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Rate-Energy Tradeoff for Nonlinear
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Abstract— In this paper, we study rate-energy (R-E) tradeoffs
for simultaneous wireless information and power trans-
fer (SWIPT). In the existing literature, by invoking a simplistic
and ideal assumption of linear energy harvesting, the R-E trade-
off performance was analyzed only for the four SWIPT schemes:
the dynamic power splitting, type-I on–off power splitting (OPS),
static power splitting, and time switching. Different from such
works, in this work, we consider the realistic and practical
scenario of nonlinear energy harvesting. Furthermore, to char-
acterize the R-E tradeoff with nonlinear energy harvesting,
we propose a new SWIPT scheme, the generalized OPS (GOPS).
As a special case of the proposed GOPS, we also investigate an
additional SWIPT scheme, the type-II OPS. Through the analysis
based on the realistic nonlinear models reported in the literature,
we derive new theoretical results on the R-E tradeoff, which are
in sharp contrast to those in the existing literature obtained with
linear energy harvesting. Furthermore, we provide various useful
insights into the SWIPT system with nonlinear energy harvesting.

Index Terms— Nonlinear energy harvesting, power splitting,
rate-energy (R-E) tradeoff, simultaneous wireless information
and power transfer (SWIPT), time switching.

I. INTRODUCTION

RECENTLY, simultaneous wireless information and
power transfer (SWIPT) using radio frequency (RF)

waves, which is a combination of wireless information trans-
fer and wireless power transfer (WPT),1 has gained a lot
of research interest in both academia and industry [1]–[3].
A very effective way to understand the SWIPT system is
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1A critical issue of the WPT is that the received RF power may be low

to be harvested (or to activate the rectifier) due to the signal propagation
attenuation. In practice, therefore, the distance should be limited. In order
to increase the distance, larger size antennas or more antenna elements with
higher frequency carriers can be used [7].

to analyze the tradeoff between the amounts of informa-
tion transfer and energy transfer, which is called the rate-
energy (R-E) tradeoff in the literature. In [4], the R-E tradeoff
for the SWIPT was studied under the assumption that both
information decoding (ID) and energy harvesting (EH) can be
carried out concurrently from the same received RF signal.
This assumption, however, is unrealistic with the current
circuit technology [5]–[8]. Considering this issue, in [5], the
practical (and the well-known) four SWIPT schemes were
developed, namely, the dynamic power splitting (DPS), type-I
on-off power splitting (OPS-I),2 static power splitting (SPS),
and time switching (TS), in which the tasks of information
decoding and energy harvesting using the same RF signal are
carried out separately in power3 and/or time. For these SWIPT
schemes, the R-E tradeoff of the SWIPT was studied in various
system setups, e.g., for the single-antenna SWIPT system with
Gaussian input [5], M-ary discrete inputs [6], finite code-
length [7], and for the multi-antenna SWIPT system with
seperated/co-located information and energy receivers [8].

In [5]–[8], the R-E tradeoff was analyzed based on the linear
energy harvesting model, in which the amount of harvested
energy increases linearly proportional to the input RF power
of an energy harvesting circuit. Such linearity can be assumed
only when the energy (or power) conversion efficiency is a
constant over the entire range of the input power. However,
the realistic analysis in [15]–[19] has clearly shown that
the energy conversion efficiency of actual energy harvesting
circuits is a nonlinear function of the input signal, i.e., both
the input signal power level and the input signal shape. Thus,
in practice, the energy harvesting is nonlinear [9]–[21], [23],
[24]. In particular, for a given shape of the input signal,
the energy conversion efficiency is different (not constant)
depending mainly on the input power level, as validated in
various experimental results [9]–[11]. Specifically, as the input
power increases, the efficiency first increases, and then, signif-
icantly decreases [9]–[11], [18]. Unfortunately, the simplistic
and ideal linear model cannot accurately model the nonlinear

2In [5], the OPS-I was referred to simply as the OPS. In this paper, it will be
referred as the OPS-I because a different type of OPS will also be investigated,
which will be referred to as the OPS-II.

3For the SWIPT with power splitting, the split RF power might be even
smaller compared to the case of WPT. However, the difference should
be practically (very) small (i.e., the power splitting ratio used for energy
harvesting should be practically close to one), because much less power is
needed for information decoding compared to energy harvesting [6], [8], [27].
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behaviors of the practical energy harvesting circuits, and thus,
the existing analysis conducted with linear energy harvesting
might lead to misleading or wrong conclusions for practical
nonlinear circuits.

Addressing the nonlinearity issues above, in the recent
literature for the SWIPT, the impacts of nonlinear energy
harvesting on the R-E tradeoff have been investigated in
several useful respects regarding the beamforming design [12],
the waveform optimization [17]–[19], and the optimal channel
input distribution [20]. However, none of the works give
an (explicit) answer to a very important question: for the
case of nonlinear energy harvesting, which SWIPT scheme
achieves better R-E tradeoff performance? and what are the
tradeoffs among the (various) SWIPT schemes? To the best of
our knowledge, this question still remains unanswered in the
literature. This motivated our work.

In this paper, we study the R-E tradeoffs for the SWIPT
with nonlinear energy harvesting. For practical validity and
accuracy of the analysis, we consider two different realistic
models for the nonlinear energy harvesting, which deal with
two major different sources of nonlinearity. One is the nonlin-
ear model of [12]–[14], which tackles the nonlinearity of the
energy conversion efficiency and characterizes the nonlinearity
in terms of the input power. The other is the nonlinear
model of [15]–[19], which tackles the diode (or rectifier)
nonlinearity and characterizes the nonlinearity in terms of
the input signal waveform. For various scenarios of nonlinear
energy harvesting, we analyze the R-E tradeoff performance
of the SWIPT under two different assumptions on the circuit
power consumption at the receiver. The contributions of our
work are summarized as follows:

• We analyze the R-E tradeoff performance of the four
existing SWIPT schemes, the DPS, OPS-I, SPS, and TS,
for the nonlinear energy harvesting. In [18], the R-E
tradeoff was studied for the SPS and TS considering the
nonlinear energy harvesting. However, in the literature,
the R-E tradeoffs of the DPS and OPS-I have not been
studied for the nonlinear energy harvesting. To answer the
question about the tradeoff performance for the SWIPT
with nonlinear energy harvesting, the R-E tradeoff per-
formance of the existing four SWIPT schemes must be
first analyzed for the nonlinear energy harvesting.

• For the case of nonlinear energy harvesting, studying only
the existing four schemes is not sufficient to fully charac-
terize the R-E tradeoff and to completely understand the
impact of nonlinearity on the R-E tradeoff. To address
this critical issue, we propose a new SWIPT scheme,
the generalized on-off power splitting (GOPS), which
turns out to achieve better R-E tradeoff performance with
nonlinear energy harvesting. The proposed GOPS, which
has never been reported in the literature, generalizes the
SWIPT schemes (except the DPS) of [5] and [22]. As an
important special case of the proposed GOPS, we also
investigate an additional SWIPT scheme, type-II on-off
power splitting (OPS-II) reported in [22]. In the literature,
the R-E tradeoff of either the GOPS or the OPS-II has
never been studied nor compared to the four existing
SWIPT schemes.

• In the existing literature for the linear energy harvesting,
the optimalities were shown for the SPS and OPS-I in
the sense of the R-E tradeoff. On the other hand, in [18],
it was observed by simulations that a combination of the
SPS and TS (i.e., possibly one of the GOPS, OPS-I, and
OPS-II) enlarges the R-E region in the case of nonlinear
energy harvesting. In sharp contrast to those analyses,
we analytically show that, for the case of nonlinear
energy harvesting, in the R-E tradeoff sense, the OPS-II
is optimal when the circuit power consumption at the
receiver is negligible, and the GOPS is optimal when
the circuit power consumption is non-negligible. Our
results have never been reported in the literature. From
our analysis, we provide useful insights into the SWIPT
with nonlinear energy harvesting, which have never been
observed in the literature. We also make an important
conclusion: for the case of nonlinear energy harvest-
ing, the pure information decoding is a key to cop-
ing with the nonlinearity and achieving better tradeoff
performance.

• In [18], considering the nonlinear energy harvesting,
the R-E tradeoff performance of the SPS and TS was
studied in the low and high signal-to-noise ratio (SNR)
regimes (i.e., in the two different operation regimes of the
information decoder). Different from [18], we analyze the
R-E tradeoff performance of the various SWIPT schemes
in the low and high input power regimes of the nonlinear
energy harvesting circuit. We analytically show that,
in the low input power regime, the TS is optimal in the
R-E tradeoff sense regardless of circuit power consump-
tion. This result is very interesting and is in sharp contrast
to the case of linear energy harvesting. Furthermore,
we analytically show that, in the high input power regime,
the SPS and OPS-I are optimal in the R-E tradeoff
sense when the circuit power consumption is negligible
and non-negligible, respectively. These results can be
considered as the generalizations of the existing results
in the linear energy harvesting, to the case of nonlinear
energy harvesting. From our analysis, we obtain more
insights into the SWIPT with nonlinear energy harvesting.
Also, an important conclusion can be made: for the case
of nonlinear energy harvesting, the optimalties of the
SWIPT schemes are different and critically depend on
the input power level, which is in sharp contrast to the
case of linear energy harvesting.

• We analyze the tradeoff between the SPS and TS, both of
which are the widely adopted SWIPT schemes in the lit-
erature due to the simple implementation. Such analysis is
important and essential to gain more understanding of the
SWIPT with nonlinear energy harvesting. To characterize
the tradeoff between the SPS and TS, we analytically
derive the cross-over rates and the cross-over energies.
It turns out that for the case of nonlinear energy har-
vesting, there are more cross-over rates and cross-over
energies (i.e., cross-over R-E regions) compared to the
case of linear energy harvesting. The obtained results are
useful for the practical applications where the SPS or the
TS is considered as a SWIPT scheme.
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This paper is organized as follows. Section II describes the
system model, the adopted nonlinear model, and the various
SWIPT schemes. In Section III, the R-E tradeoffs are studied
for the case when the circuit power consumption is negligible.
In Section IV, the analysis is extended to the case when the
circuit power consumption is non-negligible. In Section V,
another nonlinear model is considered for the R-E tradeoff
analysis. In Section VI, the results for the linear and nonlinear
energy harvesting models are compared and the practical usage
of the results is discussed. Section VII concludes this paper.

II. SYSTEM MODEL

We consider a point-to-point SWIPT system with one
transmitter and one receiver, each equipped with a single
antenna. Let N denote the number of transmitted symbols in
each block. Each transmit symbol in the block is assumed
to be Gaussian distributed with power P . The power gain of
the complex baseband channel between the transmitter and
the receiver is denoted by h, which is assumed to remain
constant during the time duration of the block. The quasi-static
channel assumption is quite reasonable in the applications of
the SWIPT since the SWIPT is currently practically feasible
only in the stationary environment with low mobility, e.g.,
indoor scenario over the fixed range of distances [1].

At the receiver, the received RF signal during the kth symbol
period is split into two parts with a power splitting ratio
0 ≤ ρk ≤ 1. First, the (1 − ρk) portion of the received power
is used for information decoding. Thus, the channel capacity
for the kth information symbol is given by [5]

C(ρk) = log2

(
1 + (1 − ρk)h P

(1 − ρk)σ
2
ant + σ 2

cov

)
(1)

for k = 1, · · · , N , where σ 2
ant and σ 2

cov denote the variances
of the antenna noise and the RF-to-baseband conversion noise,
respectively. Second, the remaining portion ρk of the received
power is used for energy harvesting, and thus, the input power
fed into the energy harvesting circuit is given by ρkh P [5].
This part will be discussed in detail in the next subsection
addressing the nonlinearity issue in the energy harvesting.

A. A Nonlinear Model for Energy Harvesting

In the existing works on the R-E tradeoff analysis [5]–[8],
the linear energy harvesting model was considered. In the lin-
ear model, the harvested energy (or interchangeably, harvested
power assuming the symbol duration is normalized to unity)
during the kth symbol interval is linearly proportional to the
input power ρkh P as follows [5], [15]:

EL(ρk) = ζρkh P (2)

where 0 < ζ ≤ 1 denotes the energy conversion efficiency,
which is usually assumed to be a constant. However, vari-
ous experimental results [9]–[11] have demonstrated that the
practical energy harvesting circuits exhibit nonlinear behaviors
(also, see [12, Fig. 2], [13, Fig. 3], [14, Fig. 3]). This is
because the energy conversion efficiency is different over
the different input power levels (for a given input signal
shape). Specifically, the efficiency is improved when the input

power increases to a certain level; but, it is substantially
degraded when the input power exceed a certain level [9]–[11].
Also, the efficiency is particularly small at the low and
high input power levels due to the turn-on voltage and the
reverse breakdown of the diode(s) used in the rectifier circuit,
respectively [9], [11]. Unfortunately, the linear model in (2)
fails to accurately model the above nonlinear behavior due to
the ideal and simplistic assumption of the constant efficiency.
In particular, the linear model cannot capture the turn-on and
saturation4 nonlinearities at the low and high input power
levels, respectively, at all, since the amount of harvested energy
increases with the input power linearly and indefinitely.

To overcome the critical limits of the linear model and
to accurately model the nonlinearity of the practical circuits
(including both the turn-on and saturation effects), a real-
istic nonlinear model for energy harvesting was suggested
in [12]–[14] based on the logistic function, i.e., S-shape
curve.5 It was demonstrated in [12]–[14] that, in contrast to the
linear model, the suggested nonlinear model is able to capture
the nonlinearity of the energy harvesting as well as accurately
match the experimental results reported in the literature. For
this reason, in this paper, we adopt the nonlinear model used
in [12]–[14].6 In this nonlinear model, the harvested energy
during the kth symbol interval is modeled as [12]–[14]

ENL(ρk) = Ps [�(ρk) − �]

1 − �
(3)

where � = 1
1+eAB is a constant to ensure the zero-input zero-

output response and �(ρk) is the logistic function given by

�(ρk) = 1

1 + e−A(ρk h P−B)
. (4)

In (3), Ps denotes the maximum harvested power when the
energy harvesting circuit is saturated. Also, A and B are pos-
itive constants related to the circuit specification. Practically,
A reflects the nonlinear charging rate with respect to the input
power and B is related to (not exactly the same as) the turn-on
threshold. Given the energy harvesting circuit, the parameters
Ps , A, and B can be readily determined by the curve fitting.

B. Proposed and Existing SWIPT Schemes

In this subsection, we present the proposed and existing
SWIPT schemes, whose R-E tradeoff performance will be
analyzed and compared in the next sections.

4The saturation effects have been observed in various experimental results
for practical RF energy harvesting circuits including [9]–[11]. This is because
when the input power exceeds a certain level, the rectifier enters the break-
down region, and thus, the reverse breakdown voltage of the diode limits
the output power of the rectifier [9], [11], [18]. In practice, the rectifier
should operate in the certain input power range of interest and should not
be operated in the saturation region, as discussed in [18, Remark 5]. The
saturation nonlinearity can be avoided in the power range of interest by
properly designing the rectifier as explained in [18, Remark 5] and the
references therein. In this paper, for generality of the analysis, we consider
the saturation behavior of the rectifier and we will show that the saturation
nonlinearity critically affects the R-E tradeoff performance of the SWIPT
system.

5Another realistic nonlinear model for energy harvesting was also reported
in [15]–[19]. The R-E tradeoffs for this nonlinear model will be investigated
later in Section V.

6For the same reason, in the recent works on the SWIPT [23], [24],
the nonlinear model of [12]–[14] has also been adopted.
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Fig. 1. Proposed and existing OPS schemes.

1) Dynamic Power Splitting (DPS): The most general
scheme for the SWIPT is the DPS developed in [5]. In the
DPS, the received power at each symbol interval is dynam-
ically split with the power splitting ratios 0 ≤ ρk ≤ 1,
k = 1, · · · , N . The ρk and (1 − ρk) portions of the kth
received power are used for energy harvesting and information
decoding, respectively. In the DPS, the power splitting ratio
varies at the symbol level, i.e., N − 1 times within a block.7

2) Generalized On-Off Power Splitting (GOPS): As a spe-
cial case of the DPS, we propose the GOPS, which is shown
in Fig. 1(a). In the GOPS, the pure energy harvesting is
carried out with ρk = 1 during the αe portion of block; the
static power splitting is carried out with ρk = ρ during the
αp portion of block; and the pure information decoding is
carried out with ρk = 0 during the αi portion of block, where
0 ≤ ρ ≤ 1, 0 ≤ α j ≤ 1, j ∈ {e, p, i}, and αe + αp + αi = 1.
The value of α j is chosen such that α j N is an integer for
j ∈ {e, p, i}. In the GOPS, the power splitting ratio changes
at the block level, i.e., 2 times within a block.

3) Type-I On-Off Power Splitting (OPS-I): As a special case
of the GOPS with αi = 0, the OPS-I was developed in [5],
which is shown in Fig. 1(b). In the OPS-I, the pure energy
harvesting is carried out during the αe portion of block and

7In practice, the DPS might be difficult to implement because it might be
difficult to vary the power splitting ratios at the symbol level, especially when
the blocklength N becomes large. The reason why we consider the DPS in this
paper is that the DPS serves as the performance benchmark of any possible
SWIPT schemes because the DPS is the theoretically most general SWIPT
scheme. Thus, if any other SWIPT scheme achieves the same R-E region as
the DPS, it can be concluded that the particular SWIPT scheme has the same
optimal performance as the DPS.

the static power splitting is carried out during the remaining
(1 − αe) portion of block. In the OPS-I, the power splitting
ratio changes at the block level, i.e., only once within a block.

4) Type-II On-Off Power Splitting (OPS-II): As a special
case of the GOPS with αe = 0 and as a different type from
the OPS-I, the OPS-II was developed in [22], which is shown
in Fig. 1(c). In the OPS-II, the pure information decoding is
carried out during the αi portion of block and the static power
splitting is carried out during the remaining (1 − αi ) portion
of block. In the OPS-I, the power splitting ratio changes at the
block level, i.e., only once within a block.

5) Static Power Splitting (SPS): As a special case of the
OPS-I with αe = 0 or the OPS-II with αi = 0, the SPS
was developed in [5]. In the SPS, the static power splitting
is carried out over the whole block. In the SPS, the power
splitting ratio changes at the block level; but, within a block,
the power splitting ratio does not change and remains the same.

6) Time Switching (TS): As a special case of the OPS-I with
ρ = 0 or the OPS-II with ρ = 1, the TS was developed in [5].
In the TS, the pure energy harvesting is carried out during
the αe portion of block and the pure information decoding is
carried out during the remaining (1 − αe) portion of block. In
the TS, the power splitting ratio changes at the block level,
i.e., only once within a block.

III. RATE-ENERGY TRADEOFFS FOR

NONLINEAR ENERGY HARVESTING

In this section, we study the R-E tradeoffs for the
SWIPT with nonlinear energy harvesting. We first analyze the
R-E tradeoffs of the six SWIPT schemes in the entire input
power regime of the nonlinear circuit, and then, we analyze
the R-E tradeoffs in the low and high input power regimes.

A. R-E Tradeoff Analysis in Entire Input Power Regime

For the R-E tradeoff analysis, we first present the R-E
regions of the considered six SWIPT schemes, which contain
all possible pairs of the (average) achievable rate R and
harvested energy Q under the nonlinear energy harvesting.
First, the R-E region of the DPS is defined as

C
DPS
NL

=
⋃
ρ

{
(R, Q) : Q ≤ 1

N

N∑
k=1

ENL(ρk), R ≤ 1

N

N∑
k=1

C(ρk)

}

(5)

where ρ = (ρ1, · · · , ρN ) denotes the vector of ρk’s. The
R-E region of the GOPS can be obtained from (5) as

C
GOPS
NL =

⋃
α,ρ

{
(R, Q) : Q ≤ αe ENL(1) + αp ENL(ρ),

R ≤ αpC(ρ) + αi C(0)
}

(6)

where α = (αe, αp, αi ). The R-E regions of the OPS-I and
OPS-II can be obtained from (6) with αi = 0 and αe = 0,
respectively, as

C
OPS-I
NL =

⋃
αe,ρ

{
(R, Q) : Q ≤ αe ENL(1) + (1 − αe)ENL(ρ),

R ≤ (1 − αe)C(ρ)
}

(7)
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C
OPS-II
NL =

⋃
αi ,ρ

{
(R, Q) : Q ≤ (1 − αi )ENL(ρ),

R ≤ (1 − αi )C(ρ) + αi C(0)
}
. (8)

The R-E regions of the SPS and TS can be obtained from (7)
with αe = 0 and ρ = 0 (or from (8) with αi = 0 and ρ = 1),
respectively, as

C
SPS
NL =

⋃
ρ

{
(R, Q) : Q ≤ ENL(ρ), R ≤ C(ρ)

}
(9)

C
TS
NL =

⋃
αe

{
(R, Q) : Q ≤ αe ENL(1), R ≤ (1 − αe)C(0)

}
.

(10)

It is obvious that among the six SWIPT schemes, the
DPS provides the best performance in the sense of the
R-E tradeoff since it includes the other schemes as the special
cases, and thus, its R-E region is largest. Thus, for the other
schemes, we define the optimality as follows.

Definition 1: If any of the SWIPT schemes has the same
R-E region as the DPS, this scheme is said to be optimal
(or DPS-optimal) in the sense of the R-E tradeoff. �

Before deriving the mathematical results, we give intuitive
explanations on how the nonlinear energy harvesting affects
the R-E tradeoff performance. To this end, let ρt ∈ (0, 1) and
ρs ∈ (ρt , 1) denote the turn-on and saturation thresholds of the
power splitting ratio ρ for the nonlinear circuit (i.e., for the
nonlinear model ENL(ρ)). For simplicity of exposition, we also
assume that the energy conversion efficiency is zero when
ρ ≤ ρt or ρ ≥ ρs , i.e., ENL(ρx) = ENL(ρy) for any ρx , ρy ≤
ρt or ρx , ρy ≥ ρs . For the DPS, without loss of generality,
some portion of the power splitting ratios {ρk} are assumed
to be less than ρt , and another portion to be larger than ρs .
Those power splitting values can be forced to be zero or ρs

because the rate increases while the harvested energy remains
the same, meaning that the R-E region is enlarged. This result
clearly reveals the impacts of both the turn-on and saturation
nonlinearities on the R-E tradeoff. Specifically, the result can
be interpreted as follows: for the case of nonlinear energy
harvesting, the pure information decoding (or the pure energy
harvesting) can improve (or degrade) the tradeoff performance
due to the turn-on nonlinearity (or the saturation nonlinearity).

In general, for the case of nonlinear energy harvesting, it is
very challenging to mathematically analyze the R-E tradeoff
performance and the optimalities of the SWIPT schemes
since the nonlinear function ENL(·) in (3) is actually strictly
increasing and is neither convex nor concave. Specifically,
to prove the DPS-optimality, one should tackle a nonconcave
optimization problem involving the sum of ENL(ρk)’s, which
is known to be NP hard as turned out in [25] and [26].
One can use the complicated numerical approach such as the
iterative Newton method based on the sum-of-ratios prop-
erty [12]–[14] or the branch-and-bound method with the
convex bounds/approximation [25], [26], However, none of
those approaches are effective to establish the optimalities
of the SWIPT schemes for the nonlinear energy harvesting,
although this is very important and necessary for the R-E
tradeoff analysis. Also, the numerical method does not provide

any insight nor any intuition. Moreover, with the numerical
approach, the required complexity can be high, especially
when N is large, because the complicated iterative procedures
must be entailed.

To make the analysis tractable and to obtain useful
insights/intuitions for the analysis, we take a new approach in
this paper: exploiting the partial convexity/concavity property
of ENL(·) with respect to (w.r.t.) the inflexion point ρI =
min

{ B
h P , 1

}
, at which the curve shape changes from being

convex to concave, we establish the optimalities and subop-
timalities of the various SWIPT schemes. This approach has
never been taken in the literature and is never straightforward,
yet very effective. Taking our mathematical approach, we have
the following results.

Theorem 1: For the nonlinear energy harvesting model
ENL(·), the followings hold:

C
DPS
NL = C

GOPS
NL = C

OPS-II
NL , (11)

C
DPS
NL ⊃ C

�
NL for � ∈ {OPS-I, SPS, TS}. (12)

Proof: See Appendix A.
Theorem 1 can be interpreted as follows. First, the result

of (11) indicates that the OPS-II (and thus, the GOPS) is
optimal for the case of nonlinear energy harvesting. Second,
the result of (12) indicates that the other schemes, the OPS-I,
SPS, and TS, are all suboptimal for the case of nonlinear
energy harvesting. In practice, therefore, one can adopt the
much simpler OPS-II (instead of the DPS) without any per-
formance loss compared to the DPS and without varying the
power splitting ratio at the symbol level as in the DPS.

Now, we provide the intuitions for the results of Theorem 1
to obtain the insights. First, neither the OPS-I nor the TS is
optimal since the nonlinear circuit might saturate during the
process of pure energy harvesting. Also, the SPS is not truly
optimal because in the low and high input power regimes, the
rate (achieved by all the symbols) is substantially degraded
in order to only slightly increase the harvested energy due to
the (very) small energy conversion efficiency. On the other
hand, overcoming the shortcomings of the OPS-I, SPS, and
TS, the OPS-II provides better R-E tradeoff performance.
Specifically, unlike the OPS-I and TS, the OPS-II does not
suffer from the saturation effect since it does not carry out the
pure energy harvesting. Also, unlike the SPS, in the OPS-II,
the pure information decoding is carried out combined with
the static power splitting in order to exploit the high energy
conversion efficiency in the moderate input power regime and
to improve the rate. Thus, compared to the OPS-I, TS, and
SPS, the OPS-II can achieve a higher rate while harvesting a
larger amount of energy. From the intuitions above, we obtain
an interesting and useful insight: for the case of nonlinear
energy harvesting, the pure information decoding is a key to
coping with the nonlinearity and achieving better performance.

In order to validate the results of Theorem 1, we numerically
evaluate the R-E regions of the various SWIPT schemes.
For the SPS and TS, the boundaries of the R-E regions can
be achieved by varying ρ and α from 0 to 1, respectively,
(i.e., considering all the possible values of ρ and α). On the
other hand, to determine the R-E boundaries of the GOPS,
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OPS-I, and OPS-II, one needs to optimize the parameters
(e.g., α and ρ for the GOPS) by maximizing the rate R for
all the possible values of harvested energy Q such that the
R-E region is maximized. To this end, let us define the inverse
function of ENL(x) = y w.r.t. x as follows:

x = E−1
NL (y) = 1

h P

(
− 1

A
log

(1 − �)(Ps − y)

(1 − �)y + Ps�
+ B

)
. (13)

First, we consider the R-E boundary of the GOPS. Without
loss of generality, for the GOPS, we can set αp = 1−αe −αi .
Also, introducing an additional variable 0 ≤ β ≤ 1, we can
express αi in terms of αe as αi = (1 − αe)β. To satisfy the
harvested energy target Q, from Q = αe ENL(1) + (1 − αe)
(1 − β)ENL(ρ), we have

β(αe, ρ) = 1 − Q − αe ENL(1)

(1 − αe)ENL(ρ)
. (14)

Using (14), the optimal values of αe and ρ can be determined
by maximizing the rate as follows:

(α
opt
e , ρopt) = arg max

αlow
e ≤αe≤α

up
e ,

ρlow(αe)≤ρ≤1

{
(1 − αe) (1 − β(αe, ρ)) C(ρ)

+β(αe, ρ)C(0)
}

(15)

where αlow
e = 0, α

up
e = Q

ENL(1) , and ρlow(αe) =
E−1
NL

(
Q−αe ENL(1)

1−αe

)
. In (15), ρlow(αe) ≤ ρ is imposed to ensure

β(αe, ρ) ≥ 0. Also, αlow
e ≤ αe ≤ α

up
e is imposed to ensure

0 ≤ ρlow(αe) ≤ 1. The optimization problem in (15) can be
solved by two-dimensional searching over a finite area. Then
the R-E boundary of the GOPS can be obtained using α

opt
e ,

ρopt, α
opt
i = (1−α

opt
e )β(α

opt
e , ρopt), and α

opt
p = 1−α

opt
e −α

opt
i .

As the special cases of the GOPS, the R-E boundaries of the
OPS-I and OPS-II can be obtained by following the above
procedures with β = 0 and αe = 0, respectively, where only
one-dimensional searchings over the finite ranges αlow

e ≤ αe ≤
α

up
e and ρlow(αe) ≤ ρ ≤ 1 need to be carried out.
For the numerical simulations, we adopt the realistic system

setup considered in [6].8 The maximum harvested power of
the nonlinear circuit is set to Ps = h P . Also, we set A = 6400
and B = 0.003, which were obtained in [12] and [14] based
on the experimental result of [10].9 In Fig. 2, the R-E regions
of the various SWIPT schemes are shown in the entire input
power regime when P = 2 W, h P

σ 2 = 20 dB, σ 2
ant = σ 2,

and σ 2
cov ∈ {σ 2, 10σ 2}. As expected from the result (11) in

Theorem 1, the OPS-II has the largest R-E region for the case
of nonlinear energy harvesting and the GOPS has the same R-
E region as the OPS-II. Also, expected from the result (12) in
Theorem 1, the R-E tradeoff performance of the OPS-I, SPS,
and TS is worse than the OPS-II.

8Specifically, unless stated otherwise, the channel power gain is modeled as

h = 1 − e
− at ar

(c/ fc)2d2 [27], where at is the aperture of the transmit antenna;
ar the aperture of the receive antenna; c the speed of light; and d the distance
between the transmitter and the receiver. Assuming the receiver as a small
sensor, we set at = 0.5m, ar = 0.01m, fc = 2.4GHz, and d = 13m.

9The other circuit parameters such as (A, B) = (1500, 0.0022) obtained
in [14] can be used for the numerical simulations. For these parameters,
it can be numerically demonstrated that the OPS-II has the largest R-E region.
In general, as the value of B decreases, the performance gap between the
OPS-II and OPS-I tends to decrease. Nevertheless, the OPS-II or the GOPS
provides the best R-E tradeoff performance whenever B > 0.

Fig. 2. R-E regions of the various SWIPT schemes in the entire input power
regime when P = 2 W, h P

σ2 = 20 dB, σ 2
ant = σ 2, and σ 2

cov ∈ {σ 2, 10σ 2}.
The cross-over rate Rc and energy Qc between the SPS and TS are denoted
by the dotted lines.

Fig. 3. R-E regions of the various SWIPT schemes for the random channel
generated by the Rician fading model when P = 2 W, E[h]P

σ2 ∈ {10, 15}
dB, and σ 2

ant = σ 2
cov = σ 2. The other simulation parameters are the same as

in Fig. 2. The results are averaged over 105 channel realizations. The cross-
over rate Rc and energy Qc between the SPS and TS are denoted by the
dotted lines.

In Fig. 3, we plot the R-E regions of the various SWIPT
schemes considering the Rician fading model: η =

√
κ

κ+1ηl +√
1

κ+1ηs , where κ is the Rician K -factor. Also, ηl and ηs

denote the line-of-sight (LOS) and scattered components,
respectively. The (instantaneous) channel power gain h is thus
obtained as h = |η|2. In Fig. 3, the power gain of the LOS
component is set to |ηl |2 = −27 dBW and the scattered
component ηs is generated randomly from the Gaussian dis-
tribution with zero mean and variance of −27 dBW. Also,
we set P = 2 W, E[h]P

σ 2 ∈ {10, 15} dB, and σ 2
ant = σ 2

cov = σ 2,
where E[·] denotes the expectation over the random channel
power gain h. Other simulation parameters are the same as
in Fig. 2. The results of Fig. 3 are obtained by averaging
over 105 channel realizations. From Fig. 3, one can make the
similar observations as in Fig. 2.
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Interestingly, from Figs. 2 and 3, it can be seen that for
the case of nonlinear energy harvesting, neither the SPS
nor the TS always performs better, and thus, there exist a
tradeoff between the SPS and TS. When the energy Q is
lower than a certain threshold Qc (or when the rate R is
higher than a certain threshold Rc), the TS performs better
than the SPS. This is because in the low input power regime,
the increment of harvested energy of the SPS is smaller than
that of the TS due to the small energy conversion efficiency.
On the other hand, when the energy Q is higher than Qc

(or when the rate R is lower than Rc), the SPS performs
better than the TS. This is because in the high input power
regime, the rate of the TS decreases linearly with αe, whereas
that of the SPS decreases logarithmically with ρ. It is also
interesting to see that the R-E region of the OPS-I is just
a union of those of the SPS and TS without any further
performance gain. Actually, the OPS-I works as the TS
(or the SPS) when R > Rc (or when R < Rc).

The thresholds Rc and Qc mentioned above will be referred
to as the cross-over rate and the cross-over energy, respec-
tively, which are determined in the following.

Corollary 1: The cross-over harvested energy Qc > 0
is given by the real root of the following equation over
Q ∈ (0, ENL(1)):

g(Q) = (1 − αQ)C(0) − C(ρQ) = 0 (16)

where αQ = Q
ENL(1) and ρQ = E−1

NL (Q). The cross-over rate
Rc is given by

Rc =
(

1 − Qc

ENL(1)

)
C(P, 0) (17)

Proof: Given the same Q ∈ (0, ENL(1)), we can determine
αQ of the TS and ρQ of the SPS from Q = αe ENL(1)
and Q = ENL(ρ), respectively. The cross-over rate Rc can
be determined by finding Q such that (1 − αQ)C(0) =
C(ρQ) or g(Q) = 0.

In Figs. 2 and 3, the cross-over rate Rc and the cross-over
energy Qc between the SPS and TS are denoted by the dotted
lines.

B. R-E Tradeoff Analysis in Low Input Power Regime

Considering the small energy conversion efficiency of the
nonlinear circuit at the low and high power levels, in this
and next subsections, we study the R-E tradeoffs in the low
and high input power regimes, respectively. In this subsection,
we first focus our analysis on the low input power regime. The
analysis in the high input power regime will be presented in
the next subsection.

For the nonlinear energy harvesting circuit, the input power
level can be considered as (relatively) low if the diode is not
sufficiently turned on such that the nonlinear circuit essentially
operates in the turn-off region. This corresponds to the case
when the received RF power h P is actually small and/or the
diode turn-on threshold (which is related to the parameter B
in the adoped nonlinear model ENL(·)) is large. Thus, we can
mathematically define the low input power regime of the
nonlinear circuit as follows: h P

B ≤ 1 for any given B > 0.

Fig. 4. R-E regions of the various SWIPT schemes in the low input power
regime when P = B

h = 1.586 W, h P
σ2 = 10 dB, σ 2

ant = σ 2
cov = σ 2, and

A ∈ {6400, 64000}. The other simulation parameters are the same as in Fig. 2.

For compactness of analysis and derivation of insightful
results, we assume that there is no cross-over rate between
the SPS and TS, i.e., Rc = ∅ for ∀Q ∈ (0, ENL(1)), where ∅
denotes the empty set. In the low input regime, we have the
following results.

Theorem 2: For the nonlinear energy harvesting model
ENL(·), in the low input power regime with h P

B ≤ 1 and
Rc = ∅, the followings hold:

C
DPS
NL = C

�
NL, for � ∈ {GOPS, OPS-I, OPS-II, TS}, (18)

C
DPS
NL ⊃ C

SPS
NL . (19)

Proof: See Appendix B.
Theorem 2 can be interpreted as follows. First, interestingly,

the result of (18) reveals that the TS (and thus, the GOPS,
OPS-I, and OPS-II) is optimal for the nonlinear energy har-
vesting circuit operated in the low input power regime. Also,
from (19), one can see that the SPS is suboptimal in the low
input power regime. In the low input power regime, without
any performance loss, one can adopt the TS in practice (instead
of the DPS), which is much simpler than the DPS.

We now give the intuitions for the results of Theorem 2
to draw useful insights. The reason why the TS is optimal
can be explained as follows. In the low input power regime,
the energy conversion efficiency is very small; but, it signifi-
cantly increases as ρ increases. Thus, in the low input power
regime, the energy harvesting should always be carried out
with ρ = 1. This means that the TS becomes optimal; but
the SPS, in which 0 ≤ ρ ≤ 1, is generally suboptimal.

In order to confirm the results of Theorem 2, in Fig. 4, the
R-E regions of the various SWIPT schemes are shown in the
low input power regime when P = B

h = 1.586W, h P
σ 2 = 10 dB,

σ 2
ant = σ 2

cov = σ 2, and A ∈ {6400, 64000}, where the other
simulation parameters are the same as in Fig. 2. From Fig. 4,
one can see the results expected from Theorem 2 and the
observations discussed above can be made. Also, it can be
seen that as A increases, the R-E regions of the GOPS, OPS-I,
OPS-II, and TS remain unchanged, whereas that of the SPS

Authorized licensed use limited to: Sungkyunkwan University. Downloaded on March 08,2023 at 11:30:07 UTC from IEEE Xplore.  Restrictions apply. 



KANG et al.: WIRELESS INFORMATION AND POWER TRANSFER: R-E TRADEOFF 1973

shrinks since the energy conversion efficiency varies more
rapidly.

C. R-E Tradeoff Analysis in High Input Power Regime

For the nonlinear energy harvesting circuit, the input power
level can be considered as (relatively) high if the diode is fully
turned on and/or it operates in the reverse breakdown region.
This corresponds to the case when the input power fed into
the circuitry is high and/or the parameter B is lower than
all the input power. Therefore, the high input power regime
of the nonlinear energy harvesting circuit can be defined
mathematically as follows: ρh P

B > 1 for ∀ρ ∈ (0, 1) given
any B > 0. In the high input power regime, we have the
following results.

Theorem 3: For the nonlinear energy harvesting model
ENL(·), in the high input power regime with ρh P

B > 1,
∀ρ ∈ (0, 1), the followings hold:

C
DPS
NL = C

�
NL, for � ∈ {GOPS, OPS-I, OPS-II, SPS}, (20)

C
DPS
NL ⊃ C

TS
NL. (21)

Proof: When ρh P
B > 1, ∀ρ ∈ (0, 1), it can be shown that

ENL(ρ) is concave in ρ. Let ρ = 1
N

∑N
k=1 ρk . Then, from

the concavity, it follows that 1
N

∑N
k=1 C(ρk) ≤ C(ρ) and

1
N

∑N
k=1 ENL(ρk) ≤ ENL(ρ). Thus, we have CDPS

NL = CSPS
NL ,

and thus, CDPS
NL = C�

NL for � ∈ {GOPS, OPS-I, OPS-II}).
Also, using the concavity, it can be proved that
CDPS
NL ⊃ CTS

NL.
The results of Theorem 3 indicate that in the high input

power regime, the SPS (and thus, the GOPS, OPS-I, and
OPS-II) is optimal, whereas the TS is suboptimal. This can
be intuitively explained since in the high input power regime,
the rate of the SPS decreases logarithmically with ρ, whereas
that of the TS decreases linearly with αe. In the high input
power regime, without any performance loss, one can adopt the
SPS in practice (instead of the DPS), which is much simpler
than the DPS.

In order to validate the results of Theorem 3, in Fig. 5,
the R-E regions of the various SWIPT schemes are shown
in the high input power regime when P = 2W, h P

σ 2 = 15
dB, σ 2

ant = σ 2
cov = σ 2, A ∈ {640, 6400}, and B = 0.0003,

where the other simulation parameters are the same as those
in Fig. 2. From the figure, one can see the results expected
from Theorem 3 and the observations discussed above can be
made. Also, it can be seen that as A increases, the shapes
of the R-E regions of the GOPS, OPS-I, OPS-II, and SPS
approach a rectangular since the nonlinear circuit saturates to
the upper limit Ps more rapidly.

IV. R-E TRADEOFFS FOR NONLINEAR ENERGY

HARVESTING WITH RECEIVER CIRCUIT

POWER CONSUMPTION

In the previous section, we studied the R-E tradeoffs for the
SWIPT with nonlinear energy harvesting under the assumption
that the circuit power consumption at the receiver required
for information decoding10 is negligible. In certain scenarios

10For energy harvesting, no circuit power is consumed because the rectifier
consists of the passive devices such as the diode, inductor, and capacitor [5].

Fig. 5. R-E regions of the various SWIPT schemes in the high input power
regime when P = 2 W, h P

σ2 = 15 dB, σ 2
ant = σ 2

cov = σ 2, A ∈ {640, 6400},
and B = 0.0003. The other simulation parameters are the same as in Fig. 2.

such as when the received power is large due to transmit
beamforming, when the path-loss attenuation is very small due
to short distance, and/or when the information decoding cir-
cuitry itself is simple with very small amount of circuit power,
the circuit power consumption might be neglected because it
might be much smaller than the harvested power. Otherwise,
however, the circuit power consumption is not negligible since
it is nonzero in general [6], [7]. In practical wireless powered
sensor networks [28], relatively high circuit power might
be consumed due to the environment sensing/computational
operation at a sensor node, while the low data rate is typically
required. In this section, addressing the issue of circuit power
consumption at the receiver, we study the R-E tradeoffs for
the SWIPT with nonlinear energy harvesting.

A. R-E Tradeoff Analysis in Entire Input
Power Regime

Let Pc > 0 denote the nonzero circuit power consumed by
the receiver for information decoding. For the R-E tradeoff
analysis with Pc > 0, we assume that Pc < ENL(1) as
in [5]–[7].11 In this case, the R-E regions of the various
SWIPT schemes can be defined as follows:

C
DPS′
NL =

⋃
ρ ′

{
(R, Q) : Q ≤ 1

N

N∑
k=1

[
ENL(ρ

′
k) − Pc

]
,

R ≤ 1

N

N∑
k=1

C(ρ′
k)

}
(22)

C
GOPS′
NL =

⋃
α′,ρ′

{
(R, Q) : Q ≤ α′

e ENL(1) − (1 − α′
e)Pc + α′

p

×ENL(ρ), R ≤ α′
pC(ρ′) + α′

i C(0)
}

(23)

11When Pc > 0, the assumption Pc < ENL(1) must hold because otherwise,
the R-E regions of all the SWIPT schemes are empty, meaning that the
achievable R-E region does not exist for any SWIPT scheme. In practice,
the SWIPT system including the decoding circuitry should be well designed
and properly operated (by limiting the distance, adopting many antenna
elements, and/or increasing the transmit power while complying with practical
regulations) to satisfy Pc < ENL(1) [27].
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C
OPS-I′
NL =

⋃
α′

e,ρ
′

{
(R, Q) : Q ≤ α′

e ENL(1) + (1 − α′
e)ENL(ρ

′)

−(1 − α′
e)Pc, R ≤ (1 − α′

e)C(ρ′)
}

(24)

C
OPS-II′
NL =

⋃
α′

i ,ρ
′

{
(R, Q) : Q ≤ (1 − α′

i )ENL(ρ
′) − Pc,

R ≤ (1 − α′
i )C(ρ′) + α′

i C(0)
}

(25)

C
SPS′
NL =

⋃
ρ′

{
(R, Q) : Q ≤ ENL(ρ

′) − Pc, R ≤ C(ρ′)
}

(26)

C
TS′
NL =

⋃
α′

e

{
(R, Q) : Q ≤ α′

e ENL(1) − (1 − α′
e)Pc,

R ≤ (1 − α′
e)C(0)

}
. (27)

In (22)–(27), Q denotes the net energy, which is the amount
of harvested energy subtracted by the energy consumed by
the information decoding circuit. When Pc > 0, we have the
following results.

Theorem 4: For the nonlinear energy harvesting model
ENL(·), when Pc > 0, the followings hold:

C
DPS′
NL = C

GOPS′
NL , (28)

C
DPS′
NL ⊃ C

�
NL for � ∈ {OPS-I′, OPS-II′, SPS′, TS′}. (29)

Proof: See Appendix C.
The results of Theorem 4 indicate that when the circuit

power consumption is non-negligible, only the GOPS is opti-
mal for the case of nonlinear energy harvesting, whereas
the other schemes, the OPS-I, OPS-II, SPS, and TS, are all
suboptimal. When Pc > 0, without any performance loss, one
can adopt the proposed GOPS in practice (instead of the DPS),
which is much simpler than the DPS.

To obtain useful insights, we now intuitively explain the
results of Theorem 4. First, the OPS-II is no longer optimal
when Pc > 0 (unlike the case of Pc = 0 in Theorem 1)
since it always carries out the information decoding, and thus,
the circuit power is always consumed during the whole block.
Although the OPS-I can save the circuit power consumption
during the α′

e portion of block by turning off the information
decoding circuitry during that time, it is not truly optimal for
the nonlinear energy harvesting, because it does not carry out
the pure information decoding, which is the key to achieving
better performance with nonlinear energy harvesting, as dis-
cussed in Section III-A. To overcome the drawbacks of the two
OPS’s and to achieve the best R-E tradeoff performance under
the nonzero circuit power, both the pure energy harvesting and
pure information decoding should be carried out. Thus, only
the proposed GOPS is optimal when Pc > 0.

In order to confirm the results of Theorem 4, the R-E regions
of the various SWIPT schemes are numerically evaluated when
Pc > 0. The R-E boundaries of the SPS and TS can be
achieved by varying ρ′ and α′

e from ρ′
0 = E−1

NL (Pc) and α′
0 =

Pc
ENL(1)+Pc

to 1, respectively. To determine the R-E boundary

of the GOPS, OPS-I, and OPS-II, the rate R needs to be
maximized for all the possible values of harvested energy Q,
which can be carried out by optimizing the parameters

Fig. 6. R-E regions of the various SWIPT schemes in the entire input
power regime when P = 2 W, Pc = 0.2 ENL(1), h P

σ2 ∈ {10, 20} dB, σ 2
ant =

σ 2
cov = σ 2. The other simulation parameters are the same as in Fig. 2. Between

the SPS and TS, the higher cross-over rate R′
c,1 (or the lower one R′

c,2) and
the lower cross-over energy Q′

c,1 (or the higher one Q′
c,2) are denoted by the

dashed-dot (or dotted) lines.

(e.g., α′ and ρ′ for the GOPS). The R-E boundary of the
GOPS can be achieved by solving the problem in (15), where
β(αe, ρ), αlow

e , α
up
e , and ρlow(αe) are replaced by β ′(α′

e, ρ
′) =

1 − Q−αe ENL(1)−(1−αe)Pc
(1−αe)ENL(ρ) , αlow′

e = max
{

1 − ENL(1)−Q
Pc

, 0
}

,

α
up′
e = Q+Pc

ENL(1)+Pc
, and ρlow′

(α′
e) = E−1

NL

(
Q−α′

e ENL(1)
1−α′

e
+ Pc

)
,

respectively. As the special cases of the GOPS, the R-E
boundaries of the OPS-I and OPS-II can be obtained with
β ′ = 0 and α′

e = 0, respectively.
In Fig. 6, the R-E regions of the various SWIPT schemes

are shown in the entire input power regime when P = 2 W,
Pc = 0.2 ENL(1), h P

σ 2 ∈ {10, 20} dB, and σ 2
ant = σ 2

cov = σ 2.
The other simulation parameters are the same as in Fig. 2.
As expected from the results of Theorem 4, the GOPS shows
the best R-E tradeoff performance, whereas that of the other
schemes is worse than the GOPS.

An interesting result is related to the tradeoff between the
SPS and TS. In both low and high energy regimes when
Q < Q′

c,1 and Q > Q′
c,2 (or in both high and low rate

regimes when R > R′
c,1 and R < R′

c,2), the TS performs
better than the SPS. This is because in the high energy regime,
the TS can save the circuit power consumption during the
α′

e portion of time, whereas the SPS always consumes the
circuit power. On the other hand, in the low energy regime,
the SPS suffers more significant loss than the TS due to the
small energy conversion efficiency. Specifically, when Pc > 0,
the performance degradation of the SPS is much more signif-
icant compared to the case of Pc = 0, to support the circuit
power consumption. Only in moderate energy regime when
Q′

c,1 < Q < Q′
c,2 (or in the moderate rate regime when

R′
c,1 < R < R′

c,2), the SPS performs better than the TS.
It also interesting to see that there exists a tradeoff between
the OPS-I and OPS-II due to the circuit power consump-
tion issue as discussed before. Specifically, the OPS-I (or
the OPS-II) is better than the OPS-II (or the OPS-I) when
the Q is large (or small).
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In the following, the two cross-over rates and the two cross-
over energies between the SPS and TS are derived.

Corollary 2: When Pc > 0, the cross-over energies Q′
c,1

and Q′
c,2 (> Q′

c,1) are given by the two real roots of the
following equation over Q ∈ (0, ENL(1)):

g′(Q) = (1 − α′
Q)C(0) − C(ρ′

Q) = 0 (30)

where α′
Q = Q+Pc

ENL(1)+Pc
and ρ′

Q = E−1
NL (Q + Pc). The cross-

over rates R′
c,1 and R′

c,2 (< R′
c,1) are given by

R′
c, j =

(
1 − Q′

c, j

ENL(1)

)
C(P, 0), j = 1, 2. (31)

Proof: The proof is similar to that of Corollary 1.
In Fig. 5, the higher cross-over rate R′

c,1 and the lower
cross-over energy Q′

c,1 are denoted by the dashed-dot lines;
and the lower cross-over rate R′

c,2 and the higher cross-over
energy Q′

c,2 are denoted by the dotted lines.

B. R-E Tradeoff Analysis in Low Input Power Regime

When Pc > 0, the low input power regime of the nonlinear
circuit can be mathematically defined as follows: h P

B ≤ 1 and
Rc, j = ∅, j = 1, 2, for ∀Q. In this case, we have the following
results.

Theorem 5: For the nonlinear energy harvesting model
ENL(·), when Pc > 0, in the low input power regime with
h P
B ≤ 1, Rc, j = ∅, j = 1, 2, the followings hold:

C
DPS′
NL = C

�
NL, for � ∈ {GOPS′, OPS-I′, TS′}, (32)

C
DPS′
NL ⊃ C

�
NL, for � ∈ {OPS-II′, SPS′}, (33)

Proof: The proof is similar to that of Theorem 2
by additionally showing that C

DPS′
NL ⊃ C

OPS-II′
NL when

Pc > 0.
Theorem 5 can be interpreted as follows. First, from (32),

one can see that, when Pc > 0, the TS is optimal in the low
input power regime, which is similar to the result of Theorem 2
when Pc = 0. But, different from the case of Pc = 0, it is
interesting to see from (33) that, when Pc > 0, the OPS-II is
also suboptimal in the low input power regime since it always
consumes the circuit power. In the low input power regime
when Pc > 0, without any performance loss, one can adopt
the TS in practice (instead of the DPS), which is much simpler
than the DPS.

In order to confirm the results of Theorem 5, in Fig. 7,
the R-E regions of the various SWIPT schemes are shown in
the low input power regime when Pc = 0.2 ENL(1), where
the other parameters are the same as in Fig. 4. From Fig. 7,
the results expected from Theorem 5 can be observed. Also,
when A increases, the R-E regions of the GOPS, OPS-I,
OPS-II, and TS remain unchanged, but that of the
SPS shrinks.

C. R-E Tradeoff Analysis in High Input Power Regime

In the high input power regime ρh P
B > 1 for ∀ρ ∈ (0, 1)

with Pc > 0, we have the following results.

Fig. 7. R-E regions of the various SWIPT schemes in the low input power
regime when Pc = 0.2 ENL(1). The other parameters are the same as in Fig. 4.

Fig. 8. R-E regions of the various SWIPT schemes in the high input power
regime when Pc = 0.2 ENL(1). The other parameters are the same as in Fig. 5.
The cross-over rate R′

c and energy Q′
c are denoted by the dotted lines.

Theorem 6: For the nonlinear energy harvesting model
ENL(·), when Pc > 0, in the high input power regime with
ρh P

B > 1, ∀ρ ∈ (0, 1), the followings hold:

C
DPS′
NL = C

�
NL, for � ∈ {GOPS′, OPS-I′}, (34)

C
DPS′
NL = C

�
NL, for � ∈ {OPS-II′, SPS′, TS′}. (35)

Proof: The proof is similar to those of Theorems 3
and 4.

The results of Theorem 6 indicate that when Pc > 0,
the OPS-I (and thus, the GOPS) is optimal in the high input
power regime, whereas the other schemes, the OPS-II, SPS,
and TS, are suboptimal. In the high input power regime when
Pc > 0, without any performance loss, one can adopt the
OPS-I in practice, which is much simpler than the DPS.

In order to validate the results of Theorem 6, in Fig. 8,
the R-E regions of the various SWIPT schemes shown in the
high input power regime when Pc = 0.2 ENL(1), where the
other parameters are the same as in Fig. 5. From Fig. 8,
the results expected from Theorem 6 can be observed. Also,
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when A increases, the shapes of the R-E regions of the GOPS
and OPS-I approach a trapezoid, whereas those of the OPS-II
and SPS approach a rectangular.

It is interesting to see that, different from the case of Pc = 0,
when Pc > 0, the OPS-II and SPS are not always better than
the TS (and vice versa) and there exists a tradeoff between
them. Specifically, when Q is higher than Q′

c (or when R is
lower than R′

c). the TS performs better than the OPS-II and
the SPS. Otherwise, the OPS-II and SPS perform better than
the TS.

In the following, the cross-over rate R′
c and the cross-over

energy Q′
c above are determined.

Corollary 3: When Pc > 0, the cross-over rate and the
cross-over energy between the SPS and TS are given by
R′

c = R′
c,2 and Q′

c = Q′
c,2, respectively, where R′

c,2 and Q′
c,2

are similarly defined as in Corollary 2 with R′
c,1 = Q′

c,1 = ∅.
Proof: The proof is straightforward from the result of

Corollary 2.
In Fig. 8, the cross-over rate R′

c and the cross-over
energy Q′

c are denoted by the dotted lines.

V. R-E TRADEOFF ANALYSIS FOR ANOTHER NONLINEAR

MODEL FOR ENERGY HARVESTING

In the previous sections, we analyzed the R-E tradeoffs of
the various SWIPT schemes for the realistic nonlinear model
ENL(·), namely, the saturation nonlinearity model, considering
the nonlinearity of the energy conversion efficiency. Another
realistic nonlinear model for energy harvesting was also
reported in [15]–[19], namely, the diode nonlinearity model,
which considers the nonlinearity of the diode (or rectifier) due
to the nonlinear diode characteristic. To completely address
the issue of nonlinear energy harvesting, in this subsection,
we investigate the R-E tradeoffs for the nonlinear model used
in [15]–[17].

It was analyzed in [15]–[19] that the amount of harvested
energy is determined by the output direct current (DC) power
of the rectifier, which is proportional to the square of the
output DC current of the diode. The exact diode current
is highly nonlinear due to the nonlinearity of the diode
characteristic equation [15]–[19]. To characterize the diode
(or rectifier) nonlinearity, in [15]–[19], a useful and tractable
nonlinear model was suggested. According to the nonlinear
model of [15]–[19], the amount of harvested energy can be
modeled as12 [15, eq. (5)], [16, eq. (6)]

ÊNL(ρk) = c2ρkh P + 2c4ρ
2
k h2 P2 (36)

12There are four major differences between the nonlinear model ENL(·)
of (3) and the nonlinear model ÊNL(·) of (36). First, the former tackles the
nonlinearity of the RF-to-DC energy conversion efficiency, whereas the latter
tackles the nonlinearity of the diode. Second, the former is a function of the
input power, whereas the latter is a function of the input signal waveform.
Third, the former assumes that the rectifier can operate in either or both of
the turn-on and saturation regions, whereas the latter assumes that the rectifier
does not operate in the saturation region. The saturation nonlinearity can be
avoided in the power range of interest by properly designing the rectifier as
explained in [18, Remark 5] and the references therein. Fourth, the former
models the nonlinearity based on the curve fitting, whereas the latter models
the nonlinearity based on the rectifier analysis. For more detailed comparisons
and discussions, see [18, Remark 5].

Fig. 9. R-E regions of the various SWIPT schemes for another nonlinear
energy harvesting model ÊNL(·) when P = 2 W, Pc ∈ {0, 0.05ÊNL(1)},
h P
σ2 = 15 dB, σ 2

ant = σ 2
cov = σ 2, and σ 2

cov = 5σ 2.

where c2 and c4 are constants related to the specifica-
tions of the diode and receive antenna. Specifically, c j =

is
j !n j

f v
j
t

(√
Rant

) j
for j = 2, 4, where is , n f , and vt denote

the reverse bias saturation current, the ideality factor, and
the thermal voltage of the diode, respectively. Also, Rant
denotes the resistance of the receive antenna. Note that since
a truncated Taylor series approximation was used for the
derivation of (36), the nonlinear model ÊNL(ρk) is generally
a small signal model as pointed out in [16]. Therefore, in this
section, we focus the analysis on the entire input power regime
without loss of generality. For the nonlinear model ÊNL(·), let
Ĉ�
NL, � ∈ {DPS, GOPS, OPS-I, OPS-II, SPS, TS} denote the

R-E regions of the six SWIPT schemes when Pc = 0, which
are obtained from (5)–(10) with ENL(·) replaced by ÊNL(·).
When Pc > 0, the R-E regions can be similarly defined
from (22)–(27). In the following, we establish the optimalities
of the OPS-II and GOPS.

Theorem 7: For the nonlinear energy harvesting model
ÊNL(·), when Pc = 0, the followings hold:

Ĉ
DPS
NL = Ĉ

GOPS
NL = Ĉ

OPS-II
NL , (37)

Ĉ
DPS
NL ⊃ Ĉ

�
NL for � ∈ {OPS-I, SPS, TS}. (38)

When Pc > 0, the followings hold:

Ĉ
DPS′
NL = Ĉ

GOPS′
NL , (39)

Ĉ
DPS′
NL ⊃ Ĉ

�
NL for � ∈ {OPS-I′, OPS-I′′, SPS′, TS′}. (40)

Proof: See Appendix D.
Theorem 7 can be interpreted similarly to Theorems 1

and 4. From the results of Theorem 7, therefore, one can
make an important and complete conclusion: for the case
of nonlinear energy harvesting, the OPS-II and GOPS are
universally optimal when Pc = 0 and Pc > 0, respectively.

In order to validate the results of Theorem 7, in Fig. 9,
the R-E regions of the various SWIPT schemes are shown
for the nonlinear model ÊNL(·) when P = 2 W, Pc ∈
{0, 0.05ÊNL(1)}, h P

σ 2 = 15 dB, σ 2
ant = σ 2

cov = σ 2, and
σ 2

cov = 5σ 2. In this figure, we set is = 5 μA, n f = 1.05,
vt = 25.68 mV, and Rant = 50 �, i.e., c2 = 0.0034 and
c4 = 0.3829, as in [15]–[17]. From Fig. 9, one can see the
results expected from Theorem 7. Also, it can be seen that
compared to the nonlinear model ENL(·), the nonlinear model
ÊNL(·) yields smaller performance gaps among the schemes.
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TABLE I

COMPARISON OF THEORETICAL RESULTS FOR LINEAR AND NONLINEAR ENERGY HARVESTING

VI. COMPARISONS TO LINEAR ENERGY HARVESTING AND

DISCUSSIONS ON PRACTICAL APPLICABILITY

In this section, in order to address differences in the
R-E tradeoff and to gain more insights, we compare the
results derived in this work for the nonlinear energy harvesting
model ENL(·) to those derived in the existing work [5] for the
linear energy harvesting model EL(·). Then we discuss how
the obtained results can be practically used.

A. Comparisons to Linear Energy Harvesting

First, we compare the theoretical results, which are summa-
rized in Table I. The most significant differences are the main
results in the entire input power regime. For the case of linear
energy harvesting, the SPS was shown to be optimal when
Pc = 0 [5, Proposition 4.1] and the OPS-I was shown to be
optimal when Pc > 0 [5, Proposition 6.1]. In sharp contrast
to these results, for the case of nonlinear energy harvesting,
the OPS-II and GOPS are generally optimal when Pc = 0 and
Pc > 0, respectively. Another noticeable difference is that for
the case of linear energy harvesting, the R-E tradeoff perfor-
mance is independent of the input power level, whereas, for
the case of nonlinear energy harvesting, it critically depends on
the input power level. For the case of linear energy harvesting,
the TS was shown to be always suboptimal [5]. In sharp
contrast to this, for the case of nonlinear energy harvesting,
the TS is optimal in the low input power regime whenever
Pc ≥ 0. On the other hand, in the high input power regime of
the nonlinear circuit, the SPS is optimal when Pc = 0 and the
OPS-I is optimal when Pc > 0, which can be considered as the
generalization of the existing results of [5, Proposition 4.1] and
[5, Proposition 6.1] to the case of nonlinear energy harvesting.

Second, we numerically compare the linear and nonlinear
energy harvesting models. Since the linear and nonlinear mod-
els are mathematically and practically different, the SWIPT
performance becomes very different under these two models.
The critical difference is that for the linear model EL(·),
the amount of harvested energy always increases with the

Fig. 10. R-E regions of the various SWIPT schemes for the linear and
nonlinear energy harvesting models EL(·) and ENL(·), respectively, when
P = 2 W, Pc = 0 W, h P

σ2 = 20 dB, and σ 2
ant = σ 2

cov = σ 2. ζ = 0.815 for
the linear model. A = 6300, B = 0.003, and Ps = 3 mW for the nonlinear
model.

input power linearly and indefinitely without an upper limit,
whereas, for the nonlinear model ENL(·), it does hardly
increase at the low input power level and eventually satu-
rated or limited to an upper limit Ps at the high input power
level. In Fig. 10, the R-E regions of the various SWIPT
schemes are shown when P = 2 W, Pc = 0 W, h P

σ 2 = 20 dB,
and σ 2

ant = σ 2
cov = σ 2. Also, we set ζ = 0.815 for the linear

model, and we use A = 6300, B = 0.003, and Ps = 3 mW for
the nonlinear model. In Fig. 10, the exterior of the boundary of
the R-E region obtained with the nonlinear model, denoted by
the shaded area, represents the (practically) unachievable R-E
region, because any pair of the rate and harvested energy in
this region is not achievable by the practical energy harvesting
circuit. From Fig. 10, it can be seen that, for the nonlinear
model, the OPS-II has the best performance and the only
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GOPS has the same performance as the OPS-I. On the other
hand, for the linear model, the SPS has the best R-E tradeoff
performance, and the GOPS, OPS-I, and OPS-II have the same
performance as the SPS. In particular, from Fig. 10, one can
clearly see that, the R-E boundaries obtained based on the
linear model fall in the unachievable R-E region, especially
when the input power is small or large, and thus, the linear
model leads to a significant inaccuracy or mismatch in the
SWIPT performance. This clearly shows the limitation of the
existing results obtained based on the linear model. Therefore,
the results based on the linear model may be misleading
(or, wrong) in practice.

B. Discussion on Practical Applicability

From the results of Table I along with the numerical
results, we can make the following suggestions on the practical
applicability/usage of the various SWIPT schemes, which
depend on the implementability of the SWIPT schemes, and
the input power range and the target harvested energy of the
application scenario. First, we consider the scenario where
one of the various (i.e., the six possible) SWIPT schemes
is adopted as a SWIPT scheme. In the wide range of input
power, the OPS-II and GOPS should be used when Pc = 0 and
Pc > 0, respectively, for the best R-E tradeoff performance.
Also, in the low input power range, the TS should be used
for the best performance. On the other hand, in the high input
power range, the SPS and OPS-I should be used for the best
performance when Pc = 0 and Pc > 0, respectively. Next,
we consider the scenario where either the SPS or the TS is
adopted as a SWIPT scheme. When Pc = 0, in the wide
range of input power, the SPS (or TS) should be used for
the application with the high (or low) target harvested energy
Q > Qc (or Q < Qc), e.g., in the disaster monitoring sensor
network (or the body sensor network) [7], to achieve better
performance. On the other hand, when Pc > 0, the SPS (or TS)
should be used for the moderate (or low and high) target
harvested energy Q ∈ (Q′

c,1, Q′
c,2) (or Q /∈ (Q′

c,1, Q′
c,2)).

In the low input power range, the TS should be used for
the best performance. In the high input power range, the SPS
(or TS) should be used for the low (or high) target harvested
energy Q < Q′

c (or Q > Q′
c).

VII. CONCLUSION

In this paper, we investigated the R-E tradeoffs of the
SWIPT for the practical and realistic nonlinear energy har-
vesting. We mathematically derived quite different analytical
results from those reported in the linear energy harvesting.
Throughout the analysis, we also obtained a lot of useful
insights into the R-E tradeoff with nonlinear energy harvest-
ing. For the case of nonlinear energy harvesting, the newly
investigated OPS-II and the proposed new GOPS were shown
to be optimal in the entire input power regime when the
circuit power consumption is negligible and non-negligible,
respectively. In the low input power regime, it was shown that
the TS is generally optimal regardless of the circuit power
consumption. In the high input power regime, the optimal-
ities of the SPS and OPS-I were established for negligible

and non-negligible circuit power consumptions, respectively.
Numerical results were presented to validate our analysis.
Finally, the R-E tradeoff results for the nonlinear and linear
energy harvesting were compared. One very important and
critical conclusion from our work is that for the case of
nonlinear energy harvesting, the optimalities of the SWIPT
schemes highly depend on the input power level.

The optimal design of wireless power transfer and wireless
information transfer in a combined manner has been per-
formed here in view of the receiver operating structure; but,
the transmitted signal waveform also affects the R-E tradeoff
as addressed in [17]–[19] and [21], which is highly interesting
to be further investigated as a future work.

APPENDIX A
PROOF OF THEOREM 1

We first prove the result of (11), and then, the result of (12).

A. Proof of (11)

We first prove the result of (11). For this proof, we need to
show that CDPS

NL ⊇ CGOPS
NL ⊇ COPS-II

NL and CDPS
NL ⊆ CGOPS

NL ⊆
COPS-II
NL . The first part always holds because the GOPS and

OPS-II are all special cases of the DPS. On the other hand,
the second part holds if CDPS

NL ⊆ COPS-II
NL , since the OPS-II is

a special case of the GOPS. Thus, we focus on the proof of
CDPS
NL ⊆ COPS-II

NL . Without loss of any optimality, for the DPS,
changing the order of the power splitting ratios does not affect
the values of the rate and harvested energy. Thus, without loss
of generality, we can set the power splitting ratios of the DPS
as follows: min

{ B
h P , 1

} ≤ ρk ≤ 1 for k = 1, · · · , (1 − αi )N
and 0 ≤ ρk < min

{ B
h P , 1

}
for k = (1 − αi )N + 1, · · · , N ,

where 0 ≤ αi ≤ 1. It can be shown that ENL(ρk) is concave
in ρk for k = 1, · · · , (1 − αi )N and convex in ρk for k =
(1 − αi )N + 1, · · · , N . It thus follows that

1

N

N∑
k=1

ENL(ρk) = 1

N

(1−αi )N∑
k=1

ENL(ρk)

+ 1

N

N∑
k=(1−αi )N+1

ENL(ρk)

≤ (1 − αi )ENL

⎛
⎝ 1

(1 − αi )N

(1−αi )N∑
k=1

ρk

⎞
⎠

+ 1

N

N∑
k=(1−αi )N+1

ρk ENL(1) (A.1)

where the first and second summation parts of the inequality
in (A.1) follow from the concavity and convexity, respectively.
Also, we can show that

1

N

N∑
k=1

C(ρk) = 1

N

(1−αi )N∑
k=1

C(ρk) + 1

N

N∑
k=(1−αi )N+1

C(ρk)

≤ (1 − αi )C

⎛
⎝ 1

(1 − αi )N

(1−αi )N∑
k=1

ρk

⎞
⎠ + αi C(0)

(A.2)
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where the first summation term of the inequality in (A.1)
follows since C(ρk) is concave in ρk [5], and the second
one follows since C(ρk) is monotonically decreasing in ρk .
Given αi , both the rate and harvested energy (i.e., the R-E
region) of the DPS are maximized when all the equalities
in (A.1) and (A.2) are achieved. The power splitting ratios
of the DPS that satisfy the equalities in (A.1) and (A.2) can
be taken as follows:

ρk =
{

ρ, k = 1, · · · , (1 − αi )N

0, k = (1 − αi )N + 1, · · · , N
(A.3)

where ρ = 1
(1−αi )N

∑(1−αi )N
k=1 ρk . From (A.3), we have

CDPS
NL ⊆ COPS-II

NL .

B. Proof of (12)

For this proof, we show that C
GOPS
NL ⊃ C

OPS-I
NL since the

SPS and TS are the special cases of the OPS-I. To this
end, we prove that given the same harvested energy target
Q ∈ (0, ENL(1)), the maximum rate of the GOPS (denoted by
RGOPS

max ) is larger than that of the OPS-I (denoted by ROPS-I
max )

for any possible α and ρ as follows:

RGOPS
max = max

α,ρ
αpC(ρ) + αi C(0)

s.t. αe ENL(1) + αp ENL(ρ) ≥ Q,

αe + αp + αi = 1,

α j ∈ (0, 1), j ∈ {e, p, i}, ρ ∈ (0, 1)

> max
αe,αp,ρ

αpC(ρ)

s.t. αe ENL(1) + αp ENL(ρ) ≥ Q,

αe + αp = 1,

α j ∈ (0, 1), j ∈ {e, p}, ρ ∈ (0, 1) (A.4)

= max
αe,ρ

(1 − αe)C(ρ)

s.t. αe ENL(1) + (1 − αe)ENL(ρ) ≥ Q,

αe ∈ (0, 1), ρ ∈ (0, 1)

= ROPS-I
max . (A.5)

The strict inequality in (A.4) follows since αpC(ρ)+αi C(0) >
αpC(ρ) for ∀αi ∈ (0, 1) and the equality in (A.5) follows from
αp = 1 − αe.

APPENDIX B
PROOF OF THEOREM 2

We first prove the result of (18), and then, the result of (19).

A. Proof of (18)

For this proof, it is sufficient to show that CDPS
NL ⊆ CTS

NL
since it always follows that C

DPS
NL ⊇ C

TS
NL. Recall the two

different settings for the power splitting ratios of the DPS
as defined in Appendix A-A. When h P

B ≤ 1, we have
ρk = 1 for k = 1, · · · , αe N and 0 ≤ ρk < 1 for
k = αe N + 1, · · · , N , where we denote αe = 1 − αi .
Also, it can be shown that ENL(ρk) is convex for ∀k. It
thus follows that 1

N

∑N
k=1 ENL(ρk) = 1

N

∑αe N
k=1 ENL(ρk) +

1
N

∑N
k=αe N+1 ENL(ρk) ≤ αe ENL(1)+ 1

N

∑N
k=αe N+1 ρk ENL(1),

where the first and second summation parts of the inequality
follow from ρk = 1 and the convexity of ENL(·), respec-
tively. Also, we have 1

N

∑N
k=1 C(ρk) = 1

N

∑αe N
k=1 C(ρk) +

1
N

∑N
k=αe N+1 C(ρk) ≤ αeC(1)+(1−αe)C(0) = (1−αe)C(0),

where the first and second summation parts of the inequality
follow from ρk = 1 and the monotonic decreasing property
of C(·), respectively. All the equalities are achieved, i.e., both
the rate and harvested energy of the DPS are maximized,
when

ρk =
{

1, k = 1, · · · , αe N

0, k = αe N + 1, · · · , N
. (B.1)

From (B.1), we have CDPS
NL ⊆ CTS

NL.

B. Proof of (19)

For this proof, we show that CTS
NL ⊃ CSPS

NL when h P
B ≤ 1

and Rc = ∅. To satisfy the same harvested energy target
Q ∈ (0, ENL(1)), we can determine αQ = Q

ENL(1) for the

TS and ρQ = E−1
NL (Q) for the SPS. Let us define g(Q) =

(1 − αQ)C(0) − C(ρQ). Since Rc = ∅, it follows that
g(Q) < 0 or g(Q) > 0 for ∀Q. Suppose that g(Q) < 0.
Then we have (1 − αQ)C(P, 0) < C(P, ρQ ), which means
that CDPS

NL ⊂ CSPS
NL since CDPS

NL = CTS
NL when h P

B ≤ 1. This,
however, cannot be true because ENL(ρk) is convex in ρk

for ∀k when h P
B ≤ 1. Thus, it should be g(Q) > 0, which

means that (1 −αQ)C(P, 0) > C(P, ρQ ). From this, we have
CTS
NL ⊃ CSPS

NL when h P
B ≤ 1 and Rc = ∅.

APPENDIX C
PROOF OF THEOREM 4

We first prove the result of (28), and thus, the result of (29).

A. Proof of (28)

For this proof, it is sufficient to show that CDPS′
NL ⊆ CGOPS′

NL .
When Pc > 0, for the DPS, it is optimal to carry out during
some 0 ≤ αe ≤ 1 portion of block since the amount of
circuit power consumption is reduced from Pc to (1 − α′

e)Pc.
Thus, without loss of generality, when Pc > 0, we can set
the power splitting ratios of the DPS as follows: ρ′

k = 1
for k = 1, · · · , α′

e N , min
{ B

h P , 1
} ≤ ρ′

k ≤ 1 for k =
αe N + 1, · · · , (α′

e + α′
p)N , and 0 ≤ ρ′

k < min
{ B

h P , 1
}

for
k = (α′

e + α′
p)N + 1, · · · , N , where 0 ≤ α′

p ≤ 1 and
0 ≤ α′

e + α′
p ≤ 1. Then we have

1

N

(α′
e+α′

p)N∑
k=α′

e N+1

ENL(ρ
′
k) + 1

N

N∑
k=(α′

e+α′
p)N+1

ENL(ρ
′
k)

≤ α′
p ENL

⎛
⎝ 1

α′
p N

(α′
e+α′

p)N∑
k=α′

e N+1

ρ′
k

⎞
⎠ + 1

N

N∑
k=(α′

e+α′
p)N+1

ρ′
k ENL(1)

(C.1)

where the first and second summation parts of in the inequality
in (C.1) follow from the concavity and convexity of ENL(·),
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respectively. Also, it follows that

1

N

(α′
e+α′

p)N∑
k=α′

e N+1

C(ρ′
k) + 1

N

N∑
k=(α′

e+α′
p)N+1

C(ρ′
k)

≤ α′
pC

⎛
⎝ 1

α′
p N

(α′
e+α′

p)N∑
k=α′

e N+1

ρ′
k

⎞
⎠ + (1 − α′

e − α′
p)C(P, 0)

(C.2)

= α′
pC

⎛
⎝ 1

α′
p N

(α′
e+α′

p)N∑
k=α′

e N+1

ρ′
k

⎞
⎠ + α′

i C(P, 0) (C.3)

where the first and second summation terms of the inequality
in (C.2) follow from the concavity and the monotonic decreas-
ing property of C(·), respectively. Also, the equality in (C.3)
follows by α′

i = 1 − α′
e − α′

p . To maximize the R-E region of
the DPS when Pc > 0, all the equalities in (C.1) and (C.2)
should be satisfied. Given α′, the power splitting ratios of the
DPS that achieve the equalities in (C.1) and (C.2) can be taken
as follows:

ρ′
k =

⎧⎨
⎩

1, k = 1, · · · , α′
e N

ρ′, k = αe N + 1, · · · , (α′
e + α′

p)N
0, k = (1 − α′

i )N + 1, · · · , N
(C.4)

where ρ′ = 1
α′

p N

∑(α′
e+α′

p)N

k=α′
e N+1 ρ′

k . From (C.4), it follows that

CDPS′
NL ⊆ CGOPS′

NL .

B. Proof of (29)

For this proof, we show that C
GOPS′
NL ⊃ C

OPS-I′
NL and

CGOPS′
NL ⊃ COPS-II′

NL . Following the similar procedures in
Appendix A-B, it can be shown that CGOPS′

NL ⊃ COPS-I′
NL holds.

To show CGOPS′
NL ⊃ COPS-II′

NL , we prove that given the same
target rate R ∈ (0, C(0)), the maximum harvested energy
of the GOPS (denoted by QGOPS′

max ) is larger than that of the
OPS-II (denoted by QOPS-II′

max ) for any possible α′ and ρ′ as
follows:

QGOPS′
max = max

α′,ρ′ α′
e ENL(1) + α′

p ENL(ρ
′) − (1 − α′

e)Pc

s.t. α′
pC(ρ′) + α′

i C(0) ≥ R,

α′
e + α′

p + α′
i = 1,

α′
j ∈ (0, 1), j ∈ {e, p, i}, ρ′ ∈ (0, 1)

= max
α′

e,α
′
i ,ρ

′ α′
e ENL(1) + (1 − α′

e)(ENL(ρ
′) − Pc)

−α′
i ENL(ρ

′)
s.t. (1 − α′

e − α′
i )C(ρ′) + α′

i C(0) ≥ R,

α′
j ∈ (0, 1), j ∈ {e, i}, ρ′ ∈ (0, 1) (C.5)

> max
α′

i ,ρ
(1 − α′

i )ENL(ρ
′) − Pc

s.t. (1 − α′
i )C(ρ′) + α′

i C(0) ≥ R,

α′
i ∈ (0, 1), ρ′ ∈ (0, 1)

= QOPS-II′
max . (C.6)

The equality in (C.5) follows from α′
p = 1−α′

e −α′
i . The strict

inequality in (C.6) since if ENL(ρ
′)− Pc > 0, α′

e ENL(1)+(1−
α′

e)(ENL(ρ
′)− Pc) > (1 −α′

e)(ENL(ρ
′)− Pc) for ∀α′

e ∈ (0, 1),

and both the rate and harvested energy are maximized as
αe → 0. Otherwise, it follows since α′

e ENL(1) + (1 −
α′

e)(ENL(ρ
′) − Pc) > ENL(ρ

′) − Pc and the rate is maximized
with αe → 0.

APPENDIX D
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We first prove the result of (37) by showing that ĈDPS
NL ⊆

ĈOPS-II
NL when Pc = 0. Since ÊNL(·) is quadratic, it is

convex in ρk for ∀k. Thus, we have 1
N

∑N
k=1 ÊNL(ρk) ≤

1
N

∑N
k=1 ρk ÊNL(1) =

(
1
N

∑N
k=1 ρk

) (
c2h P + 2 c4h2 P2

)
.

Also, since C(·) is monotonically decreasing and concave,
for some 0 ≤ αi ≤ 1, it follows that 1

N

∑N
k=1 C(ρk) ≤

(1 −αi )C(ρ)+αi C(0), where ρ = 1
(1−αi )N

∑(1−αi )N
k=1 ρk . It is

obvious that both the equalities holds when the DPS takes the
values of ρk’s as in (A.3). Thus, we have Ĉ

DPS
NL ⊆ Ĉ

OPS-II
NL

when Pc = 0. Following the approaches above and the
procedures for the proofs of the results (12), (28), and (29),
the results (38)–(40) can be proved, and thus, the proofs are
omitted.
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