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Abstract — Traditionally, wireless power is delivered through 
single carrier continuous wave (CW) signals. Most research 
efforts to enhance the efficiency of wireless power transfer 
systems has been confined to the circuit level design. However, 
in the recent years, attention has been paid to the waveform 
design for wireless power transmission. It has been found that 
signals featuring high PAPR can provide efficiency 
improvement when compared to CW signals. A number of 
different approaches have been proposed such as multi-
sines/multi-carrier (OFDM) signals, chaotic signals, harmonic 
signals, UWB signals, intermittent CW or white noise. This 
paper reviews these techniques with focus on the multi-
sines/multi-carrier, harmonic signal and chaotic signals. 
Theoretical explanation for the efficiency improvement is 
provided accompanied by experimental results. Circuit design 
considerations are presented for the receiver side, and 
efficient transmission architectures are also described, with 
emphasis on spatial power combining. 
Index Terms— Wireless Power Transfer, Non-constant 
Envelope Signals, Multi-sines, Chaotic, harmonic signals, 
UWB, OFDM, Spatial Power Combining, Rectifier, diode. 

I. INTRODUCTION 

ower transfer without wires has been carried out for 
many years using single carrier continuous wave (CW) 
signals. However, it has been demonstrated recently 

that proper waveform design (e.g. featuring high peak-to-
average power ratio – PAPR) can improve the efficiency of 
wireless energy transfer, especially for low power levels. 
Curiously, the first electromagnetic wave successfully 
generated, transmitted and detected by Heinrich Hertz in 
1887 was in fact a non-constant envelope signal, consisting 
of damped waves [1]. This type of signal was used for 
many years for signal transmission (in wireless telegraphy) 
and also in some wireless power transfer experiments 
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performed by Nikola Tesla in 1894 and following years [2]. 
Nevertheless, damped waves, which presents a large 
spectrum occupancy, were later replaced by CW signals, 
first generated in 1902 by Ernst Alexanderson’s high 
frequency alternators [3]. Continuous wave signals have 
been the choice for WPT applications since WPT 
experiments were recovered by W. Brown in the 60’s 
(some decades after the suspension of Tesla experiments), 
until the present days.   
Currently, WPT technology is of interest in scientific but 
also in industry areas. Energy transfer efficiency is a central 
issue in WPT, and ultimately imposes system coverage 
range, performance and reliability. At the receiver side, the 
efficiency optimization of the RF-DC converter circuits is a 
must and is traditionally accomplished through improved 
circuit design [4-8]. 
Alternatively, the RF-DC conversion efficiency can be 
boosted by selecting a proper excitation signal [9-16]. For 
instance, the use of high PAPR multi-sine signals has 
proved to increase the efficiency of RF-DC circuits when 
compared to CW signals [8,11].  
This paper reviews a number of approaches that use 
unconventional waveforms for WPT. This includes 
intermittent CW (ICW), UWB, chaotic signals, multi-sine 
and harmonic signals, with focus on the last three 
categories. Theoretical explanation for the efficiency 
improvement is provided accompanied by experimental 
results. 

II. TRADITIONAL WIRELESS POWER TRANSFER USING 

CW SIGNALS 

Typically, the transfer of energy wirelessly is realized by 
using a CW signal. Figure 1 depicts the block diagram of a 
WPT system. At the transmitter side, DC energy is 
converted into a CW RF signal, which is radiated through 
the transmitting antenna. The RF energy is collected by the 
receiving antenna and is forwarded to the RF-DC converter 
that converts it back to DC energy to power up electronic 
circuits. 
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The chaotic signal used in [14] is centered around 450 MHz 
and has a PAPR of approximately 6.8 dB (Fig.7b).  The 
performance of a rectifier circuit in terms of RF-DC 
conversion efficiency when using this chaotic signal in 
comparison with a single carrier signal at 450 MHz is 
performed in [14]. The rectifier circuit is based on the 
SMS7630 Schottky diode and has an RF-DC conversion 
efficiency curve centered around 450 MHz (Fig.7b). From 
Fig.7c it can be seen that the use of the chaotic signal leads 
to an improvement in the RF-DC conversion efficiency of 
the rectifier circuit of 20% compared to a single carrier 
signal with the same average power of -6.5 dBm. As we 
reduce the input power level the improvement in the RF-DC 
conversion efficiency is less dramatic but still one can 
obtain improvements in the order of 15% for -20 dBm input 
power. 

 

D. Modulated Signals 

In [15] different types of signals including an OFDM and 
white noise based signal are considered towards 
maximizing efficiency in WPT systems. Specifically the 
selected OFDM signal is an LTE FDD downlink OFDM 
signal with 301 occupied sub-carriers modulated using 
QPSK, 5MHz bandwidth and a PAPR of 12 dB. The white 
noise based signal is a band limited signal around 433 MHz 
and it is synthesized modulating a single carrier by a 
Gaussian white noise signal provided by an arbitrary 
waveform generator Agilent 33250A source. The signal has 
1 Vpp amplitude and a PAPR of 13.7 dB. In both cases the 
signals are filtered using a band-pass filter centered around 
433 MHz and with a 3dB bandwidth of 6MHz.  
An experiment is performed in [15] where the performance 
of a rectifier circuit in terms of RF-DC conversion 
efficiency is evaluated for the previous two signals and also 
for a single carrier signal. The carrier frequency for the 
three signals used in the experiment is 433 MHz. Fig. 8a 
shows the obtained results demonstrating how high PAPR 
modulated signals can obtain improved performance in 
rectifier circuits compared to single carrier signals and 
consequently are suitable for their use in WPT systems. 
Fig.8b shows the Complementary Cumulative Distribution 
Function (CCDF) of the PAPR of the envelope of the 
signals showing that the OFDM signal apart from having a 
higher maximum PAPR it also has a higher periodicity in 
the occurrence of the peaks in the signal. This fact leads to 
even a higher improvement in the RF-DC efficiency if 
compared with the white noise based signal. 
 

  

Fig. 8 Evaluation of rectifier performance for different types of signals (a) 
RF-DC conversion efficiency of a rectifier centered around 433 MHz when 
using a single carrier, OFDM signal and white noise based signal. (b) 
CCDF of the PAPR of the selected signals for the experiment. 

 

E. Multi-sines 

Multi-sine signals, commonly used in Orthogonal 
Frequency Division Multiplex (OFDM) communication 
systems, have been explored for their use in WPT. In [3-5] 
the reading range of UHF RFID tags was extended by using 
a multi-sine scheme. In [7] the non-linear behavior of RF-
DC converters was investigated and a mathematical model 
and description were presented to explain the efficiency 
enhancement in Schottky diode detectors when excited 
with high PAPR signals. In the experiments conducted in 
[9] and [10], a multi-sine front-end was integrated in a 
commercial RFID reader in order to extend its reading 
range.  
 
Multi-sine design 
 
A multi-sine signal results from the combination of several 
sines with different amplitudes, frequencies and phases. 
The choice of the individual tone characteristics determines 
the shape of the multi-sine time-domain waveform. As 
stated before, in order to achieve the maximum PAPR a 
proper phase arrangement must be selected. Beyond phase 
optimization, further optimization can be done by playing 
with the individual tone amplitudes and frequency 
separation. For instance in [16] Gaussian formats were 
obtained using a special designed algorithm. 
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frequency bands. On the other hand synthesizing chaotic 
waveforms can be less complex than synthesizing other 
types of signals; as an example the chaotic generator of 
[14] where a single active device circuit suffices. 
 
Multi-sines: it is necessary to generate multi-carrier 
components, which increases the complexity of the 
transmitter (unless envelope amplification techniques such 
as ET – envelope tracking is used). rectifier must 
accommodate the multi-sine signal bandwidth. A 
generation alternative was presented in [20-21] that can 
overcome some of these challenges by space power 
combining sines in the air interface.  
In all cases the amplification of high PAPR signals is 
challenging which requires efficient approaches to amplify 
and transmit such high PAPR signals. For instance, in [21], 
two architectures were proposed to efficiently create high 
PAPR multi-sines. The first one consists of individually 
transmitting single tone signals that are externally locked to 
a common reference signal to establish a phase reference. 
The second one is based on mode-locked oscillator 
schemes, where no external reference is required, but 
advantage is taken of the synchronization phenomena to 
establish the phase reference. 
 
Harmonic signals: need for multi-band circuit design at the 
receiver side and requires the generation of harmonic multi-
frequency signals at the transmitter. The rectifier device is 
required to operate in the selected frequency harmonics. 
Nevertheless preliminary results show that these are 
probably the signals that achieve better results in 
conventional RF-DC converters. 
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