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ABSTRACT In this paper, we investigate a multitone simultaneous wireless information and power
transfer (SWIPT) based modulation scheme for battery-less Internet of Things (IoT) nodes that works in the
ultra high frequency (UHF) region. The conventional SWIPT system is assumed to have power-consuming
communication modules. Having such modules on to the IoT nodes whose power is harvested from radio
frequency (RF) power sources is too unrealistic. In addition, waveform design from the aspect of power
harvesting through SWIPT still has room for consideration. Recent studies have explored multitone based
SWIPT to increase the power conversion efficiency (PCE). In these schemes, information is modulated
by changing each tone’s nature or varying the number of tones. Among these methods, we focused on
modulation schemes known as frequency-shift multitone based SWIPT, which shifts frequencies among
the tones for information encoding. Unlike previously proposed methods where demodulation requires
some power-consuming fast Fourier transfers (FFTs), especially under small communication bandwidths,
we applied a signal detection method by measuring output peak to average power ratios (PAPRs) for
frequency-shift multitone based SWIPT to reduce power consumption. Based on our analysis, different tone
configurations in the frequency domain would yield varieties of nonlinear outputs during the rectification
process. In addition, these specific nonlinear output patterns depend on the tone configurations. With
this feature, it is possible to demodulate in the time domain at the receiver side using PAPR based
measurements, which could eliminate FFT operation. This paper describes how measuring PAPRs enables
the detection of signals in theory and validates this through simulations and experiments. We also estimate the
communication rates. Based on our results, we achieved 0.46 bits/s/Hz when the number of tones was 6 and
estimated that there were (N — 1)(N — 2)/2 + 1 different PAPRs from a given multitone waveform whose
number of tones was N.

INDEX TERMS Energy harvesting, frequency shift keying, multisine based waveforms, peak to average
ratio, simultaneous wireless information and power transfer.

I. INTRODUCTION

The Internet of Things (IoT) has gained much attention
as billions of devices can be connected through networks
capturing information and influencing our decisions in our
daily lives [1]. However, as numerous devices are installed
everywhere, battery management is becoming cumbersome,
as most of them require batteries or wired power sources.
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Eliminating batteries would ease the recharging processes;
devices would sustainably exist ubiquitously and seamlessly
around us [2]. These devices need external power sources for
the substitution of batteries, and among the emerging energy
harvesting methods, wireless power transfer (WPT) method is
attractive. This is because devices can obtain RF transmitted
power based on their needs instead of harvesting occasion-
ally from solar power, vibration, or other harvesting tech-
nologies. Among the wireless power transmission methods,
we aim to utilize the radio frequency (RF) power harvesting
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method instead of coupling based methods so that the devices
can be operated without being in close proximity to the
transmitter [3].

It has been revealed that using the same waveforms, not
only power but also information can be delivered, known
as simultaneous wireless and information power transfer
(SWIPT). In such context, the information is superimposed
on wireless power transferred waveforms [4]—[8]. In addition,
it is possible to share the antennas for information and power
reception, which is attractive in terms of reducing additional
costs for embedding extra antennas and meeting the require-
ments for a small form factor of IoT devices.

However, realizing the SWIPT system with high speed
and high power efficiency is challenging for battery-less
IoT nodes since its low power operation restricts the con-
ventional communication method, which uses power-hungry
RF front end (power amplifiers, local oscillators, etc) [3],
[9]. Recently, a method for optimizing power allocation for
communication and power harvesting for a nonlinear cir-
cuit has been proposed [10]. However, designing SWIPT
waveforms based on conventional communication modules
is still a challenging task. In specific, it is necessary to design
transmit waveforms such that IoT nodes can handle wireless
information without using active devices that would reduce
the power efficiency.

Recently, a multitone RF harvesting method has been
proposed in order to produce higher power conversion effi-
ciency (PCE) with the same transmit power compared with
continuous wave (CW) power harvesting waveforms [5],
[11], [12]. This waveform consists of summations of multiple
sine waves and produces high peak-to-average power ratios
(PAPRs). This nature gives a higher PCE at the receiver node
due to the nonlinearity effects of diodes in the rectifiers.
Therefore, using these waveforms has more advantages than
continuous wave (CW) [13]-[15].

In addition, this multitone waveform can also be used for
conveying information without the need for power-hungry
elements; this is called multitone SWIPT. Since nonlinear
elements output intermodulation products of the input wave-
form, it is possible to generate varieties of outputs using
multitone waveforms. Therefore, differently designed input
waveforms can be distinguishable by measuring the rectified
outputs.

Multitone SWIPT can be realized by arranging the ampli-
tudes, frequencies, phases of each tone or by varying the
number of tones [11], [16]-[19]. Among these methods, mod-
ulation based on the number of tones is one of the attractive
approaches in that it uses PAPR fluctuations by varying the
number of tones in the transmitted waveform [20], [21].
These authors revealed the tradeoff between the communi-
cation rate and the direct current (DC) supply capability.
While an increased number of tones results in larger rectified
voltage, the communication rate becomes poor. This is due
to the fact that increasing the number of tones in a fixed
bandwidth results in shortening the frequency spacing. Since
the communication rate severely depends on the frequency
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spacing, shortening frequency spacing leads to having poor
communication rate. On the other hand, if the number of tones
is minimized, the communication rate can be maximized, but
the PCE performance does not improve so much. Therefore,
it is important to design the waveforms based on the require-
ments of the SWIPT devices, which is also discussed in [22].

Frequency shift-type SWIPT has been considered as one
of the solutions to increase the modulation orders within
the same number of tones [22]. In this method, the spac-
ing of the frequency tones is varied in order to perform
modulation. They employ the intermodulation products of
the harmonic signal generated by the diodes in the recti-
fiers to retrieve information. Since different frequency tone
configurations generate different intermodulation products,
the receiver could solve the inverse problem by evaluating
the spectrum of the waveform in the frequency domain.
This enables the use of higher-order modulation within the
same number of tones. However, in most cases, fast Fourier
transfer (FFT) is applied to acquire the variations of fre-
quency spacing in this scheme, which is more challenging
for battery-less devices to implement in terms of calculation
cost. Therefore, achieving high-performance communication
while maintaining high PCE with simple receiver hardware is
achallenging task. It is true that a passive bandpass filter bank
can be used for frequency separation instead of calculating
FFTs. However, especially when the communication band-
width is small, designing a passband passive filter becomes
challenging due to the requirement of a high Q factor. For
example, at UHF, the passive bandpass filter needs to have
a bandwidth of at least 1.5 MHz, which means that tones
that reside within 1.5 MHz cannot be differentiated through
the filter. Therefore, at UHF, where communication is typi-
cally suppressed under 1 MHz, conventional multitone FSK
SWIPT needs to rely on the FFT calculation.

In this paper, we applied a PAPR based signal detection
method to the frequency shift-type multitone SWIPT scheme.
Based on our analysis, different tone configurations in the
frequency domain yield varieties of nonlinear outputs from
a rectifier. In addition, specific nonlinear output patterns
depend on the tone configurations. Due to this feature, it is
possible to demodulate a signal at the receiver side in the
time domain instead of in the frequency domain by intro-
ducing PAPR based measurements. This makes it possible to
demodulate frequency shift-type SWIPT with a simple circuit
structure. Our contributions are the following;

« We showed the principles of how frequency shift tones
change the PAPRs at the receiver side and demonstrate
the validity of the scheme through simulation and exper-
iments.

« We estimated and verified how many PAPRs could be
produced with the same number of tones and inves-
tigated the communication rate with the optimal tone
configurations.

o We verified that our introduced receiver circuit can dif-
ferentiate all the possible PAPRs generated by the same
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number of tones through circuit simulation as well as
experiments.

This paper is structured as follows. In Section II, we show
the relationship between the configuration of tones and the
PAPR values of the outputs at the receiver side. In Section III,
we categorize the tone configurations based on the PAPRs,
and estimate how many different PAPRs could be generated
within the same number of tones. In addition, we estimate the
maximal communication rate. Then, in Section IV, we intro-
duce the receiver circuit that can realize this idea and show the
feasibility of the PAPR based method. We compared the with
the most related method in Section. V. Finally, we conclude
this paper in Section VI.

Il. PAPR BASED SIGNAL DETECTION PRINCIPLE

A. SIGNAL DESCRIPTION

Multisine based waveforms xr(¢) at a transmitter are modeled
as follows;

N PrRrAn
xT(r>=Re{§ || At ;Atexp(ﬂwirw,-))}, (1)
i=1

where N, Pt, RTxant, i, and ¢; represent the number of tones,
the transmit power, the impedance of the transmitter antenna,
the angular frequency of the ith tone that is equal to 27f;,
and the phase of the ith tone, respectively. Here, f; is a carrier
frequency of the ith tone. We assume that each fundamental
tone has the condition;

fi <>

In addition, the bandwidth BW is fixed, so fy — f1 always
becomes BW.

At the receiver side, when the impedance between the
antenna and the input impedance seen from the antenna to
the rest of the circuit (Rj,) are matched, the received power
(PRr) that is consumed at the impedance R;, can be derived
using Friss’s equation [23];

fori<jeN. 2

5 \2
Pr = PrGrGr( — ) , 3
R TTR<4nd> 3)

where Gt, GR, X, and d are the transmitter gain, the receiver
gain, the wavelength of the traversing signal, and the distance
between the transmitter and the receiver, respectively. There-
fore, the received signal yr(#) can be expressed as;

L \2
yR(@) = \/PTGTGR(m) Rin. 4)

Here, we assume that the antenna impedance of the receiver
and transmitter sides are the same. In addition, we assume that
the antenna impedance and the impedance of the following
circuit system are the same at the receiver side. In such con-
dition, the excited voltage at the receiver circuit (viy(¢)) is the
same as yr(t). Since Pt = E{x}(t)/Rin }, the excited voltage
is expressed as vin(f) = hxr(¢), where h is the degradation
factor.
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B. HARMONIC SIGNAL GENERATION AND RECTIFICATION
During the process of the rectification, diodes in the receiver
circuit generate harmonic signals, and they modulate with
each other due to the diodes’ nonlinearity [24]. As a result,
the signals are downconverted to the baseband (BB) region.
The harmonic signals (vip, (#)) become the following;

Vin, (1) = h{Cle(f) + (Coxr(0)* + (Cax(1))® + . .. }
= Cjxr(t) + (Corr(0))* + (Chxr (@) + ..., (5)

where C| = hCy, C} = JhC, C; = VhC3. For example,
if a 3-tone signal is transmitted, the transmitted and excited
voltage at the receiver side would become following;

N
xr(0) =) acos(wit), ©)
i=1
3
Viny () = 5 ra
+ C}d® Z cos(wit — wjt)
i<j

3
15
+ {C]’a + ZC?CP} Zl cos(w;t)
=

3
+ ch3a3{ Z cosujt — wjz)}

i<j
3
+ §C§3a3{ Z cos(w;t + wjt — a)kt)}
i#j#k, i<j
+ higher — order terms, @)

where a = ,/fV—T, and we assume that up to a 3rd order

signal would be generated through the diode, and the input
waveform contains 3 tones in this case. Among the higher
order terms in Eq. (7), the direct current (DC) term and the
second order intermodulation products (IM2) terms dominate
the output behaviors [24]. The latter terms in Eq. (7) consist
of the frequency differences between the fundamental tones,
which indicates that these tones are scattered around the
baseband region, and the farthest tones are located as fy —f1 =
BW . The waveforms of the output voltage change depending
on the arrangement of the tones in the frequency domain.

In addition, the output voltage behaviors are affected by the
RC design of the rectifiers. According to the previous papers,
the cutoff frequencies of the RC filter in the rectifiers can
be determined by Feuwoff = m [25]. When the rectified
signal contains the tones that have frequencies higher than
the Feyoff, these tones are ceased and the output waveform
does not contain the ceased tones in the frequency domain.
Therefore, a tradeoff exists between the arrangement of the
IM2s and the cutoff frequencies. In order to discuss the trade-
off between the tone arrangement and the output waveform
behavior, we bring the idea of Fi,o, Which is determined by
the ratio between the frequency difference (Af) and the cutoff
frequency, namely, Af /Fcuoff from the previous papers [22],
[25]. In order to take the nonlinear effect of the diodes into
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FIGURE 1. Explanation of how output voltage changes depending on the
tone configurations for the case of N = 3. Depending on the tone
configurations of the input waveforms, intermodulation products of
harmonic generated signals vary through the process of rectification.
These differences can be observed by measuring the output PAPRs, which
results in retrieving information.

account, it is required to compare the cutoff frequency with
the IM2 tone that is the farthest, or BW = fy — f1, away
from O Hz. In that context, Af in this case needs to be BW.
Therefore, Firao is defined as BW /Foyoff in this paper.

PAPRs are utilized as a way to decode output symbols.
Assuming that the output voltage is obtained as Vyy, then the
PAPRs are obtained based on the following;

®)

PAPR — {wr

E(Vout(t))

Note that, usually for obtaining PAPRs, it is required to
calculate average powers and peak powers. However, since
the output Vg is in the DC region, obtaining the average
voltage and the peak voltage first and then calculating the
square of peak voltage divided by the average voltage is
enough. This may reduce the calculation cost. The behaviors
of the voltage transitions from the rectification processes to
the output for the case of voltage doubler-type rectifiers are
discussed in [25], [26]. However, the realizations of Vi is
extremely challenging as the formula with regard to Vi
include nonlinear expressions, thus, the behaviors of such
equations are analyzed through simulation [5], [9], [25]-[27].

As an example, consider the case of N = 3, and each
tone is located at f1, f>, and f3, respectively in the frequency
domain. As in Fig. 1 on the top, when the tones were evenly
distributed, the frequency spacing between the adjacent tones
are the same, namely |2 —f1| = |3 —f2| = Af.Insuchacase,
the frequency differences of the IM2 in the waveform become
multiples of Af, and the IM2 tones whose frequencies are Af
overlaps in the frequency domain as indicated at the top center
in Fig. 1. On the other hand, if the frequency spacings are
different from each other, namely Af (1, 2) # Af(2, 3), then
the IM2s scatter in the frequency domain. These differences
enable the differentiation of the PAPR values, and hence
allow the receiver devices to decode the signal.
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Rectifier

FIGURE 2. The tested rectifier circuit for the experiment and simulation.
Matching networks for hardware and software are different from each
other.

However, these PAPR differences are affected by the RC
cutoff frequency. As it can be seen in Fig. 1 at the top right,
when the IM2 tones are inside the RC cutoff frequency, all
the tones can be seen at the outputs. This results in having
varieties of output behaviors. However, when the RC cutoff
frequency is too small, the output behaviors between the two
examples do not differ with each other. Thus, it is required
to properly design the RC filters in order to differentiate the
tone configurations based on the outputs.

C. SIMULATION AND EXPERIMENTAL SETUP

In order to see the PAPR differences caused by changing the
tone arrangements of the multitone waveforms and how they
differ with the total bandwidth, we conducted simulations
and experiments using the rectifier whose circuit diagram is
shown in Fig. 2. As for the simulation, we used a harmonic
balance simulations from an advanced design system (ADS)
circuit simulator.

For the experiments, we implemented the rectifier and
directly connected to a signal generator (SMBI100A).
We measured the output rectified voltage through an oscil-
loscope (RTO1024) and calculated the PAPR values based
on Eq. 8. For the signal generation, the number of tones was
set to 3, and the signal bandwidth was fixed to 200 kHz. The
carrier frequency was set to 915 MHz. The tone arrangements
were f; — %, fo— % +xBW, and f; + l% respectively, and
x ranged from 0.1 to 0.9. Here, f; is the carrier frequency. The
rectifier consisted of a matching network, a voltage doubler
rectifier, a storage capacitor, and a load resistor. We used
this type of rectifier since it is popular among the RF power
harvesting community [28]. The diode type was SMS7630-
O0O0SLF. The capacitance and load resistance were set to 1 pF
and 100 k€2, respectively. We manually optimized the match-
ing network for both simulation and experiment. As for the
simulation, we conducted Large-Signal S-Parameter Sim-
ulation (LSSP) at 915 MHz frequency and optimized for
the input power of —10 dBm. For the real implementation,
we used a Vector Network Analyzer (VNA) ZNB20 in order
to perform impedance matching.

D. PRELIMINARY RESULTS

The simulation and experimental results when sweeping the
middle tone in the frequency domain of the multitone wave-
forms were shown in Fig. 3. When the tones are evenly dis-
tributed in the frequency domain (x = 0.5), the obtained out-
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FIGURE 3. Simulation and experimental result of PAPR variations using a
single rectifier circuit. x represents the arrangement of the middle tone
among the three tones. The number of tones of the multitone signal

was 3, the total bandwidth was set to 200 kHz, and the input power was
—10 dBm.

TABLE 1. PAPR differences for even and uneven tone configurations for
P;, = —10 dBm and BW = 200 kHz.

even | uneven (averaged) | uneven (standard deviation)

simulation | 2.00 | 1.83 0.01

experiment | 4.69 | 3.48 0.38

put PAPR became the largest among the other cases for both
simulation and experiment. In the experiments, the values of
the PAPR values were symmetric around the point of x =
0.5. This behavior is reasonable because the arrangements
of the IM2 tones for x = 0.4 and x = 0.6 are the same,
which results in having the same PAPR value. Similarly,
the same PAPR value can be produced when x = 0.3 and
x = 0.7, when x = 0.2 and x = 0.8, and when x = 0.1
and x = 0.9, respectively. In addition, the reason that the
highest PAPR was observed when x = 0.5 is that the output
voltage becomes smaller than the other cases when Fi,o 1S
small. In other words, overlapping the IM2 tones result in
having smaller output voltage when Fiyo is small. Although
the theoretical realization cannot be accomplished in any of
the previous papers, this tendency is agreed from the results
obtained by simulation from the previous paper [26].

We show the PAPR values for the evenly distributed case
and the uneven case in Table 1 when P, = —10 dBm
and BW = 200 kHz. Note that we compared the evenly
distributed case with the unevenly distributed case that was
obtained by averaging the results of 8 cases (from x = 0.1
to x = 0.9, excluding x = 0.5) including the standard
deviations. Although the PAPR difference was only 0.17 for
the simulation result, that difference became larger in the
experiment.

One of the reasons for having different results between
simulation and the experiments stems from the differences
in the inductor’s Q factor in the impedance matching. For the
simulation, we assumed that the inductor is ideal. When the
inductor is ideal, the Q factor is almost infinite, which results
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FIGURE 4. The simulation and experimental result of output PAPR
differences against F,4;, for the single stream rectifier (1 pF and 100k<).

in narrowing the bandwidth that the rectifier can receive.
This indicates that multiple tones that are away from the
matched condition (915 MHz) cannot go through the circuit.
Therefore, varying the tone configurations has little effect
on the output voltage fluctuations, which results in having
very similar PAPR values even the tone configurations are
different in the simulation. The voltage fluctuations becoming
smaller also mean that PAPR values become smaller since
the peak power and the average power come close to each
other. In contrast, in the experiment, the inductor’s Q factor
was approximately 70 and even lower when considering the
parasitic resistance of the wiring [29]. Therefore, the accept-
able bandwidth (BW) becomes 13.1 MHz, which is large
enough to receive varieties of the multitone waveform in the
experiments. This results in having higher PAPR values with
larger PAPR differences between x = 0.5 and x # 0.5.

However, this tendency does not hold when the Fiago
becomes large. We plot the simulation and the experimental
results of PAPR behavior differences against the Fiyo in
Fig. 4. It shows that when Fyqy is higher than 0.2, the PAPR
differences for the even and the uneven cases become almost
the same, and the relationship is reversed after that for the
case of the simulation. The experimental result also shows
the same trend, but the threshold value becomes 0.4 instead
of 0.2. This shows the limitation of this method. However,
in terms of using this method at UHF, where the communi-
cation bandwidth only requires 200 kHz, the system does not
require a larger Frago [18].

Based on the aforementioned discussions, it is required to
have the Fyao to be at most 0.4. Considering that the com-
munication bandwidth requires only up to 200 kHz, under the
condition that Fra, < 0.4, the cutoff frequency must be set
according to:

BW

Feutoff > 04 )]
Therefore, the RC product (R C1.) needs to be satisfied as;
RLCL < 04 . (10)
2wt BW

VOLUME 9, 2021



T. Ikeuchi, Y. Kawahara: Peak to Average Power Ratio Based Signal Detection for Frequency Shift Multitone SWIPT System

IEEE Access

categories Input waveforms to a receiver Output waveforms from a receiver
Af(1,2) = Af(2,3) = Af(3,4)
AEf(1.3) =Af(2,4) g
E Z - 3 overlaps
category A | | fifofs fo ] %i
g X freq T e
Af(1,2) =Af(3,4) Af(1,2) = Af(2,4) Af(1,2) = Af(2,3)
EAf(1,3)=Af(2,4) EAf(2'3)=Af(3'4) EAf(1'3)=Af(3'4) -
CategoryB | E fAfz fifs £ fi Lfshe s NhLf fe £ 2 overlaps
HIRYERY, H Y 2oty o g%i“
> XN freq “ Y req z NN req @ freq
Af(2,3) =Af(3,4) Af(1,2) =Af(2,3) Af(1,2) =Af(2,4) Af(1,3) =Af(3,4)
e £ g g £
Category C % fi fofsh % fifefs fa TE; fi fafsh % fifafs fa E 1 overlap
ISR T TS| N Y Y SE SR S Y S| BY S S £\ bt rn
“ N freq “ N freq * N\ freq “ ./ freq @ VY freq
: hfz f5 fa g
Category D 2 |_ 102 )3 4 e 0 overlap
j=3 %]
Rttt %LLM_tTeq

FIGURE 5. The categories of the tone configurations based on the different PAPR values generated at the output.

When setting the load resistance to be 100 k€2 the capacitance
must be smaller than 3.18 pF. In the experiment, the selected
1 pF and 100 k€2 met these criteria.

Ill. INFORMATION ENCODING METHOD

From the previous section, we revealed that the differences in
PAPRs depend on the number of equal values in the IM2s,
which also correspond to how many overlaps occur at the
output in the frequency domain. Based on this, we reveal
how many different PAPRs can be produced for a given
number of tones and what kind of tone variations yield
specific PAPRs. The former is needed for estimating the
modulation order, which is required to obtain the commu-
nication rate. The modulation order M is defined as the
following;

M = loga{Ncategories} arn

where Neategories 18 the number of possible different PAPRs to
be generated based on the tone arrangements.

A. MODULATION ORDER ESTIMATION

1) ESTIMATION OF THE TOTAL NUMBER OF FREQUENCY
SPACINGS

When the number of tones are N, Ntotalpairs = NIV —
1)/2 numbers of the IM2s are generated, each of which is
expressed as Af(i, ), Vi,j € N,i < j. As an example, when
N is 4, the IM2 are Af(1,2), Af(1,3), Af(1,4), Af(2,3),
Af(2,4), and Af(3,4). Therefore, there are 6 IM2s to be
generated.

2) CATEGORIZATIONS

NtotalPairs Number of IM2 tones generate the varieties of
PAPRs depending on the arrangement of the tones in the
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waveforms. One of our goal is to categorize the tone con-
figurations of the frequency tones according to PAPR values.
This leads to revealing how many different symbols can be
produced within the number of tones. In order to correctly
formulate the categorizations, we start with an example case
to get some insights.

a: 4 TONE CASE

When N = 4, based on an exhaustive search, we can
categorize the configurations of the input waveforms to a
receiver into 4, as shown in Fig. 5. In Category A, the tone
configurations are such that Af (1, 2) = Af(2,3) = Af(3,4)
and Af (1, 3) = Af(2, 4). This case occurs when all the tones
are evenly distributed. There are 3 equals that can be observed
when we see the right hand side of Fig. 5, 3 overlaps occur
at the output. In Category B, there are two pairs of IM2s
corresponding to the two frequency differences. For example,
one of the tone combinations is Af(1,2) = Af(3,4) and
Af(1,3) = Af(2,4), but Af(1,3) # Af(3,4). In this
case, there are 2 overlaps at the output. In the same way,
in Category C, there is only one pair of IM2s that has the
same frequency differences, where only 1 overlap happens at
the output. Finally, in Category D, each tone does not have
the same frequency difference. At the output side, the IM2
tones are scattered around in the frequency domain.

Our key findings are the following. First, the number of
equals does not exceed 3 among the pairs of IM2s when
N = 4. Moreover, this 3 consist of 2 equals coming from
the adjacent tones (Af(1,2) = Af(2,3) = Af(3,4)), and
1 from every other tone (Af(1,3) = Af(2,4)). No pair is
more than two tones apart. In addition, at least on of the tone
combinations exists for the case when the number of equals
are 0, 1, 2, or 3. Therefore, in total, the number of categories
obtained is 4 for N = 4.
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FIGURE 6. The number of tones versus modulation orders; we compared
our scheme with the conventional Tone-PAPR based modulation scheme.

b: GENERAL CASE

Based on the aforementioned discussions, in the general
case, the number of categories can be counted for all the
cases when the number of equal values in the IM2 is 0,
L, ..., NEqualNumbers> Where NEqualNumbers 1 the maximum
number of equals that IM2 can produce, which can be
achieved when the tones are evenly distributed. Therefore,
NEqualNumbers consists of (N — 2) equals from the adjacent
tones, (N — 3) equals from every other tone, ..., 1 equal.
Therefore, we can derive NgqualNumbers = w Over-
all, the number of categories (Ncategories) 18 VEqualNumbers + 1
since the number of equal values in the IM2s have either 0,

1, ..., NEqualNumbers- As a result, the modulation order M can
be obtained by the following equation;
M =logr{(N — 1)(N —2)/2 + 1}. (12)

The relationship between the modulation orders with regard
to the given N is shown in Fig. 6. We compared with the
conventional modulation scheme based on the number of
tones, which is labeled as Tone-PAPR in this figure [20].
Based on this result, our method can reduce the number of
tones in order to achieve a higher-order modulation scheme
under the condition that N > 5. On the other hand, the
previous FSK PAPR method only requires to have different
IM2 tone arrangements for obtaining different symbols; the
tone configurations can be considered almost infinitely by
varying the size of the frequency spacings [22]. Therefore,
in terms of modulation order, our scheme is inferior to the
previous system.

B. COMMUNICATION RATE

Next, we will estimate the communication rate in this section.
The communication rate can be obtained by the minimum
frequency spacing Afmin among the tones and the modulation
order M. Therefore, we can express in the following;

R = Afmin X M. (13)

However, revealing Afpnin is not trivial since it is required
to arrange the tone configuration in the frequency domain,
which results in having different frequency spacing among
the symbols. In order to analyze Afmin, wWe introduce two
parameters; Scale and factor. Scale constrains the minimum
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frequency spacing that adjacent tones can take. The adja-
cent tones have to be separated by a multiple of Afscale =
BW /Scale. The parameter, factor, represents how many
times the actual Afy, is multiplied by Aficale among the
transmitting symbols. Therefore, we can express the mini-
mum frequency spacing as follows;

factor x BW

Afmin = W (14)

Finally, the spectrum efficiency can be determined by the

normalized throughput, which is expressed as;
R

=B

Next, we discuss how these parameters relate to each other

and we will compare the spectrum efficiencies with the exist-
ing methods.

SE (15)

C. PARAMETER SELECTIONS

In this section, we will discuss the relation between the
communication rate and the choice of Scale. If the Scale is
large, the Afscale becomes small. Thus, many varieties of the
combinations of the IM2s can be considered. However, this
results in having a low communication rate as it is rate-limited
by the Aficale- On the other hand, if Scale is small, the com-
munication rate becomes faster, but the number of combina-
tions becomes poor, and not all the types of combinations can
be obtained. This may render the method unable to convey
information in the extreme case.

1) 4 TONE CASE

We show the relationship between the Scale and the tone
placement in Fig. 7. As we see from the figure, increasing
the Scale results in having small Afcae and eventually hav-
ing small Afnin. However, the number of tone arrangements
increases since the number of indices that the second and the
third tone can choose increases. Note that the 1st and the last
tone are always placed at each end, separated by BW and
cannot be arranged in other places. In Fig. 7, all the cases
represent Af(1,2) = Af(3,4) A Af(1,3) = Af(2,4), for
each Scale as an example.

When the Scale is 4, the fica1e becomes BW /4, so the com-
munication rate is increased as the fnin increases. However,
in such a case, all the possible candidate tone configurations
are reduced to only 3: (0, 1, 3, 4), (0, 1, 2, 4), and (0, 2, 3,
4) whose types of the tone configurations are Af(1,2) =
Af(3,4) A AF(1,3) = Af(2,4), Af(1,2) = Af(2,3) A
Af(1,3) = Af(3,4),and Af(2,3) = Af (3,4 ANAf(1,2) =
Af (2, 4), respectively. Note here that each element stands for
the index in the frequency domain in Fig. 7. Since these types
of the tone configurations all belong to Category B, we cannot
send a bit of information in this case because all the outputs
fall into the same value without being differentiated.

On the other hand, when the Scale is 12, Afscale becomes
BW /12. Therefore, the tone combinations increase signifi-
cantly. As we see from Fig. 7 at the bottom, there are 11 places
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FIGURE 7. Scale explanation. As the number of scale increases, the
minimum frequency spacing between the adjacent tones decreases.

TABLE 2. The number of types of the tone configurations which is shown

in Fig. 5, and the number of possible candidate tone configurations for
the case of N = 4 (Scale = 12).

categories

Number of Types of
tone configurations

Number of possible
tone configurations

34

Category A | 1

Category B | 4 14
Category C | 3 6
Category D | 1 1

for the second and third tones to be arranged (indexes 1 to
11). Note that the 1st and the last tones are always placed at
each end, separated by BW and cannot be arranged in other
places. We show the number of tone configurations for each
category in Table 2. From the table, there are 34, 14, 6, and
1 possible tone configurations of the frequency tones that
belong to categories A, B, C, and D, respectively. The 14
possible tone configurations in the Category B yield the same
PAPR values, and they are categorized into 4 types, as shown
in Fig 5.

At the same time, the number of tone configurations that
belong to the same types is also increased. These tone con-
figurations include different factor. We show the example of
the case of different tone arrangements whose types of tone
configurations (Af (1, 2) = Af(3,4) A Af(2,4) = Af(1, 3))
are all the same in Fig. 8. As in Fig. 8, there are 4 different
tone configurations to be considered ((0, 5, 7, 12), (0, 3, 9,
12), (0, 2, 10, 12), and (0, 1, 11, 12)). Note that (0, 4, 8, 12)
is in Category A because all the tones are evenly distributed,
so this case is omitted. Any of these tones fall into the Cate-
gory B. The differences are that they have different factors,
which are 2, 3, 2, and 1, respectively. In order to obtain a
faster communication rate, Afpin needs to be large. In that
perspective, (0, 3, 9, 12) is the tone configuration whose
minimum frequency spacing is the largest. The maximum
value of factor differs from the categories. Based on our
brute force search, we found the values of maximum factors
for each category as 4, 3, 2, and 3 from categories A to D
respectively. Since the communication rate is rate-limited to
the slowest fnin, the communication rate for the case of this

example becomes, R = log,(4) x zﬁ# = %. Here, since
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FIGURE 8. Tone selection differences and how the minimum frequency
spacings differ are shown. All the combinations represent the case of
Af(1,2) = Af(3, 4) A Af(1, 3) = Af(2, 4), but the minimum frequency
spacings (Afy;,) are different depending on the tone configurations.

TABLE 3. Relations of Afs e, factor, Afy;, for different N.

N 3 4

at
(=2}
N}

# of possible PAPRs | 2 4 7 11 16

Af BW | BW | BW | BW BW.

scale 4 6 12 30 48

factor 1 1 1 4 5

A . BW BW BW 2BW 5BW
fmm 4 6 12 15 48

4 categories exist for this example, the modulation order is
obtained as M = log,(4).

The optimal case can be defined as the minimum Scale
that at least one candidate set exists for each category,
which in this case, Scale = 6. In such a case, the num-
ber of types for each category is 1, 1, 6, and 2 from cat-
egories A to D respectively. By reducing the Scale, it is
possible to find candidate tone configurations for symbols
with smaller search space as well. The total candidate tone
configurations are reduced to 10 from 55 when the scale
is 12.

2) LARGER NUMBER OF TONES

Obtaining a suitable Scale analytically for a given number of
N is difficult. Therefore, we solved this by brute force search.
We tested with a small value to see if the candidate tone
configurations included all the categories. Based on the brute
force search, we obtained the Aficale, Affactor, and Afmin for
different N from 3 up to 7, which is shown in Table 3. Since
increasing the number of N requires a huge search space,
we were unable to find a suitable Scale for N > 7 due to the
limitation of computational resources. As can be seen, up to
N = 5, factor becomes 1, which means that there exist at least
one category whose factor is 1. On the other hand, for N > 5,
the minimum scale becomes 4 for N = 6, and 5 for N = 7,
which indicates that by carefully choosing the specific tone
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TABLE 4. The tone features depending on the categories for N = 3 and Scale = 4.

types of tone configurations | the number of equals | factors | number of configurations | candidate configurations
Category A | Af(1,2) = Af(2,3) 1 2 1 (0,2,4).
Category B | no features 0 1 2 (0,1,4), (0,3,4).

TABLE 5. The tone features depending on the categories for N = 4 and Scale = 6.

types of tone configurations the number of equals | factors | number of configurations | candidate configurations
Category A | Af(1,2) = Af(2,3) = Af(3,4) A 3 2 1 (0,2,4,6).
Af(1,3) = Af(2,4)

Category B | Af(1,2) = Af(3,4) NAf(1,3) =Af(2,4) | 2 1 1 0,1,5,6).

Category C | Af(1,2) = Af(2,3)V 0,1,2,6), (0,1, 3,6),
Af(1,2) =Af(2,4) Vv 1 1 6 (0,2,3,6), (0,3,4,6),
Af(L3)=Af(3,4) v (0,3,5,6),

Af(2,3) =Af(3,4) (0,4,5,6).
Category D | No features 0 1 2 (0,1,4,6), (0,2,5,6)
TABLE 6. The tone features depending on the categories for N = 5 and Scale = 12.

types of tone configurations the number of equals | factors | number of configurations | candidate configurations

Category A | Af(1,2) = Af(2,3) =Af(3,4) = Af(4,5) A
Af(1,3) = Af(2,4) = Af(3,5) A 6 3 1 (0,3,6,9,12).
Af(1,4) = Af(2,5)

Category B | Af(1,2) = Af(2,4) = Af(4,5) A
Af(1,3) = Af(3,5) A 5 2 1 (0,4,6,8,12).
Af(174) - Af(275> A
Af(2,3) = Af(3,4)

Category C | Af(1,2) = Af(2,3) = Af(3,4) A (0,2,4,6,12),
Af(1,3) = Af(2,4) A 4 2 11 (0,4,6,10,12),
Af(1,4) = Af(4,5) (0,6,8,10,12)
- ..., (8 more).

Category D | Af(1,2) = Af(4,5) A (0,2,5,10,12),
Af(1,4) = Af(2,5) A 3 2 6 (0,3,5,7,12),
Af(1,3) = Af(3,4) (0,5,7,9,12),
Y ... (3 more)

Category E | Af(1,2) = Af(2,3) A (0,2,4,7,12),
Af(2,4) = Af(4,5) 2 2 12 (0,3,5,8,12),
- ..., (10 more)

Category F | Af(1,2) = Af(2,3) V (0,2,4,9,12),
Af(2,3)=Af(3,4)V 1 2 4 (0,2,5,8,12)
Af(3,4) =Af(4,5)V (0,3,8,10,12)
Af(2,3)=Af(3,4)V (0,4,7,10,12)

Category G | no features 0 1 14 (0,1,3,7,12), ... (13 more).

combinations, it is possible to have the tone combinations that
can increase the communication rate.

‘We show the detailed results for the case of N =3, N = 4,
and N = 5 in Table 4 — Table 6. In the tables, we show the
types of tone configurations, the number of equals, the largest
factor among the tone configurations, the number of combi-
nations, and the actual candidate set examples that resulted
the fastest for each category. These results were obtained
by considering all the possible cases and categorizing them
analytically. Note that for N = 5, there are a lot of types
to be considered, so we show only part of the results. Each
factor in Table 4 — Table 6 is the factor within the categories
and the factor that is listed in Table 3 is the minimum value
among categories. This is because the minimum value of
the factor among the categories is rate-limited in terms of
communication rate.
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We compared the spectrum efficiency with the most related
papers in Fig. 9, which shows that our case achieves the
poorest performances. The spectrum efficiencies of the other
schemes were calculated based on the results in their papers
[20], [22]. The spectral efficiency becomes 4 times smaller
than the conventional multitone FSK method. In addition,
we see that there is a slight degradation against PAPR based
multitone SWIPT as well when N is a small value. However,
as the number of tones is increased, the efficiency improves
and comes close to the multitone-PAPR method. In fact,
as shown in Fig. 6, increasing the number of tones results in
having a larger modulation order than the multitone-PAPR
case. Therefore, for a larger N, we could obtain a better
performance against the multitone-PAPR method. Note that
our scheme stands for the fastest configuration whose tone
combinations are selected from Table 4 — 6.
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FIGURE 9. Spectrum efficiency comparison; These results are refereed
from the results of previous papers.

Finally, we discuss the difference between the aforemen-
tioned tone selections and the previously published multitone
FSK SWIPT method [22]. As opposed to the conventional
method where the tones are selected so that each IM2 from
the tone combinations are different, our method selects the
combinations of tone configurations whose numbers of equal
values in the IM2s generated from the combinations, are
different. Borrowing the expressions from [22], the tone com-
binations include both uniform and nonuniform multitone
FSK, which is also one of the differences. While the previous
paper reports the possibility to consider more varieties of
selections, we constrained the total bandwidth to be the same
in order to make the choice of tone selection easier. This
results in degrading the spectral efficiency.

IV. DESIGN RECEIVER SYSTEM AND SIMULATION
VALIDATIONS

Based on our previous results, we were able to encode bits
based on the frequency tone arrangements. In this section,
we validate our method using the SWIPT receiver, which
consists of both information decoding units and the energy
harvesting unit. Our design requirement is that the SWIPT
receiver should both receive RF energy harvesting power and
RF signal simultaneously using the same antenna. In addition,
we assumed that the receiver circuit has very low power
computational resources.

A. RECEIVER SYSTEM MODEL

The block diagram of the tested rectifier circuit to achieve
SWIPT is shown in Fig. 10. It consists of two units; the
first unit is for obtaining RF energy, which works as a bat-
tery source for the receiver circuit. The second rectifier unit
works for obtaining PAPR by observing the peak voltage
and the averaged voltage. We connected these units after
the matching network. Note that by changing the DC block
capacitors for each unit, we would change the RF input power
so that more power may flow into the energy harvesting
unit [30]. We will refer to this two-unit type rectifier as
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FIGURE 10. The circuit model for ADS circuit simulation and experiment.
The impedance was matched using an optimization tool in ADS. The
received signal is split into two units; one is for the RF harvesting receiver
(top), and the other is for calculating PAPRs. Both of the modules consists
of passive elements.

a 2 stream rectifier and the rectifier design shown in Fig. 2
as a single-stream rectifier in later discussions.

B. PAPR MEASUREMENT VALIDATION

We conducted simulations and experiments in order to see if
the presented receiver circuit could successfully distinguish
PAPR differences based on the previously showed signal
generation method. The simulation and experiment setup is
the same as that described in section II-C. Note that the
impedance matching was optimized to —10 dBm and did
not rematch even with different input power since in a usual
receiver system, changing the matching network depending
on its input power is not practical.

1) PAPR PERFORMANCE CHARACTERIZATION AGAINST
INPUT POWER

For the tone selections, we utilized some of the tones from
Table 4 - Table 6. If the candidate sets included multiple
sets, we averaged the output PAPR of all the tested cases.
The input power was set to —10 dBm, the communication
bandwidth was fixed to 200 kHz, and the center frequency
was set to 915 MHz. The output PAPR was derived based on
the Eq. 8. We show the simulation and experimental results
in Fig. 11 and Fig. 12 for N = 3 and 4. Both experimental
and simulation results show that we were able to distinguish
(N — 1)(N — 2)/2 + 1 different combinations. However, for
the experimental results, the PAPR value became unstable
for power lower than —18 dBm. When the obtained output
voltage was too small and the obtained peak voltage was
relatively high, the peak to average power raised significantly.
This resulted in unstable PAPRs when the low input powers
were induced. Therefore, it is hard to use in practice for such
small input power. In spite of this result, the typical energy
harvesting receiver commercially available requires more
than —12 dBm input power for its operation, so operating
above —18 dBm is feasible for practical use [31].

Another thing to express is that the PAPR values change
depending on the input power level within the same category.
This means that even if the receiver device obtains a specific
PAPR value, it cannot correctly identify which category it
is in. For example, when the receiver device receives the
N = 4 tone waveforms and receives output PAPR that is
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FIGURE 11. Simulation results of PAPR comparison based on the
categories in Table 4 for N = 3 with the introduced receiver circuit.
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FIGURE 12. Simulation and experimental results of PAPR comparison
based on the categories in Table 5 for N = 4.

indicated as 8, the system cannot decide which category does
the tone configuration of the transmitted waveforms belongs
to unless the receiver device obtained received power as
well. This occurs because Category A with input power —6
dBm, Category B with input power —10 dBm, Category C
with input power —12.2 dBm, and Category D with input
power —14.1 dBm all output PAPR values of 8. Therefore,
in order to utilize this scheme, it is required to have an initial
reference signal used to measure the received power at the
receiver node. Simply put, the transmitter device sends the
preambles of all the categories at first so that the receiver
can understand the mapping between the PAPR values and
the categories. One might say that input power level changes
depending on the timing of the transmitted signal. However,
in a case where the transmitter and receiver nodes are in fixed
places, the input power level would not change unless the
wireless channel changes dramatically, like in an urban city.
Therefore, assuming that in a rural area, where the wireless
channel would not change dramatically, we could assume
that the wireless channel might be fixed for a short period
of time, which is enough time for the receiver node to receive
information.
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FIGURE 13. Simulation and experimental results of PAPR comparisons
against Fya4jo for N = 3. The tested rectifier was the 2 stream rectifier that
is shown in Fig. 10 and the BW was varied from 10 kHz to 1 MHz. The
input power was set to —10 dBm.

2) PAPR PERFORMANCE CHARACTERIZATION AGAINST Fyatio
We further investigate the PAPR difference against Fyago for
the case of N = 3, whose result is shown in Fig. 13. The
tested receiver circuit is the same as in Fig. 10. We varied
the bandwidth from 10 kHz to 1 MHz, which corresponds
to Fraio of 0.01 to 1. From Fig. 13, the PAPR difference
between the categories A and B in Table 4 becomes smaller
for larger Fruio. When larger bandwidth is allocated, the
generated IM2s are more likely to go beyond the Fia in the
frequency domain, which results in having smaller alternative
current (AC) components in the output voltage. Therefore, the
output voltage fluctuation between the categories resembles
each other. That is to say, our system fails to retrieve infor-
mation for a larger bandwidth or a lower RC factor, which
resembles the results from a single-stream rectifier in Fig. 4.
Note that we are assuming the use of this system to be for
the UHF regime. In such a regime, the required bandwidth is
at most 200 kHz, which is relatively small. As we discussed
in section II-D, even though our method works with a small
Flaiio regime, our method is enough for operating at UHF.
On the other hand, when we consider using this method to
the system where the communication bandwidth can be much
larger than our assumption, our method is not suitable for
adoption. In such scenarios, the previously published method
is beneficial for information retrieving [22].

3) PAPR PERFORMANCE CHARACTERIZATION AGAINST Fati0
Finally, we compare the output voltage acquisitions of the
main RF harvesting unit. The experimental result of the out-
put voltage from the main RF harvesting unit of the 2 stream
type rectifier is shown in Fig. 14. In addition, we compare it
with the single-stream type rectifier shown in Fig. 3, whose
load resistance and capacitance were 10 k€2, and 1 nF for
N = 3. The input power was set to —10 dBm, and bandwidth
was varied from 10 kHz to 1 MHz. In terms of Fi,o, it corre-
sponded to 0.6 to 62. This range is different from the afore-
mentioned analysis due to the fact that the Afeyeofr is different
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FIGURE 14. Experimental results of output voltage comparisons against
bandwidth for N = 3. The tested rectifier was the 2 stream rectifier that is
shown in Fig. 10, and the output voltage was inspected from the main RF
unit. We also tested a single rectifier circuit whose load resistance

was 1 nF and 10 k. The tested bandwidth was varied from 10 kHz

to 1 MHz, and input power was set to —10 dBm.

from those at the information unit. The experimental results
show that increasing the bandwidth to some extent results in
having higher output voltages in both the 2 stream rectifier
case and the single-stream case. When higher bandwidth is
allocated, the ripple of the output voltage ceases due to the RC
filter effect, resulting in higher output voltages. On the other
hand, when the bandwidth is small, the RC filter cannot cutoff
the IM2 tones. In such case, the output voltage drops signifi-
cantly during the negative half cycle of the waveforms, which
causes the degradation of WPT performances especially for
the case of a voltage doubler rectifier [26]. Comparing the
single stream and the 2 streams case, the single-stream case
rectifier yields better output voltage performance. This is
due to the loss caused by separating the transmission line
to the information unit, which consumes some amount of
power.

Furthermore, the experiments show that the output voltages
for the case of categories A and B flip when higher bandwidth
is allocated. This shows that for evenly distributed cases
(Category A) when the cutoff frequency cannot slice IM2
tones, severe performance degradation occurs at the output
voltage. It is also indicated that when the tones are unevenly
distributed, even with the RC filter cutoff AC component of
the output voltage, the yielded output voltage cannot improve
similarly to the evenly distributed case. This corresponds
to the fact that evenly distributed multitone waveforms can
maximize the output voltage [32]. Our results reveal that mul-
titone waveforms with evenly distributed waveforms always
yield the highest output voltage under the conditions that
allocated bandwidth must be large enough. Investigating the
tradeoff between the bandwidth and the tone arrangements
is our future works since it is out of the scope of this
paper.

We also compare the output voltage for the case when
N = 4 in Fig. 15, which behaves similarly to the case
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FIGURE 15. Experimental results of output voltage comparisons against
bandwidth for N = 4. The tested rectifier was the 2 stream rectifier that is
shown in Fig. 10, and the output voltage was inspected from the main RF
unit. The tested bandwidth was varied from 10 kHz to 1 MHz, and input
power was set to —10 dBm.

when N = 3. Increasing the number of tones results in
having larger differences in terms of the voltage acquisition
results from categories A and D, except for the case when the
bandwidth reaches 100 kHz. It also shows that on one hand,
it is required to allocate larger bandwidth or higher Fi,o,
but on the other hand, in order to get better communication
performance, Fiago, should be small enough to distinguish
the PAPR difference between the categories, which is also
indicated in previous papers [11], [22]. Thus, Feywoff needs
to be designed properly for both the RF harvesting unit and
the information unit. Finally, in Fig. 16 we show the results
for different input power. The bandwidth was set to 200 kHz.
As we see from the result, by increasing the input power
results in larger differences between the categories in terms
of output voltages.

C. OPTIMIZATIONS

In the previous paper, due to the design of the receiver circuit,
when the low-pass-filter (LP-filter) is very narrow, the IM2s
in the transmitted tones that reside far away from the DC
region are attenuated. This results in detection errors because
some of the tones are missed while detecting in the frequency
domain. In order to tackle this problem, the previous paper
[22], has dealt with pre and post optimizations, which are
done at the transmitter and receiver side, respectively. These
optimizations are executed based on the knowledge of the
transfer function of the LP-filter at the receiver circuit and
by multiplying the scaling factor of the waveforms.

In our system, it may be possible to implement such opti-
mizations at both sides, but these optimizations suppress the
communication rate eventually. This is because we fix the
entire communication bandwidth for each tone configuration
in order to make the system easier to select tones. As a result,
the furthest IM2 tone generated from the candidate set is BW
away from the DC region. If the BW happens to be larger than
Feutoft, signal detection errors will be prone to occur. In such
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TABLE 7. Performance summary.

Method Efficiency Input power range carrier frequency number of tones | calculation cost
(summation, multiplication)
Multitone PAPR [20], [21] | 8% to 14% at —10 dBm | —20 dBm to 15 dBm | 900 MHz 4 O(N), O(N)
Multitone FSK [22] 7% to 9% at —5 dBm —30 dBm to 0 dBm 2.45 GHz 4 O(NlogN), O(NlogN)
Biased ASK [18] 22% to 28% at —15 dBm | —25 dBm to —5 dBm | 2.45 GHz 2 O(N), 0(1)
Amplitude / Phase [11] 46% to 52% at —10 dBm | —20 dBm to —6 dBm | 650 MHz to 1 GHz | 2 O(N),0(1)
This work 21% to 25% at —10 dBm | —20 dBm to 0 dBm 915 MHz 4 O(N),0(1)
2 caA (experiment) tones whose frequency spacing is around 1 MHz due to the
1.8 |-=-CatB (experiment) 1 requirement of a high Q factor. Therefore, even under the
S 1.6 :gg} g Eg;gz::ngg uniform FSK case, it is quite challenging to design such
‘51,4 filters. It is also possible to implement the filter after the
21.2 rectification process. However, in such case, the system must
§ 1 embed roughly the same amount of filters as the symbol
=08 index. Therefore, trade-off between the size of the receiver
% 0.6 circuit and the modulation order needs to be considered.
Co04 On the other hand, there are also disadvantages from the per-
0.2 spectives of interference or flexibility against the structures.
0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ In terms of interference duration, the conventional method

18 16 -14 12 10 8 -6 -4 -2 0
Pin (dBm)
FIGURE 16. Experimental results of output voltage comparisons against
input power for N = 4. The input power was varied from —18 to 0 dBm,
and the bandwidth was set to 200 kHz. The tested rectifier was

the 2 stream rectifier that is shown in Fig. 10, and the output voltage was
inspected from the main RF unit.

a scenario, either BW or F.yoff needs to be controlled so that
BW becomes smaller than Fyff. Since the circuit parameter
is not easily controlled, BW needs to be small. This results in
degrading the communication rate.

Overall, in the perspectives of the pre and post optimiza-
tions, our system has less flexibility compared to the conven-
tional FSK method due to the adoption of fixed bandwidth for
tone selections. Finding a method to select tones from unfixed
bandwidth conditions might be our future research direction.

V. DISCUSSIONS

Overall, we have investigated the PAPR detection based mul-
titone FSK. In this section we discuss the comparison with
the conventional methods and the feasibility of optimizations
that have been discussed in [22].

The advantage of our method relies on the fact that we
eliminate the FFT calculation and rely on a PAPR based
method performed on the time domain. Typically, the calcula-
tion cost of FFT requires O(N log N) for multiplications and
summations while the PAPR based calculation requires O(1)
for multiplications and O(/N) for summations using the big-O
notation. Therefore, in terms of the calculation cost, it is more
applicable for a battery-less device. As we also discussed
in the introduction, the conventional method can implement
passive filter banks in order to avoid the calculation of FFT
to obtain information [22]. However, when we implement
at UHF where the communication bandwidth lies typically
below 1 MHz, it is hard to make a filter that can separate
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can post compensate the channel effect as they have shown
by calculating and negating the channel effect. In addition,
in the former paper, signals can be detected even with a
small input power (typically around —30 dBm receive power)
since it can inspect the spectrum using FFTs [22]. On the
other hand in our system, based on the results, —18 dBm
received power level is the minimum threshold for the device
to correctly detect signals even under the non-interfered con-
dition. Therefore, we conclude that under interference, our
system is inferior to the conventional method. Note that the
same discussion could be made for noise duration. However,
typically, the microwave power transfer signal is significantly
above the noise level, so this infers that there is no difference
between the method in terms of noise.

As we discussed in the previous section, the conventional
method is more flexible with regard to the receiver structure
since their method can pre or post optimize the waveform
depending on the LP-filter at the receiver side. In order to
select tone configurations more simply, we fixed the total
bandwidth for each condition which in turn hinders opti-
mization. Even though we could do pre-optimization so as
not to be affected by the LP-filter, the communication rate
deteriorates severely due to this operation.

Finally, we compared the performances with existing
papers [11], [18], [20]-[22] in Table 7. The calculated val-
ues are based on the reported results in each paper. Com-
pared with the Multitone FSK, the computational cost is
significantly reduced which result from eliminating the calcu-
lation of FFT and utilizing PAPR measurement [22]. In addi-
tion, we were also able to reduce the calculation complexity
against conventional multitone PAPR method. The conven-
tional method calculates average power in order to obtain
PAPRs whereas in our case, we only need to measure average
output voltage and calculate the power after that, which indi-
cates that multiplication occurs only one time per symbol for
obtaining average power [21]. Although modulation based
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on amplitude or phase controlling method [11] gained the
highest efficiency, the modulation method is too complex
to be employed for N > 3. In our case, the efficiencies
varies from 21% to 25% for the case when the number
of tones were 4 and the input power range varied from
—20 dBm to 0 dBm, which is feasible as we discussed in
section. IV-B1.

VI. CONCLUSION

In this paper, a frequency shift-type multitone signal SWIPT
system based on the PAPR detection method is introduced.
Different from FFT based signal detection, our method real-
izes signal detection more simply. We revealed that when
the tones vary, the contents of frequency tones in the output
voltage varies due to the diode’s nonlinearity. In addition,
we formulated the relation between the number of tones
and the modulation orders and verified it using ADS cir-
cuit simulation as well as experiments with our introduced
receiver circuit. Based on the results, we could distinguish the
(W=DIV=2) 11 different PAPRs for N = 3,and N = 4, which
corresponded to our formula. The limitation of our method is
with power values under —18 dBm, the PAPR differences are
no longer detected. In terms of the theoretical realizations,
it is challenging to reveal the output behavior of the rectifier
because of the existence of the nonlinear elements. Therefore,
the theoretical realizations of output voltage transitions and
the PAPRs become our future works.
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