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Abstract—In this paper, we propose a novel frequency-domain
simultaneous wireless information and power transfer (FD-
SWIPT) waveform which allows for rectifiers based on local
oscillators (LO) and eliminates the need for receive (demulti-
plexing) filters. This is achieved via appropriate multiplexing a
multitone energy signal with a minimum shift keying (MSK) data
signal. We analytically derive the average error probability for
a point-to-point link in the presence of i.i.d. Rayleigh fading,
additive white Gaussian noise, and multitone interference. The
performance of the proposed waveform is evaluated via numerical
simulations, assuming either a L.Os-based receiver or a power
splitting (PS)-based one for comparison purposes. The simulation
results show that the proposed scheme substantially increases
both the data rate and the harvested energy in comparison with
conventional PS-SWIPT at the cost of negligible performance loss
in data detection. Finally, the proposed concept is experimentally
validated in a realistic indoor propagation environment.

Index Terms—Frequency-domain simultaneous wireless infor-
mation and power transfer (FD-SWIPT), minimum shift keying
(MSK) modulation, multitone energy signal, waveform design,
experimental validation.

I. INTRODUCTION

Simultaneous wireless information and power transfer
(SWIPT) integrates wireless energy supply in the downlink to
prolong the lifetime of power-constrained end devices, such
as wireless sensors and Internet-of-Things (IoT) nodes, via
energy harvesting (EH) [1]. In practice, though, the receiver
commonly orthogonalizes the information decoding (ID) and
EH processes in the power [2] or time [3] domain, due to
implementation issues. This sharing of resources among the
information and energy streams results in performance loss.

Frequency-domain (FD) SWIPT represents an alternative
that addresses this issue via frequency multiplexing of the in-
formation and energy streams at the transmitter and separation
of them at the receiver with the assistance of complementary
filters. In [4], the transmitter superimposes a direct current
(DC) energy signal onto an orthogonal frequency division
multiplexing (OFDM) data signal. A corresponding frequency
splitting receiver architecture that makes use of a 3-port
circulator and a notch filter to separate the data and energy
signals is proposed in [5]. In [6], a multitone energy signal
is embedded on a continuous-phase modulation (CPM) data
signal. In this work, the authors use a combination of peak
and notch filters to separate the information and energy signals
over an additive white Gaussian noise (AWGN) channel. They
also utilize a linear rectifier based on local oscillators (LO)
operating at the tones’ frequencies instead of diodes.
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The main drawback of FD-SWIPT schemes is the require-
ment for using receive filters, since practical filters are non-
ideal and near-ideal filters are expensive. In this paper, we
design a novel FD-SWIPT waveform, wherein a multitone
energy signal is frequency multiplexed with a minimum-shift
keying (MSK) data signal. The use of the former is dictated
by spectral regulations, which might prevent the transmission
of a single high-power tone, while the utilization of the latter
is motivated by its spectral characteristics [7]. Specifically,
by placing the tones of the energy signal at the spectral
nulls and/or low-power sub-bands that characterize the power
spectral density (PSD) of MSK signals, we minimize the
interference incurred to the data signal by the energy signal,
thus ensuring similar information transfer performance with
the MSK-only case and simplifying the separation of these
signals at the receiver. In fact, with appropriate multitone
signal design, we can avoid the use of notch/peak filters.

An example of the proposed MSK-SWIPT waveform is
illustrated in Fig. 1. In this case, an energy signal with
N = 4 tones f; (i=1,...,N) placed in the frequency
interval [0.45/T},...,0.75/T3], where T} is the bit duration,
is superimposed on an MSK signal with first frequency null
at ft, = 0.75. The tone spacing is A = 0.1/7}, and the i-th
tone corresponds to a signal-to-interference-ratio (SIR) SIR;.

The unique contributions of this paper that set it apart from
similar studies, such as the work in [6], are listed below:

o we derive the average error probability of the MSK-
SWIPT waveform for a point-to-point wireless link in the
presence of i.i.d. Rayleigh fading, AWGN, and multitone
interference;

« we evaluate via numerical simulations the performance of
MSK-SWIPT with either an LOs-based receiver without
notch/peak filters or a power splitting (PS)-based one (for
comparison purposes), using various EH models in the
latter scenario to capture the non-linear behavior of the
EH circuit; and

« we validate the proposed concept via measurements per-
formed in a realistic indoor propagation environment.

Numerical simulations highlight the substantial performance
gains of MSK-FD-SWIPT, in terms of the achieved data rate
and harvested power, over MSK-PS-SWIPT. Furthermore, the
simulation results indicate that the performance loss in MSK
detection attributed to the application of the proposed SWIPT
scheme is negligible.
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Fig. 1. PSD of MSK modulated information signal with a superimposed

four-tones energy signal.

The 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 MSK-FD-SWIPT waveform
as well as on the design of the multitone energy signal.
Section IV describes the experimental validation setup and
demonstration and presents the numerical simulation results.
Finally, Section V provides our conclusions. The mathematical
proofs are given in the Appendix.

II. SYSTEM MODEL
A. Transmitter

The block diagram of the MSK-SWIPT transmitter and
receiver is depicted in Fig. 2. At the transmitter, information is
MSK modulated. Also, a multitone energy signal is generated,
with controllable frequency and amplitude for each tone. Next,
the modulated and energy signals are filtered, amplified, and
combined. Finally, the composite signal is transmitted.

Therefore, the transmitted MSK-SWIPT signal x(¢) consists
of two components, namely, an MSK modulated information
transfer (IT) signal and a multitone power transfer (PT) signal.
This signal can be expressed as

L‘(t) = ;vIT(t) —+ (L'pT(t). (1)

The MSK modulated information signal is defined in terms
of orthonormal basis functions ¢1(t) and ¢o(t) as [7]

xrr(t) = s1(t)p1(t) + s2(t)pa(t), 2

0<t<2T,. (3b)

(s1,82) = (VEp, £VEp) in Eq. (1) refers to the coordinates
of the message points, with Ej denoting the bit energy,
whereas 7T}, in Eq. (2) is the bit duration and w,. represents
the (angular) carrier frequency.

The PSD of the MSK modulated signal is expressed as [8]

et

From Eq. (4), we can compute the spectral null frequencies
of the MSK modulated signal as follows:

32E,
)

S(f) 4)

™

32F, [cos(2nfT,)]” on+1
=0= [T, = 5
7_[_2 |:1_(4f-Tb)2 f b 4 ) ( )
where the first null is at n = 1, i.e., f1, = 0.75.
The multitone PT signal can be written as
N
l‘pT(t) = Z Q; COS (wct + wit + 97) s (6)

i=1
where «; and w; denote the tones’ amplitudes and frequencies,
which constitute the design parameters of the PT signal; NV
represents the number of tones; and 6; refers to the phases,
which are arbitrary.

B. Receiver

Assuming transmission over a quasi-static i.i.d. Rayleigh
fading channel with AWGN, the received signal is given by

y(t) = ha(t) + n(t), 9

where h denotes the i.i.d. zero-mean complex Gaussian chan-
nel’s impulse response with unit variance and n(t) represents
the AWGN with variance V.

As shown in Fig. 2, in the LOs-based receiver, the received
signal is forwarded to the rectifier in the EH branch, which is
comprised by LOs operating at the frequencies of the energy
signal’s tones, and to the MSK demodulator in the ID branch.

In the PS-based receiver, on the other hand, a portion p of
the received signal’s power is allocated to the former stream
and the remaining portion (1 — p) is allocated to the latter
stream, where 0 < p < 1 is the PS factor. Thus, the received
signal at the input of the EH and ID branches is given by

yer(t) = Vpy(8); yir(t) = V(1 = p)y(t) +net), 8

where n.(t) is the i.i.d. zero-mean complex Gaussian circuit
noise with variance N, that is attributed to the baseband
conversion of the received RF signal for ID purposes. The
rectifier in this case consists of one or more diodes in some
arrangement and it is followed by a low-pass filter (LPF) that
smooths the ripple of the output voltage.

C. Harvested Energy

The average power of the received RF signal is given by:
Po=E{ly®)} =E{W*P+N}, O

where P is the transmit power. For the case of the LOs-based
receiver, the DC harvested power is simply Ppc = P;..
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Fig. 2. Block diagram of the MSK-SWIPT transmitter (Tx) and receiver (Rx).

Let us now turn our attention to the PS-based receiver. The
average power at the input of the rectifier is Pgy = pP,.
Considering a piecewise linear EH model, the DC harvested
power can be written as [9]

0, Preu < Py
Poc =<1 (Per — Pny)s Py < P < Prny; (10)
NP, Per > P,

where 7 € [0, 1] is the energy conversion efficiency, while Py,
and Py, denote the sensitivity and saturation thresholds of the
rectifier circuit, respectively. Considering instead a parametric
non-linear EH model that is based on the logistic (sigmoidal)
function, the harvested power is given by [10]

P[hz (QT - Q)
1-0Q ’
1 ) . 1
1+ e—a1(Pem—az)’ - 1+ exra2

Poc = (11a)

Q, =

, (11b)

where the parameters a; and as are constants related to the
specifications of the EH circuit. We note that the use of PS
and a diodes-based rectifier negatively affects EH.

D. Data Rate

The instantaneous power of the received signal (excluding
AWGN) at the ID branch of the LOs-based and PS-based
receivers is given by

Pero = |h]> P; Peps = (1 —p) |h|* P. (12)

Thus, the instantaneous receive signal-to-noise-ratio (SNR)

is expressed as

|h* P |h* P
SNRi = — 0 SNRps = — (13
TNy N, TS e (1

In both cases, the ergodic capacity is given by R =
E {log, (1 + SNR)}. We notice in Eq. (13) the negative impact
of PS on the SNR and, therefore, on the ergodic capacity.

III. ERROR RATE ANALYSIS

Let’s initially assume an AWGN channel, where y(t) =
x(t) + n(t). The integrator output for the I-branch at the ID
circuit of the MSK-SWIPT receiver is expressed as

Ty

After 51mp11ﬁcat10n (see Appendix A), we obtain

rr =V Ey (14 Ar) + No, (15)
where N
4 2n f:T,
Z cos 0; cos(27 f;T}) (16)

= VSR [1- (4fT)°]

In Eq. (16), SIR; = A%/a?, where A denotes the amplitude
of the carrier signal. We have SNR = E;,/Ny = A2T,/2Nj.
Thus, the probability of error for the I-branch is obtained as

P, = %erfo [\/SNR(l + AI)} .

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

T o wt o\ .

and the probability of error for the Q-branch is obtained as
(see Appendix A)

amn

1
P.q = serfc [VSNR(1 - Ag) | (19)
where
N .
Z [sin 47TflTb+0)+51n91]. 20)

= SIR; [1 (4 fin)Q}

The overall probability of error is P, = P, + P, /2.

Next, we find the error probability in the presence of stan-
dard i.i.d. Rayleigh fading. Under this context, the probablhtzy
density function (PDF) of h is given by fy(h) = 2he™"".
Hence, the PDF of fading power b = |h|? is obtained as
fs(b) = e From Eq. (17), we can find the average
probability of error over Rayleigh fading for the I-branch as

P, :/ %erfc [VOVSNR(1+ Ay)] e~"ab.
0

After solving the above integral (see Appendix B), we get

1 T
PCI:P— !

2

22
2 I'r+1 (22)

where Ty = SNR(1+ A;)
Similarly for the Q-branch, by defining I'g = SNR(l —

AQ)Q, we obtain
1 I'g
P,=-|1—- 23
Q 2 [ T'g+1 23)
Thus, the overall average probability of error over a

Rayleigh fading channel is obtained as

N PR I'o
4 rr+1 I'g+1

(24)
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Fig. 3. MSK-SWIPT setup testbed.

IV. EXPERIMENTS AND SIMULATIONS
A. Experimental Validation

The validity of the proposed SWIPT technique was experi-
mentally demonstrated in an indoor propagation environment.
The testbed is shown in Fig. 3. Two USRP-2920 hardware
units [11] act as Tx and ID circuit, respectively, while a
Powercast P21XXCSR-EVB evaluation board [12] acts as EH
circuit. LabVIEW software is installed at both the Tx and
the Rx for performing signal processing operations. The Rx
consists also of a microchip access point module that reads
and disseminates the harvested power values and RealTerm
software that displays these data. As shown in Fig. 4, the
harvested power increases with higher transmit gain and/or
shorter propagation distance, as expected.

B. Numerical Simulations

In this section, we evaluate the performance of MSK-
SWIPT through numerical simulations. We assume an i.i.d.
Rayleigh fading channel with unit variance. The RF carrier
frequency, sampling rate, and oversampling factor are set to
915 MHz, 4 Ms/s, and 4, respectively. The phases 6; follow
a uniform distribution in [0, 27], while the tone spacing is
A = 0.1. The tones are placed at the spectral null or/and
low-power sub-band. The energy conversion efficiency, circuit
sensitivity, saturation threshold, and noise variance at the
receiver are set to 0.8, -20 dBm, 10 dBm, and -35 dBm,
respectively. The EH circuit specifications are a; = 1500 and
as = 0.0022 [13]. We consider 10° iterations with 10000
symbols in each.

Fig. 5 illustrates the achievable rate-energy (R-E) regions of
MSK-SWIPT with a 3-tone PT signal for the cases where an
LOs-based receiver or a PS-based receiver is utilized. Different
EH models are considered in the latter scenario, as discussed
in Section II-C. For comparison fairness, we scale the power at
the EH and ID branches of the LOs-based receiver according
to the power scaling noticed in the PS-based receiver. The
simulation results are obtained by varying p from 0 to 1
when the average SNR is 10 dB. It is noted that MSK-SWIPT
significantly outperforms PS-SWIPT due to the direct RF-to-
DC conversion achieved by using a bank of LOs.

Fig. 6 plots both the simulated and the theoretical proba-
bility of error of MSK-SWIPT versus the SNR. It is observed
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Fig. 4. Harvested power vs. transmit gain for different Tx-Rx distances.

that the MSK-SWIPT waveform can achieve the same error
performance as the MSK signal alone. It is also noticed that
as we shift the tones of the PT signal to the high-power sub-
bands of the MSK signal, the probability of error starts to
increase due to the higher multitone interference, as expected.

V. CONCLUSIONS

A novel MSK-SWIPT waveform has been proposed in this
paper. The average error probability was derived in the pres-
ence of Rayleigh fading. Numerical simulations have shown
that by appropriately selecting the frequency components of
the multitone energy signal, we can increase the data rate and
harvested power in comparison to the PS-SWIPT approach and
maintain the error rate performance of pure MSK, without the
need for using receive filters. The proposed design was exper-
imentally validated in an indoor propagation environment.
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APPENDIX A
Substituting zi7(t) and xpr(t) in Eq. (14), we obtain

To t
rr f\/Eb+Z Cos(witJrHi) cos <27;)
b

Vi 2Tb
+ Ny. (25)
After simplifying the above integral, we have
dovym/Ty cos 0; cos(w;Ty)
=V E,+ + N
’ Z V2 72 — 4w?TP| ‘
Eb(1+A,) + N, (26)

where Aj is given in Eq. (16).
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Similarly, for the integrator output in the Q-branch we get

N . .
a7/ 2T} [sin(2w; Ty, + 6;) + sin 6;]
=/ E, — N,
Q= V& ZH 72 — 4w?TY] o

= VEy(1—Ag) + No, (27)

where Ag is defined in Eq. (20).
Finally, the overall probability of error over AWGN with
multitone interference is obtained as

P, = ierfc [\/SNiR(l + AI)]
+ ierfc [\/m(l - AQ)} .

APPENDIX B

From Eq. (17), we obtain the average probability of error
over Rayleigh fading for the I-branch as

/C><> %erfc [\/l;\/SI\IiR(l + AI)] e ldb

0
;/000 erfc (\/E) e Pdb

1 oo

o /) erfe (v/v) e T dv
140

11 / (e
2 2y7 )y
14T
() T 1 [T /°° /2,
2 27V 1+T7 ), ’

where T'; = SNR(1 + A;)%. Since [, e "u="2du = /7,

we have
1 Iy
P, =—-11—4/——
D) VT, +1

Similarly from Eq. (19), we express the average probability
of error over Rayleigh fading for the Q-branch as

/00 %erfc [VEVSNT(I - AQ)] e bdb
0

(28)

P,

’U:bFI
= (29)

)vfl/zdv

(30)

P,
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Fig. 6. Probability of error versus SNR: Theoretical vs. simulation results.

where I'g = SNR(1 — AQ)Q. The overall average probability
of error is obtained as P. = P, + P, /2.
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