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Abstract— In this paper, we investigate the performance of
simultaneous wireless information and power transfer (SWIPT)
in a point-to-point system, adopting practical M -ary modulation.
We take into account the fact that the receiver’s radio-frequency
(RF) energy harvesting circuit can only harvest energy when
the received signal power is greater than a certain sensitivity
level. For both power-splitting (PS) and time-switching (TS)
schemes, we derive the energy harvesting performance as well
as the information decoding performance for the Nakagami-
m fading channel. We also analyze the performance tradeoff
between energy harvesting and information decoding by studying
an optimization problem, which maximizes the information
decoding performance and satisfies a constraint on the minimum
harvested energy. Our analysis shows that (i) for the PS scheme,
modulations with high peak-to-average power ratio achieve better
energy harvesting performance, (ii) for the TS scheme, it is
desirable to concentrate the power for wireless power transfer
in order to minimize the non-harvested energy caused by the
RF energy harvesting sensitivity level, and (iii) channel fading is
beneficial for energy harvesting in both PS and TS schemes.

I. INTRODUCTION

Simultaneous wireless information and power transfer

(SWIPT) has recently attracted significant attention [1], [2].

Practical SWIPT receivers for energy harvesting (EH) and

information decoding (ID) have been proposed using power-

splitting (PS) and time-switching (TS) schemes. Current stud-

ies on SWIPT often consider an ideal information transmission

model (i.e., Gaussian signaling) and investigate the tradeoff

between the information capacity and harvested energy [3–5].

In reality, SWIPT receivers are typically energy constrained

and may be incapable of performing high-complexity capacity-

achieving coding/decoding scheme. Recently, SWIPT with

practical coherent modulations was analyzed in [6].

Another commonly applied assumption in the SWIPT liter-

ature is that the average received signal power at the radio-

frequency (RF) EH circuit is well above the RF-EH sensitivity

level [3], [4], [6]. Hence, these studies ignore the impact of

the RF-EH sensitivity level. In reality, practical state-of-the-

art RF-EH circuits have power sensitivity requirement in the

range of −10 dBm to −30 dBm [2]. Guaranteeing a much

higher received signal power than the RF-EH sensitivity level

often requires an extremely short communication range, which

largely limits the application of SWIPT. Therefore, we con-

sider a more general SWIPT system with M -ary modulation
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where the received signal power is not necessarily larger than

the RF-EH sensitivity level. Since different constellation sym-

bols may have different power levels, the amount of harvested

energy may vary from symbol by symbol, and it is possible

that some symbols can activate the RF-EH circuit but others

cannot. Hence, it is important to accurately capture the effect

of the RF-EH sensitivity level in analyzing the performance

of SWIPT.

In this paper, we consider a transmitter-receiver pair adopt-

ing SWIPT with either PS or TS scheme. In the PS scheme,

the transmitter transfers modulated data signal to the receiver,

then the receiver splits the received signal into two separate

streams, one to draw energy and one to acquire information,

respectively. In the TS scheme, for a given percentage of time,

the transmitter transfers energy signal to the receiver, and the

receiver draws energy from it. For the remaining portion of

time, the transmitter transfers modulated data signal to the

receiver, and the receiver acquires information from the signal.

Assuming a Nakagami-m fading channel, we derive the aver-

age harvested power and the average number of successfully

transmitted symbol per unit time (i.e., the symbol success rate),

at the receiver. We study the performance tradeoff between

ID and EH using these metrics. Our analysis provides the

following interesting insights:

• For the PS scheme, a modulation scheme with high peak-

to-average power ratio (PAPR) leads to a better EH per-

formance, e.g., M -PAM performs better than M -QAM,

which performs better than M -PSK. This modulation

performance order is very different from that of ID.

• For the TS scheme, we propose an optimal energy signal

for the power transfer phase, which maximizes the avail-

able harvested energy. This is done by minimizing the

duration of time for wireless power transfer since in this

way one minimizes the amount of energy that is not har-

vested due to the impact of the RF-EH sensitivity level.

• For both the PS and TS schemes, we show that channel

fading is beneficial for EH when the RF-EH sensitivity

level is considered in the analysis. This is in contrast to

previous studies, which ignored the sensitivity level.

II. SYSTEM MODEL

We consider a SWIPT system consisting of a transmitter

(Tx) and a receiver (Rx). The receiver comprises an ID circuit

and an RF-EH circuit [3]. Each node is equipped with a

single omnidirectional antenna. The transmitter and receiver

adopt block-wise operation with block time duration, T . We
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assume that the receiver is located in the far field, at a

distance d from the transmitter. Thus, the channel link between

the two nodes is composed of large scale path loss with

exponent λ and small-scale Nakagami-m fading. Note that m
represents the fading parameter, which controls the severity

of the fading. The fading channel gain, h, is assumed to be

constant within one block time and independent and identically

distributed from one block to the next [3], [4], [7]. We assume

instantaneous channel state information (CSI) is available only

at the receiver.

We consider that the transmitter adopts a practical modula-

tion scheme for information transmission (IT). Let the signal

constellation set be denoted by X . The size of X is denoted

by M with M = 2l, and l ≥ 1 being an integer. The ith
constellation point in X is denoted by xi, i = 1, 2, ...,M ,

with equal probability pi = 1/M ,2 and the average power of

signal set X is normalized to one, i.e.,
∑M

i=1 |xi|2/M = 1.

In this work, we consider three most commonly used coherent

modulation schemes for IT: M -PSK, M -PAM, and M -QAM.3

At the receiver, during a symbol period Ts, assuming the

receive power at the RF-EH circuit is Prx, the amount of

harvested energy can be represented as [7]

E = ηTs (Prx − Pth)
+
, (1)

where 0 ≤ η ≤ 1 is the RF-EH efficiency, and (z)+ =
max {z, 0}. We assume that the harvested energy at the

receiver is stored in an ideal battery [3], [7], [8]. Note that in

(1), according to the existing studies [7–9], the RF-EH circuit

can only harvest energy when its receive signal power, Prx, is

greater than the RF-EH sensitivity level, Pth, and the harvested

energy is proportional to Prx − Pth.

A. PS and TS Schemes

The operation of SWIPT using PS or TS scheme is de-

scribed as follows:

• PS: In each time block, the transmitter sends modulated

data signal with average transmit power Ptx. The receiver

splits the received signal with a PS ratio, ρPS, for separate

EH and ID.

• TS: Each time block is divided into a power transfer (PT)

phase and an IT phase. First, the transmitter transmits an

energy signal with average transmit power Ptx,1 during

the first ρTST seconds, i.e., PT phase. The receiver

harvests energy from this received signal. Then, the trans-

mitter transmits modulated signal with average transmit

power Ptx,2 during the remaining (1 − ρTS)T seconds,

i.e., IT phase, and the receiver decodes the received

information.

B. Transmit Power Constraints

We consider both average and peak power constraints at the

transmitter for SWIPT [3], [4], denoted by Pave and Ppeak,

respectively. From [10] and references therein, the peak-to-

average ratio of a practical RF circuit can be as large as 13 dB.

In this paper, we assume that Ppeak/Pave ≥ 3, i.e., 4.77 dB.

2Consideration of modulation schemes with non-uniform probability distri-
bution among all symbols is outside the scope of this work.

3For M -QAM, we assume that M = 2l, and l is an even integer.

1) PS: First, the average transmission power Ptx should

satisfy the average power constraint, i.e., Ptx ≤ Pave.

Second, different transmitted symbols have different power.

Thus, the highest transmit power of the symbols in X should

also be no larger than Ppeak. From [11], the PAPR of M -

PSK/PAM/QAM are given by

ϕPSK = 1, ϕPAM = 3
M − 1

M + 1
, ϕQAM = 3

√
M − 1√
M + 1

, (2)

respectively. Therefore, peak power constraint should be sat-

isfied as ϕjPtx ≤ Ppeak, j = PSK,PAM,QAM.
From (2), we see that the PAPR is always less than 3.

Thus, for the considered modulation schemes, the peak power

constraint is automatically satisfied, as long as the average

power requirement is met, i.e., Ptx ≤ Pave.

2) TS: First, the transmit power should satisfy average

power constraint as ρTSPtx,1 + (1− ρTS)Ptx,2 ≤ Pave.

Second, for the PT phase of the TS scheme, the peak

power of the energy signal should be no larger than Ppeak,

and a constraint for the average power of the energy signal,

Ptx,1 ≤ Ppeak, is satisfied naturaly. For the IT phase of the

TS scheme, as discussed above, peak power constraint should

be satisfied as

ϕjPtx,2 ≤ Ppeak, j = PSK,PAM,QAM. (3)

C. Metrics

For EH, we use the average harvested power P̄ as a

performance metric [4], [5]. For ID, we adopt the average

success symbol rate, SSR, which is related to the average

symbol error rate, SER, as the performance metric. The

SSR measures the average number of successfully transmitted

symbols per unit time. Using P̄ and SSR, we investigate

the performance tradeoff between EH and ID. The exact

mathematical definitions of P̄ and SSR are given in Sections

III and IV for the PS and TS schemes, respectively.

III. POWER SPLITTING

Following [3], [12], after PS, the received RF signal at the

RF-EH circuit is

y(t) = h(t)

√
ρPSPtx

dλ
x(t) + ñ(t), (4)

where h(t) represents the channel fading gain as described in

Sec. II, x(t) is the modulated information signal sent from the

transmitter, and ñ(t) is the circuit noise.

For ID, the RF signal is down converted to baseband. The

received signal and the signal noise ratio (SNR) at the ID

circuit of the receiver are given by4

y = h

√
(1− ρPS)Ptx

dλ
x+ n, (5)

and
γ(ν) =

(1− ρPS)Ptxν

dλσ2
, (6)

4In (5), for notational simplification, we have represented the baseband
signals, y[k], x[k] and n[k] as y, x and n, respectively, where k denotes
symbol index.



respectively, where n is the AWGN at the ID circuit with

power σ2, and ν = |h|2 is the fading power gain of the chan-

nel. Since we consider Nakagami-m fading, the probability

density function (pdf) of ν is given by

fν(v) =
vm−1mm

Γ(m)
exp (−mv) , m = 1, 2, 3.... (7)

In the following, we analyze the performance of EH and ID

with M -PSK, M -PAM and M -QAM schemes.

A. RF Energy Harvesting with the PS Scheme

Using (1) and (4), and assuming that the amount of energy

harvested from the circuit noise ñ is negligible [3], [6], the

harvested energy under fading power gain v during one symbol

time Ts is given by

E(xi, v) = ηTs

(
ρPSPiv

dλ
− Pth

)+

, (8)

where Pi is the transmit power for the ith constellation point,

and
∑M

i=1 Pi/M = Ptx. From [11], Pi can be obtained as

Pi =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Ptx, for M -PSK

3Ptx

M2 − 1

(
2

⌈∣∣∣∣i− M + 1

2

∣∣∣∣
⌉
− 1

)2

, for M -PAM

3Ptx

2(M − 1)

(
(2

⌈∣∣∣∣∣
⌈

i√
M

⌉
−

√
M + 1

2

∣∣∣∣∣
⌉
− 1)2

+(2

⌈∣∣∣∣∣
(
i mod

√
M

)
−

√
M + 1

2

∣∣∣∣∣
⌉
− 1)2

)
,

for M -QAM
(9)

where �·� is the ceiling operator, and the operator z mod Z
has the definition as follows: if z is an integer multiple of Z, z
mod Z is Z, while in other cases, it is equal to z modulo Z.

From (8), the average harvested power can be calculated as

P̄PS =
1

Ts

M∑
i=1

pi

∫ ∞

0

E(xi, v)fν(v)dv

= η
M∑
i=1

pi

∫ ∞

v̄i

(
ρPSPiv

dλ
− Pth

)
fν(v)dv,

=η
M∑
i=1

pi

(
ρPSPi

dλ

(
1−

∫ v̄i

v=0

vfν(v)dv

)
−Pth

(
1−

∫ v̄i

v=0

fν(v)dv

))
,

(10)
where pi is the transmit probability of symbol xi, i.e., 1/M ,

and v̄i = Pthd
λ/ρPSPi. By taking (7), (9) and pi = 1/M into

(10), after some simplification, we get

P̄PS =
η

M

M∑
i=1

ρPSPi

dλ
exp

(
−mPth

dλ

ρPSPi

)
×

(
1 +

m−1∑
k=0

(
Pth

dλ

ρPSPi

)k+1
mk(m− k − 1)

(k + 1)!

)
.

(11)

Special case: For m = 1, i.e., Rayleigh fading channel, we

have

P̄PS =
η

M

M∑
i=1

ρPSPi

dλ
exp(−Pthd

λ

ρPSPi

). (12)

For M -PSK, (12) further simplifies to

P̄PSK
PS = η

ρPSPtx

dλ
exp

(
− Pthd

λ

ρPSPtx

)
. (13)

Remark 1. For the PS scheme, a modulation scheme with

higher PAPR, or a fading channel with larger variation in its

power gain, increases the average harvested power.

The above observations in Remark 1 will be verified in

Sec. V. They can be explained using the analysis as follows:

Due to the RF-EH sensitivity level, Pth, (8) is a convex

function w.r.t. symbol transmit power, Pi, and channel power

fading gain v. Thus, based on Jensen’s inequality, taking (8)

into the first line of (10), we have

P̄PS ≥ η

(
ρPS

dλ

M∑
i=1

piPi

∫ ∞

0

vfν(v)dv − Pth

)+

. (14)

We see that the equality holds in (14), i.e., average harvested

power P̄PS is minimized, iff the variance of both the symbol

power in the signal set and the channel fading power gain

equal to zero, i.e., Pi = Ptx for all i, and v is always equal

to one (non-fading channel).

For practical modulations, M -PSK results in the worst

EH performance since it has constant symbol power (lowest

PAPR and zero variance of symbol power). In addition, our

numerical results suggest that M -PAM (which has highest

PAPR) performs better than M -QAM, which performs better

than M -PSK. This will be verified in Sec. V.

For the Nakagami-m fading, we can easily prove using (11)

that P̄PS decreases with increasing m. As m increases, the

fading variance decreases. Hence, a channel with larger fading

variance (smaller m) increases the average harvested power.

B. Information Decoding with the PS Scheme

The average symbol success rate, SSR, can be calculated as

SSR =

∫ ∞

v=0

(1− SER(v)) fν(v)dv = 1− SER. (15)

where

SER =

∫ ∞

v=0

SER(v)fν(v)dv, (16)

and SER(v) is given by [11] as5

SER(v) =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

2 Q
(√

2gPSKγ(v)
)
, for M -PSK

2(M − 1)/M Q
(√

2gPAMγ(v)
)
, for M -PAM

4
(
1− 1/

√
M

)
Q

(√
2gQAMγ(v)

)

− 4
(
1− 1/

√
M

)2

Q2

(√
2gQAMγ(v)

)
,

for M -QAM
(17)

where Q(·) is the Q-function, M is the modulation order,

gPSK = sin2(π/M), gPAM = 3
M2−1 and gQAM = 3

2(M−1) .

5For simplicity, we adopt an accurate and widely used approximate closed-
form expression for M -PSK.



Remark 2. Given ρPS, M and v, it is known that in the high

SNR regime, M -QAM outperforms M -PSK, which outper-

forms M -PAM on SER [11]. Thus, from (15), the same order

holds for average success symbol rate.

C. Optimal Transmission Strategy for the PS Scheme

It is interesting to investigate the problem that given a

certain required average harvested power level, P̄0, what is

the achievable average symbol success rate (SSR). For the PS

scheme, there are two design parameters: the PS ratio, ρPS,

and the transmit power, Ptx.

We consider the following optimization problem:

P1 : Maximize
ρPS,Ptx

SSR = 1− SER

Subject to P̄PS ≥ P̄0,

0 ≤ ρPS ≤ 1, 0 ≤ Ptx ≤ Pave.

(18)

where P̄PS is defined in (11), and the required average

harvested power, P̄0, is no higher than the maximum range

of average harvested power, P̄PS,max, which is obtained by

taking ρPS = 1 into (11).

The optimization problem can be solved as follows. From

(15) and (11), it is easy to see that both P̄PS and SSR are

monotonically increasing functions w.r.t. Ptx. Meanwhile, P̄PS

and SSR increase and decrease with ρPS, respectively. Thus,

in P1, we let Ptx = Pave and P̄PS = P̄0. In order to obtain

the optimal ρPS, ρ�PS, which yields P̄PS = P̄0, a method of

bisection for linear search can be adopted. Taking ρ�PS into

(15), the maximum achievable average symbol success rate,

SSR
�
, is obtained.

Special case: For M -PSK scheme with Rayleigh fading

channel, we can obtain a closed-form expression for ρ�PS. By

taking Ptx = Pave into (13) and letting (13) = P̄0, and solving

we get

ρ�PS =
Pthd

λ

PaveW0

(
ηPth

P̄0

) , (19)

where W0(·) is the principle branch of the Lambert W

function.

IV. TIME SWITCHING

In the PT phase, i.e., ρTS portion of a time block, the

transmitter transmits a pre-designed energy signal with average

power Ptx,1. Thus, the received RF signal at the RF-EH circuit

is given by

y(t) = h(t)

√
1

dλ
ω(t) + ñ(t), (20)

where ω(t) is the pre-designed energy signal, which will be

investigated in the following subsection.

In the IT phase, i.e., 1 − ρTS portion of a time block, the

baseband received signal and the SNR at the ID circuit of the

receiver are given by

y = h

√
Ptx,2

dλ
x+ n, (21)

and

γ(ν) =
Ptx,2ν

dλσ2
, (22)

respectively.

In the following, we analyze the performance of EH and ID.

A. RF Energy Harvesting with the TS Scheme

If the RF-EH sensitivity level is zero, any energy signal

design will achieve the same harvested energy. On the other

hand, with a non-zero RF-EH sensitivity level, different energy

signals perform differently. Here, we propose an optimal

energy signal which maximizes the harvested energy.

Proposition 1. For the PT phase, given the average transmit

power, Ptx,1, and the RF-EH sensitivity level, Pth, an optimal

energy signal which achieves maximum harvested energy, is

the signal with power Ppeak for the first Ptx,1/Ppeak portion

of the phase, and with power zero for the rest of the phase.

Proof. Although the proposed optimal energy signal seems

simple, to the best of our knowledge, prior studies have not

provided an optimal energy signal design under the RF-EH

model in (1). We provide the formal proof in Appendix A. �

Remark 3. In order to maximize the harvested energy with

the consideration of RF-EH sensitivity level, the available

power/energy is concentrated into the shortest possible du-

ration of time, i.e., transmit with Ppeak. In this way, the

amount of energy that is wasted during the harvesting process

is minimized.

Similar to Sec. III-A, the average harvested power for the

TS scheme is given by

P̄TS = ηρTS
Ptx,1

Ppeak

∫ ∞

0

(Ppeakv

dλ
− Pth

)+

fν(v)dv

= ηρTS
Ptx,1

Ppeak

∫ ∞

v̄peak

(Ppeakv

dλ
− Pth

)
fν(v)dv

= ηρTS
Ptx,1

dλ
Ψ,

(23)

where v̄peak = Pthd
λ/Ppeak, and

Ψ = exp

(
−m

Pthd
λ

Ppeak

)
×(

1 +
m−1∑
k=0

(
Pth

dλ

Ppeak

)k+1
mk(m− k − 1)

(k + 1)!

)
.

(24)

Because of the average power constraint, ρTSPtx,1 +
(1− ρTS)Ptx,2 ≤ Pave, taking ρTSPtx,1 = Pave into (23),

the maximum range of average harvested power is given by

P̄TS,max = η
Pave

dλ
Ψ. (25)

Similar to the PS scheme, from (23), we can easily prove

that P̄TS decreases with increasing m. Thus, fading channel

with larger variation in its power gain will also increase the EH

performance of the TS scheme, as it does for the PS scheme.



B. Information Decoding with the TS Scheme

Compared to the PS scheme, only 1 − ρTS portion of a

block time is used for IT in the TS scheme. Since the SSR in

the PS scheme measures the average number of successfully

transmitted symbols per unit time, we consider a normalized

SSR for the TS scheme in order to measure the same quantity,

which is given by

SSR = (1− ρTS)

∫ ∞

v=0

(1− SER(v)) fν(v)dv

= (1− ρTS)
(
1− SER

)
,

(26)

where SER(v) and SER are obtained by taking (22) into (17)

and (16) respectively.

C. Optimal Transmission Strategy for the TS Scheme

We investigate the problem that given a certain required

minimum average harvested power level, P̄0, what is the

maximum achievable average symbol success rate. For the

TS scheme, there are three design parameters: the TS ratio,

ρTS, the power for PT, Ptx,1, and the power for IT, Ptx,2. We

consider the following optimization problem:

P2 : Maximize
ρTS,Ptx,1,Ptx,2

SSR = (1− ρTS)
(
1− SER

)
Subject to P̄TS ≥ P̄0,

ρTSPtx,1 + (1− ρTS)Ptx,2 ≤ Pave,

0 ≤ Ptx,1, ϕjPtx,2 ≤ Ppeak,

0 ≤ ρTS ≤ 1,
(27)

where P̄0 is no higher than the maximum range of average

harvested power P̄TS,max defined in (25). P̄TS and ϕj are

defined in (23) and (3), respectively.

Proposition 2. For the TS scheme, given P̄0, Pave, Ppeak and

Pth, the optimal parameters are given by

ρ�TS =
P̄0d

λ

ηPpeakΨ
, P�

tx,1 = Ppeak,

P�
tx,2 =

1

1− ρ�TS

(
Pave − P̄0d

λ

η Ψ

)
,

(28)

where Ψ is defined in (24).

Proof. See Appendix B. �

Taking (28) into (26), optimal achievable average symbol

success rate is obtained.

Remark 4. Recall that Proposition 1 suggests to transfer

energy at a peak power and then turn the energy signal

off during the remaining time if any. Contrary to this, after

performing a joint optimization as done in Proposition 2, the

resulting energy signal for PT is transmitted at constant power

Ppeak which occupies the entire PT phase.

V. NUMERICAL RESULTS

In this section, we illustrate the tradeoffs between the

average symbol success rate and the average harvested power

for the PS and TS schemes, which are obtained by using the

optimal transmission strategies given in Sec. III-C and Sec. IV-

C, respectively.

We set the average power constraint at the transmitter as

Pave = 10 mW, peak power constraint as Ppeak = 3Pave [13],

distance between the transmitter and the receiver as d = 10 m,

path loss exponent as λ = 3 [7]. We set the noise power at the

receiver ID circuit as σ2 = −50 dBm. The receiver RF-EH

conversion efficiency is 0.5 [2]. Unless otherwise stated, we

set the modulation order at the transmitter as M = 16, the RF-

EH sensitivity level as Pth = −20 dBm [2], the Nakagami-m
fading parameter as m = 1, i.e., Rayleigh fading channel.

Under these setting, it can be proved that the average receive

power at the receiver is no less than the RF-EH sensitivity

level [3].

A. Effect of Modulation Schemes

Figs. 1 and 2 plot the tradeoffs between the average symbol

success rate and the average harvested power using PS and

TS schemes and different modulation schemes, with M = 16
and 4, respectively.

For the PS scheme, from Figs. 1 and 2, we see that the

different modulation schemes result in different performance

tradeoff between ID and EH. When the required average

harvested power is high, M -PAM performs better than M -

QAM, and M -QAM performs better than M -PSK.6 This

order matches their order on PAPR, which is in line with

Remark 1. When the required average harvested power is

low, M -QAM performs better than M -PSK, and M -PSK

performs better than M -PAM. This order matches their order

on average symbol success rate in high SNR regime, which

is in accordance with Remark 2. Thus, if we aim to harvest

energy, a modulation scheme with higher PAPR performs

better than the one with lower PAPR, while if we focus on

information decoding, the modulation scheme with the highest

PAPR performs the worst.

For the TS scheme, from Figs. 1 and 2, we see that the

effect of different modulation schemes is smaller than that

with the PS scheme. This is because only IT phase is affected

by modulation. Thus, in general (high SNR regime), M -QAM

performs better than M -PSK, and M -PSK performs better

than M -PAM on average symbol success rate, as stated in

Remark 2.

Also we see that given a modulation scheme, there is

a crossover between the tradeoff curves of the PS and TS

schemes. When the average harvested power requirement is

high, the TS scheme always results in a better ID performance

than the PS scheme. This is due to the optimized energy signal

for the TS scheme in Proposition 1, which makes the EH more

efficient under the presence of RF-EH sensitivity level, while

for the PS scheme, the signal for EH cannot be optimized.

6When M = 4, M -PSK is equivalent with M -QAM.
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Fig. 1: Tradeoff between the average symbol success rate and
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M=16.
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Fig. 2: Tradeoff between the average symbol success rate and the
average harvested power with different modulation schemes, M=4.

Note that this crossover has not been identified in the rate-

energy tradeoff curves studied in [3].

B. Effect of RF-EH Sensitivity

Fig. 3 plots the tradeoffs between the average symbol

success rate and the average harvested power under different

RF-EH sensitivity level, using 16-QAM modulation scheme.

We see that given a target average harvested power, the average

symbol success rate varies significantly between Pth = 0 and

practical RF-EH sensitively level, i.e., Pth = −20 dBm. When

Pth = 0, there is no crossover between the tradeoff curves of

the PS and TS schemes, and the range of average harvested

power is the same between the two schemes. This is similar to

the results shown in [3], which ignored the effect of Pth. If a

practical RF-EH sensitivity level is set, e.g., Pth = −20 dBm,

the crossover is clearly observed, and we see that different

SWIPT schemes result in different ranges of average harvested

power. Thus, under a practical RF-EH sensitivity level, the

performance tradeoff between ID and EH is very different

from that obtained under ideal assumption. This highlights the

importance of considering the RF-EH sensitivity level in this

work.

C. Effect of Fading Channel

Fig. 4 plots the tradeoffs between the average symbol

success rate and the average harvested power using 16-QAM

modulation scheme, for different Nakagami-m fading channel

parameters. The figure confirms that different values of m do

not affect the general trends of the curves, as identified in

Figs. 1-3 for m = 1. We see that if the required average

harvested power is high, the channel with larger non-line-of-

sight (NLOS) component, e.g., m = 1, leads to better ID

performance than the channel with smaller NLOS component,

e.g., m → ∞. However, if the required average harvested

power is low, the channel with larger NLOS component,

leads to worse ID performance than the channel with smaller

NLOS component. This implies that for SWIPT, fading is

beneficial for EH but detrimental for ID. This also verifies

our observation in Remark 1.

VI. CONCLUSION

In this paper, we studied SWIPT between a transmitter and

a receiver, using either PS or TS scheme, taking practical

modulation and receiver RF-EH sensitivity level into account.

For both the PS and TS schemes, we designed the optimal

system parameters, which satisfy transmit average and peak

power constraints and maximize the ID performance with a

constraint of minimum harvested energy. Our analysis showed

that for the PS scheme, a modulation scheme with higher

PAPR achieves better EH performance. For the TS scheme,

we proposed an optimal energy signal for the PT phase,

which maximizes the available harvested energy. In addition,

channel fading is beneficial for EH when considering realistic

values of the RF-EH sensitivity level. The results highlight

the importance of accurately characterizing the impact of RF-

EH sensitivity level in SWIPT systems. Future work can

consider the impact of non-constant RF-EH efficiency for the

performance of SWIPT.

APPENDIX A: PROOF OF PROPOSITION 1

Given channel fading power gain v, average power for PT

Ptx,1, time for PT τ , we assume that an energy signal is a

N -level power signal, with power levels in ascending sort as,

P̃i, i = 1, 2, ..., N . P̃i holds for qi percentage of the time

duration, τ , and we have
∑N

i=1 qiP̃i = Ptx,1.
Assuming that P̃n−1 ≤ Pth and P̃n > Pth, we propose

the following optimization problem to find the optimal energy

signal which maximize the harvested energy during τ as:

PA : Maximize
Plow,Phigh,qlow,qhigh

qhigh (Phigh − Pth)

Subject to qlowPlow + qhighPhigh = Ptx,1,

0 ≤ Plow ≤ Pth ≤ Phigh ≤ Ppeak,

qlow + qhigh = 1, qlow, qhigh ≥ 0,
(29)
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Fig. 3 Tradeoff between the average symbol success rate and the
average harvested power with different RF-EH sensitivity level.

where qlow =
∑n−1

i=1 qi, qhigh =
∑N

i=n qi, Plow =∑n−1
i=1 qiP̃i/qlow and Phigh =

∑N

i=n qiP̃i/qhigh.

Because the target function of PA is a monotonically in-

creasing function w.r.t. both qhigh and Phigh, we let qlowPlow =
0 in the first constraint of PA, i.e., qhighPhigh = Ptx,1.

Then, PA can be easily solved as P �
high = Ppeak, q

�
high =

Ptx,1/Ppeak, P
�
low = 0, and q�low = 1 − Ptx,1/Ppeak. There-

fore, an optimized energy signal is proposed in Proposition 1.

APPENDIX B: PROOF OF PROPOSITION 2

In order to solve P2, we first relax the peak power

constraint for Ptx,2, i.e., replace ϕiPtx,2 ≤ Ppeak with

Ptx,2 ≤ Ppeak.

From (17), 1 − SER(v) is a monotonically increasing

function w.r.t. Ptx,2. Thus, from (26), the target function

of P2, SSR, is a monotonically increasing and decreasing

function w.r.t. Ptx,2 and ρTS, respectively. Therefore, the first

and the second constraints of P2 are active constraints, i.e.,

the equalities hold, which are given by (after simplification)

ρTSPtx,1 =
P̄0d

λ

ηΨ
, (30)

(1− ρTS) =
1

Ptx,2

(
Pave − P̄0d

λ

ηΨ

)
, (31)

respectively. Taking (31) into (26), we have

SSR =

∫ ∞

0

1

Ptx,2
(1− SER(v)) fν(v)dv. (32)

Given v, taking (17) into (32) and using the prop-

erty that Q′(x) = − 1√
2π

exp
(−x2/2

)
, we verify that

1
Ptx,2

(1− SER(v)) is a monotonically decreasing function

w.r.t. Ptx,2. Thus, SSR in (32) monotonically decreases with

Ptx,2. From (31), in order to minimize Ptx,2, we need to

find the minimum ρTS, which can be obtained by letting

Ptx,1 = Ppeak in (30). Thus, the optimal ρTS can be derived,

and then the optimal Ptx,2 is obtained from (31), which are

shown in Proposition 2.
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From the above solution, we obtain the optimal Ptx,2 which

is no larger than Pave. Based on our explanation for peak

power constraint in Sec. II-B, the optimal Ptx,2 satisfies the

constraint ϕiPtx,2 ≤ Ppeak naturely. Thus, the calculated

optimal Ptx,2 is exactly the global optimal Ptx,2.
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