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Abstract
In this paper, we investigate the efficacy of multisine waveforms for radio-frequency (RF)
wireless power transfer (WPT). We present a test-bed developed for experimentally assessing the end-to-end efficiency of waveforms in RF WPT. The test-bed primarily comprises a
software-defined radio (SDR) transmitter and an energy harvesting receiver. We examine how
the transmitter distorts digital multisine waveforms with high peak-to-average power ratio
(PAPR), and measure the effect of varying the PAPR of clipped multisines on the end-to-end
efficiency. The results reflect the poor performance of high-PAPR multisines in RF power
transfer and hint towards low-PAPR signals being ideal for RF WPT.

1

Introduction

The concept of Internet of Things (IoT) has been around for a while now. However, it is expected to
soon achieve its true potential with the dawn of commercial 5G deployments. While 5G networks
would satisfy the necessary bandwidth and latency requirements to network of millions of IoT
sensors, the challenge of providing a replenishable source of energy for these sensors still remains.
Far-field radio-frequency (RF) wireless power transfer (WPT) may be a potential solution to this
challenge. With the energy requirements for sensing and computing falling over the years as
predicted by the Koomey’s law, RF WPT would be capable of delivering enough power to the
sensors for their operation in spite of the large over-the-air propagation losses.
The renewed interest in RF WPT has led to advances in theoretical and practical research
in this field. The theoretical contributions dealing with the problems of harvester rectifier design,
waveform design, beamforming algorithms, simultaneous wireless information and power transfer
(SWIPT), etc. have been comprehensively discussed in [1]. A critical factor while evaluating the
performance of an RF WPT system is its end-to-end efficiency (ηDC-to-DC ), which is expressed as
DC
ηDC-to-DC = Pout
/PinDC ,
(1)
DC
DC
where Pin and Pout represent the DC power consumption at the transmitter and the harvested
DC power at the receiver, respectively. It is worthwhile noting that most of the literature on RF
WPT focuses on maximising the receiver efficiency, i.e., ηRF-to-DC , which is the ratio of DC power
output to the incident RF power, while overlooking ηDC-to-DC . On the practical research front,
RF WPT prototypes have been developed to study energy harvesting from multiple sources [2],
beamforming [3], waveform design to maximize ηRF-to-DC [4], etc.
The literature focused on maximizing ηRF-to-DC has led to conclusion that high peak-to-average
power ratio (PAPR) waveforms such as co-phased multisines are optimal for RF WPT. The main
concern with this conception is to neglect the non-linearities that the transmitter might introduce
in the waveform design problem. We investigate this possibility in this paper by experimentally
evaluating ηDC-to-DC for RF power transfer with multisine waveforms and also for an informationbearing QPSK defined as ±1 ± 1 j. We also present the digital radio-based RF WPT test-bed
developed for this purpose.

2

System Model

We have developed a test-bed comprising primarily of a software-defined radio (SDR) transmitter
and an energy harvesting receiver. Using an SDR transmitter would allows us to use the same
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Fig. 1: The SDR-based test-bed developed to study ηDC-to-DC in RF WPT.
system for SWIPT research which will be the next step in this research. The complete block
diagram of the setup is shown in Fig. 1(a).
At the transmitter end, a laptop computer generates digital samples of a baseband waveform
and passes them to the SDR. The computer also acts as a power source for the SDR. Hence, a
USB power meter is placed between the computer and the SDR to measure PinDC and report the
information back to the computer. The SDR transmits the RF waveform over a channel. At the
receiver end, an RF energy harvester equipped with a diode-based rectifier converts the incident
DC . In addition to the energy harvester, the receiver circuit comprises an analog-toRF energy to Pout
digital converter (ADC) and a micro-controller to sample the instantaneous DC voltage across an
on board resistor R and report the measurements to the computer, where the average DC power is
computed.
Consider a complex-valued N-tone co-phased multisine signal given by

N
π
x(t) = xI (t) + j xQ (t) = A ∑ exp j 2πn f0 t + j
,
(2)
4
n=1
where A represents the amplitude of each sinusoid, while n f0 represents the frequency of the
nth sinusoid. Selecting the phase as π4 ensures that we get similar signal on the in-phase (I)
and quadrature-phase (Q) branches of the SDR. These signals would then be modulated by their
respective RF carriers and later combined to form the RF waveform. The resultant RF waveform
is amplified by the SDR’s internal power amplifier (PA) and transmitted over the channel. The
transmitted signal has a bandwidth of N · f0 . While the PAPR of x(t) is 2N, the PAPR of the
practical RF waveform would be significantly lower if x(t) is clipped by the SDR.
Let us study how an SDR may distort a multisine waveform. The SDR contains a digital-toanalog converter (DAC) to generate analog signals from the input digital samples. Let us denote
that this DAC has an input range of ±1 which implies that the digital I and Q samples whose amplitude is greater than one would be truncated to one, thus distorting the resultant analog baseband
waveform. Now, consider the following two cases:
(i) If A > N1 , then some of the digital samples will have value greater than one and would
be truncated to one by the DAC. Thus, the resultant analog baseband waveform would be
distorted and its PAPR would be less than 2N.
(ii) If A ≤ N1 to avoid the multisine samples from getting truncated and preserve the PAPR, then
doing so would reduce the transmitted RF power and thence would reduce ηDC-to-DC . Another drawback it may have is that the high PAPR signals may drive the PA into saturation.

Table 2: Operational parameters

Table 1: Hardware configuration
Element
Computer

SDR
USB power
meter
RF energy
harvester

Product details
Lenovo
T470p,
32GB RAM, Core i7
processor, Linux OS,
GNU C++ compiler
National Instruments
USRP-2900
YZXStudio ZY1273

Parameter
Frequency band
Carrier frequency fc
Sampling rate
Baseband fundamental
frequency f0
Number of tones N
PAPR
USRP gain setting G

Powercast P2110B

R

Details
863–873 MHz (ISM)
863 MHz
40 MHz
200 KHz
[1, 11]
[N, 2N] (0.5 steps)
[70, 90] dB (1 dB
steps)
286 Ω

So in either case, irrespective of the value of A, the multisine waveform would be subject to
distortion and the transmitted RF waveform would no more be a true multisine waveform, and as
a consequence it may not remain optimal for RF WPT as we shall see shortly.

3

Experimental Setup and Results

The SDR employed in the test-bed is Universal Software Radio Peripheral (USRP). The test setup
is shown in Fig. 1(b), with its hardware configuration detailed in Table 1. A similar set of experiments to test ηDC-to-DC with co-phased multisine waveforms in 915 MHz band was performed
in [5]. Here, we have performed the experiments in the corresponding Finnish industrial, scientific and medical radio band. Additionally, we also test the end-to-end efficiency (ηDC-to-DC )
performance of a QPSK waveform to study how information signals would fare in comparison to
multisines. For each multisine, we vary the PAPR to study its effect on ηDC-to-DC . The remaining
operational parameters have been noted in Table 2. A co-axial cable is used in the experiments
as the transmission channel since the primary purpose of this paper is to investigate ηDC-to-DC of
different test waveforms. The cable can be easily replaced by antennas at both ends to measure
ηDC-to-DC for WPT, but, that would also require employing an external PA and violating spectrum
regulations. The experimental results are shown in Fig. 2.
ηDC-to-DC performance of the test waveforms for varying G is shown in Fig. 2(a). With A = 1,
all the multisines with N ≥ 2 get truncated by the DAC, with the effect getting more severe as N
increases. As a consequence, the average power of the waveform and hence ηDC-to-DC goes on
reducing. As seen in the figure, a single sinusoid gives the best performance amongst multisines.
We also observe that the QPSK signal, with higher average power than any multisine, offers better
efficiency than the multisines.
The effect of varying the PAPR is depicted in Fig. 2(b). We observe that ηDC-to-DC goes on
decreasing as the PAPR increases. We note that to increase the PAPR, we have to diminish A
which in turn reduces the average power of the waveform. The plot for PAPR = 6 (A = 0.3333)
represents the multisine for which the amplitude has been scaled down to avoid any truncation by
the DAC. This multisine has the highest PAPR, but the lowest efficiency. This demonstrates that
the ηDC-to-DC in RF power transfer is not merely dependent on the PAPR of the waveform.
Both these observations lead us to the conclusion that the average power of the waveform is
more critical than its PAPR in optimizing ηDC-to-DC in RF power transfer.
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Fig. 2: Measured ηDC-to-DC of RF power transfer in terms of gain setting in the USRP for (a)
Varying N with A = 1, and (b) varying PAPR with N = 3.

4

Conclusion

We presented an SDR-based test-bed developed for evaluating the end-to-end efficiency of different test waveforms for RF power transfer in the Finnish ISM band. We analyzed the limited
dynamic range of an SDR’s DAC and its implications on the end-to-end efficiency of co-phased
multisine waveforms. We observed that the DAC would truncate high-PAPR signals, thereby distorting their shape. The experimental results validated our hypothesis that high-PAPR signals are
not optimal for RF power transfer, and that the end-to-end efficiency of RF power transfer depends
more on the average power of the waveform than its PAPR. We also observed that low-PAPR information signals, with high average power, yield better end-to-end efficiency than multisines.
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