 1 is proved.

Since the optimization problem (5) satisfies the time-
sharing condition, according to the Time-Sharing Strong
Duality Theorem, the primal problem (5) has the same opti-
mal solution as its dual problem and can be solved by the
Lagrange dual method.

The Lagrange function of (5) can be expressed as

L β, λð Þ = E R βð Þ½ � + λ E Q βð Þ½ � −Qð Þ, ð13Þ

where λ ≥ 0 is the Lagrange multiplier associated with E½Rð
βÞ� ≥Q. Accordingly, the Lagrange dual function can be
expressed as

g λð Þ = max
β∈ 0,1f g

L β, λð Þ: ð14Þ

The dual problem is then given as

min g λð Þ
s:t: λ ≥ 0,

ð15Þ

In order to effectively solve the above dual problem, we
first decouple the optimization problem (14) into parallel N
subproblems that has the same structure as (14). The kth
(k = 1, 2,⋯N) subproblem can be expressed as

max
β∈ 0,1f g

Lk βð Þ, ð16Þ

where LkðβÞ = RðβÞ + λQðβÞ. In order to solve the optimiza-
tion problem (16), we compare the value of the objective
function LkðβÞ when β = 1 or β = 0, which can be expressed
as

Lk β = 1ð Þ = log2 1 + θPH
σ2

� �
,

Lk β = 0ð Þ = λPo,
ð17Þ

respectively. Hence, in the optimal solution of problem (14),
β∗ can be expressed as

β∗ =
1, log2 1 + θPH

σ2

� �
> λPo

0, else

8><
>: : ð18Þ

Then, for a given value λ, β∗ can be obtained from (18)
according to the channel state in each time slot. Let λ∗ be
the optimal dual variable, which is associated with the
required minimum harvested energy value �Q in the inequal-
ity constraint term in (5). The optimal dual variable λ∗ can be
obtained by iterative search and updating until the average
energy collection meets the minimum energy constraint,
i.e., E½QðβÞ� = �Q, for which the detailed iterative search algo-
rithm will be discussed later.

The proposed resource allocation scheme is based on the
optimal TS strategy according to the channel state in each
time slot. To describe the optimal switching strategy (18)
more clearly, from (3) and (18), we define two functions G1
and G2 with respect to the channel power gain

G1 Hð Þ = log2 1 + θPH
σ2

� �
− λ∗ηθPH, ð19Þ

G2 Hð Þ = log2 1 + θPH
σ2

� �
− λ∗Ps: ð20Þ

Equation (19) is not easy to solve because the first and
second terms for G1ðHÞ are, respectively, logarithmic and
linear functions of H. In this paper, we solve it by traversing
the value of H from 0, when the difference between the value
of the first and second terms is close (we set it as 10−5), we
consider the values of the two terms to be equal, i.e., G1ðHÞ
= 0; then, we can obtain an approximate nonzero real root
H1. Next, it can be found by derivation that G1ðHÞ is a func-
tion that increases first and then decreases, and the position
of the point that changes its monotonicity is related to the
value of λ. Obviously, we can find a λ that takes the position
in ð0,H1Þ. At this time, since G1ð0Þ = 0, G1ðH1Þ = 0,

4 Wireless Communications and Mobile Computing



whenH ∈ ð0,H1Þ, G1ðHÞ > 0, from (3) and (18), log2ð1 + ðθ
PH/σ2ÞÞ > λ∗P0 = λ∗ηθPH, and hence, β∗ = 1. Similarly, it
can be obtained by derivation that G2ðHÞ is an increasing
function, when H ∈ ðH2,∞Þ, log2ð1 + ðθPH/σ2ÞÞ > λ∗P0 =
λ∗Ps, β

∗ = 1, where H2 is the nonzero real root of equation
G2ðHÞ = 0. Then, it can be deduced that when H ∈ ½H1,H2�,
β∗ = 0. Therefore, the optimal TS strategy can be expressed as

β∗ Hð Þ =
1, H <H1 orH >H2

0, H1 ≤H ≤H2:

(
ð21Þ

In (21), the optimal TS thresholds H1 and H2 depend on
the optimal dual variables λ∗, which is determined by the
inequality constraints �Q in (5) and should be chosen so that
E½QðβðHÞÞ� = �Q. The average energy collection can be
expressed as

E Q β Hð Þð Þ½ � =
ðHth

H1

ηθPxf H xð Þdx +
ðH2

Hth

Ps ∗ f H xð Þdx, ð22Þ

where f HðxÞ is the probability density function (pdf) of H,
Hth = Ps/ηθP. The iterative search algorithm for the optimal
dual variables λ∗ is summarized as follows in Algorithm 1.
The initial value of λ0 is set as 1:0, and Δλ is set as 0.01.

The optimal resource allocation scheme can then be
described as follows. Firstly, the information transmission
block time T is divided into N time slots. Then, for each time
slot, say, the kthð1 ≤ k ≤NÞ time slot, the optimal TS thresh-
olds H1 and H2 are determined by using Algorithm 1.
Finally, the channel power gain Hk is compared with H1
and H2 in the kthð1 ≤ k ≤NÞ time slot; if Hk <H1 or Hk ≥
H2, the receiver switches to information decoding or else
switches to energy harvesting. The optimal resource alloca-
tion scheme is summarized as follows in Algorithm 2.

Remark. It is shown in (21) and Algorithm 2 that for the
SWIPT systems with nonlinear EH model, the optimal
resource allocation scheme based on the time slot-switching
strategy requires that the receiver switches to information
decoding when the signal-to-noise ratio (SNR) is larger or
smaller, whereas switching to energy harvesting is performed
in the region of medium SNR.

4. Numerical Results

In this section, we present simulation results for the proposed
optimal resource allocation scheme for the SWIPT systems
with nonlinear EH model. In order to validate the proposed
scheme, we compare the proposed resource allocation
scheme with the traditional TS resource allocation scheme
[26] in the energy efficiency performance for the SWIPT sys-
tems with nonlinear EH model, where the energy efficiency
for the traditional TS scheme is obtained by sweeps, the time
switching factor from 0 to 1 with a step 0.01, and the energy
efficiency is defined as

ηE = R βð Þ/ P − E Q βð Þ½ �ð Þ: ð23Þ

Unless otherwise specified, the transmission power is set
to P = 1W, and the required minimum harvested energy is
set to �Q = 5mW. The energy conversion efficiency in the lin-
ear region and the saturation output power of the nonlinear
EH receiver are set to η = 0:8 and Ps = 24mW [17], respec-
tively. The variance of the additive white Gaussian noise is
σ2 =N0, and the SNR is defined as SNR = P/N0. The infor-
mation transmission block time T is divided into N = 105
subslots, and in each subslot, the channel obeys the Rayleigh
distribution and is independent of each other. The distance
between the source node and the destination node is set to
d = 5m, and the pathloss exponent m is 2.0.

Figure 2 shows the energy efficiency versus the transmit
power P for the SISO SWIPT systems with nonlinear EH
model under various SNRs. It is shown that when the trans-
mit power increases, the energy efficiency decreases in the
region of middle and higher SNRs (i.e., SNR = 15 or 25 dB),
whereas it keeps almost invariant when the SNR is smaller,
i.e., SNR = 5 dB. It can be observed that compared with tradi-
tional TS resource allocation scheme, the proposed resource
allocation scheme significantly improves the system perfor-
mance in energy efficiency. Furthermore, it can be also
observed that the gap of system performance between the
proposed scheme and traditional TS scheme becomes more
obvious as the SNR increases, indicating that the proposed
performs better in the region of higher SNR. The reason is
that, when the SNR increases, the EH receiver is more likely
to work in the nonlinear region. Due to the saturation char-
acteristic of the nonlinear EH model, the traditional TS
scheme is more likely to waste the received power in such
case, thus resulting in the larger performance gap.

In Figure 3, the energy efficiency of the SISO SWIPT sys-
tems with nonlinear EH model under various SNRs is plotted
against the distance d between the source and the destination
nodes. It can be observed that the energy efficiency decreases
when the distance d increases. It shows similar results in
Figure 2 that the proposed resource allocation scheme substan-
tially outperforms the traditional TS resource allocation scheme
and that the performance gap gets larger when SNR increases.
Moreover, it can be observed that as the distance d increases,
the energy efficiency of both schemes and the performance
gap between the two schemes tend to be zero in the lower
SNR region, since as the distance d increases, the received
power of the signal becomes very weak; thus, the achievable rate
is very small in the lower SNR region for both the schemes.

Figure 4 shows the energy efficiency versus the pathloss
exponent m for the SISO SWIPT systems with the nonlinear
EH model under various SNRs. Similar results can be
observed in Figure 3 that the energy efficiency decreases
when the pathloss exponent m increases. The reason is that
a larger value of m means more transmit loss of the power
of the signal, which brings a lower received SNR and smaller
achievable rate for the system. It can be also observed that
compared with the distance d, the system performance is
more susceptible to the variation of the pathloss exponent
m, since the pathloss exponent m has a greater impact on
pathloss than the source-destination distance d. Also, it is
shown that the proposed resource allocation scheme sub-
stantially outperforms the traditional TS resource allocation
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1: Initialize: i⟵ 0, λ0, Δλ, δ, imax
2: repeat
3: Obtain G1ðHÞ and G2ðHÞ using (19) and (20), respectively
4: Obtain H1i and H2i by solving G1ðHÞ = 0 and G2ðHÞ = 0, respectively
5: Obtain E½QðβðHÞÞ� using (22), then mut⟵ E½QðβðHÞÞ� − �Q
6: ifjmutj ≤ δthen
7: return Optimal dual variable λ∗ = λi and optimal TS threshold H∗

1 =H1i , H
∗
2 =H2i

8: else
9: i⟵ i + 1, λi+1 ⟵ λi + Δλ
10: end if
11: untiljmutj ≤ δ or i = imax

Algorithm 1: Iterative search algorithm for λ∗:.

1: Initialize:N , k⟵ 0
2: repeat
3: ifH∗

1 ≤Hk ≤H∗
2 then

4: β∗ = 0, and let the kth subslot do energy harvesting
5: else
6: β∗ = 1, and let the kth subslot do information decoding
7: end if
8: k⟵ k + 1
9: untilk =N

Algorithm 2: Resource allocation algorithm for the SWIPT systems with nonlinear EH model.
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scheme for smaller pathloss exponent m, whereas the energy
efficiency of both schemes and the performance gap between
the two schemes tend to be zero in lower SNR region when
the pathloss exponent m increases.

In Figure 5, the energy efficiency versus the minimum
required harvested energy �Q is shown for the SISO SWIPT sys-
tems with the nonlinear EHmodel under various SNRs. Not sur-
prisingly, the proposed scheme substantially outperforms the
traditional TS scheme despite the variation of the minimum
required harvested energy. In fact, the energy efficiency of the sys-
tem with the traditional TS scheme decreases with the increases
of the minimum required harvested energy �Q , whereas for the
proposed time slot-switching scheme, the system energy effi-
ciency keeps almost unchangeable when the minimum required
harvested energy �Q increases from 1mW to 10mW.

5. Conclusions

In this paper, we have studied the resource allocation scheme
for the point-to-point SISO SWIPT systems with the nonlin-
ear EH model. We have proposed an optimal resource alloca-
tion scheme based on the time slot switching to maximize the
average information rate for the systems, with which the
receiver performs information decoding in the region of
higher or lower SNRs, whereas switching to energy harvesting
is performed in the region of medium SNR. Compared to the
traditional TS resource allocation scheme, the proposed
scheme significantly improves the system performance in
energy efficiency, and the system performance improvements

gets larger when the SNR is higher. We have investigated the
impacts of the source-destination distance d and the pathloss
exponent m on the energy efficiency performance. Results
have demonstrated that the system performance is more sus-
ceptible to the variation of the pathloss exponent m than the
distance d. We have also investigated the impacts of the min-
imum required harvested energy �Q on the energy efficiency
performance. It is demonstrated that for the traditional TS
scheme, the system energy efficiency decreases with the
increases of the minimum required harvested energy �Q ,
whereas for the proposed time slot-switching scheme, the sys-
tem energy efficiency is hardly affected by the variation of the
minimum required harvested energy �Q. In our setup, we con-
sider the SISO SWIPT systems and Rayleigh channels for the
proposed optimal scheme. MIMO systems and other more
complex channel models for the proposed scheme can be fur-
ther studied in future work.
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