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Mode Switching for SWIPT Over Fading Channel
With Nonlinear Energy Harvesting

Jae-Mo Kang, Il-Min Kim, Senior Member, IEEE, and Dong In Kim, Senior Member, IEEE

Abstract—We study mode switching (MS) between information
decoding and energy harvesting (EH) for simultaneous wire-
less information and power transfer (SWIPT) over the fading
channel. Unlike the existing result obtained with a simplistic
assumption of linear EH, we consider a realistic scenario of
the nonlinear EH. In this setting, to design the optimal MS, we
address the problem of maximizing the average achievable rate
under an average harvested energy constraint, which is generally
nonconvex and combinatorial. Using the time-sharing condition,
the optimal MS solution for the nonlinear EH is presented effi-
ciently. From the obtained result and further analysis, we draw
interesting and important insights into the optimized SWIPT
system with nonlinear EH.

Index Terms—Fading channel, mode switching, nonlinear
energy harvesting, SWIPT.

I. INTRODUCTION

S IMULTANEOUS wireless information and power trans-
fer (SWIPT) using radio frequency (RF) waves has

recently drawn an upsurge of research interest in the litera-
ture. In [1] and [2], several practical SWIPT schemes were
proposed considering the limitation of the currently adopted
circuits that both information decoding (ID) and energy har-
vesting (EH) cannot be carried out at the same time using the
same received signal.1 Based on these schemes, in [1]–[3], the
ultimate performance limits of various SWIPT systems were
studied focusing on the additive Gaussian channels without
fading.

For the SWIPT system over the fading channel, the mode
switching (MS) scheme was studied in [5], which dynami-
cally switches between the ID and EH modes at each fading
state. In [5], however, the ideal and simplistic linear EH model
was assumed, in which the harvested energy always increases
linearly with the received power given a constant EH effi-
ciency (or energy conversion efficiency). However, it is not
practical to simply assume that the EH circuit operates lin-
early because there are various sources of nonlinearity, e.g., the
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1Actually, based on the results in thermodynamics of computing, it is pos-

sible to demonstrate that the energy may not need to be dissipated in the
decoding process [4, Ch. 5].

diodes, inductors, and capacitors used in the rectifier, which
are all nonlinear devices [6]–[14]. Furthermore, the experimen-
tal results clearly show that the practical EH circuits are highly
nonlinear [6]–[8]. This is because the EH efficiency becomes
different (not constant) depending on the received power level.
Specifically, as validated by the field measurements in [6]–[8]
(or see [14, Fig. 2]) and pointed out in [9] and [14], the EH
efficiency of the actual EH circuit is (very) small when the
received power is (very) low due to the diode turn-on voltage
and it initially increases when the received power increases
to a certain level. But, when the received power exceeds a
certain level, the EH efficiency is degraded and the amount of
harvested energy eventually saturates due to the reverse break-
down of the diode [6], [8], [9], [14]. Due to such nonlinearity
issue, the previous result of [5] obtained with the ideal linear
EH model might lead to misleading or wrong conclusion for
the practical nonlinear EH circuits. To the best of our knowl-
edge, this issue has not been addressed nor resolved in the
literature. This motivated our work.

In this letter, we investigate the MS scheme for the SWIPT
over the fading channel considering the nonlinear EH. We
adopt a realistic nonlinear EH model suggested in [14],
which was shown to accurately match the experimental results
reported in [7] and [8]. For the adopted nonlinear EH model,
the MS problem is in general nonconvex and combinatorial,
and thus, it is challenging to solve. To overcome the diffi-
culty, we exploit the time-sharing property and solve the MS
problem efficiently. Overall, the contributions of this letter
are as follows. First, we derive the optimal MS solution for
the nonlinear EH. Second, the MS results for the nonlinear
EH and linear EH are compared, and their MS regions are
analyzed. Particularly, we draw interesting insights into the
practical nonlinear EH: the EH mode is selected only for the
moderate channel gains, and the ID mode is selected for low
or high channel gains, which are in sharp contrast to the ideal
case of linear EH.

II. SYSTEM MODEL AND PROBLEM FORMULATION

A. System Model

We consider a point-to-point SWIPT system with one trans-
mitter and one receiver, each equipped with a single antenna.
We assume the block fading model, i.e., the channel remains
constant during the period of one fading block, but it varies
block to block independently. Over the fading blocks, the
transmitter sends a codeword, which is composed of indepen-
dent Gaussian distributed symbols with power P. Let h denote
the power gain of the fading channel, which is assumed to be
ergodic.

We adopt the MS scheme at the receiver, which can be
easily implemented via the low-complexity time switcher. At
each fading state, the receiver can operate either in the ID or
EH mode. We define the binary variable α ∈ {0, 1} to indicate
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the operation mode as follows:

α =
{

0, if the selected mode is ID
1, if the selected mode is EH.

(1)

With the MS, it is easy to see that the average achievable rate
is given by E[R(α)], where

R(α) = (1 − α) log2

(
1 + hP

σ 2

)
(2)

and σ 2 is the variance of the additive Gaussian noise. Also,
the expectation is taken over the random channel gain h.

B. Nonlinear EH Model

We now formulate the amount of harvested energy. In
the most existing literature on the SWIPT including [5], the
simplistic linear EH model was used, in which the average
harvested energy is given by E[QL(α)], where

QL(α) = αζhP. (3)

In (3), 0 < ζ ≤ 1 is the EH efficiency (or the energy con-
version efficiency), which is assumed to be a constant over
the entire range of the received power hP. However, the linear
EH model of (3) is too ideal, because the practical EH cir-
cuit exhibits a nonlinear behavior, mainly due to the diode(s)
used in the rectifier circuit [6]–[14]. Specifically, the harvested
energy of the EH circuit is proportional to the square of the
output direct current (DC) of the diode (or the output DC
power of the rectifier), which is highly nonlinear due to the
nonlinearity of the diode characteristic equation [2], [11], [12].

To address the nonlinearity issue in the EH, in the litera-
ture, various nonlinear EH models were presented [9]–[14].
On one hand, in [9], a nonlinear EH model for a single diode
rectifier was suggested based on the circuit analysis. In this
nonlinear model, the average harvested energy is expressed as

E[Q̃NL(α)], where Q̃NL(α) = α
V

2
o

Rl
. Also, Vo denotes the DC

component of the output voltage of the rectifier, and Rl the
load resistance, which is assumed to be given. At each fad-
ing state, the value of Vo can be determined by solving the
following nonlinear system of equation [9]:

e
Vo
ηVt

(
1 + Vo

RlIs

)
= 1

T

∫
T

e
√

Ray(t)
ηVt dt (4)

where η, Vt, and Is denote the ideality factor, the thermal volt-
age, and the reverse bias current of the diode, respectively.
Also, T , Ra, and y(t) denote the symbol period, the antenna
resistance, and the received RF signal, respectively. Using the

Taylor series expansion, the integration term e
√

Ray(t)
ηVt in the

right side of (4) can be expressed as e
√

Ray(t)
ηVt = ∑J

j=0
cj
j! yj(t)

with J → ∞, where cj =
√

Ra
ηVt

. When J = 2 and J = 4, respec-
tively, (i.e., the second- and fourth-order truncations), the
nonlinear model of [9] corresponds to the linear model and the
nonlinear model considered in [10]–[13]. On the other hand,
in [14], another nonlinear EH model was suggested based on
the logistic function, i.e., S-shape curve. In [14], it was demon-
strated that the suggested nonlinear model accurately matches
the experimental results such as reported in [7] and [8]. Note
that the various nonlinear models of [9]–[14] are all valid if
the received power level is less than the diode breakdown
threshold. In this letter, we adopt the nonlinear EH model

used in [14].2 In this nonlinear model, the average harvested
energy is given by E[QNL(α)], where

QNL(α) = α
Ps(1 − e−ahP)

1 + e−a(hP−b)
. (5)

In (5), Ps is the maximum harvested power when the EH cir-
cuit is saturated. Also, a and b are constants related to the
EH circuit specification. Given the EH circuit, one can readily
determine Ps, a, and b by the curve fitting method.3

C. Problem Formulation

In this letter, using the nonlinear EH model, we consider
the average achievable rate maximization problem for the MS
under an average harvested energy constraint as follows:

(P1): max
α∈{0,1}

E[R(α)] s.t. E[QNL(α)] ≥ Q.

In general, it is difficult to directly solve (P1) since it
is a nonconvex combinatorial problem due to the binary
variable α, and both the objective and constraint functions
involve the expectation over the random variable h. Also,
the computational complexity to solve (P1) is generally high
since it increases exponentially with the number of blocks.
Furthermore, since the linear EH model of (3) and the non-
linear EH model of (5) are mathematically and practically
different, the solution given in [5, eq. (34)] might be no longer
optimal for the nonlinear EH.

III. MODE SWITCHING FOR NONLINEAR
ENERGY HARVESTING

A. Optimal Solution to (P1)

In this subsection, we exploit the so-called time-sharing
condition given in [15] to optimally and efficiently solve the
challenging problem (P1). Taking the time-sharing between
any two optimal solutions to (P1) and using the law of large
number, it can be shown that, for the problem (P1), the
time-sharing condition in [15, Definition 1] holds.

As shown in [15, Th. 1], if a (nonconvex) problem satis-
fies the time-sharing condition, then the strong duality always
holds, implying zero duality gap. Therefore, the Lagrange
duality method can be used to solve the MS problem (P1).4

Taking this approach, in the following, we present the optimal
MS solution for the nonlinear EH.

2There are two major differences between the nonlinear model of [14] adopted
in our work and those of [9]–[13]. First, the nonlinear models of [10]–[13] are
based on the analysis of the diode current, whereas that of [14] is based on
the curve fitting of the real measurement data. Second, the nonlinear model
of [14] explicitly considers the saturation of the harvested energy, whereas it
is not explicitly considered in the nonlinear models of [10]–[13].

3Since the parameters Ps, a, and b depend only on the specification of the
EH circuit such as the turn-on voltage of the diode and the maximum output
DC power of the rectifier [14], they need to be calculated only once given
the EH circuit. Thus, even when the transmit signal adaptively varies, those
parameters do not need to be adaptively updated.

4If α is not restricted to be binary, i.e., 0 ≤ α ≤ 1, the (reduced) Lagrange
dual function for each fading state is given by L = R(α(h))+λNLQNL(α(h))+
μ(h)α(h) − ν(h)(α(h) − 1). In this case, the solution to (P1) is given by 0 <

αNL(h) < 1 for one particular fading state and αNL(h) ∈ {0, 1} for the other
fading states, since the KKT conditions are given by 1) r(h) ≥ λNLqNL(h)

if αNL(h) = 0 due to μ(h) ≥ 0 and ν(h) = 0; 2) r(h) ≤ λNLqNL(h) if
αNL(h) = 1 due to μ(h) = 0 and ν(h) ≥ 0; and 3) r(h) = λNLqNL(h) if
0 < αNL(h) < 1 due to μ(h) = ν(h) = 0.
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Fig. 1. Comparison of MS results for the linear EH and nonlinear EH.

Lemma 1: The optimal solution to (P1) is given by

αNL(h) =
{

0, if h < xNL1 or h > xNL2
1, if xNL1 ≤ h ≤ xNL2

. (6)

In (6), xNL1 and xNL2 (> xNL1 ) are two positive real roots of
the equation r(x) − λNLqNL(x) = 0 over x ∈ (0,∞), where
r(x) = log2

(
1 + xP

σ 2

)
and qNL(x) = Ps(1−e−axP)

1+e−a(xP−b) . The constant

λNL > 0 is determined such that E[QNL(αNL(h))] = Q.
Proof: See Appendix A.
From Lemma 1, one can see that the computational com-

plexity to solve (P2) can be significantly reduced. Specifically,
in (6), we only need to compare the channel power gain to
the two thresholds xNL1 and xNL2 at each fading state. Thus, the
complexity is now linear in the block-length, not exponential.

In [5, eq. (34)], the optimal MS scheme for the linear EH
model QL(α) was derived as

αL(h) =
{

0, if h < xL1
1, if h ≥ xL1 .

(7)

In (7), xL1 is the positive root of the equation r(x)−λLqL(x) = 0
over x ∈ (0,∞), where qL(x) = ζxP and the constant λL > 0
is determined such that E[QL(αL(h))] = Q.

In order to draw interesting insights, in the following sub-
sections, the MS results of (6) and (7) are compared and their
MS regions are analyzed.

B. Comparison of Mode Switching Results for Nonlinear
EH and Linear EH

In Fig. 1, for comparison, we illustrate the MS result of (7)
for the linear EH and that of (6) for the nonlinear EH by ana-
lytically plotting the curves of the rate r(h) and the weighted
harvested energies λLqL(h) and λNLqNL(h) over all possible
values of the channel power gain h. Note that r(h) is a log
function of h. On the other hand, λLq(h)L is a linear function
of h, whereas λNLq(h)NL is a logistic function. For the linear
EH, the EH (or ID) mode is selected for the large (or small)
channel gain with h ≥ xL1 (or h < xL1 ) because the increment
of λLq(h)L is more (or less) than that of r(h) when h ≥ xL1 .
However, for the nonlinear EH, the MS strategy becomes quite
different. Specifically, the ID mode is selected for the small
channel gain with h < xNL1 or the large channel gain with
h > xNL2 , since r(h) > λNLqNL(h). On the other hand, the
ED mode is selected only for the moderate channel gain with
xNL1 ≤ h ≤ xNL2 , since r(h) < λNLqNL(h). This very interesting
and important result can be intuitively explained as follows:
for the nonlinear EH case, only the moderate range of channel
gain needs to be used for EH in order to exploit the high EH
efficiency in the near-linear region of the EH circuit.

Overall, for the case of linear EH, there are two different
regions of MS; whereas, for the case of nonlinear EH, there
are three different regions of MS. Also, for the linear EH,
the EH is selected for large channel gains; whereas, for the
nonlinear EH, the EH is selected for moderate channel gains.

C. Analysis of Mode Switching Regions

For analysis, we consider the Rician block fading model;
that is, the complex baseband channel is the Gaussian ran-
dom variable with mean l and variance s, where l accounts
for the line of sight (LOS) component and s denotes the aver-
age power gain of the scattered component. Thus, the channel
power gain h is the non-central chi-squared random variable
with the non-centrality parameter z = |l|2. Considering the
distance-dependent path loss, the power gains of the LOS
and scattered components are modelled as z = rc−1d−θ

r+1 and

s = c−1d−θ

r+1 , respectively, where d is the distance between the
transmitter and the receiver; c a constant related to the ref-
erence distance; θ the path loss exponent; and r the Rician
factor.

From (6) and after some mathematical manipulations, for
the nonlinear EH, the probabilities that the ID and EH modes
are selected can be, respectively, calculated as

PNLID = Pr(h < xNL1 , h > xNL2 )

= 1 − Q1

(√
2r,

√
γ xNL1 dθ

)
+ Q1

(√
2r,

√
γ xNL2 dθ

)
(8)

PNLEH = Pr(xNL1 ≤ h ≤ xNL2 )

= Q1

(√
2r,

√
γ xNL1 dθ

)
− Q1

(√
2r,

√
γ xNL2 dθ

)
(9)

where γ = c(r + 1)−1; Qm(u, v) =∫ ∞
v x

( x
u

)m−1
e−(x2+u2)/2Im−1(ux)dx = e−(u2+v2)/2 ∑∞

n=1−m( u
v

)n
In(uv) is the Marcum’s Q-function; Ip(x) =∑∞

n=0
1

n!
(p+n+1)

( x
2

)p+2n is the modified Bessel function
of the first kind of the pth order; and 
(x) = ∫ ∞

0 yx−1e−ydy
is the Gamma function. On the other hand, from (7), the
probabilities of the ID and EH modes for the linear EH can
be, respectively, calculated as

PLID = Pr(h < xL1 ) = 1 − Q1

(√
2r,

√
γ xL1 dθ

)
(10)

PLEH = Pr(h ≥ xL1 ) = Q1

(√
2r,

√
γ xL1 dθ

)
. (11)

From the results of (8)–(11), we can make the following obser-
vations. First, from (10) and (11), it follows that PLID → 1 as
d → ∞ and PLEH → 1 as d → 0. Thus, for the case of linear
EH, the EH (or ID) frequently occurs as the receiver becomes
closer to (or farther from) the transmitter, because the chan-
nel power gains become larger (or smaller). On the contrary,
for the case of nonlinear EH, it follows from (8) and (9) that
as d → 0 or d → ∞, we have PLID → 1 and PLEH → 0.
This means that, as the receiver becomes closer to and far-
ther from the transmitter, the ID mode frequently occurs and
the EH mode rarely occurs, because the channel power gains
tend to be low and high in those cases. Only at the distances
around dNLEH = arg max

d>0
{PNLEH} (corresponding to the moderate

channel gains), the EH mode frequently occurs for the case of
nonlinear EH.

IV. NUMERICAL RESULTS

In this section, the performance of the proposed MS scheme
for the nonlinear EH and the existing MS scheme for the lin-
ear EH is numerically compared. The nonlinear EH model
of (5) is used for performance evaluation, where we set
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Fig. 2. Achievable rates versus the transmit power P when Q ∈ {0.5, 2} mJ
and R-E regions when P ∈ {2, 3} W.

a = 6400 and b = 0.003, which were obtained in [14]
based on the measurement data of [7]. We also present the
performance of the TS scheme considered in [2, eq. (15)],
which uses a single time switching ratio 0 ≤ β ≤ 1 over the
fading blocks. In the simulations, we consider N = 105 fad-
ing blocks independently generated from the Rician fading,
where the power gains of the LOS and scattered compo-
nents are set to −30 dB. The noise variance is set such
that the average signal to noise ratio is 3 dB. In Fig. 2,
the achievable rates are shown versus the transmit power P
when Q ∈ {0.5, 2} mJ. Also, the rate-energy (R-E) regions are
shown when P ∈ {2, 3} W, where the R-E region is defined as
CR -E = ⋃

α

{
(R, Q) : Q ≤ E[QNL(α)], R ≤ E[R(α)]

}
, which

contains all possible pairs of (R, Q) for the case of nonlinear
EH. From Fig. 2, it can be seen that the proposed MS scheme
for the nonlinear EH has the best performance in terms of the
achievable rate and the R-E tradeoff. When Q is small or P
is large, the existing MS scheme for the linear EH is even
worse than the existing TS scheme due to the mismatched or
inaccurate MS rule.

V. CONCLUSION

We studied the MS for the SWIPT system over the fad-
ing channel considering the nonlinear EH. In this system,
we derived the optimal MS solution. The MS results of
the nonlinear EH and linear EH were compared, and their
MS regions were analyzed, from which the interesting and
important insights were drawn.

In this letter, for the realistic nonlinear EH model used
in [14], we studied the MS. However, studying the MS scheme
for another realistic nonlinear EH models such as consid-
ered in [9]–[13] is an important and interesting issue to be
investigated as a future work.

APPENDIX A
PROOF OF LEMMA 1

The Lagrange dual function for (P1) is given by g(λ) =
max

α∈{0,1}
E[R(α)] +λNL

(
E[QNL(α)] − Q

)
, where λNL is the dual

variable associated with the average harvested energy con-
straint, which can be determined by solving the following
dual problem: min

λNL≥0
g(λNL). Given the dual variable λNL,

the problem for obtaining the Lagrange dual function can be
decomposed into parallel subproblems, each for the particular

fading state h, as follows: max
α(h)∈{0,1}

R(α(h))+λNLQNL(α(h)).

To solve this problem, we need to compare the objective values
r(h) and λNLqNL(h) when α(h) = 0 and α(h) = 1, respectively,
where r(x) = log2

(
1 + xP

σ 2

)
and qNL(x) = Ps(1−e−axP)

1+e−a(xP−b) , for x ∈
(0,∞). It can be shown that the equation r(x) = λNLqNL(x)
has two positive real roots xNL1 and xNL2 (> xNL1 ), and it fol-
lows that r(x) > λNLqNL(x) over the intervals x ∈ (0, xNL1 )

and x ∈ (xNL2 ,∞). Thus, if h < xNL1 or h > xNL2 , we have
αNL(h) = 0 since r(h) > λNLqNL(h). Otherwise, we have
αNL(h) = 1 since r(h) ≤ λNLqNL(h). Thus, the solution
can be expressed as in (6). To find the optimal dual vari-
able λNL, the following completeness slackness condition must
be satisfied: λNL

(
E[QNL(αNL(h))] − Q

) = 0. Without loss of
generality, we assume that Q > 0. If λNL = 0, we have
αNL(h) = 0 for all the fading states, which is infeasible
for (P1). Thus, it should be λNL > 0. To satisfy the com-
pleteness slackness condition, λNL should be chosen such that
E[QNL(αNL(h))] = Q.
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