
IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES 1

Practical Waveform-to-Energy Harvesting Model
and Transmit Waveform Optimization for RF

Wireless Power Transfer Systems
Nachiket Ayir , Member, IEEE, Taneli Riihonen , Senior Member, IEEE, and Mikko Heino , Member, IEEE

Abstract— The received radio-frequency (RF) power in far-
field RF wireless power transfer (WPT)—with or without
simultaneous information transfer—is minuscule due to large
propagation loss in wireless media. In such scenarios, adapting to
the receiver characteristics by transmit waveform optimization
is essential for maximizing the harvested direct current (dc)
and, thus, the end-to-end efficiency of an RF WPT system. The
receiver efficiency in RF WPT is governed by the RF-to-dc
efficiency of the rectifier as well as the impedance mismatch
at the antenna and load. In this article, we study the receiver
efficiency for any fixed load and, subsequently, present a novel
rectifier model that relates the average harvested dc power to
the distribution, that is, the histogram, of the instantaneous
power levels of the RF signal’s envelope over time. The proposed
waveform-to-energy harvesting (EH) model enables us to antici-
pate the average harvested dc power for any waveform, including
communication signals as well, given the knowledge of the power-
level distribution. Consequently, we conduct rigorous waveform
optimization to maximize the average harvested dc power and
determine the digital baseband signal at the transmitter that does
so, namely prove that a pulsed tone at appropriate frequency
is optimal for RF WPT. We present a multiband test-bed for
determining the receiver efficiency for any digital baseband
waveform. The efficacy of the proposed model is corroborated
through experiments as well as simulations, which confirm that it
is operational as well as accurate in practice and that single-sine
pulses yield higher efficiency than basic multisine waveforms,
while a pulsed phase shift keying (PSK) is preferable for
simultaneous wireless information and power transfer (SWIPT).

Index Terms— Multiband test-bed, rectifier model, simultane-
ous wireless information and power transfer (SWIPT), waveform
optimization, wireless power transfer (WPT).

I. INTRODUCTION

FAR-FIELD radio-frequency (RF) wireless power transfer
(WPT) and simultaneous wireless information and power

transfer (SWIPT) are eminent research topics [1], [2] with
potential applications in consumer and industrial Internet-of-
Things (IoT). RF WPT alone could provide the multitude of
IoT sensors with a replenishable energy source, thus averting
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sensors from becoming hazardous environmental waste after
their batteries die and also avoiding the hassle of replacing the
batteries given the sheer size of an IoT network. An RF WPT-
enabled sensor would comprise a rectenna (a portmanteau
for the combination of a receiver antenna and an RF diode-
based rectifier) to convert the incident RF energy to direct
current (dc) energy, and possibly store it temporarily in its
supercapacitor. While an RF WPT transmitter usually operates
in a single band, the sensors should practically be able to
harvest energy from multiple such RF bands to maximize their
dc output.

While the focus of RF WPT is to energize the receiver
sensors through RF radiation, the spectrum could be leveraged
better by utilizing it to transport information as well as power
together, thus giving rise to the concept of RF SWIPT. The
energy and information receivers could either be colocated or
separate depending on the application and device complexity.
RF SWIPT can also leverage the networking paradigms of
wireless-powered communication and backscatter networking,
where energy is transferred in the downlink and the transceiver
spends it to transmit information in the uplink [1].

A. Motivation

The state-of-the-art WPT technologies enable energy trans-
fer over short-range (about an inch), mid-range (about 1–2 m),
and far-field. All these competing technologies have their own
benefits and limitations [3], [4], [5], [6]. Moreover, each of the
three technologies has commercially available products. While
far-field RF WPT that is in the scope of this work provides
the benefits of mobility and longer operation range over the
other two, it comes with additional complexities too.

Especially, RF WPT suffers from immense over-the-air
propagation losses resulting in only a small fraction of the
actual transmitted power reaching the receiver. This neces-
sitates optimizing receiver performance in RF WPT systems
to reduce the disadvantage. Consequently, a majority of the
research on RF WPT systems has thus far focused on tech-
nical problems associated with the energy harvesting (EH)
receiver [7]. The performance of the receiver in RF WPT
is characterized by its efficiency, which is the ratio of the
average harvested dc power (Pdc

out) to the average RF input
power (PRF

in ).
The receiver in RF WPT generally comprises a receiv-

ing antenna, a matching network, a rectifier, and a load.
To optimize the receiver performance in RF WPT, it is
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first essential to have an accurate mathematical model of an
RF energy harvester. It is already well established in the
existing literature [7] that linear EH models cannot capture
the true behavior of a diode-based rectifier, while nonlinear
EH models can characterize the rectifier behavior in different
power regimes [8]. In this article, we present a novel nonlinear
rectifier model that relies on the characteristics of the input
waveform. We review the existing nonlinear EH models in
Section I-B for reference.

B. Literature Review

While the practical applications of RF WPT are slowly
on the rise, there is already a significant amount of aca-
demic research material available on RF WPT, RF SWIPT,
and RF EH. These include waveform analysis, end-to-end
system performance analysis, rectifier modeling and design,
waveform optimization, beamforming algorithms, and link-
level analysis [2], [7], [9], [10], [11], [12], [13]. In some cases,
the presented results vary depending on the part of the RF
WPT system under consideration. For instance, experimen-
tal results in [14] reveal that multisine signals yield higher
receiver efficiency than orthogonal frequency-division multi-
plexing (OFDM) signals, chaotic signals, harmonic signals,
and so on. However, while considering the nonlinearities at
the transmitter, the experiments in [9] and [15] suggest that
high peak-to-average power ratio (PAPR) multisine waveforms
fare poorly in terms of the end-to-end efficiency of the system.

However, as mentioned above, a majority of the research
work caters to the receiver side of RF WPT, which includes
rectenna design, mathematical modeling, waveform design,
and measurement setups. A comprehensive survey of the
various rectenna topologies employed in RF WPT and RF EH
is presented in [16]. The type of receiving antenna to be used
varies based on the application, frequency band, and so on.
While miniature on-chip antennas are employed in biomedical
applications [17], [18] of RF WPT, wideband or dual-band
antennas are preferred for RF EH applications [19], [20], [21].
Furthermore, the physical design of a rectenna operating at
2.4 GHz, by designing Schottky diode-based voltage rectifiers,
is presented in [22] and [23]. Similarly, Duy et al. [24] present
the rectenna designed specifically for the 5.8-GHz band.

The receiver efficiency in RF WPT is dependent on sev-
eral parameters. In practice, a designed rectenna would have
peak receiver efficiency at a certain frequency and lesser
at other RF inputs. It is observed in [16] that antennas
that operate at the lower end of the spectrum have higher
RF-to-dc efficiency. Another important parameter that affects
the design of rectennas and the resultant receiver efficiency
is the impedance mismatch between the receiving antenna and
the rectifier network [13], [25], which again varies with the
input signal power and frequency. The combined impact of
variation in input power, PAPR, and load resistance on the
receiver efficiency in RF WPT is presented in [26].

Besides physical design, there are significant theoreti-
cal contributions to the mathematical modeling of energy
harvesters. A majority of these are parametric power-to-power
models that relate the average input power of the RF waveform

to the average harvested dc power [8], [27], [28], [29] and
rely on curve-fitting based on the measurement data. While
Boshkovska et al. [27] present a saturation model and utilizes
a sigmoid function for fitting, Chen et al. [8] present the
receiver efficiency as a heuristic expression that is a function
of PRF

in . Similarly, two nonlinear EH models are introduced
in [28] where, in both cases, the output power is a polynomial
fraction of PRF

in , whereas Xu et al. [29] present the output
power as a simple polynomial of PRF

in . Such models are very
useful for determining power allocation at the transmitter [30],
[31], but not at all for waveform optimization.

To be able to design a waveform suitable for RF WPT
or RF SWIPT, the rectifier models need to characterize Pdc

out
in terms of the parameters of the transmit signal. In [32]
and [33], the diode in the rectifier is modeled by approx-
imating the Shockley equation for a single diode, whereas
Abeywickrama et al. [34] present a nonlinear current–voltage
model of the rectifier’s diode. These models, however, do not
incorporate the input impedance mismatch at the receiver,
which varies with input power [13]. These models are specifi-
cally utilized for determining the optimal amplitudes [34] and
phases [32] for multisine waveforms for maximizing Pdc

out in
RF WPT.

Furthermore, based on the mentioned power-to-power and
waveform-to-power rectifier models, the problem of waveform
design with complete [33], [35], partial [36], [37], [38], [39],
and no [40] knowledge of the channel state information (CSI)
is available in the literature. In the case of a complete absence
of CSI, the transmitter could resort to transmit diversity [40].
Additionally, the problem of communication and signal design
for optimizing the end-to-end transmission in RF WPT is
presented in [41].

Moving on to measurement setups, a GNU Radio-based
prototype test-bed for evaluating the end-to-end (i.e., dc-to-dc)
performance of any digital waveform for RF WPT was
showcased in [9]. Based on pilot-based channel estimation
and subsequent waveform optimization, the first closed-loop
WPT prototype was presented in [22] and further improved
in [42]. These implementations introduce CSI feedback to
the transmitter, which is utilized to optimize the amplitude
of multisine tones. However, the CSI feedback is attained
over a wired medium. The literature has several other RF
WPT test-beds for tasks such as charging a single super-
capacitor with multiple ambient sources [43], determining
the digital modulation with the lowest charging time [44],
devising charging protocols to regulate multiple power sources
and multiple energy harvesters [45], determining the opti-
mal orientation between transmit and receive antennas [46],
studying antenna directivity as a function of source–sensor
distance [47]. Furthermore, blind adaptive beamforming tech-
niques to direct the RF energy toward the harvester were
studied and implemented in a multiple-input single-output
WPT test-bed in [48]. The beamformer weights are updated
based on the feedback from the energy harvester to enhance
the dc output. With a different approach, the concept in [49]
employs distributed beamforming with multiple power sources
charging a single receiver. In this case, beamforming aligns the
phases of RF waves from various transmitters at the receiver,
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to obtain a multisine waveform with high PAPR at the receiver
input.

Coming to SWIPT test beds, an software-defined radio
(SDR)-based system was presented in [50] to study
rate–energy tradeoffs in SWIPT systems. Separate signals
were employed for WPT and information transfer, and they
were superimposed for transmission based on time-switching
and power-splitting schemes. The performance of multisine
and modulated OFDM signals for SWIPT was evaluated.
Another SWIPT test-bed to study the performance of multisine
frequency-shift keying (FSK) signals was showcased in [51].
The information is encoded in the frequency spacing of the
sinusoids and thus can be decoded at the receiver without
the need for a local oscillator. This encoding method allows
the use of high-PAPR signals for achieving high receiver effi-
ciency and high throughput. Both the aforementioned SWIPT
test-beds utilize an ideal vector signal transceiver (VST) as a
transmitter and information decoder, with the former utilizing
an external power amplifier (PA) as well. A brief overview of
more such test-beds is available in [52].

C. Contributions and Organization

The nonlinear waveform-to-power models [32], [33], [34],
[35], [36] relate Pdc

out to the incoming RF waveform ŷ(t) and
are thus suitable for waveform optimization. While Boaventura
and Carvalho [32] utilize their model only for analyzing the
RF WPT performance with different multisine waveforms, the
waveform optimization in [33], [34], [35], and [36] is limited
to the design of amplitudes and phases. The optimization
thereof does not involve the design of the frequencies of the
baseband signal, but instead assumes the baseband signal to be
a multisine with evenly spaced frequencies. Consequently, the
state-of-the-art designs are incapable of yielding an arbitrary
waveform that corresponds to the global optimum as they are
restricted to a multisine signal with a not-so-large number of
tones. Naturally, the bandwidth constraint is also neglected.
Additionally, while [32], [33], [34], [35], and [36] are seminal
works, models thereof are devised with a few simplifications
that may not necessarily be very practical. First, these models
assume perfect input impedance matching at the receiver as
they do not include a matching network between the receiving
antenna and the rectifier circuit, which is usually present in
commercial energy harvesters [53]. Second, the models are
derived from a single-diode rectifier circuit.

Overall, there is a need for a general waveform-to-power
rectifier model and nonsimplified waveform optimization.
In this article, we overcome the aforementioned research gaps
through the following novel contributions.

1) We present a novel rectifier model that expresses the
average harvested dc power in terms of the power
distribution of the envelope signal of the incident RF
waveform. The proposed parametric model is inde-
pendent of the underlying matching network, rectifier
circuit, as well as load impedance architecture and thus
is applicable for any EH receiver circuit as soon as the
parameter fitting is performed based on simulation or
measurement data. Thus, it takes inherently into account
the impedance mismatch at the receiver input and output.

2) The proposed rectifier model accurately predicts the
average harvested dc power for any waveform with
a known power-level distribution function, that is,
histogram in other words. The model evaluates
the instantaneous rectification efficiency based on
continuous-wave (CW) data and utilizes it in conjunction
with the distribution function to determine the average
harvested dc power for a particular waveform. We exam-
ine the receiver efficiency of different RF WPT and
RF SWIPT waveforms using the proposed model to
demonstrate its applicability.

3) We use the proposed rectifier model to perform gen-
eral transmit-side waveform optimization to maximize
the average harvested dc power at the receiver while
accounting for a transmit power constraint, available
channel bandwidth, and frequency-selective channel
gains.

4) We present a multiband test-bed to evaluate the receiver
efficiency of any digital waveform. Using this test-
bed, we experimentally verify the predictions of the
proposed rectifier model for various waveforms, includ-
ing information-carrying phase shift keying (PSK) and
quadrature amplitude modulation (QAM) signals as well
as the optimized waveforms for a large number of
different load resistors, varying average input RF power,
six frequency bands, and three harvester circuits.

The remainder of this article is organized as follows.
In Section II, we present the system model employed in this
work. Afterward, we present the novel waveform-to-power
rectifier model in Section III and, using it, design the optimal
waveform for RF WPT in Section IV. The experimental
and simulation results that verify the precision of our recti-
fier model and the subsequent optimization are presented in
Section V. Finally, we present the conclusion of this work in
Section VI.

II. SYSTEM MODEL

In general, an RF WPT/SWIPT system comprises a digital
transceiver, an external PA, and an RF EH receiver (with or
without information transceiver capability). The system also
incorporates a CSI feedback mechanism so that the wave-
form at the transmitter could be optimized over a frequency-
selective channel. The digital transceiver creates x(t) that is
transmitted as x̂(t) at center frequency fc, propagated over
a wireless channel ĥ(t), and received as ŷ(t). The modeling
applies to both WPT and SWIPT, but this article is presented in
the context of EH from ŷ(t) despite it may contain information
too.

Without loss of generality, we assume that the digital
baseband signal to be transmitted is a complex-valued N -tone
multisine waveform given by

x(t) = x I (t) + j xQ(t)

=

N∑
n=1

An exp
[

j2π fnt + jφn
]

(1)

where An , fn , and φn represent the amplitude, the base-
band frequency, and the phase of the nth tone, respectively.
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A multisine waveform can approximate (or, if N → ∞,
exactly represent) an interval of any signal x(t) when inter-
preted as a Fourier series, which justifies the assumption.

The corresponding RF signal at the transmitter can be
expressed as

x̂(t) =
√

2
N∑

n=1

An cos(2π( fc + fn)t + φn) (2)

and the averagetransmitted RF power is given as

PRF
out =

1
T

∫ T

0
x̂2(t)dt =

1
T

∫ T

0
|x(t)|2dt =

N∑
n=1

A2
n (3)

where T is the time period or interval duration of the modulat-
ing signal. The result of (3) applies to multisines irrespective
of individual An , fn , or φn (so long as fn are distinct for
all n) as a direct consequence of Parseval’s theorem. We let
PTx denote the transmit power limit, such that PRF

out ≤ PTx.
The RF signal traverses a wireless medium with channel

response ĥ(t) and arrives at the energy harvester as

ŷ(t) = ĥ(t) ∗ x̂(t) + ŵ(t)

≈ ĥ(t) ∗ x̂(t)

=

N∑
n=1

Ân cos
(
2π( fc + fn)t + φ̂n

)
(4)

where the receiver noise ŵ(t) can be considered to be negligi-
ble from the EH perspective since the noise power level is way
below the sensitivity threshold of RF energy harvesters [53],
[55]. The receiver noise is similarly neglected in other such
research works on RF WPT, assiduously summarized in [7].

The impact of the channel on the individual multisine
tones is represented as Ân = An|Hn| and φ̂n = φn + ̸ Hn .
The baseband signal for the received RF signal ŷ(t) can be
described as

y(t) =

N∑
n=1

Ân cos
(
2π fnt + φ̂n

)
(5)

while the corresponding envelope signal is given as
√

2|y(t)|.
Next, the instantaneous power of this envelope signal can be
expressed as

p(t) = 2|y(t)|2 (6)

while the average input RF power of the received signal, using
(4) and (3), is given as

PRF
in = E

{
ŷ2(t)

}
= E

{(
ĥ(t) ∗ x̂(t)

)2
}

= E
{
ĥ2(t)

}
· E
{

x̂2(t)
}

= E
{
|h(t)|2

}
· E
{
|x(t)|2

}
(7)

where x(t) is any complex baseband waveform and h(t) is the
complex baseband channel equivalent of ĥ(t). The third step in
(7) arrives from the assumption that the signal and channel are

uncorrelated. For a frequency-selective slow-fading channel,
the average received RF power can be denoted as

PRF
in =

N∑
n=1

A2
n|Hn|

2. (8)

After rectification, the input signal ŷ(t) generates an output
voltage vout(t) across the load resistor RL . The harvested dc
voltage (V dc

out) is the root mean square (rms) value of vout(t),
given as

V dc
out =

√
1
T

∫ T

0
v2

out(t)dt . (9)

Correspondingly, the instantaneous output power is given as
([v2

out(t)]/RL) and the harvested dc power is given as

Pdc
out =

(
V dc

out

)2

RL
. (10)

Finally, the overall receiver efficiency is computed as

η =
Pdc

out

PRF
in

=

(
V dc

out

)2

RL
∑N

n=1 A2
n|Hn|

2
. (11)

III. NOVEL RECTIFIER MODEL

In this section, we propose a novel waveform-to-EH model
for an RF EH receiver.1 The proposed model relates the
average harvested dc power to the characteristics of the
input RF waveform, and not to just its average RF input
power like typical nonlinear models. The proposed model
incorporates the impact of the matching network along with
the rectifier circuit, for a given load resistor. In compari-
son with the existing nonlinear RF EH models, the novelty
of the proposed waveform-to-EH model is demonstrated in
Table I.

Let us first briefly explain the notion behind this rectifier
model: Given a baseband-modulated RF signal, where fc is
sufficiently higher than the highest | fn|, the individual cycles
(or a few of them) can approximately be represented as
single-tone sinusoids with a constant amplitude. The constant
amplitude here is the magnitude of the modulating signal at
that time instant. Each such single-tone sinusoid on traversing
through the RF EH circuit results in a certain rectified dc rms
voltage. The overall average harvested dc power is then given
by the average of these rectified dc rms powers over the time
period T of the input RF signal, which requires specifying only
the amplitude distribution of the received signal. The above
idea is supported by the measurement observations, which
reveal that the rectified signal vout(t) follows the envelope of
the baseband signal y(t). Accordingly, we propose that the
instantaneous output power at each time instant is obtained by
feeding the rectifier a single-tone input, whose input power is
determined by the magnitude of y(t) at that time instant.

1The RF EH receiver employed in this study comprises a diode-based
rectifier that is only utilized for RF-to-dc conversion—the rectifier under
consideration does not serve the purpose of demodulating communication
signals such as quadrature phase-shift keying (QPSK), QAM, and OFDM.
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TABLE I
COMPARISON OF NONLINEAR RECTIFIER MODELS FOR RF WPT

For the mathematical representation of the model, it is
convenient to consider time T to be a random variable, which
is uniformly distributed within one time period interval of the
modulating signal. This is because the model is based on only
the statistical distribution of the input signal’s instantaneous
power while the precise temporal evolution over time is irrele-
vant. Consequently, y(T ) and p(T ) become random variables,
which we denote simply as Y and P , respectively, for brevity.
The instantaneous output power is given as η(P) · P , where
η(P) is the efficiency of the receiver for instantaneous input
power P that captures the behavior of the entire receiver
circuit, including the antenna port, matching network, and the
rectifier circuit for a given load resistor RL .

In summary, as experiments corroborate in Section V, the
overall harvested dc power can be represented as

Pdc
out = E{η(P) · P}

=

∫
∞

0
η(p) · p · fP(p)dp (12)

where fP(p) denotes the probability density function of the
instantaneous power of the envelope signal. Equation (12)
represents the proposed rectifier model based on the power
distribution of the baseband/modulating signal’s envelope. The
model predicts the output dc power/voltage for any baseband
waveform y(t), given its amplitude/power distribution fP(p),
and η(p) that contains the parameters of the model that
characterize the receiver. In Sections III-A and III-B, we will
explain how to estimate them before using the model.

A. Determination of η(p)

The parametric model in (12) relies on having the knowl-
edge of the efficiency of the rectifier for each input power,
that is, the model parameters. To achieve this, one should
first determine the rectifier efficiency at M input power points
either through measurements or simulations. Let us denote the

measurement data points and estimated parameters with a tilde,
for them to be discernible.

At each of the k input power points (k ∈ [1, M]), a single-
tone input is transmitted, for which the envelope signal is
basically constant, so, pk = P̃RF

in [k] and fP(p) = δ(p − pk).
Thus, for each input power level P̃RF

in [k], we measure P̃dc
out[k]

and obtain the efficiency using (12) simply as

η̃k =
P̃dc

out[k]
P̃RF

in [k]
. (13)

Using this set of discrete η̃k , a smooth curve for η̃(p) can be
achieved by using piecewise polynomial interpolation as

η̃(p) =

R∑
l=0

ai,l(p − pi )
l (14)

for pi ≤ p ≤ pi+1, where i ∈ [1, M − 1], and R is the
degree of the piecewise polynomial. To avoid discontinuities
in η̃(p) at the internal points pi (i ∈ [2, M − 1]), we can opt
for higher-order spline interpolation such as the widely used
cubic spline. The coefficients ai,l in (14) are obtained from
the constraints on the polynomial in (14) per [56].

If (14) were to be represented with a cubic spline (R = 3),
the coefficients ai,2 would be given as solution to the equations

ai−1,2(pi − pi−1) + 2ai,2(pi+1 − pi−1) + ai+1,2(pi+1 − pi )

= 3
η̃i+1 − η̃i

(pi+1 − pi )
− 3

η̃i − η̃i−1

(pi − pi−1)
. (15)

With M input power points, we have M such equations which
would yield M unique ai,2 coefficients. Once the value of ai,2
is attained, the remaining coefficients can be computed as

ai,0 = η̃i

ai,1 =
η̃i+1 − η̃i

(pi+1 − pi )
−

(pi+1 − pi )

3
·
(
2ai,2 + ai+1,2

)
ai,3 =

ai+1,2 − ai,2

3(pi+1 − pi )
. (16)
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Thus, by varying the input power levels of a single-
tone sinusoid at RF, recording the corresponding recti-
fier efficiency, and then interpolating for the intermediate
points, we attain a continuous curve for estimated η̃(p)

using (14).

B. Determination of fP (p)

The other information needed for computing Pdc
out for any

given baseband waveform using (12) is the probability density
function of the instantaneous power of the baseband wave-
form. It can be computed as follows considering a base-
band waveform Y = y(T ), which is a function of random
variable T .

In the case that it is not possible to express Y as an
equation, its fP(p) can be estimated numerically from its
normalized histogram, given that the number of samples of
T is very large and the number of histogram bins is also
huge. Now, if gi is the normalized histogram value for the
bin pi < p ≤ pi+1 (i ∈ [1, number of bins]), with midpoint
p̌i , then the discrete probability is given as giδ(p− p̌i ), and the
corresponding estimated probability density function is given
by

f̃ P(p) =

∑
i

giδ
(

p − p̌i
)
. (17)

This approach is useful when y(t) is available as
a complex-valued sample sequence from simulations or
measurements.

In the other case, when the equation Y = y(T ) is known
and used, first the corresponding cumulative distribution func-
tion using (6) is given as

FP(p) = Pr(P ≤ p)

= Pr
(

−

√
p
2

≤ Y ≤

√
p
2

)
= FT

(
y−1

(√
p
2

))
− FT

(
y−1

(
−

√
p
2

))
(18)

where T ∼ ∪(0, T ]. Thus, the probability density function is
given as

fP(p) =
1
T

·

(
d

dp
y−1

(√
p
2

)
−

d
dp

y−1
(

−

√
p
2

))
. (19)

If the modulating signal equation Y = y(T ) is not invertible
or monotonic as required in (19), then we can resort to
numerical computation of f̃ P(p) as discussed in the previous
case.

Let us now present two special cases when fP(p) is exactly
known. These are the two-multisine and three-multisine modu-
lating signals, where the adjacent tones have equal amplitude
and the same phase, as defined in the experimental setup
in [9]. The modulating signal in these cases is given by as

Y =


√

2PRF
in cos

(
π1 f T

)
, when N = 2√

PRF
in

/
3
[
1 + 2 cos

(
2π1 f T

)]
, when N = 3.

(20)

The corresponding cumulative density function is given as
FP(p) =

1
2π1 f

FT

(
cos−1

(
p

PRF
in

− 1
))

, when N = 2

1
2π1 f

FT

(
cos−1

(√
3p

4PRF
in

−
1
2

)

− cos−1

(
−

√
3p

4PRF
in

−
1
2

))
, when N = 3

(21)

where T ∼ ∪(0, (1/1 f )]. Thus, the exact probability density
function is given as fP(p) =

1

2π
√

p
√

2PRF
in − p

, N = 2

1
4π

√
p

 1√(√
3PRF

in −
√

p
)(√

PRF
in /3 +

√
p
)

+
1√(√

3PRF
in +

√
p
)(√

PRF
in /3−

√
p
)
, N = 3

(22)

where 0 ≤ p ≤ N PRF
in . Unfortunately, Y = y(T ) is not

invertible for multisines with higher N .

IV. WAVEFORM OPTIMIZATION

In Section III, we presented a novel rectifier model that
yields Pdc

out for any given waveform. In this section, we deter-
mine the receive and transmit waveforms that are optimal for
RF WPT based on the model.

A. Optimization Problem Formulation

The primary goal of any RF WPT system is to maximize
Pdc

out with the available energy and spectrum resources at the
transmitter side. This can be broadly expressed in the form of
an optimization problem as

max
x(t)

Pdc
out

s.t.
1
T

∫ T

0
|x(t)|2dt = PTx

1
T

∫ W/2

−W/2
|X( f )|2d f ≤ αPTx (23)

where

X( f ) =

∫
∞

−∞

x(t) · e− j2π f t dt (24)
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represents the Fourier transform of x(t), having 0 < α < 1
times the instantaneous bandwidth W .2 The optimization
problem in (23) is purposed to ascertain the optimal transmit
waveform x∗(t). The first constraint ensures that the RF WPT
source transmits at the maximum available power level (PTx),
while the second constraint ensures that the signal resides
within the allotted channel of bandwidth W .

If we now express the transmit waveform in a general form
as defined in (1), the optimization problem narrows down to
a waveform optimization problem where the multisine ampli-
tude, frequency, and phase are optimized to yield maximum
Pdc

out. Moreover, given a wireless medium, there is an additional
constraint on the spectral bandwidth of the waveform. The
modified optimization problem can be expressed as

max
{An , fn ,φn}

Pdc
out

s.t.
N∑

n=1

A2
n = PTx

| fn| ≤
W
2

∀n ∈ [1, N ] (25)

where
∑N

n=1 A2
n denotes the transmit power as defined in

(3). Again, the two constraints ensure the transmit power
and bandwidth limits are adhered, respectively. However, for
yielding the globally optimum waveform with respect to (23),
the above optimization problem requires also N to approach
infinity.

We shall utilize the following approach for optimizing the
waveform at the transmitter. First, we determine the opti-
mal envelope signal at the harvester input which maximizes
Pdc

out. Afterward, by incorporating the effect of a slow-fading
frequency-selective channel, we choose the transmit waveform
parameters that would yield the optimal waveform at the
receiver input, while complying with the constraints.

B. Optimization Problem at the Receiver

The novel rectifier model presented in (12) relies on the
power distribution of the envelope signal and thus is suitable
to be used for waveform optimization at the receiver. If we
observe the model in (12), we realize that Pdc

out is dependent
on η(p) and fP(p), with the former pertaining to the energy
harvester in use. Thus, only the latter parameter can be
controlled and optimized to maximize Pdc

out, which is the power
distribution of the input RF waveform fP(p). The waveform
optimization problem at the receiver can thus be presented as

max
fP (p)≥0

∫
∞

0
η(p) · p · fP(p)dp

s.t.
∫

∞

0
p · fP(p)dp = PRF

in∫
∞

0
fP(p)dp = 1 (26a)

2The parameter 1 − α signifies the relative amount of spectral leakage
permitted in the adjacent frequency bands. The higher the value of α, the
wider is the measured bandwidth of the transmitted signal.

or equivalently, when fP(p) is implicitly constrained to be a
proper probability density function, as simply

max
fP (p)

E{η(P) · P}

s.t. E{P} = PRF
in (26b)

which should yield the optimal power distribution f ∗

P(p) for
the envelope signal that maximizes Pdc

out in RF WPT. It must
be noted that any number of waveforms could have the same
f ∗

P(p). Among those, we select the optimal waveform that
satisfies the constraints in (23) or (25) and other criteria.

To maximize Pdc
out at a given PRF

in , the receiver must operate
at maximum η at that PRF

in . Now, it is evident from Fig. 1(c)
that the EH receiver yields maximum η at only one unique
PRF

in , say p̄, for a given RL . Consequently, the upper bound
for (12) is given as

E{η(P) · P} ≤

{
E
{
η( p̄) · P

}
, PRF

in ≤ p̄
η(E{p}) · E{p}, PRF

in > p̄

=

{
η( p̄) · PRF

in , PRF
in ≤ p̄

η
(
PRF

in

)
· PRF

in , PRF
in > p̄

(27)

where

p̄ = arg max
p

η(p) (28)

is the instantaneous input power of the envelope signal at
which maximum efficiency is attained. Furthermore, when
PRF

in > p̄, we can assume that the product η(P) · P to be
concave and apply Jensen’s inequality, which is corroborated
by actual experimental data, as shown in Fig. 1(b).

The upper bound implies that to maximize Pdc
out, the received

envelope signal ought to have just one nonzero power level at
p̄ or PRF

in . Consequently, we propose a power density function
at the receiver, for an input signal with average RF input power
PRF

in , given as

f ∗

P(p) =
(
1 − µ∗

)
· δ(p) + µ∗

· δ

(
p −

PRF
in

µ∗

)
(29)

where the parameter

µ∗
=


PRF

in

p̄
, PRF

in ≤ p̄

1, PRF
in > p̄

(30)

represents the optimal relative duration of the power level.
Employing the density function proposed in (29) and the

subsequent µ∗ defined in (30), the average harvested dc power
is given as

Pdc
out = E{η(P) · P}

=

∫
∞

0
η(p) · p ·

[(
1−µ∗

)
· δ(p)+µ∗

· δ

(
p−

PRF
in

µ∗

)]
dp

= η

(
PRF

in

µ∗

)
· PRF

in . (31)

On substituting (30) in (31) and then comparing with (27),
it is clear that (29) attains the upper bound and is thus an
optimal solution for maximizing Pdc

out. The proposed density
function represents a pulsed RF wave with duty cycle µ∗.
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Fig. 1. Block diagram of the presented RF WPT system along with an example of measured harvested dc power (Pdc
out) and the corresponding receiver

efficiency (η) for a single sinusoid RF input at 879.5 MHz. The receiver is an off-the-shelf multiband rectifier with RL = 3.3 k� and CL = 15 pF. The
maximum receiver efficiency η( p̄) ≈ 52% is achieved when PRF

in = p̄ ≈ 11 dBm. When considering simultaneous power and data transfer, the RF WPT
system depicted in (a) is part of a more generic RF SWIPT system shown in [54, Fig. 1]. Such an RF SWIPT system constitutes separate signal paths for
information decoding and EH. (a) General block diagram. (b) Measured average harvested dc power. (c) Receiver efficiency.

This completes the optimization problem at the receiver. Next,
we revert back to the original problem (25) of determining the
optimal waveform at the transmitter.

C. Optimal Waveforms at the Transmitter

The optimal distribution at the receiver input as described
in (29) provides no information about the frequencies of the
optimal baseband signal. It only implies that the optimal enve-
lope signal at the transmitter is also a rectangular pulse. At the
transmitter side, the bandwidth constraint in (23) is critical,
for which we assume that the spectrum regulations specify
α as a parameter for spectral containment and the maximum
permissible absolute pulse duration τmax. The parameter τmax
allows us to determine the minimum instantaneous bandwidth
SWmin for the transmitted signal as follows.

Now, with a pulsed RF signal, there is scope for frequency
modulation at the baseband. However, to attain a high-PAPR
pulse at RF, we would need the absolute pulse duration to be
as small as feasible, say τmin. This requires minimal frequency
variation at the baseband. Consequently, to maximize the
power received through wireless propagation, we choose the
optimal baseband transmit frequency as

f ∗
= arg max

f
|H( f )|2

s.t. f ∈

[
fL +

SWmin

2
, fU −

SWmin

2

]
(32)

where H( f ) represents the Fourier transform of the baseband
equivalent of channel ĥ(t), while fL and fU represent the
lower and upper boundaries of the available channel bandwidth
W = fU − fL , respectively. The total guard bandwidth SWmin
at the edges of W ensures that the spectral leakage to the
adjacent bands is restricted to (1 −α)PTx, as required in (23).

Now, the optimal baseband signal at the transmitter can be
given by

x∗(t) = exp
[

j2π f ∗t + jφ∗
]
· r(t) (33)

where

r(t) =


A, 0 < t < τ

0, τ < t < T
r(t + kT ), k ∈ Z

(34)

represents a train of rectangular pulses with absolute pulse
duration τmin ≤ τ ≤ τmax and repetition interval T . The
optimal duty cycle µ∗ in (30) can, thus, also be represented
as

µ∗
=

τ

T
(35)

and, consequently, the optimal amplitude from the first con-
straint in (23) is given as

A =

√
PTx

µ∗
. (36)

Now, to complete the waveform optimization problem
at the transmitter, we ought to determine the parameters
SWmin, τmin, T , and φ∗. We start by determining SWmin and τmin
utilizing the second constraint in (23), based on the available
transmit power PTx and α. Consider the Fourier transform of
x∗(t) given as∣∣X( f ∗

+ f
)∣∣ = |Aτ sinc(τ f π)|. (37)

Now, for any general bandwidth B, on substituting (37) in
the second constraint of (23) and using (36), we get

αPTx ≥
1
T

∫ B/2

−B/2
|Aτ sinc(τ f π)|2d f

α
A2τ

T
≥

2A2τ 2

T

∫ B/2

0
sinc2(τ f π)d f

α ≥

∞∑
m=0

(−1)m(2πτ B)2m+1

π(2m + 1)(2m + 2)!
. (38)

While it is not possible to invert (38) to obtain an expression
for τ in terms of B, or vice versa, we can do so numerically
and the results are shown in Fig. 2. Let us define a function
q(τ, B) as

q(τ, B) =

∞∑
m=0

(−1)m(2πτ B)2m+1

π(2m + 1)(2m + 2)!
− α. (39)

Then SWmin in terms of τmax is the solution to

q
(
τmax, SWmin

)
= 0 (40)

while τmin in terms of f ∗ is the solution to

q
(
τmin, 2min

{
f ∗

− fL , fU − f ∗
})

= 0. (41)
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Fig. 2. Absolute pulse duration corresponding to available instantaneous
bandwidth for different values of parameter α as defined in (23).

Fig. 3. Optimal signal at the transmitter: a pulsed RF signal with absolute
pulse duration τ , repetition interval T , and amplitude A, with the baseband
frequency f ∗

≪ fc .

SWmin for any τ is demonstrated in Fig. 2. Moreover, it is
evident in Fig. 2 that increasing α greatly impacts τmin.
We observe that for instantaneous channel bandwidth up to
10 MHz, τmin ≈ 0.1 µs for even 90% occupied bandwidth.
This implies that transmitting multiple short pulses (τ <

0.1 µs) is not feasible, given the bandwidth and α constraints.
In a practical RF WPT system, the transmitter always transmits
at the maximum permissible power PTx while utilizing the
entire available bandwidth. Thus, the minimum pulse duration
τ = τmin obtained from (41) is likely the best choice in
practice.

Next, the repetition interval T is obtained using (35) when τ

is chosen. The determination of φ∗ is insignificant from an RF
WPT perspective and thus the task of waveform optimization
at the transmitter is complete. The optimal signal is a pulsed
RF as shown in Fig. 3. The transmit waveform can carry
information through phase modulation, such as M-PSK, where
the amplitude of the signal stays constant. Thus, a pulsed
M-PSK signal, or more generally, a pulsed continuous phase
modulation signal is suitable for RF SWIPT.

Furthermore, it is essential to note that while the optimal
envelope signal at the transmitter is a rectangular wave,
multipath propagation through a wireless medium ensures

TABLE II
HARDWARE CONFIGURATION FOR THE TEST-BED

that the envelope signal at the receiver varies slightly from
a rectangular wave due to delay spread. However, from an
RF WPT perspective, the distant multipath components are
already very insignificant due to the higher path loss they
suffer and thus can be neglected here.

V. EXPERIMENTAL RESULTS AND OBSERVATIONS

In this section, we present the experimental results verifying
the theoretical results of Sections III and IV and discuss the
various observations. First, we present an overview of the
experimental test-bed setup developed for this work. Second,
we showcase the measurement results that corroborate the
efficacy of the proposed novel rectifier model for RF WPT
signals such as a CW, multisine signal, Gaussian noise, pulsed
RF, as well as RF SWIPT signals such as single-carrier (SC)
M-PSK, SC QAM, OFDM QPSK, and OFDM QAM. Finally,
we introduce experimental results that validate the superior
performance of the optimal pulsed RF waveform for RF WPT.

A. Measurement Setup

A general block diagram of the test-bed used in this research
work is presented in Fig. 1(a). The test-bed comprises a
computer, a VST, an external PA, an RF energy harvester
accompanied by load resistance (RL ), load capacitance (CL ),
and an oscilloscope. The primary purpose of the test-bed is
to determine the receiver efficiency η for the test waveforms.
The receiver efficiency is determined as follows.

A computer, equipped with MATLAB software, generates
the digital baseband waveforms and sends them to a VST,
which generates an analog RF waveform for transmission.
The internal power amplification of the VST is not sufficient
for encompassing the entire power range of the RF energy
harvester, so we employ an external PA to generate the final
output RF signal with average power PRF

out . The RF signal is
transmitted to the RF energy harvester over a wired medium.3

The received RF signal at the input of the RF EH has an
average power PRF

in . The RF energy harvester comprises a
matching network followed by a Schottky-diode-based rec-
tifier, which converts the incident RF energy to dc energy.
The dc rms value of the rectified waveform (V dc

out) is measured

3This research work primarily focuses on the receiver side of an RF
WPT/SWIPT system. Moreover, we experimentally evaluate the receiver
efficiency for a multiband receiver with six RF bands [53], of which five
bands are utilized for commercial wireless communications. Hence, we avoid
wireless measurements to avert any interference in the licensed RF bands.
Additionally, it was observed in [9] that for a few MHz bandwidth in the
863–873-MHz European ISM band, the wireless channel is essentially flat
and is well approximated with a path loss channel model, such as a wired
medium.
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TABLE III
OPERATIONAL PARAMETERS FOR THE EXPERIMENTS

WITH THE MULTIBAND RECTIFIER

by an oscilloscope, which is regulated by the same computer
as before, through MATLAB. The computer registers the V dc

out
data for each test baseband digital waveform and computes
the receiver efficiency using (11). The hardware configuration
for the test bed is showcased in Table II.

1) Calibration of PRF
in : We measure (and later calibrate)

PRF
in , in our experiments, first by utilizing the real-time spec-

trum analyzer feature of the VST and later with the aid of an
RF power meter. The measurements reveal that PRF

in deviates
from its expected value owing to the inherent characteristics
of the VST and RF PA. This issue is resolved as follows. The
spectrum analyzer and RF power meter readings reveal that
the VST used in this work could provide a linear output up to
0 dBm for a CW and that this linearity threshold declines with
increasing the PAPR of the input signal. As a consequence,
we opt for an RF PA to boost PRF

out to 20.5 dBm (so that
PRF

in = 20 dBm after cable attenuation). However, the PA too
suffers from nonlinearity issues while transmitting high-PAPR
signals. To overcome the nonlinearity problem, we introduce
a lookup table-based power adjustment at the transmitter VST.
For each PRF

in level, the calibrated lookup table entry is derived
from the corresponding spectrum analyzer and RF power meter
measurements. The input power to the RF PA is adjusted
accordingly so that the true overall PRF

in is linear and exactly as
required, for all the waveforms and at all input power levels.

2) Operational Parameters: Let us now present the opera-
tional parameters chosen for signals employed for the exper-
iments. For the baseband multisine signal, we choose fn =

(n − ((N + 1)/2))1 f so that the center frequency of the
RF signal remains unchanged. Here, 1 f is the frequency
spacing between adjacent tones. In the case of pulsed RF
waves, we vary the duty cycle µ to obtain a waveform
with a PAPR similar to a multisine signal. For example,

µ = 0.25 yields a pulsed RF waveform with a PAPR of 8,
similar to that of an N = 4 multisine. Next, we choose
a circularly symmetric complex Gaussian (CSCG) random
vector as the baseband signal for the Gaussian noise signal.
Consequently, the resultant envelope signal would have a
Rayleigh distribution. Furthermore, in the case of RF SWIPT
signals, we select the symbol rate to be 1 MS/s. Overall, the
operational parameters for the experiments are summarized in
Table III.

3) Rectifier Circuits: One of the novel contributions of this
research work is that the proposed rectifier model is invariant
of the receiver architecture, viz., the matching network and
the rectifier configuration. To validate this claim, we con-
duct the experiments for three different rectifier models: a
simple rectifier circuit that was fabricated for this research
work comprising a single Powercast PCC110 RF-to-dc con-
verter [61] with an LC matching network matched to −5 dBm;
an off-the-shelf multiband RF energy harvester Powercast
P21XXCSR [53] with support for six frequency bands, each
comprising two PCC110 chipsets with a T-matching network;
and a voltage multiplier rectifier circuit based on the HSMS-
282C diode, with an LC matching network matched to 0 dBm,
simulated in Keysight Advanced Design System (ADS) soft-
ware. The simple rectifier circuit developed on a PCB, along
with its component values is presented in Fig. 4(a), whereas
the multiband rectifier along with the T-matching network
components is depicted in Fig. 4(b), while the schematic for
the ADS simulation is presented in Fig. 4(c). In this way,
we validate the proposed waveform-to-EH model for different
diode types, as well as different matching network and rectifier
configurations.

In Section V-B, we shall present the experimental results
and compare them with simulation results based on the pro-
posed rectifier model, in terms of the receiver efficiency. For
the rectifier model, we determine the instantaneous efficiency
η(p) from the measurements for a CW, as described in
Section III-A.

B. Results Validating the Proposed Rectifier Model

We measure the receiver efficiency for different RF WPT
and RF SWIPT waveforms, for varying RL , frequency band,
and PRF

in , and compare these outcomes with the predictions of
the proposed rectifier model.

1) For Different Diode Types, Matching Networks, and
Rectifier Configurations: In Fig. 5, we present the results
for frequency band 2, for different RF WPT waveforms. It is
evident from the three subfigures that the model predictions
agree closely with the measurement outcomes for all three
different RF EH circuits. Moreover, the measurements match
very well even for multisine and pulsed RF waveforms, each
with a different envelope signal distribution. Additionally,
we also validate the model for a CSCG noise signal, where
the envelope signal has a Rayleigh distribution, and the results
in Fig. 5(a) and (b) confirm that the proposed model correctly
predicts the receiver efficiency in this case as well. Overall,
in each of the three rectifier models, we observe that a CW
and a pulsed RF wave (µ = 0.1) attain the highest η,
which is about 37%, 52%, and5% for the fabricated rectifier,
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Fig. 4. RF energy harvesters employed in the experiments. (a) Rectifier
circuit developed for this research work, comprising an LC matching network,
a Powercast PCC110 RF-to-dc converter [61] with fixed load capacitance
and resistance. The oscilloscope probe adds a series capacitance of 15 pF,
resulting in a total CL = 115 pF. (b) Off-the-shelf multiband RF energy
harvester P21XXCSR [53], with each band comprising a T-matching network
(as depicted separately) and two PCC110 RF-to-dc converters with fixed load
capacitance and varying load resistance, which are connected to jumper pin
Z [see Fig. 1(a)] corresponding to each band. The 15-pF capacitance of the
oscilloscope probe acts as CL . (c) Keysight ADS simulation of a rectifier
circuit, comprising the SPICE model of an HSMS-282C series diode [62]
connected in voltage multiplier configuration with a variable-load resistor and
capacitor.

multiband rectifier, and simulated voltage-multiplier rectifier,
respectively. Henceforth, we present the results only for the
multiband rectifier.

2) For Multisine Waveforms and RF SWIPT Waveforms:
Next, we evaluate the proposed model’s predictions for the

multisine waveforms (which have been claimed to be suitable
for RF WPT in different research studies [7]) and we present
the results for frequency band 2 of the multiband rectifier,
in Fig. 6. It is apparent from Fig. 6 that the model predictions
are accurate, within the measurement threshold, for all the
multisines, from the low-PAPR two-multisine to the high-
PAPR 16-multisine. We observe that in the low-power region,
the high-PAPR multisines yield higher η: the higher the PAPR,
the higher the instantaneous power level of the multisine signal
which is essential to switch on the diodes at low PRF

in levels.
Conversely, at higher PRF

in levels, the higher instantaneous
power levels drive the diodes into saturation which may even
result in reverse current, thus reducing the rate of increase
of V dc

out with PRF
in , and consequently beginning the reduction

in η. This explains why the higher-PAPR signals reach the
maximum efficiency at lower PRF

in , compared to lower-PAPR
signals and also why their receiver efficiency is significantly
worse thereafter.

Moreover, we also observe that the model predictions are
fairly precise across the entire range of PRF

in , from the low
power region to the saturation region. An important observa-
tion is that while the 16-multisine is the suitable waveform
for lower PRF

in , a CW still provides the maximum η, albeit at
a much higher PRF

in .
While the high-PAPR multisine waveforms are a popular

choice for RF WPT, they are futile from a communication
scenario. Hence, from a more practical point of view, we inves-
tigate the performance of our model for commonly used infor-
mation signals appropriate for RF SWIPT, and the results are
showcased in Fig. 7. It is clear from the measurements that the
proposed model makes proper predictions for SWIPT signals
as well across the entire PRF

in range, once their envelope signal
distribution is known. Since an M-PSK signal essentially has
the same envelope as a CW, the receiver efficiency for all
M-PSK signals is the same. This corroborates our hypothesis
of considering the instantaneous power of the envelope signal
as the basis for our proposed model. Furthermore, similar
to Fig. 6, we observe in Fig. 7 that the high-PAPR OFDM
modulations are more suitable for lower PRF

in region than the
low-PAPR SC modulations and worse at higher PRF

in region
and vice versa. Even within the SC modulations, a 64-QAM
signal with a slightly higher PAPR than M-PSK signals yields
marginally better receiver efficiency than M-PSK modulations
at lower PRF

in region.
It must be noted that the two measured OFDM modulations

seem to yield different receiver efficiency since these are each
a single finite-length realization. However, on average, the
PAPR of an OFDM single is independent of the underly-
ing modulation for high subcarrier points. Nonetheless, it is
inconvenient to perform a large number of measurements
to obtain an average result, and in such a case having a
model that can precisely predict the performance is preferred,
since averaging over simulations through the model is much
more convenient. Accordingly, we present the averaged OFDM
simulation result, based on the proposed model, in Fig. 7
and we observe that η is indeed independent of the baseband
modulation.
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Fig. 5. Efficacy of the proposed rectifier model evaluated for three different rectifier circuits, while varying PRF
in . For each rectifier, we compare the measured

η for a CW, a multisine, a pulsed RF wave, and a noise signal with Rayleigh distributed amplitude. The measurement/simulation results are presented with
markers, whereas the model prediction is displayed as a solid line. (a) Receiver efficiency of RF WPT waveforms for the fabricated RF energy harvester
with RL = 287 � and CL = 115 pF. (b) Receiver efficiency of RF WPT waveforms for an off-the-shelf multiband RF energy harvester with RL = 3.3 k�

and CL = 15 pF in the frequency band 2. (c) Receiver efficiency of RF WPT waveforms for a voltage multiplier rectifier circuit simulated in ADS with
RL = 1 k� and CL = 100 pF.

Fig. 6. Efficacy of the proposed rectifier model evaluated for multisine
waveforms, while varying PRF

in , with RL = 3.3 k�, and CL = 15 pF in
the frequency band 2. The measurement results are presented with markers,
whereas the model prediction is displayed as a solid line.

It must be noted that in the case of an RF WPT system,
such as the one considered in our study, the received PRF

in
varies between −30 and 20 dBm, since the best receiver
sensitivity of even commercial RF EH receivers varies between
−30 and −15 dBm [50], [53], [54]. In contrast, the receiver
sensitivity of a typical communication node is much lower
(≤ −80 dBm). Therefore, in the power range that is relevant
to RF EH (even while employing the power-splitting scheme in
RF SWIPT), the bit error rate for the communication receiver
is practically zero [50]. We confirmed the same through wire-
less measurements for varying transmitter–receiver separation
relevant to RF SWIPT in [54]. Hence, we omit to present
the communication performance of the RF SWIPT waveforms
in this study. Now, based on the observations of Figs. 5–7,
we can deduce that, with the knowledge of fP(p) and η(p),
the proposed model can rightly predict the receiver efficiency
for any digital baseband waveform.

3) For Different Load Resistors: Next, we experimentally
evaluated the receiver efficiency for the various load resistors
described in Table III for different input waveforms (multisines

Fig. 7. Efficacy of the proposed rectifier model evaluated for RF SWIPT
waveforms, while varying PRF

in , with RL = 3.3 k� and CL = 15 pF in
the frequency band 2. Here, OFDM QPSK and OFDM 64-QAM represent
single high-PAPR realizations, while the others are general realizations of
these waveforms. In general, the receiver efficiency for OFDM waveform
is found to be independent of the baseband modulation. The measurement
results are presented with markers and the model predictions with solid lines.

and pulsed RF), PAPR and matching networks, and the results
thereof along with the model predictions are depicted in the
subplots of Fig. 8. These plots exhibit the efficacy of the
proposed model in anticipating the receiver efficiency for a
wide range of load resistance values. In Fig. 8(a), we present
the receiver efficiency for different multisines (thus for varying
PAPR) at certain PRF

in . The PRF
in levels are chosen to present

a clear, unconstricted figure. It is evident from Fig. 8(a)
that the proposed model can correctly estimate the receiver
efficiency for all the multisines and the entire range of RL .
The observations regarding the variation of receiver efficiency
with RL and multisine PAPR are consistent with those in [26]:
At lower PRF

in values, a large RL is needed to generate higher
V dc

out and high-PAPR signals with their higher instantaneous
values are more suitable. Contrarily at high PRF

in values, a low
RL is needed to avoid saturating the receiver and thus low-
PAPR signals are more suitable.
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Fig. 8. Efficacy of the proposed rectifier model evaluated for different
waveforms, PAPR, and matching networks, while varying RL . The multiband
harvester comprises a T-matching network, whereas the simulated rectifier
circuit comprises an LC matching network. The measurement results are
presented with markers and the model prediction is displayed as a solid line.
(a) Receiver efficiency of different multisine waveforms for varying RL , with
CL = 15 pF, at different PRF

in in the frequency band 2 of the multiband energy
harvester. (b) Receiver efficiency of a pulsed RF waveform with 50% duty
cycle for varying RL , with CL = 15 pF, at different PRF

in in the frequency
band 2 of the multiband energy harvester. (c) Receiver efficiency of the
eight-multisine waveform for varying RL , for the voltage multiplier rectifier
circuit with the LC matching network, simulated in ADS with CL = 100 pF.

Furthermore, the receiver efficiency has been evaluated for
the optimal pulsed RF waveform and the results are shown in

Fig. 9. Contour plots for average input RF power versus load resistance,
showcasing the measurement results and model predictions of η for different
RF WPT waveforms. The measurement results are presented with markers,
whereas the model prediction is displayed as a solid line. (a) η = 25%.
(b) η = 50%.

Fig. 8(b). It is evident that the proposed model is capable of
anticipating the receiver efficiency for pulsed RF waveform,
within the measurement tolerance limits, for the entire range
of load resistance RL . The model outcomes are valid for
low as well as high PRF

in regimes, including the saturation
region. While the results shown in Fig. 8(a) and (b) corre-
spond to the multiband RF energy harvester that comprises a
T-matching network, the effectiveness of the proposed model
in anticipating the receiver efficiency for an RF EH receiver
with a different matching network is shown in Fig. 8(c).
We resort to ADS simulations for this purpose and utilize the
voltage multiplier rectifier circuit shown in Fig. 4(c) which
comprises an LC matching network. We present the results
for an eight-multisine signal in Fig. 8(c), wherein we observe
that the efficacy of the proposed waveform-to-EH model in
anticipating the receiver efficiency is invariant of the change
in the matching network, for the entire range of PRF

in and all
values of load resistance RL .

Now, to further affirm the effectiveness of the proposed
rectifier model for a wide range of PRF

in and RL simultaneously,
we present the contour plots of constant η versus PRF

in and
RL , similar to [63]. The contour plots for η = 25% and 50%
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Fig. 10. Efficacy of the proposed rectifier model evaluated for different
frequency bands of the multiband rectifier, for a µ = 0.25 pulsed RF
waveform, while varying PRF

in , with RL = 3.3 k� and CL = 15 pF. The
measurement results are presented with markers, whereas the model prediction
is displayed as a solid line.

are shown in Fig. 9(a) and (b), respectively, for multisines
as well as pulsed RF waveforms with varying PAPR. The
primary observation is that the model predictions match well
with the measurements. The aberrations can be accredited to
measurement inaccuracies owing to the resolution limitations
of the oscilloscope at high RL for high PAPR signals, where
the instantaneous voltage is very high. Furthermore, although
the two-multisine and µ = 0.5 pulsed RF waveform have
the same PAPR, we observe that the pulsed RF waveform
achieves the same η at a lower PRF

in . Even more remarkable
is the observation that µ = 0.25 pulsed RF waveform has a
contour plot similar to eight-multisine, even though the latter
has twice the PAPR. We shall explore this in further detail in
Section V-C1.

4) For Different Frequency Bands: Thus far, we presented
the results only for the frequency band 2 of the multiband
rectifier. We now confirm whether the proposed model can
make correct predictions of η for other the frequency bands
described in Table III. In Fig. 10, we present the measurement
and modeling results for different RF bands for a pulsed
RF wave with 25% duty cycle. Although the multiband
harvester comprises the same RF-to-dc rectifier chips in all
the frequency bands [53], the preceding T-matching network
components vary in each frequency band. It is evident in
Fig. 10 that the proposed model can correctly predict η for all
the frequency bands of the off-the-shelf multiband rectifier.
This reaffirms that the efficacy of the proposed model is
invariant of the underlying matching network. Among all the
bands, frequency band 3 of the multiband rectifier yields the
highest η of about 72%. Meanwhile, the unlicensed band 6 has
a maximum η of about 33%.

C. Results Validating the Waveform Optimization

The waveform optimization problem based on the proposed
novel rectifier model was discussed in Section IV, wherein we
concluded that a pulsed RF waveform is an optimal transmit
waveform. In this section, we focus specifically on the η

Fig. 11. Evaluating the receiver efficiency of multisine waveforms and
pulsed RF waveforms to determine the waveform more suitable for RF WPT.
The experimental results and model prediction corroborate the theoretical
outcomes of the waveform optimization in Section IV.

performance of a pulsed RF waveform in RF WPT. Here as
well, we present the results for the frequency band 2 of the
multiband rectifier, with the operational parameters being the
same as before.

1) Pulsed RF Versus Multisines: To verify the theoretical
result of Section IV, we experimentally determined the
receiver efficiency η of a pulsed RF wave for varying duty
cycle µ and compared these with the measurements with
N -multisines. We opt for a multisine, with the same PRF

in ,
as the reference waveform since multisines are recommended
as optimal waveforms for RF WPT [7]. An N -multisine signal
will have the same PAPR as µ = (1/N )-pulsed RF signal
and is expected to yield similar η performance. However, our
model reveals (and the measurements confirm) that this is
not the case. To have an unconstricted plot, we choose to
showcase the plots obtained from the proposed rectifier model
in Fig. 11. Before the onset of saturation, a µ = (1/N )-
pulsed RF signal yields higher efficiency than an N -multisine
due to the former having peak instantaneous power for a
longer duration. However, once the diodes enter the saturation
region, so-clipped multisine signals have a longer duration of
peak instantaneous power, thus yielding higher η. Additionally,
it also results in a µ = (1/N )-pulsed RF signal reaching
peak η at a lower PRF

in than an N -multisine. These effects
can be observed for the cases of N = 2 and 32 in Fig. 11.
Consequently, we need a pulsed RF with a longer duty cycle
µ = (1/M)(M < N ) for that signal to have a peak η at
the same PRF

in as an N -multisine, as seen in the other two
cases in Fig. 11. Overall, it is evident that a pulsed RF signal
outperforms an N -multisine signal at any given PRF

in that is
viable in RF WPT.

2) Receiver Efficiency η Variation With Duty Cycle µ: Our
theoretical exercise in Section IV led us to conclude that a
pulsed RF waveform with duty cycle µ is optimal for RF
WPT, with the impulse signal being ideal, and the choice
of µ is influenced by the available bandwidth and permitted
signal duration T . In Fig. 12, we present the variation of
η for varying µ. We observe that the proposed model can
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Fig. 12. Variation of receiver efficiency with varying µ and PRF
in for a pulsed

RF waveform, determined by the proposed rectifier model and verified with
measurements, with RL = 3.3 k� and CL = 15 pF in the frequency band 2.
The model allows us to ascertain the optimal µ that attains maximum η at
each PRF

in . The measurement results are presented with markers, whereas the
model prediction is displayed as a solid line.

Fig. 13. Variation of receiver efficiency with duty cycle and load resistance
for a pulsed RF wave. We measure the receiver efficiency with a CW for
different resistors and the model allows us to determine the receiver efficiency
at any duty cycle µ, which shifts the curve to the left by 10 log10(µ). The
maximum attainable efficiency is ≈62% for RL = 10 k�.

correctly predict the impact of varying µ. The mismatch at
lower PRF

in can be attributed to measurement inaccuracies of
the oscilloscope and the high noise floor of the PA. For a given
PRF

in , reducing µ by (1/N ) increases the peak instantaneous
power of the RF waveform by N , when compared to a CW
(µ = 1). The increased peak instantaneous power yields higher
η at lower PRF

in similar to multisines, albeit better. In fact,
reducing µ by N shifts the η plot for a CW in Fig. 12 by
−10log10 µ dB. The proposed model allows us to determine
η for very low values of µ, which is not possible to evaluate
experimentally due to the limited dynamic range of the PA.
In Fig. 12, we reduce µ progressively and track the maximum
receiver efficiency ηmax, which is the peak efficiency attainable
at each PRF

in , while employing the frequency band 2 of the
multiband rectifier with RL = 3300 �.

3) Maximum Receiver Efficiency ηmax Versus Load Resis-
tance and Duty Cycle: Furthermore, we examine how ηmax

Fig. 14. Maximum attainable receiver efficiency at each PRF
in across all the

load resistors, and the corresponding duty cycle for the frequency band 2 of
the multiband rectifier. The 10-k� load resistor is optimal for a major portion
of PRF

in , notably in the low-power regime.

varies as we vary both the load resistance RL and µ, and the
results are illustrated in Fig. 13. Apparently, for a given µ,
the smallest RL = 57 � yields ηmax ≈ 21%, while the highest
RL = 10 k� yields ηmax ≈ 62%. The smaller load resistors
are suitable at higher PRF

in , while the larger RL are suited
for lower PRF

in , as explained in Section V-B3. In some cases,
multiple load resistors provide the same ηmax but at different
PRF

in : for example, RL = 470, 2200, and 7800 � each yield
ηmax = 50%. In such cases, RL providing the desired V dc

out
is suitable. Once again, in general, the desired ηmax can be
attained at a lower PRF

in by reducing the duty cycle µ.

D. Maximum Receiver Efficiency at Each PRF
in

Once we figure out the maximum receiver efficiency ηmax
attainable for each load resistance RL , the next apparent goal
is to determine the ηmax achievable for each average input
RF power level PRF

in . Based on the measurements of receiver
efficiency for a CW for different RL , and the subsequent model
predictions for varying µ, we present the maximum attainable
η for each PRF

in in Fig. 14. For the multiband rectifier in use,
we observe in Fig. 13 that RL = 10 k� yields the maximum
efficiency for a CW, among all RL , at PRF

in = 5 dBm. It is
possible to attain the same maximum efficiency for any PRF

in <

5 dBm by reducing µ. The optimal duty cycle at each PRF
in is

also shown in Fig. 14. Moreover, the optimal RL which yields
the maximum η at each PRF

in is also depicted in Fig. 14.

VI. CONCLUSION

This article studies the receiver efficiency of an RF WPT
system and presents a novel rectifier model that characterizes
the average harvested dc power in terms of the baseband signal
of the input RF waveform. The proposed parametric model
is independent of the underlying matching network or the
rectifier and thus is applicable and accurate for any EH receiver
for which model parameters are estimated from measurements
or simulations. The rectifier model allows us to design the
optimal transmit baseband signal for RF WPT such that
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the average harvested dc power is maximized. Furthermore,
a test bed to experimentally evaluate the receiver efficiency
for any digital waveform is introduced. The experimental
results and simulations, both validate the predictions of the
proposed rectifier model for popular RF WPT and RF SWIPT
waveforms as well as validate the theoretical result of pulsed
RF waveforms being superior to multisine waveforms for RF
WPT and suitable for RF SWIPT. The receiver efficiency of
SWIPT with PSK, QAM, and OFDM is also evaluated through
the model and verified experimentally.
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