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ABSTRACT Simultaneous wireless information and power transfer (SWIPT) constitutes an emerging
paradigm that prolongs the lifetime of energy-constrained devices, such as wireless sensors and Internet-
of-Things (IoT) nodes. Its frequency-domain (FD) variant enables energy harvesting (EH) by using
(low-power) local oscillators/mixers. In this paper, a novel FD-SWIPT waveform design that minimizes
the multitone interference induced to the information signal by the energy signal, thus eliminating the
need for using receive filters to this end, is described. The inherent interference suppression of the
proposed strategy allows also for applying modulation classification (MC). This functionality is highly
desirable in contemporary networks, where the access points utilize adaptive transmission. In this context,
we analytically derive the average error probability of the proposed waveform over a Rayleigh fading
channel for various modulation schemes under non-zero interference and frequency synchronization errors.
Furthermore, we optimize the power of the energy tones, such that the signal-to-interference-ratio at the
information signal is maximized subject to the EH and transmission power constraints. In addition, we
investigate the coexistence of SWIPT with blind MC under this framework. Numerical simulation results
reveal that the proposed approach substantially increases both the data rate and the harvested power in
comparison to the conventional power-splitting method at the cost of a negligibly higher error probability.
Also, they indicate that the employed MC scheme achieves a high success rate even in the low signal-
to-noise-ratio regime. The proposed concept is validated experimentally in a realistic indoor environment
by using a testbed based on software-defined radio units.

INDEX TERMS SWIPT, multitone energy signal, waveform design, optimization, experimental validation.

I. INTRODUCTION

FIFTH generation (5G) networks are characterized by
the proliferation of battery-powered terminals with

small energy storage capacity, such as wireless sensors and
Internet-of-Things (IoT) nodes [1], [2]. Consequently, the
realization of energy-sustainable operation is regarded as a
matter of utmost importance by the community, since the
massive volume of these energy-constrained devices renders
the wired charging or replacement of their batteries a cum-
bersome and costly task. Specifically, there is a growing
interest in the development of techniques that concurrently

utilize the transmitted radio frequency (RF) waves for both
information and power transfer (IT/PT) purposes. Then, we
can replenish the stored energy at the end devices via energy
harvesting (EH) [3], [4].
The receivers that support the aforementioned simulta-

neous wireless information and power transfer (SWIPT)
paradigm are comprised by an information decoding (ID)
module and an EH one. The former performs data detection
at the baseband, whereas the latter transforms the received
RF power into direct current (DC) power, which is suitable
for battery charging [5]. The main practical SWIPT receiver
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architectures are: i) time switching (TS), wherein a switch
connects the receive antenna(s) to the ID and EH units at dif-
ferent times; and ii) power splitting (PS), where the received
RF power is split among two streams that are directed to the
ID and EH circuits, respectively [5]. The major drawback
of such orthogonal demultiplexing approaches is that they
underutilize the available resources.

The EH module is typically implemented as a rectifier,
which consists of one or more diodes interconnected in
some topology (e.g., half-wave rectifier, single-stage volt-
age multiplier, etc.), followed by a low-pass filter (LPF) [6].
The amount of harvested energy is determined by the RF-
to-DC energy conversion efficiency, which depends on the
implementation of the EH circuit [6] and the input waveform
(power and shape) [7]. The non-linear relationship of the RF-
to-DC energy conversion efficiency with the input waveform
under a diodes-based EH circuit implementation triggered
a number of studies on the characterization of these non-
linearities and the design of efficient SWIPT waveforms that
maximize the harvested power for a given transmit power,
along with relevant prototyping and experimental validation
activities [8], [9], [10]. These research works revealed that
the rectifier’s non-linearity is beneficial in terms of EH effi-
ciency, provided that it is exploited in the design of SWIPT
waveforms.
5G networks are highly complex and dynamic systems.

For instance, the access points commonly employ adaptive
transmission techniques to enhance the performance under
the variability of the wireless channel. In this context, they
freely choose, among other things, the applied modulation
scheme in each transmission slot, typically based on link
quality. However, the knowledge of the modulation type at
the receiver is a prerequisite for effective demodulation. The
use of blind modulation classification (MC) methods solves
this problem in a spectrally efficient way, since it avoids the
transmission of training sequences/pilot symbols for modu-
lation identification purposes [11]. Blind MC schemes are
divided into likelihood-based (LB) and feature-based (FB).
The former methods perform better, but they suffer from
high computational complexity and require the sharing of
side information (e.g., carrier frequency) [12]. FB methods,
on the other hand, are low-complexity techniques that do
not require prior information [13], [14], [15].

A. MOTIVATION AND RELATED WORK
Frequency-domain (FD) SWIPT represents an alternative to
TS-/PS-SWIPT, which is based on the separation of the IT
and PT waveforms in the frequency domain and the direct
extraction of the corresponding streams at the receiver using
appropriate filters, thus enhancing the utilization efficiency of
the available resources. Moreover, certain designs leverage
sufficient IT/PT signal separation at the frequency domain to
avoid the use of a diodes-based rectifier, which constitutes
an additional hardware component that increases the cost
and size of the device; they rely instead on direct down-
conversion achieved via local oscillators (LO) that operate

in the frequency of the PT signal’s tones. This approach is
motivated by the fact that contemporary wireless sensors/IoT
nodes are typically equipped already with ultra-low-power
LOs/mixers for data detection purposes that consume only
around 120–520 microwatts [16], [17], [18], which is within
the harvested RF energy range.
In [19] and [20], the DC sub-carrier of an orthogonal

frequency division multiplexing (OFDM) IT signal is used
as a PT signal. In the former study, the receiver extracts the
DC PT signal using a local oscillator operating at the carrier
frequency and a DC LPF. The latter work, on the other hand,
proposes a frequency-splitting (FS) receiver architecture that
makes use of a three-port circulator and a notch filter to sep-
arate the PT and IT signals. The utilization of a conventional
diodes-based rectifier is assumed in this case. The authors
showed that the proposed scheme outperforms PS-SWIPT in
the presence of high power amplifier (HPA) non-linearities.
Another type of FD-SWIPT waveform, which is based on
superimposing a continuous-phase modulation (CPM) IT sig-
nal and a multitone PT signal, is described in [21]. The
use of the latter is dictated by spectral regulations, which
might prevent the transmission of a single high-power tone
as in [19], [20]. Furthermore, multitone energy signals are
easy to generate and they significantly boost the average
harvested power when a non-linear rectifier circuit is uti-
lized for RF-to-DC energy conversion purposes, as it has
been shown by experimental works [22]. In this study, the
authors use a combination of peak and notch filters to sep-
arate the PT and IT signals, respectively, over an additive
white Gaussian noise (AWGN) channel. The PT components
are placed at the spectral nulls or/and low-power sub-bands
of the CPM signal to minimize the interference induced to the
IT signal and reduce the attenuation of that signal caused by
the non-ideal characteristics of practical filters (i.e., energy
leakage). This design is compatible with both types of EH
circuit implementations, i.e., diodes-based rectifier and local
oscillators-based down-converter, thus providing greater flex-
ibility. The downside of these FD-SWIPT techniques is that
they require the utilization of additional filters at the receiver
for IT/PT signal separation, thus increasing the cost.
The application of FB-MC schemes in wireless commu-

nication systems has been studied manifold in the literature.
These works introduced algorithms that extract instantaneous
features (amplitude, frequency, phase) [23]; transformation-
based features via Fourier and wavelet transforms [24];
statistical features by using high-order cumulants [25]; cyclo-
stationary features [26], etc. Nevertheless, the coexistence of
MC with EH in SWIPT systems in general and FD-SWIPT
setups in particular under the potential interference induced
to the information streams by wireless power supply has not
been investigated yet, to the best of the authors’ knowledge.

B. CONTRIBUTIONS
In this work we propose a novel FD-SWIPT approach,
where waveform design is based on the frequency domain
multiplexing of a modulation signal with a multitone PT
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FIGURE 1. Power spectral density of the proposed FD-SWIPT waveforms, where
different modulated information signals are superimposed with a two-tones energy
signal.

signal. The considered framework consists of placing the
frequency components of the PT signal at the spectral nulls
and/or low-power sub-bands that characterize the power
spectral density (PSD) of the IT signal, so that the result-
ing multitone interference is minimized. In contrast to prior
studies, though, we argue that sufficient separability of the
IT and PT signals in the frequency domain can avoid the
use of expensive, yet non-ideal notch/peak filters altogether.
Under this context, we investigate the performance of the
proposed FD-SWIPT design for various modulation schemes
in the absence of receive filters. Therefore, we consider in the
analytical studies and numerical simulations the, low under
proper waveform design as mentioned earlier but non-zero
nevertheless, multitone interference. Also, for the analytical
characterization of the probability of error to have practical
value, we take into account the frequency synchronization
errors that are typically observed in actual implementa-
tions and quantify their performance impact. This commonly
occurring phenomenon, which is often neglected in relevant
studies, is mainly attributed to a mismatch in the frequency
of the oscillators at the transmitter and the receiver as well
as to Doppler shifts [27] and it significantly affects the error
rate performance.
An example of the proposed FD-SWIPT waveforms

for different modulations–namely, binary phase shift key-
ing (BPSK), quadrature PSK (QPSK), minimum shift
keying (MSK), and 16-quadrature amplitude modulation
(16-QAM)–, is illustrated in Fig. 1. In this case, we con-
sider a PT signal with N = 2 tones fi (i = 1, . . . ,N) that
are placed in the low-power sub-bands of the modulation
signal. For MSK signals, the locations of the energy tones
are 0.75/Tb and 0.65/Tb, with the first frequency null at
fTb = 0.75, where Tb is the bit duration. The normalized

tone spacing is � = 0.1 and λ denotes the threshold that
defines the low-power sub-band. The latter is considered in
the design of the PT waveform in Section IV-B.
We should mention that the proposed design approach

supports RF-to-DC energy conversion via a bank of ultra-
low-power LOs and mixers, in line with the stringent
cost, energy consumption, and size constraints of wireless
sensors and IoT terminals. This fact justifies the consid-
eration of conventional modulation schemes, since there
are no diodes-based non-linearities to exploit in this case.
Nonetheless, the proposed scheme provides the flexibility of
using commercial-off-the-shelf (COTS) devices that adopt
a diodes-based rectifier (and a PS receiver architecture, for
that matter) for EH purposes as well. In this scenario, the
utilization of the multitone PT signal is beneficial, in terms
of EH efficiency.
The integration of the SWIPT and blind MC con-

cepts constitutes a promising approach for realizing
energy-autonomous and radio-aware wireless communication
systems that are able to respond to the constantly increas-
ing demands for efficient connectivity [28]. For instance,
MC functionality could facilitate data detection or foster the
monitoring of interfering signals. Within this context, we
study the coexistence of the proposed FD-SWIPT design
framework with FB-MC under the minimized, yet non-zero
multitone interference induced to the IT signal. The use of
blind MC in the context of FD-SWIPT receivers, and espe-
cially under multitone interference, has not been previously
investigated, to the best of our knowledge.
Numerical simulations highlight the substantial

performance gains of the proposed FD-SWIPT scheme,
in terms of the achieved data rate and harvested power,
against conventional PS-SWIPT architectures. Furthermore,
the simulation results indicate that the resulting detection
performance loss is negligible, as well as that the success
rate of MC is high even in the low signal-to-noise-ratio
(SNR) regime.
The unique contributions of this paper that set it apart

from similar studies, such as the work in [21], are listed
below:

• We analytically derive the average error probability
for various proposed FD-SWIPT waveforms, assum-
ing a point-to-point Rayleigh fading channel, in the
presence of multitone interference and considering
a system with or without frequency synchronization
errors, respectively.

• We optimize the power of the energy signal’s tones
such that the signal-to-interference-ratio (SIR) of the
IT signal is maximized under the EH and tones’ power
constraints.

• We apply an FB-MC scheme that exploits the loca-
tion of the PT tones and study its integration in the
FD-SWIPT receiver. Feature-extraction is based on the
discrete Fourier transform (DFT) of the absolute value
of the discrete low-pass received signal.
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FIGURE 2. Block diagram of the proposed FD-SWIPT transmitter (Tx) and receiver (Rx).

• The proposed concept is experimentally validated via
measurements performed in a realistic indoor propa-
gation environment by using a software-defined radio
(SDR)-based testbed and COTS powercast modules.

• We evaluate the performance of the proposed FD-
SWIPT method via numerical simulation studies.
We consider either an LOs-based receiver without
notch/peak filters or a PS-based one, for comparison
purposes. We also consider the, widely adopted in the
literature, piecewise linear and sigmoidal EH models
in the latter scenario to capture the non-linear behavior
of the diodes-based rectifier circuit. Numerical results
reveal the impact of various parameters on system’s
performance and highlight the performance gains of
the proposed design.

This paper is structured as follows: Section II introduces
the system model as well as the considered non-linear EH
models and performance metrics. Section III focuses on
the error rate analysis of the proposed FD-SWIPT wave-
forms. Section IV presents the blind MC algorithm and
the optimization of the multitone energy signal. Section V
describes the experimental validation and presents the
numerical simulation results. Finally, Section VI provides
our conclusions. The mathematical proofs are given in
Appendices.

II. FD-SWIPT SYSTEM MODEL
A. TRANSMITTER
The block diagram of the proposed FD-SWIPT transmit-
ter is depicted in Fig. 2. At the transmitter, information
is modulated using a conventional modulation scheme and
then the modulated signal is up-converted. Also, a multitone
energy signal is generated, with a controllable frequency
and amplitude for each tone. The modulated data signal
and the multitone energy signal are filtered, amplified, and
combined; then, the composite signal is transmitted.
Hence, the transmitted FD-SWIPT signal x(t) can be

expressed as

x(t) = xIT(t) + xPT(t), (1)

where xIT(t) denotes the modulated IT signal and xPT(t)
represents the multitone PT signal. The latter signal can be
written as

xPT(t) =
N∑

i=1

αi cos(wct + wit + θi), (2)

where αi and wi denote the i-th tone’s amplitude and angular
frequency, respectively (i = 1, . . . ,N; wi = 2π fi), which are
design parameters of the PT signal; wc refers to the angular
carrier frequency (wc = 2π fc); N represents the number
of tones; and θi denotes the phases, which are arbitrary.
We define the SIR of the IT signal for the i-th tone as
SIRi = S2/α2

i , where S denotes the amplitude of the carrier
signal. The modulated IT signal for the various modulation
schemes is defined next.

1) BPSK SIGNAL

The BPSK modulated information signal is defined in terms
of orthonormal basis functions φb(t) as

xITb(t) = sbφb(t), (3)

where φb(t) =
√

2
Tb

cos(wct), 0 ≤ t ≤ Tb, and sb = ±√
Eb

refers to the coordinates of the message points, Eb denotes
the bit energy and Tb is the bit duration. The PSD of the
BPSK modulated signal is expressed as [29]

S(f ) = 2Eb

[
sin(π fTb)

π fTb

]2

. (4)

From eq. (4), we can compute the spectral null frequencies
of the BPSK modulated signal as

S(f ) = 2Eb

[
sin(π fTb)

π fTb

]2

= 0 ⇒ fTb = n, (5)

where n is integer and the first null is at n = 1, i.e., fTb = 1
as shown in Fig. 1a.

2) QPSK SIGNAL

The QPSK modulated information signal is defined in terms
of orthonormal basis functions φq1(t) and φq2(t) as [29]

xITq(t) = sq1φq1(t) + sq2φq2(t), (6)

where

2φq1(t) =
√

2

Ts
cos(wct), 0 ≤ t ≤ Ts, (7a)

φq2(t) =
√

2

Ts
sin(wct), 0 ≤ t ≤ Ts. (7b)

In eq. (6), the tuple (sq1, sq2) = (±√
Es,±√

Es) refers to the
coordinates of the message points, where Es = 2Eb denotes
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the symbol energy and Ts = 2Tb is the symbol duration. The
PSD of the QPSK modulated signal is expressed as [29]

S(f ) = 4Eb

[
sin(2π fTb)

2π fTb

]2

. (8)

Thus, the spectral null frequencies of the QPSK modulated
signal are obtained as

S(f ) = 4Eb

[
sin(2π fTb)

2π fTb

]2

= 0 ⇒ fTb = n/2, (9)

where the first null is at n = 1, i.e., fTb = 0.5 as shown in
Fig. 1b.

3) MSK SIGNAL

The MSK modulated information signal is defined in terms
of orthonormal basis functions φm1(t) and φm2(t) as [30]

xITm(t) = sm1φm1(t) + sm2φm2(t), (10)

where

φm1(t) =
√

2

Tb
cos

(
π t

2Tb

)
cos(wct), −Tb ≤ t ≤ Tb, (11a)

φm2(t) =
√

2

Tb
sin

(
π t

2Tb

)
sin(wct), 0 ≤ t ≤ 2Tb. (11b)

In eq. (10), the tuple (sm1 , sm2) = (±√
Eb,±√

Eb) refers to
the coordinates of the message points. The PSD of the MSK
modulated signal is expressed as [31]

S(f ) = 32Eb
π2

[
cos(2π fTb)

1 − (4fTb)2

]2

. (12)

Thus, we can compute the spectral null frequencies of the
MSK modulated signal as follows:

S(f ) = 32Eb
π2

[
cos(2π fTb)

1 − (4fTb)2

]2

= 0 ⇒ fTb = 2n+ 1

4
, (13)

where the first null is at n = 1, i.e., fTb = 0.75 as shown in
Fig. 1c.

4) 16-QAM SIGNAL

The 16-QAM modulated information signal is defined in
terms of orthonormal basis functions φq1(t) and φq2(t) as [29]

xITq̄(t) = sq̄1φq1(t) + sq̄2φq2(t), (14)

where sq̄1, sq̄2 ∈ {±√
Es/

√
10,±3

√
Es/

√
10} refer to the

coordinates of the message points, Ts = 4Tb and Es = 4Eb.
The PSD of the 16-QAM modulated signal is expressed
as [29]

S(f ) = 8Eb

[
sin(4π fTb)

4π fTb

]2

. (15)

Thus, the first null of the 16-QAM modulated signal is at
fTb = 0.25 as shown in Fig. 1d.

B. RECEIVER
The block diagram of the proposed FD-SWIPT receiver
is shown in Fig. 2. By assuming a transmission over
an independent and identically distributed (i.i.d.) Rayleigh
block fading channel with AWGN, the received baseband
equivalent signal is given by

y(t) = hx(t) + n(t), (16)

where h denotes the i.i.d. zero-mean complex Gaussian chan-
nel impulse response with a unit variance and n(t) represents
the AWGN with a variance N0.

As illustrated in Fig. 2, in the EH branch the received
signal y(t) is forwarded to the RF-to-DC energy conversion
circuit, which is based on a bank of local oscillators that
operate in the frequencies of the energy tones followed by an
LPF, thus translating the PT signal’s tones to DC. Then, the
DC power at the output charges the battery. Similarly, in the
ID branch, the received signal is converted to baseband with
the assistance of a local oscillator operating at the carrier
frequency. Next, it is passed through the MC circuit and
the demodulator. The decoded data are finally send to the
information sink. Notice that baseband conversion in the ID
branch for data detection purposes gives rise to additional
i.i.d. zero-mean complex Gaussian circuit noise nc(t) with a
variance Nc.
The RF-to-DC energy conversion circuit employs direct

down-conversion of the PT signal’s tones by using the,
already in place for data detection purposes, ultra-low-
power LOs and mixers of the receiver, as described earlier.
Therefore, it reduces the complexity, cost, and size of
the EH circuit in comparison to a diodes-based rectifier
implementation. However, the proposed FD-SWIPT wave-
form supports also diodes-based rectifier or/and PS-SWIPT
receiver architectures as well, as already mentioned. Such
compatibility facilitates its practical application with cur-
rently available COTS hardware and, therefore, accelerates
its potential adoption by standards.
This concept is similar to the FD-SWIPT design in [21],

as stated in Section II-B of this cited work: “The EH can
be formed by using a rectifier [· · · ]. Another alternative is
to use direct down conversion at frequencies used for the
PT signal.” and again in Section IV-B: “The EH module for
CPM-SWIPT can be implemented without diodes, by using
the RF-to-DC conversion of the PT tones, through local
oscillators operating at the tone frequencies.” However, in
our approach, no notch filters are required in the ID branch,
in contrast to [21], since with proper waveform design the
multitone interference is negligible and does not essentially
degrade the data detection performance, as we shall see in
the subsequent sections.
When a conventional PS-based receiver is uti-

lized [32], [33], a portion ρ of the received signal’s power is
allocated to the EH branch and the remaining portion (1−ρ)

is allocated to the ID branch, where 0 < ρ < 1 is the PS
factor. Thus, the received signal at the input of the RF-to-
DC energy conversion unit (which might be a diodes-based
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rectifier) in the EH branch and the demodulator in the ID
branch (i.e., after baseband conversion) in this case is given,
respectively, by

yPT(t) = √
ρy(t), yIT(t) = √

(1 − ρ)y(t) + nc(t). (17)

C. HARVESTED ENERGY
The instantaneous power of the received RF signal, ignoring
the negligible AWGN power, is given by

Pr = |y(t)|2 = |h|2P, (18)

where P is the transmit power.
When a local oscillators-based receiver is utilized, the

harvested DC power is given by

PDC = |hxPT(t)|2 = |h|2
N∑

i=1

α2
i . (19)

When a PS-SWIPT receiver with a diodes-based rectifier
is used, on the other hand, the instantaneous power at the
input of the RF-to-DC energy conversion unit is PEH = ρPr.
We consider two well-known EH models that capture the
non-linear behavior of the rectifying diodes, namely, the
piecewise linear and the sigmoidal models. Under the former
model, which is widely adopted due to its mathematical
tractability, the harvested DC power at the output of the EH
circuit can be written as [33], [34]

PDC =
⎧
⎨

⎩

0, ρPr < Pth1;
η
(
ρPr − Pth1

)
, Pth1 ≤ ρPr ≤ Pth2;

ηPth2 , ρPr > Pth2 ,

(20)

where 0 < η < 1 represents the RF-to-DC conversion
efficiency, while Pth1 and Pth2 denote the sensitivity and
saturation thresholds of the rectifier circuit, respectively.
Under the non-linear sigmoidal model, in turn, the

harvested DC power is given by [34], [35]

PDC = Pth2(
r − 
)

1 − 

, (21a)


r = 1

1 + e−a1(ρPr−a2)
, 
 = 1

1 + ea1a2
, (21b)

where the parameters a1 and a2 are constants related to the
specifications of the EH circuit.
Equations (20) and (21) reveal the negative impact of the

power splitting ratio ρ and the energy conversion efficiency
factor η on the harvested DC power in PS-SWIPT receivers
with diodes-based rectifiers. The different expressions of the
harvested DC power according to the applied EH method
and model are summarized in Table 1.

D. ERGODIC CAPACITY
The instantaneous power of the received signal (neglect-
ing AWGN) at the ID branch of the local oscillators-based
receiver, Pr,LO, and the PS-based receiver, Pr,PS, is given by

Pr,LO = |h|2
N∑

i=1

α2
i , Pr,PS = (1 − ρ)|h|2P. (22)

TABLE 1. Harvested power expressions for different EH methods and models.

Thus, the instantaneous receive SNR is expressed as

SNRLO = |h|2∑N
i=1 α2

i

N0 + Nc
, SNRPS = |h|2P

N0 + Nc
(1−ρ)

. (23)

The ergodic capacity is given by Rx = E{log2(1+SNRx)},
with x ∈ {LO, PS}. In eq. (23), we note the negative impact
of the power splitting ratio ρ on the SNR and, therefore, on
the ergodic capacity of PS-SWIPT systems.

III. ERROR RATE ANALYSIS
In this section, we evaluate the overall average error prob-
ability of the proposed FD-SWIPT system for various
modulation schemes over a Rayleigh fading channel, by con-
sidering the presence of multitone interference and frequency
synchronization errors.

A. BPSK
The BPSK demodulation is implemented via a correlator
receiver. By assuming initially an AWGN channel with a
frequency synchronization error (wo = 2π fo), the integra-
tor output at the ID circuit in the presence of multitone
interference is expressed as

r =
∫ Tb

0

√
2

Tb
cos(wct + wot)

× [
xITb(t) + xPT(t) + n(t)

]
dt. (24)

After simplifying the above integral (see Appendix A),
we obtain

r = √
Eb(A+ B) + N0, (25)

where

A = sin(2π foTb)

2π foTb
and

B =
N∑

i=1

sin [2π(fi − fo)Tb + θi] − sin θi√
SIRi 2π(fi − fo)Tb

.

Then, the probability of error is given by

Pe = 1

2
erfc

[√
SNR(A+ B)

]
, (26)

where SNR = Eb/N0 = S2Tb/2N0 and the complementary

error function erfc(·) is defined as erfc(x)
�= 2√

π

∫∞
x e−t2dt.
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Next, we compute the error probability in the presence
of a standard (i.e., normalized) i.i.d. Rayleigh fading. Under
this context, the probability density function (PDF) of h
is given by fH(h) = 2he−h2

. Hence, the PDF of fading
power b = |h|2 is equal to fB(b) = e−b. From eq. (26), we
can compute the average error probability over a Rayleigh
fading as

Pavg =
∫ ∞

0

1

2
erfc

[√
b
√
SNR(A+ B)

]
e−bdb. (27)

After solving the above integral (see Appendix A), we
obtain the overall average error probability over a Rayleigh
fading channel as

Pavg = 1

2

[
1 −

√
�

� + 1

]
, (28)

where � = SNR(A+B)2. At high SNRs, the overall asymp-
totic average error probability is approximately given as
Pavg ≈ 1

4�
.

Special Case I: In the ideal case where fo = 0, the overall
average error probability is given by replacing � with �0 in
eq. (28), where �0 = SNR(1 +∑N

i=1
sin [2π fiTb+θi]−sin θi√

SIRi 2π fiTb
)2.

B. QPSK
The QPSK demodulation is implemented via a conventional
I/Q architecture, where I and Q stand for the in-phase
and quadrature branches, respectively. By using the same
approach as in the BPSK case, we express the integrator
output at the ID circuit for the I-branch as

rI =
∫ Ts

0

√
2

Ts
cos(wct + wot)

× [
xITq(t) + xPT(t) + n(t)

]
dt. (29)

After simplifying the above integral (see Appendix B), we
have

r = √
Es(AI + BI) + N0, (30)

where

AI = sin(2π foTs) + cos(2π foTs) − 1

2π foTs
, and

BI =
N∑

i=1

sin [2π(fi − fo)Ts + θi] − sin θi√
SIRi 2π(fi − fo)Ts

.

Then, the probability of error for the I-branch is
obtained as

PeI = 1

2
erfc

[√
SNR(AI + BI)

]
. (31)

Similarly, the integrator output for the Q-branch is
given by

rQ =
∫ Ts

0

√
2

Ts
sin(wct + wot)

× [
xITq(t) + xPT(t) + n(t)

]
dt. (32)

After simplifying the above integral, we express the
probability of error for the Q-branch as (see Appendix B)

PeQ = 1

2
erfc

[√
SNR

(
AQ + BQ

)]
, (33)

where

AQ = sin(2π foTs) − cos(2π foTs) + 1

2π foTs
, and

BQ =
N∑

i=1

cos [2π(fi − fo)Ts + θi] − cos θi√
SIRi 2π(fi − fo)Ts

.

Similar to eq. (28), we express the average error proba-
bility over a Rayleigh fading for the I-branch as

PavgI = 1

2

[
1 −

√
�I

�I + 1

]
, (34)

where �I = SNR(AI + BI)2.
For the Q-branch, we have

PavgQ = 1

2

[
1 −

√
�Q

�Q + 1

]
, (35)

where �Q = SNR(AQ + BQ)2.
Thus, the overall average probability of error over a

Rayleigh fading channel is given by

Pavg = 1

4

[
2 −

√
�I

�I + 1
−
√

�Q

�Q + 1

]
. (36)

Similarly, we approximately obtain the overall asymptotic
average error probability at high SNRs as Pavg ≈ 1

8 [ 1
�I

+ 1
�Q

].
Special Case II: When fo = 0, the overall average

error probability is given by replacing �I and �Q with
�I0 and �Q0 , respectively, in eq. (36), where �I0 =
SNR(1 + ∑N

i=1
sin [2π fiTs+θi]−sin θi√

SIRi 2π fiTs
)2 and �Q0 = SNR(1 +

∑N
i=1

cos [2π fiTs+θi]−cos θi√
SIRi 2π fiTs

)2.

C. MSK
The MSK demodulation is also implemented via an I/Q
architecture, similar to QPSK. By using the same approach
as previously, the integrator output for the I-branch assuming
an AWGN channel is expressed as

rI =
∫ Tb

−Tb

√
2

Tb
cos

(
π t

2Tb

)
cos(wct + wot)

× [
xITm(t) + xPT(t) + n(t)

]
dt. (37)

After simplifying the above integral (see Appendix C),
we get

rI = √
Eb(CI + DI) + N0, (38)

where

CI = sin(2π foTb)(1 − foTb)

2π foTb
(
1 − (2foTb)2

) , and
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DI =
N∑

i=1

4 cos θi cos(2π(fi − fo)Tb)

π
√
SIRi

[
1 − (4(fi − fo)Tb)2] .

The probability of error for the I-branch is obtained as

PeI = 1

2
erfc

[√
SNR(CI + DI)

]
. (39)

Now for the Q-branch, the integrator output is given as

rQ =
∫ 2Tb

0

√
2

Tb
sin

(
π t

2Tb

)
sin(wct + wot)

× [
xITm(t) + xPT(t) + n(t)

]
dt. (40)

After simplification, the probability of error for Q-branch
is obtained as (see Appendix C)

PeQ = 1

2
erfc

[√
SNR

(
CQ − DQ

)]
, (41)

where

CQ = sin(4π foTb) + 2foTb sin(2π foTb)

4π foTb
(
1 − (2foTb)2

) , and

DQ =
N∑

i=1

2
[
sin(4π(fi − fo)Tb + θi) + sin θi

]

π
√
SIRi

[
1 − (4(fi − fo)Tb)2] .

Similar to eq. (36), the overall average error probability
over a Rayleigh fading channel is obtained as

Pavg = 1

4

⎡

⎣2 −
√

�̄I

�̄I + 1
−
√

�̄Q

�̄Q + 1

⎤

⎦, (42)

where �̄I = SNR(CI + DI)2 and �̄Q = SNR(CQ − DQ)2.
Now, at high SNRs, the overall asymptotic average error
probability is given as Pavg ≈ 1

8 [ 1
�̄I

+ 1
�̄Q

].
Special Case III: When fo = 0, the overall average

error probability is given by replacing �̄I and �̄Q with
�̄I0 and �̄Q0 , respectively, in eq. (42), where �̄I0 =
SNR(1 + ∑N

i=1
4 cos θi cos(2π fiTb)

π
√
SIRi[1−(4fiTb)2]

)2 and �̄Q0 = SNR(1 +
∑N

i=1
2[ sin(4π fiTb+θi)+sin θi]

π
√
SIRi[1−(4fiTb)2]

)2.

D. 16-QAM
The 16-QAM demodulator is another example of an I/Q
demodulation architecture. By assuming initially an AWGN
channel as previously, the integrator output for the I-branch
is expressed as

rI =
∫ Ts

0

√
2

Ts
cos(wct + wot)

× [
xITq̄(t) + xPT(t) + n(t)

]
dt. (43)

After simplifying the above integral (see Appendix D),
we obtain the probability of error for the I-branch as

PeI ≈ 3

8
erfc

[√
SNR

(√
2

5
AI + BI√

5

)]
. (44)

Now, the integrator output for the Q-branch is given as

rQ =
∫ Ts

0

√
2

Ts
sin(wct + wot)

× [
xITq̄(t) + xPT(t) + n(t)

]
dt. (45)

The probability of error for the Q-branch is obtained as
(see Appendix D)

PeQ ≈ 3

8
erfc

[√
SNR

(√
2

5
AQ + BQ√

5

)]
. (46)

Similar to eq. (36), the overall average error probability
over a Rayleigh fading channel is obtained as

Pavg = 3

16

⎡

⎣2 −
√

�̃I

�̃I + 1
−
√

�̃Q

�̃Q + 1

⎤

⎦, (47)

where �̃I = SNR(

√
2
5AI + BI√

5
)2 and �̃Q = SNR(

√
2
5AQ +

BQ√
5
)2. In the same way, we obtain the overall

asymptotic average error probability at high SNRs as
Pavg ≈ 3

32 [ 1
�̃I

+ 1
�̃Q

].

Special Case IV: When fo = 0, the overall average
error probability is given by replacing �̃I and �̃Q with
�̃I0 and �̃Q0 , respectively, in eq. (47), where �̃I0 =
SNR(

√
2
5 +∑N

i=1
sin [2π fiTs+θi]−sin θi√

5
√
SIRi 2π fiTs

)2 and �̃Q0 = SNR(

√
2
5 +

∑N
i=1

cos [2π fiTs+θi]−cos θi√
5
√
SIRi 2π fiTs

)2.

E. IMPACT OF FREQUENCY OFFSET AND MULTITONE
INTERFERENCE
The above analysis investigates the deterioration of the over-
all performance of the proposed FD-SWIPT system due
to the presence of carrier frequency offset and multitone
interference. Equations (28), (36), (42), and (47) have shown
that the presence of a frequency offset leads to a decrease in
SNR. Moreover, as the synchronization error increases, the
tones’ frequencies also start to deviate from their optimal
values, resulting in higher multitone interference and, there-
fore, higher error probability. In the ideal case where fo = 0,
only the multitone interference term is present. In order to
minimize the multitone interference, the tones of the energy
signal should be placed at the spectral null frequencies or
within the low-power sub-band of the data signal, as shown
in Fig. 1. Thus, by placing the energy tones at the appropri-
ate locations, we can harvest more power by lowering the
value of SIR, as dictated by the spectral power regulations.
Table 2 presents a summary of the error rate analysis for
the proposed FD-SWIPT waveforms.

IV. MODULATION CLASSIFICATION AND OPTIMIZATION
OF MULTITONE SIGNALS
A. MODULATION CLASSIFICATION
In this subsection, we present the adopted MC method for the
data signals that are superimposed with a multitone energy
signal in the proposed FD-SWIPT waveform. The MC is
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TABLE 2. Summary of error rate analysis.

based on the DFT of the absolute value of y[n], where y[n]
refers to the discrete baseband equivalent of y(t) obtained
via uniform sampling at times t = nTs with Ts denoting
the sampling interval. The DFT operation, which can be
efficiently implemented by using the fast Fourier transform
(FFT) algorithm, plays the role of a feature extraction tool
in this application: it exploits the location of the embedded
multitone energy signal to classify the proposed FD-SWIPT
waveforms. It can be expressed as

R̂[f ] = 1

K

K−1∑

n=0

|y[n]|e−j2πnf , (48)

where K is the DFT size. Once R̂[f ] is computed, the non-
zero peak frequency is estimated as f̂ = arg max|R̂[f ]f∈[u,v]|,
where u = fbwKTs/2 and v = 4fbwKTs are the lower and
upper interval boundaries, respectively, and fbw denotes the
3 dB signal bandwidth, obtained simply from the PSD of the
received signal [15]. Fig. 3 shows the distinctive features of
the proposed FD-SWIPT waveforms with a two-tones energy
signal for different modulation formats. It is observed that a
non-zero peak frequency for BPSK-, QPSK-, 16-QAM-, and
MSK-FD-SWIPT appears at f̂ = 1.9fs, f̂ = 1.8fs, f̂ = 1.6fs,
and f̂ = 1.4fs, respectively. Thus, we can efficiently classify
the proposed FD-SWIPT waveforms via the FFT algorithm.

B. DESIGN AND OPTIMIZATION OF THE PT SIGNAL
We consider an FD-SWIPT waveform with N energy tones
and a normalized tone spacing equal to � = fiTb − fi+1Tb.
A low-power sub-band of the IT signal is defined as the
frequency interval [fx, fy] within which S(f ) ≤ λ, where

FIGURE 3. Non-zero peak frequency of the proposed FD-SWIPT waveforms with a
two-tones energy signal for different modulation formats: (a) BPSK; (b) QPSK;
(c) MSK; (d) 16-QAM.

fx < fy and fy corresponds to the location of a spectral null.
Thus, in order to place the PT signal’s tones, we use the
following approach: we place the first tone at fy and then
we move towards fx placing tones with step � until all tones
are placed within this sub-band or a tone is placed outside
this interval. In the latter case, we place this tone (and any
other remaining tones) at another low-power sub-band using
the same procedure, until all tones are placed.
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Next, we focus on the optimization of the tones’ power,
such that the instantaneous SIR of the IT signal is maxi-
mized (and, therefore, the degrading effect of the multitone
interference to the error rate performance is minimized) sub-
ject to the EH and tones’ power constraints. Note that
P = PIT+PPT ⇔ PPT = P−PIT ⇔ ∑N

i=1 Pi = P−S2 = PT,
where PIT = S2 denotes the power of the IT signal,
PPT = ∑N

i=1 Pi represents the power of the PT signal,
Pi = α2

i is the power of the i-th tone, and PT = P − S2

corresponds to the effective power budget of the PT sig-
nal, i = 1, . . . ,N. The SIR of the IT signal is given by
SIR = PIT/PPT = S2/

∑N
i=1 Pi. Since S

2 is fixed, instead of
maximizing the SIR, we can equivalently minimize PPT. To
this end, we let PPT ≤ PT. This essentially means that we
let the transmit power P to get reduced, if required, without
affecting though the power of the IT signal. At the same
time, we want to ensure that PDC ≥ E, where E > 0 is the
minimum required harvested power, and Pi ≤ λ ∀i.

Based on the above and assuming a local oscillators-based
EH circuit, the optimization problem is formulated as:

(P1): min{Pi≥0} sumNi=1Pi (49a)

s.t. |h|2
N∑

i=1

Pi ≥ E, (49b)

N∑

i=1

Pi ≤ PT , (49c)

Pi ≤ λ, i = 1, . . . ,N. (49d)

Let’s consider now a PS-SWIPT receiver where the RF-to-
DC energy conversion unit is implemented as a diodes-based
rectifier. Under a linear piecewise EH model, we have to
replace the left-hand side of Eq. (49b) by Eq. (20), with
Pr given by Eq. (18) by replacing P with

∑N
i=1 Pi + S2.

Under a parametric EH model, on the other hand, we have
to replace Eq. (49b) by |h|2(∑N

i=1 Pi + S2) ≥ P−1
DC(E) � Ē,

where PDC is given by Eq. (21) and Ē > 0. The solution
of these optimization problems results to an equal power
allocation among the N tones.

V. EXPERIMENTS AND SIMULATIONS
A. TESTBED SETUP AND EXPERIMENTAL VALIDATION
As mentioned earlier, the proposed FD-SWIPT technique is
suitable for application in systems with conventional COTS
receivers that make use of a diodes-based rectifier. In this
section, we experimentally validate this argument in an
indoor propagation environment. The SDR-based prototype
testbed setup is shown in Fig. 4. The testbed implementa-
tion chain is divided into hardware and software modules.
The hardware consists of a personal computer that dis-
plays the results of the experiment; a National Instruments
(NI) universal software radio peripheral (USRP)-2920, which
acts as the transmitter as well as the ID branch of the
receiver; a powercast P21XXCSR-EVB evaluation board,
which plays the role of the EH circuit, harvesting the RF

FIGURE 4. SDR-based prototype testbed setup.

TABLE 3. Experimental setup.

power of the received composite signal and converting it to
DC power via a diodes-based rectifier followed by a LPF;
and a microchip MRF24J40 access point, which sends these
values to the personal computer [36], [37]. The software
refers to the RealTerm and LabVIEW programs. The for-
mer is required to display the harvested DC power values,
while the latter provides transmitter-receiver configuration
capabilities and allows us to feed the experimental data
to LabVIEW-embedded MATLAB scripts for performance
evaluation purposes [38]. The system has one antenna at
the transmitter for information transfer and two antennas at
the receiver, one connected to the EH branch and another
connected to the ID branch. Note that the software emulates
the two separate ID and EH receivers as a single device
with collocated ID and EH units, although under the pur-
pose of this experiment it doesn’t really matter whether we
consider a separate receivers architecture or a PS-SWIPT
one with collocated ID/EH units. Furthermore, the former
setup is just a special case of PS-SWIPT with ρ = 1 and,
therefore, 1 −ρ = 0. The experimental setup is described in
Table 3.
The transmitter consists of a USRP-2920 unit and the

LabVIEW software. It broadcasts an FD-SWIPT RF signal
with a center frequency fc = 915 MHz, which corresponds to
the carrier frequency of the modulation signal and it is a stan-
dardized frequency of operation for powercast devices [37].
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FIGURE 5. Harvested power vs. Tx-Rx distance for different number of energy tones
assuming a 30 dB transmission gain.

The transmit gain, RF carrier frequency, sampling rate, and
modulation can be easily changed in LabVIEW.
The receiver consists of a USRP-2920 unit, a P21XXCSR-

EVB board, a microchip MRF24J40 access point, LabVIEW,
and RealTerm. We initially turn our attention to the ID
branch. RF signal acquisition-related parameters are con-
figured via LabVIEW. These include the start trigger time,
the carrier frequency, the receive gain, and the sampling
rate. The received RF signal is then down-converted to the
baseband. The processing of the baseband signal is con-
trolled by the LabVIEW MathScript in realtime. Next, the
digitized received signal is fed to a LabVIEW-embedded
MATLAB script, which enables us to run various numerical
simulations and assess, for instance, the average error prob-
ability or the information rate. Then, the MC algorithm is
performed to classify the proposed FD-SWIPT modulations.
Finally, NI-USRP modulation toolkit modules are used in
the ID branch to retrieve the original transmitted signal (i.e.,
to perform demodulation).
In the EH branch, the relevant receiver components are the

powercast P21XXCSR-EVB sensor board and the microchip
access point for wireless power transfer, as mentioned
previously. Powercast first converts the RF energy to regu-
lated DC. This DC information is read by the sensor board
and is converted into a data packet. Then, this packet is sent
by an on-board microchip RF transceiver to the microchip
access point by using the MiWi point-to-point low power
protocol [37]. Finally, the collected sensor data are sent by
the microchip access point to the personal computer via a
universal serial bus connection and are displayed using the
RealTerm software.
In the experiment, we varied the distance between the

transmitter and the receiver and fixed the USRP transmission
gain at 30 dB. Each transmission frame lasted approxi-
mately 300 seconds and we displayed the average harvested
power at each instant. Fig. 5 shows the harvested power

FIGURE 6. Rate-Energy region of the proposed FD-SWIPT for different receivers and
EH models.

as a function of transmitter-receiver (Tx-Rx) distance for
different waveforms with varying number of multitones.
This test demonstrates the validity of the proposed technique,
even under a diodes-based EH circuit implementation. It is
also observed that by superimposing more energy tones,
for a given transmit power, we can harvest more power,
as expected, due to the high peak to average power ratio
(PAPR) of the multitone energy signal which improves the
overall energy conversion efficiency of the proposed FD-
SWIPT system under the non-linearities of the diodes-based
rectifier. It is also noted that the performance degrades as
the propagation distance increases, as expected.

B. NUMERICAL SIMULATIONS
We evaluate the performance of the proposed FD-SWIPT
system through numerical simulations. We assume a
Rayleigh block fading channel with a unit variance. We set
the sampling rate at 1 MSamples/s and consider 10 sam-
ples per symbol. The phases θi follow a uniform distribution
in [0, 2π ], while the normalized tone spacing is � = 0.1.
The RF-EH conversion efficiency, sensitivity and satura-
tion thresholds, and receive noise variance are set to 0.8,
−20 dBm, 10 dBm, and −35 dBm, respectively [33],
[34]. The EH circuit specifications are a1 = 1500 and
a2 = 0.0022 [34]. We consider 105 iterations with 10000
transmitted samples in each one.
In Fig. 6, we plot the rate–energy (R–E) region of an

FD-SWIPT waveform consisting of an IT signal and a
superimposed three-tones PT signal for the cases where
an LOs-based receiver is employed (blue curve) or a con-
ventional PS-SWIPT receiver that utilizes a diodes-based
rectifier is adopted, assuming either a piecewise (red curve)
or a sigmoidal (purple curve) EH model in the latter scenario.
We also plot the R–E region for the piecewise EH model case
when a pure IT signal (without PT tones superimposed on it)
is transmitted (black curve). Since in the PS-based receiver
only a portion of the received RF power is fed to the EH
circuit, we scale the power at the EH and ID branches of
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FIGURE 7. Pe vs. SNR: Theoretical vs. simulation results for (a) BPSK-FD-SWIPT, (b) QPSK-FD-SWIPT, (c) MSK-FD-SWIPT, and (d) 16-QAM-FD-SWIPT.

the LOs-based receiver accordingly, for comparison fairness
purposes (i.e., to remove the inefficiency of PS-SWIPT from
our comparisons). We note that: i) the LOs-based receiver
(blue curve) harvests more power than the diodes-based rec-
tifier regardless of the considered EH model (red and purple
curves), due to the lower energy conversion efficiency of
the latter; and ii) the transmission of a multitone PT sig-
nal along with the IT signal improves the energy rate when
a diodes-based rectifier is used (red and purple curves vs.
black curve), as expected, due to the non-linearities of the
rectifier.
Fig. 7 plots both the simulated (S) and the theoretical

(T) probability of error (Pe) for BPSK-, QPSK-, MSK-, 16-
QAM-FD-SWIPT versus SNR, respectively. It is observed
that the FD-SWIPT waveform achieves the same error rate
performance with a corresponding modulation signal, i.e.,
with proper design, the multitone interference is negligible.
As we shift the tones of the PT signal to the high-power
sub-bands, however, we notice that the error probability
starts to increase, as expected, due to the higher interference
levels.
Fig. 8 repeats the previous test in the presence of a

frequency synchronization error. The frequency offset is
normalized to the symbol rate (ε = fo/fs). It is noticed

that for a low value of ε, the FD-SWIPT waveform can
achieve the same error performance with a corresponding
modulation signal. As the synchronization error increases,
the error probability starts to increase as well, as expected,
since the incurred multitone interference gets higher as
the tones’ frequencies start to deviate from their optimal
values.
Fig. 9a presents the probability of error versus the SNR

for a Gaussian MSK (GMSK1)-FD-SWIPT waveform. It
is observed that GMSK-FD-SWIPT can achieve almost the
same error performance as the MSK-FD-SWIPT waveform.

Fig. 9b illustrates the percentage of correct modulation
classification (Pcc) versus SNR for the proposed FD-SWIPT
waveform. The modulation classifier requires only 1000 sym-
bols to work with sufficient precision. It is noticed that
the MC performance is good even at low SNR (especially
for QPSK), thus demonstrating again that the multitone
interference is negligible, and improves exponentially with
the SNR until it eventually converges to a floor, as
expected.

1. GMSK is obtained by filtering the MSK modulation with a Gaussian
filter. This results in a better utilization of the available frequency spectrum.
Also, GMSK is resilient against non-linear amplifier distortion. It has been
adopted by the GSM [39] and Bluetooth standards.
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FIGURE 8. Pe vs. SNR: Theoretical vs. simulation results in the presence of frequency synchronization error with a two-tones energy signal and (a) a BPSK or QPSK
modulation signal; (b) a MSK- or 16-QAM modulation signal.

FIGURE 9. (a) Pe vs. SNR: Simulation results for GMSK-SWIPT. (b) Percentage of correct modulation classification vs. SNR: Simulation results of the proposed FD-SWIPT
waveform with a two-tones energy signal.

VI. CONCLUSION
In this paper, we presented a novel FD-SWIPT waveform
design that supports EH circuit implementations based either
on rectifying diodes or local oscillators and allows the appli-
cation of an FB-MC scheme based on the DFT at the
receiver. The average error probability under various mod-
ulation schemes was derived in the presence of frequency
synchronization errors, multitone interference, and Rayleigh
fading. Numerical simulations have shown that by placing
the tones of the energy signal at the spectral nulls and/or
low-power sub-bands of the modulation signal, we can sig-
nificantly increase the harvested power and the data rate in
comparison to the conventional PS-SWIPT approach without
using notch/peak receive filters as well as closely approxi-
mate the error rate performance of pure modulation signals
and achieve MC with sufficiently high precision, thanks to
the minimization of the multitone interference. The proposed
design was experimentally validated via real-world measure-
ments in an indoor propagation environment. In the future,
we plan to extend this work by studying the performance
of an FD-SWIPT waveform that utilizes a multi-carrier IT
signal.

APPENDIX A
PROOF OF EQS. (26) AND (28)
By Substituting xITb(t) and xPT(t) in Eq. (24), we obtain

r =
∫ Tb

0

√
2

Tb
cos(wct + wot)

×
{√

2Eb
Tb

cos(wct) +
N∑

i=1

αi cos(wct + wit + θi) + n(t)

}
dt

=
√
Eb
Tb

∫ Tb

0
cos(wot)dt +

N∑

i=1

αi√
2Tb

×
∫ Tb

0
[cos(wit + θi) × cos(wot)

+ sin(wit + θi) sin(wot)]dt + N0. (50)

After simplifying the above integral, we have

r = √
Eb

sin(woTb)

woTb

+
N∑

i=1

αi sin[(wi − wo)Tb + θi] − sin θi√
2Tb (wi − wo)

+ N0,

= √
Eb(A+ B) + N0, (51)

VOLUME 2, 2021 2593



GUPTA et al.: FREQUENCY-DOMAIN SWIPT AND MODULATION CLASSIFICATION: DESIGN AND EXPERIMENTAL VALIDATION

where A and B are given in Section III-A. The error proba-
bility over an AWGN channel in the presence of frequency
offset and multitone interference is obtained as

Pe = 1

2
erfc

[√
SNR(A+ B)

]
. (52)

Now from eq. (27), we can find the average error
probability over a Rayleigh fading channel as

Pavg =
∫ ∞

0

1

2
erfc

[√
b
√
SNR(A+ B)

]
e−bdb

= 1

2

∫ ∞

0
erfc

(√
b�
)
e−bdb

v=b�= 1

2�

∫ ∞

0
erfc

(√
v
)
e−

v
� dv

= 1

2
− 1

2
√

π

∫ ∞

0
e
−v
(

1+�
�

)

v−1/2dv

u=v
(

1+�
�

)

= 1

2
− 1

2
√

π

√
�

1 + �

∫ ∞

0
e−uu−1/2du, (53)

where � = SNR(A+ B)2. Since
∫∞

0 e−uu−1/2du = √
π , we

obtain

Pavg = 1

2

[
1 −

√
�

� + 1

]
. (54)

APPENDIX B
PROOF OF EQ. (36)
Substituting xITq(t) and xPT(t) in eq. (29), we obtain

rI =
√
Es
Ts

∫ Ts

0
[cos(wot) − sin(wot)]dt

+
N∑

i=1

αi√
2Ts

∫ Ts

0
[cos(wit + θi) cos(wot)

+ sin(wit + θi) sin(wot)]dt + N0.

(55)

After simplifying the above integral, we have

rI = √
Es

[
sin(woTs)

woTs
+ cos(woTs) − 1

woTs

]

+
N∑

i=1

αi sin[(wi − wo)Ts + θi] − sin θi√
2Ts (wi − wo)

+ N0,

= √
Eb(AI + BI) + N0, (56)

where AI and BI are given in Section III-B.
Similarly for the Q-branch, by substituting xITq(t) and

xPT(t) in eq. (32), we have

rQ =
√
Es
Ts

∫ Ts

0
[sin(wot) + cos(wot)]dt

+
N∑

i=1

αi√
2Ts

∫ Ts

0
[cos(wit + θi) sin(wot)

+ sin(wit + θi) cos(wot)]dt + N0.

(57)

After simplifying the above integral, we have

rQ = √
Es

[
sin(woTs)

woTs
+ 1 − cos(woTs)

woTs

]

+
N∑

i=1

αi cos [(wi − wo)Ts + θi] − cos θi√
2Ts (wi − wo)

+ N0,

= √
Eb
(
AQ + BQ

)+ N0, (58)

where AQ and BQ are given in Section III-B.
Finally, the overall error probability over an AWGN

channel is obtained as

Pe = 1

4
erfc

[√
SNR(AI + BI)

]
+ 1

4
erfc

[√
SNR

(
AQ + BQ

)]
.

(59)

Similar to eq. (54), we can find the average error proba-
bility over a Rayleigh fading channel for the I- and Q-branch
as

PavgI = 1

2

[
1 −

√
�I

�I + 1

]
,PavgQ = 1

2

[
1 −

√
�Q

�Q + 1

]
,

(60)

where �I and �Q are given in Section III-B. The overall

average probability of error is obtained as Pavg = PavgI+PavgQ
2 .

APPENDIX C
PROOF OF EQ. (42)
Substituting xITm(t) and xPT(t) in eq. (37), we obtain

rI =
√
Eb

2Tb

∫ Tb

−Tb

[
cos(wot) + cos

(
π t

Tb

)
cos(wot)

]
dt

−
√
Eb

2Tb

∫ Tb

0
sin

(
π t

Tb

)
sin(wot)dt

+
N∑

i=1

αi√
2Tb

∫ Tb

−Tb

[
cos(wit + θi) cos(wot) cos

(
π t

2Tb

)

+ sin(wit + θi) sin(wot) cos

(
π t

2Tb

)]
dt + N0.

(61)

After simplifying the above integral, we have

rI = √
Eb

[
sin(woTb)

woTb
+ sin(woTb)(2woTb − π)

2
[
π2 − (woTb)2

]
]

+
N∑

i=1

4αiπ
√
Tb cos θi cos(wi − wo)Tb√

2
[
π2 − 4(wi − wo)2T2

b

] + N0,

= √
Eb(CI + DI) + N0, (62)

where CI and DI are given in Section III-C.
Similarly for the Q-branch, by substituting xITm(t) and

xPT(t) in eq. (40), we have

rQ =
√
Eb

2Tb

∫ 2Tb

0

[
cos(wot) − cos

(
π t

Tb

)
cos(wot)

]
dt
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+
√
Eb

2Tb

∫ Tb

0
sin

(
π t

Tb

)
sin(wot)dt

+
N∑

i=1

αi√
2Tb

∫ 2Tb

0

[
cos(wit + θi) sin(wot) sin

(
π t

2Tb

)

− sin(wit + θi) cos(wot) sin

(
π t

2Tb

)]
dt + N0.

(63)

After simplification, the above integral is expressed as

rQ = √
Eb

[
sin(2woTb)

2woTb
+ sin(2woTb)woTb

2
[
π2 − (woTb)2

]

+ π sin(woTb)

2
[
π2 − (woTb)2

]
]

−
N∑

i=1

αiπ
√

2Tb[sin(wi − wo)2Tb + θi) + sin θi][
π2 − 4(wi − wo)2T2

b

] + N0,

= √
Eb
(
CQ − DQ

)+ N0, (64)

where CQ and DQ are given in Section III-C. Finally,
the overall error probability over an AWGN channel is
obtained as

Pe = 1

4
erfc

[√
SNR(CI + DI)

]
+ 1

4
erfc

[√
SNR

(
CQ − DQ

)]
.

(65)

Similar to (60), the overall average error probability over
a Rayleigh fading channel is given by

Pavg = 1

4

⎡

⎣2 −
√

�̄I

�̄I + 1
−
√

�̄Q

�̄Q + 1

⎤

⎦, (66)

where �̄I and �̄Q are given in Section III-C.

APPENDIX D
PROOF OF EQ. (47)
Substituting xITq̄(t) and xPT(t) in eq. (43), we obtain

rI = 1

Ts

∫ Ts

0

[
sq̄1 cos(wot) − sq̄2 sin(wot)

]
dt

+
N∑

i=1

αi√
2Ts

∫ Ts

0
[cos(wit + θi) cos(wot)

+ sin(wit + θi) sin(wot)]dt + N0.

(67)

After simplifying the above integral, we have

rI = sq̄1

sin(woTs)

woTs
+ sq̄2

cos(woTs) − 1

woTs

+
N∑

i=1

αi sin [(wi − wo)Ts + θi] − sin θi√
2Ts (wi − wo)

+ N0. (68)

By using the nearest neighbor decision rule [31], the error
rate of 16-QAM constellations for the I-branch is obtained as

PeI ≈ 3

8
erfc

[√
SNR

(√
2

5
AI + BI√

5

)]
. (69)

Similarly for the Q-branch, by substituting xITq(t) and
xPT(t) in eq. (45), we have

rQ = 1

Ts

∫ Ts

0

[
sq̄1 sin(wot) + sq̄2 cos(wot)

]
dt

+
N∑

i=1

αi√
2Ts

∫ Ts

0
[cos(wit + θi) sin(wot)

+ sin(wit + θi) cos(wot)]dt + N0.

(70)

After simplifying the above integral, we obtain

rQ = sq̄2
sin(woTs)
woTs

+ sq̄1
1−cos(woTs)

woTs

+∑N
i=1

αi cos [(wi−wo)Ts+θi]−cos θi√
2Ts (wi−wo) + N0. (71)

Similar to eq. (69), the error probability for the Q-branch
is written as

PeQ ≈ 3

8
erfc

[√
SNR

(√
2

5
AQ + BQ√

5

)]
. (72)

Similar to eq. (60), the overall average error probability
over a Rayleigh fading channel is given by

Pavg = 3

16

⎡

⎣2 −
√

�̃I

�̃I + 1
−
√

�̃Q

�̃Q + 1

⎤

⎦, (73)

where �̃I and �̃Q are given in Section III-D.
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