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A performance predictor 
of beamforming 
versus time‑reversal based far‑field 
wireless power transfer from linear 
array
Hong Soo Park & Sun K. Hong*

For far‑field wireless power transfer (WPT) in a complex propagation environment, a time‑reversal (TR) 
based WPT that can overcome the drawbacks of conventional beamforming (BF) by taking advantage 
of multipath has been recently proposed. However, due to the WPT performance of BF and TR 
depending on the complexity of the propagation environment, the performance prediction between 
BF versus TR would be required. We present a detailed and generalized analysis of the recently 
proposed performance metric referred to as the peak received power ratio (PRPR) for linear array‑
based WPT. Here, the effectiveness of PRPR is verified via measurement for free space and indoor 
scenarios. The results demonstrate that PRPR is directly related to the complexity of the propagation 
environment and the corresponding power transmission capability of BF and TR. That is, the higher 
the complexity, the greater the value of PRPR and TR outperforms BF with higher peak power given 
the same average transmit power and vice versa. The mode decision between BF and TR based on 
PRPR potentially promises efficient far‑field WPT even in a dynamic propagation environment.

In recent years, far-field wireless power transfer (WPT) has received considerable interest for various applications 
in that it can improve battery problems by wirelessly powering small, low-power  devices1–5. In the conventional 
far-field WPT systems, array-based beamforming (BF) is commonly used to deliver electromagnetic energy by 
generating the main beam through an antenna  array6–11. While various array-based BF techniques have been 
proposed, their reported performances were mainly based in free space environments. However, in a complex 
propagation environment where multiple scatterers and reflectors exist (e.g. indoor), there is a potential limitation 
of BF that the beam generated by the array could be impaired due to multipath, which makes effective wireless 
power transmission to a desired location unfeasible.

To overcome such disadvantages of BF, time-reversal (TR)-based far-field WPT has been recently 
 proposed12–15. By inherently taking advantage of multipath in a complex propagation environment, TR allows 
spatial and temporal wave focusing and thereby enabling selective transmission of electromagnetic power at the 
 receiver13–22. It is demonstrated that sending TR waveforms can deliver higher peak power at desired locations 
compared to sending narrowband signals (CWs) even with a single transmit  antenna14,15,21. Furthermore, in our 
recent study, it is also shown that TR-based WPT from an antenna array can outperform array-based BF given 
the same average transmit power in a complex  environment22. Therefore, previous studies have demonstrated 
the benefits of TR-based WPT compared to BF in a complex propagation environment.

However, since the power transmission performance between BF versus TR varies depending on the degree 
of complexity in a given propagation environment, it would be required to selectively utilize BF and TR accord-
ingly. In this regard, we have recently introduced the concept of a performance predictor for linear array-based 
BF versus TR WPT by defining a term referred to as the peak received power ratio (PRPR)22. Through theoretical 
derivation, it was shown that PRPR can be used as a performance metric of BF versus TR WPT by simply using 
the transfer function between the linear transmit array and receive antenna.

In this work, we provide a more detailed and generalized analysis of PRPR and demonstrate the feasibility of 
performance prediction for linear array-based BF versus TR WPT via measurement. The proposed performance 
metric would provide a reasonable basis for adaptively deciding between BF and TR in a given environment, 
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thereby increasing the efficiency of linear array-based WPT regardless of the propagation environment. In other 
words, given a WPT system that can utilize both BF and TR, PRPR would serve as a core deciding factor for 
mode selection between BF and TR to achieve optimal wireless power transmission even in a dynamic propaga-
tion environment.

Peak received power ratio based on linear array
Figure 1 illustrates the mechanism of the array-based WPT via BF and TR in two representative propagation 
environments, i.e. free space and indoor scenarios. For BF, the intended beam is properly generated in free 
space (Fig. 1a), whereas the beam is impaired due to multipath in an indoor environment (Fig. 1b). For TR, 
wave focusing does not take place in free space when a single transmit antenna is used (Fig. 1c), while selective 
wave focusing at the location of the receiver is achievable in an indoor environment by taking advantage of 
multipath (Fig. 1d). Here, we consider an N-element linear array and the beacon (pilot) signal is assumed to be 
a short pulse (containing bandwidth of interest) represented as p(t) , where resulting signals of BF and TR are 
respectively expressed as

and

where the subscript n refers to the nth transmit array element, hn(t) is the impulse response between the receiver 
and nth array element, ω0 = 2π f0 is the center frequency, φn is the relative phasing of nth array element, T is 
the time duration of the impulse response, and ∗ denotes  convolution22. Here, A and Bn represent the signal 
amplification. Setting the average transmit power to Pin and the input impedance of each array element to Zin , 
A and Bn can be expressed as

and

where Hn(ω) = |Hn(ω)|e
jαn is the transfer function between the nth array element and receive antenna, and P(ω) 

is the Fourier transform of p(t) . In Eq. (4), signal amplification Bn for TR can approximately be expressed with 
the frequency domain terms by Parseval’s relation. Note that the resulting signals are the result of the assumption 
that only one signal source is used for both BF and TR. That is, based on a single source with the same average 
transmit power, all array elements transmit simultaneously with a power divider for BF, but only one element 
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Figure 1.  Illustration of array-based far-field wireless power transfer. (a) BF in free space. (b) BF in an indoor 
environment. (c) TR-based WPT in free space. (d) TR-based WPT in an indoor environment.
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transmits at a time in a switching manner for TR. Accordingly, each peak received power is represented using 
the frequency domain terms as

and

where e−jωT is associated with a time shift T in p(T − t) . Consequently, substituting Eqs. (5) and (6), a general-
ized PRPR between BF versus TR of each transmit element can be defined as follows:

which implies that PRPR can be calculated only using N, T, beacon signal (short pulse), and the transfer func-
tions. From Eq. (7), PRPR greater than 1 means that TR delivers a peak power higher than BF and vice versa. 
Since the level of PRPR depends on the propagation environment and array configuration, a reference value 
other than 1 may also be used.

By comparing PRPR of each array element, it is possible to utilize PRPR for more effective TR-based WPT. 
Since a large PRPR value indicates that high peak power is received by TR, it is advantageous to improve the 
performance of TR-based WPT to use only the element with the largest PRPR. In other words, despite the use 
of a transmit array, using only one element can provide the optimal performance of TR-based WPT. Therefore, 
using PRPR one can not only determine the mode by predicting the performance of BF versus TR in a given 
propagation environment but also select an optimal array element for TR operation.

Experimental setup
The relationship between PRPR and linear array-based WPT is validated via indoor measurement. The experi-
ment setup consists of an office meeting room (7.35 m × 3.2 m × 2.5 m) furnished with desks and whiteboards, as 
shown in Fig. 2. Here, Vivaldi antennas and a monoconical antenna, both designed to cover 1.95–2.95 GHz, are 
used for the transmit array and receive antenna,  respectively23. Since the choice of antenna is not a major factor 
for analyzing PRPR, which compares peak received power, we use these antennas for their simplicity in design 
and fabrication. Based on the free space wavelength �0 of 12.25 cm at the center frequency f0 of 2.45 GHz, the 
transmit array is constructed using four Vivaldi antennas with a �0/2 spacing. For a linear scan to observe the 
spatial variation of received peak power, the position of the receive antenna is varied laterally at an increment 
of 0.2 �0 (2.45 cm) from the reference position (0 cm) to ±2�0 . From the positions of the receive antenna, the 
targeted receive locations are set to 11 different locations over the range of ±�0 (± 12.25 cm) at an increment of 
0.2�0(2.45 cm). The reference position is 2.4 m in down range and 0.9 m in cross range from the center of the 
transmit array.

The transfer function Hn(ω) of one transmit-receive antenna pair is measured at a time over a bandwidth of 
1.95–2.95 GHz using an Anritsu MS46122B vector network analyzer (VNA). The measured transfer functions 
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Figure 2.  An illustrated view of an office room with the measurement setup.
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are converted into the time-domain impulse response hn(t) , and the received signals for BF and TR, i.e. yBF(t) 
and yTR(t) are then obtained in the processing. For the processing, beacon signals are assumed to be a Gaussian 
pulse with a bandwidth of 200 MHz centered at f0 . Also, the average transmit power is set to 30 dBm for both 
BF and TR.

To compare PRPR and the corresponding power transmission results in a propagation environment with dif-
ferent complexity, we consider the aforementioned two representative propagation environments (i.e. free space 
and indoor). However, indoor is inherently a multipath environment (e.g. reflecting walls exist), which imposes 
difficulties in realizing an ideal free space. Hence, we apply time-gating using a smooth rectangular window to 
the impulse responses hn(t) measured in an indoor environment, which mimics a free space measurement by 
extracting only the first pulse corresponding to the direct  path24,25. Figure 3 shows an example of the impulse 
response and Gaussian-modulated signal for free space and indoor. The impulse response slowly decays due to 
multipath time-delays for the case of indoor (see Fig. 3b), while only one short pulse appears for free space (see 
Fig. 3a). To generate the received beacon signal x(t) , these impulse responses are modulated with a Gaussian 
pulse (see Fig. 3c and 3d) and then time-reversed to become the input signal for TR. The time duration T is set 
to a point at which the signal amplitude of x(t) is decreased to 10% of the peak value.

Results and discussion
PRPR calculation. From the measured transfer functions between each of the four array elements and the 
11 cases of targeted receive locations, PRPR is theoretically calculated using Eq. (7), and the resulting values for 
free space and indoor environment are plotted in Fig. 4. In the case of free space, all PRPR values are less than 
1, which implies that BF delivers a peak power higher than TR given the same average transmit power. In addi-

Figure 3.  Example impulse response h(t) and Gaussian-modulated signal x(t) in each propagation 
environment. (a) h(t) in free space. (b) h(t) in an indoor environment. (c) x(t) in free space. (d) x (t) in an indoor 
environment. T refers to a time at which the signal amplitude decays to 10% of the peak value.

Figure 4.  PRPR calculated using the measured transfer function between transmit array element and each 
targeted receive antenna location. (a) Free space, (b) indoor environment.
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tion, it can be seen that the PRPR values in general are similar for all targeted receive locations and vary slightly 
depending on the array element (Fig. 4a). This means that regardless of the targeted receive antenna location, BF 
has a consistent performance with the correct phasing of all array elements, but the performance of TR depends 
on the fixed position of each array element. That is, the impulse response for TR in free space is a short pulse 
(beacon signal itself), and the magnitude of the time-reversed short pulse (input signal for TR) transmitted to 
the receive antenna varies according to each array element.

In the case of an indoor environment, all PRPR values are greater than 1, and TR is expected to deliver a peak 
power higher than BF given the same average transmit power (Fig. 4b). Unlike free space, the indoor results 
indicate that all array elements have similar PRPR values, which vary depending on the targeted receive loca-
tion. Such a phenomenon is related to the eigenmodes determined by the geometry and boundary conditions 
of the room. Despite the correct phasing for BF, the beam would be damaged by multipath and dominated by 
the eigenmodes in an indoor environment, so the peak power of BF delivered according to the targeted receive 
location also follows the spatial pattern of the eigenmodes. On the contrary, TR can focus waves in both space 
and time by utilizing multipath regardless of the targeted receive location and transmit array elements. As such, 
for each targeted location in an indoor environment, the received peak power from BF fluctuates according to 
the eigenmodes while TR has a consistently focused peak power, resulting in PRPR varying with the targeted 
location rather than the array element. As mentioned previously, although all array elements have similar PRPR 
values at each targeted location, the performance of TR-based WPT can be further optimized by using only the 
element with the largest PRPR.

Moreover, in terms of the time duration T, the impulse response in an indoor environment has a longer T, 
contributing to a higher PRPR value, and the impulse response in free space has a shorter T, contributing to a 
lower PRPR value. Both the free space and indoor results validate Eq. (7), that the level of PRPR can be obtained 
simply through the transfer function and beacon signal, and the performance of linear array-based WPT via 
BF and TR can be predicted according to the complexity of a given propagation environment. In the follow-
ing subsection, the feasibility of PRPR is specifically discussed through comparison with the measured power 
transmission results.

Power transmission results. As mentioned previously, both BF and TR are carried out in the processing 
by setting the same average transmit power, and the peak power of the receive signals is scanned over a lateral 
range of ±2� . Here, the peak power is calculated based on a load impedance of 50 � on the receiving end. Note 
that for the TR processing, only one array element with the largest PRPR value is used. In Fig. 5, the peak power 
delivered by BF and TR as a function of the lateral position is plotted for all 11 cases of targeted receive locations 
for the case of free space. In the figure, the results indicate that the BF delivers higher peak power than TR at all 
11 targeted receive antenna locations, in accordance with the PRPR values less than 1 for free space. In particular, 
the spatial pattern resulting from BF appears as a shape of a beam around each targeted receive location, while 
TR exhibits nearly consistent spatial pattern for all targeted receive locations. This can be explained by the fact 
that since there is no multipath in free space, the intended beam can be properly generated by BF, whereas TR 
loses its ability of wave focusing.

On the other hand, for the case of an indoor multipath environment, TR delivers higher peak power compared 
to BF at all 11 targeted receive locations, which agrees with the PRPR results greater than 1, as shown in Fig. 6. 
Since the scatterers and reflectors cause multipath, TR can take advantage of them to selectively focus waves at 
desired locations, but BF is no longer able to selectively transmit due to the impaired beam. Hence, as shown 
in Fig. 6, the spatial pattern resulting from TR contains a distinct peak that consistently occurs at the desired 
receive location, but the spatial pattern resulting from BF remains nearly identical for all 11 targeted locations. 
As mentioned previously, the spatial pattern resulting from BF is dominated by the eigenmodes of the environ-
ment, and the modal behavior of the fields affected by these eigenmodes can be observed with relative peaks 
and nulls taking place. From this point of view, PRPR increases relatively further when the spatial pattern of 
BF corresponds to a null, and PRPR decreases relatively when the spatial pattern of BF corresponds to a peak.

From these power transmission results, the theoretical PRPR (calculated using Eq. (7)) and the experimental 
PRPR (calculated from measured peak power) are compared for each targeted receive location, and their maxi-
mum values with the corresponding antenna are shown in Table 1. The results in general show a good agreement 
between the theoretical PRPR and experimental PRPR, with a slight discrepancy in their values. This discrepancy 
is possibly due to the fact that in each case, PRPR is calculated in different domains. That is, the theoretical PRPR 
is calculated in the frequency-domain while the experimental PRPR is calculated from the time-domain peak 
power. Nevertheless, similar PRPR values from the same antenna in both cases demonstrate the effectiveness of 
the PRPR as a performance predictor for BF versus TR.

The overall results clearly show the validity of PRPR as a performance predictor and the correlation between 
PRPR and WPT performance. In a propagation environment with low complexity such as free space, BF can 
outperform TR since it can properly generate the intended beam around the targeted location, resulting in a 
small PRPR (< 1). However, in a propagation environment with high complexity such as an indoor environment, 
the selective high peak power due to the spatial and temporal wave focusing of TR leads to a large PRPR (≫ 1). 
Therefore, it can be concluded that PRPR makes it possible to predict the performance of BF versus TR simply 
by using the transfer functions, and one can implement it as a performance metric for deciding between BF and 
TR for optimal linear array-based WPT in a given propagation environment.

WPT mode decision system using PRPR. A notional mode decision system for linear array-based WPT 
is illustrated in Fig. 7. Here the WPT system is assumed to include both BF and TR transmitters. The process of 
WPT mode decision utilizing PRPR is as follows.
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In a given propagation environment, the transfer functions between the transmit array and the receiver should 
first be measured. Next, using the measured transfer functions, PRPR corresponding to each array element can 
be calculated using Eq. (7). Here, it is possible to improve the performance of TR by choosing an array element 
that provides the largest value among the calculated PRPRs. After finding the maximum PRPR, this PRPR is 
compared to a reference value α . This reference value would be set to 1 by default, but it may be modified to a 
different desired value depending on the array configuration and propagation environment. Consequently, by 
selecting TR-based WPT when PRPR is greater than α and BF when PRPR is less than α , the mode decision of 
linear array-based WPT can be achieved. Considering that the performance of BF and TR varies depending on 
the complexity of the propagation environment, PRPR seems to be a key factor for WPT mode decision as well 
as a great performance metric for linear array-based WPT based on BF and TR. Therefore, a linear array-based 
WPT system capable of using both BF and TR with a mode decision system based on the concept of PRPR is a 
promising choice for efficient far-field WPT even in a dynamic propagation environment. Further theoretical 
development of PRPR for two- and three-dimensional transmit arrays can expand the scope of PRPR.

Conclusion
In conclusion, a novel performance metric for linear array-based WPT via BF and TR defined in terms of PRPR 
was proposed and evaluated. By simply using the transfer function measured in a given propagation environment, 
the performance prediction of BF- and TR-based WPT is achieved with PRPR. The overall results demonstrate 
that in a low-complexity environment (i.e. free space), PRPR is less than 1 due to the high peak power by BF and 
short T, while in a highly complex environment, PRPR is greater than 1 due to the selective high peak power 
delivered by TR and long T. The results imply that the value of PRPR inherently exhibits qualitative information 
about the propagation environment, and therefore can serve as a great performance predictor between BF and 
TR. In a WPT system that can utilize both BF and TR, the concept of PRPR would be a deciding factor for mode 
selection between BF and TR for optimal wireless power transmission.

Figure 5.  Measured peak power at the receiver as a function of lateral position resulting from BF and TR in free 
space.
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Figure 6.  Measured peak power at the receiver as a function of lateral position resulting from BF and TR in an 
indoor environment.

Table 1.  Comparison of theoretical and experimental maximum PRPR values for each targeted received 
location.

Targeted receive location
(cm from the reference 
position)

Free space Indoor environment

Theoretical maximum 
PRPR

Experimental maximum 
PRPR

Theoretical maximum 
PRPR

Experimental maximum 
PRPR

− 12.25 0.7249 (Ant. D) 0.7153 (Ant. D) 16.9826 (Ant. D) 18.1424 (Ant. D)

− 9.8 0.7268 (Ant. D) 0.7178 (Ant. D) 26.7084 (Ant. D) 25.7037 (Ant. D)

− 7.35 0.7205 (Ant. D) 0.7116 (Ant. D) 16.7501 (Ant. D) 16.8763 (Ant. D)

− 4.9 0.7044 (Ant. D) 0.6959 (Ant. D) 8.1589 (Ant. D) 8.4969 (Ant. D)

− 2.45 0.6896 (Ant. C) 0.6818 (Ant. C) 4.8548 (Ant. A) 5.2236 (Ant. A)

0 0.6849 (Ant. D) 0.6768 (Ant. D) 7.2974 (Ant. A) 7.574 (Ant. A)

2.45 0.6838 (Ant. D) 0.6759 (Ant. D) 9.8459 (Ant. C) 10.5915 (Ant. C)

4.9 0.6849 (Ant. D) 0.6771 (Ant. D) 14.861 (Ant. B) 16.5608 (Ant. B)

7.35 0.6788 (Ant. D) 0.671 (Ant. D) 5.9349 (Ant. D) 6.1387 (Ant. D)

9.8 0.6761 (Ant. C) 0.6683 (Ant. C) 2.7848 (Ant. D) 2.7757 (Ant. D)

12.25 0.6749 (Ant. B) 0.6676 (Ant. B) 2.6717 (Ant. C) 2.6423 (Ant. C)



8

Vol:.(1234567890)

Scientific Reports |        (2021) 11:22743  | https://doi.org/10.1038/s41598-021-02244-9

www.nature.com/scientificreports/

Received: 24 August 2021; Accepted: 12 November 2021

References
 1. Popovic, Z., Falkenstein, E. A., Costinett, D. & Zane, R. Low-power farfield wireless powering for wireless sensors. Proc. IEEE 101, 

1397–1409. https:// doi. org/ 10. 1109/ JPROC. 2013. 22440 53 (2013).
 2. Lu, X., Niyato, D., Wang, P., Kim, D. I. & Han, Z. Wireless charger networking for mobile devices: Fundamentals, standards, and 

applications. IEEE Wireless Commun. 22, 126–135. https:// doi. org/ 10. 1109/ MWC. 2015. 70962 95 (2015).
 3. Dinis, H., Colmiais, I. & Mendes, P. M. Extending the limits of wireless power transfer to miniaturized implantable electronic 

devices. Micromachines. 8, 359. https:// doi. org/ 10. 3390/ mi812 0359 (2017).
 4. Belo, D., Ribeiro, D. C., Pinho, P. & Carvalho, N. B. A selective, tracking, and power adaptive far-field wireless power transfer 

system. IEEE Trans. Microw. Theory Techn. 67, 3856–3866. https:// doi. org/ 10. 1109/ TMTT. 2019. 29136 53 (2019).
 5. Aziz, A. A. et al. Battery-less location tracking for internet of things: Simultaneous wireless power transfer and positioning. IEEE 

Internet Things J. 6, 9147–9164. https:// doi. org/ 10. 1109/ JIOT. 2019. 29283 13 (2019).
 6. Li, Y. & Jandhyala, V. Design of retrodirective antenna arrays for short-range wireless power transmission. IEEE Trans. Antennas 

Propag. 60, 206–211. https:// doi. org/ 10. 1109/ TAP. 2011. 21678 97 (2012).
 7. Wang, X., Sha, S., He, J., Guo, L. & Lu, M. Wireless power delivery to low-power mobile devices based on retro-reflective beam-

forming. IEEE Antennas Wireless Propag. Lett. 13, 919–922. https:// doi. org/ 10. 1109/ LAWP. 2014. 23224 93 (2014).
 8. Yedavalli, P. S., Riihonen, T., Wang, X. & Rabaey, J. M. Far-field RF wireless power transfer with blind adaptive beamforming for 

internet of things devices. IEEE Access 5, 1743–1752. https:// doi. org/ 10. 1109/ ACCESS. 2017. 26662 99 (2017).
 9. Xu, K. et al. Beam-domain SWIPT for mMIMO system with nonlinear energy harvesting legitimate terminals and a non-coop-

erative terminal. IEEE Trans. Green Commun. Netw. 3, 703–720. https:// doi. org/ 10. 1109/ TGCN. 2019. 29003 43 (2019).
 10. Ahn, B. et al. Wide-angle scanning phased array antenna using high gain pattern reconfigurable antenna elements. Sci. Rep. 9, 

18391. https:// doi. org/ 10. 1038/ s41598- 019- 54120-2 (2019).
 11. Zaharis, Z. D. et al. An effective modification of conventional beamforming methods suitable for realistic linear antenna arrays. 

IEEE Trans. Antennas Propag. 68, 5269–5279. https:// doi. org/ 10. 1109/ TAP. 2020. 29778 22 (2020).
 12. Ding, S. et al. Enhancement of time-reversal subwavelength wireless transmission using pulse shaping. IEEE Trans. Antennas 

Propag. 63, 4169–4174. https:// doi. org/ 10. 1109/ TAP. 2015. 24454 14 (2015).
 13. Cangialosi, F., Grover, T., Healey, P., Furman, T., Simon, A. & Anlage, S. M. Time reversed electromagnetic wave propagation as a 

novel method of wireless power transfer. In Proceedings of IEEE Wireless Power Transfer Conference (WPTC), 1–4. https:// doi. org/ 
10. 1109/ WPT. 2016. 74988 32 (2016).

 14. Ibrahim, R. et al. Experiments of time-reversed pulse waves for wireless power transmission in an indoor environment. IEEE 
Trans. Microw. Theory Techn. 64, 2159–2170. https:// doi. org/ 10. 1109/ TMTT. 2016. 25726 79 (2016).

 15. Hong, S. K., Mendez, V. M., Koch, T., Wall, W. S. & Anlage, S. M. Nonlinear electromagnetic time reversal in an open semirever-
berant system. Phys. Rev. A Gen. Phys. 2, 044013. https:// doi. org/ 10. 1103/ PhysR evApp lied.2. 044013 (2014).

 16. Fink, M. Time reversal of ultrasonic fields. I. Basic principles. IEEE Trans. Ultrason. Ferroelectr., Freq. Control 39, 555–566. https:// 
doi. org/ 10. 1109/ 58. 156174 (1992).

 17. Wu, F., Thomas, J.-L. & Fink, M. Time reversal of ultrasonic fields. II. Experimental results. IEEE Trans. Ultrason. Ferroelectr. Freq. 
Control 39, 567–578. https:// doi. org/ 10. 1109/ 58. 156175 (1992).

 18. Lerosey, G. et al. Time reversal of electromagnetic waves. Phys. Rev. Lett. 92, 193904. https:// doi. org/ 10. 1103/ PhysR evLett. 92. 
193904 (2004).

 19. Lerosey, G., De Rosny, J., Tourin, A., Derode, A. & Fink, M. Time reversal of wideband microwaves. Appl. Phys. Lett. 88, 154101. 
https:// doi. org/ 10. 1063/1. 21940 09 (2006).

 20. Khaleghi, A. Measurement and analysis of ultra-wideband time reversal for indoor propagation channels. Wireless Pers. Commun. 
54, 307–320. https:// doi. org/ 10. 1007/ s11277- 009- 9727-y (2010).

 21. Ku, M.-L., Han, Y., Lai, H.-Q., Chen, Y. & Liu, K. J. R. Power waveforming: Wireless power transfer beyond time reversal. IEEE 
Trans. Signal Process. 64, 5819–5834. https:// doi. org/ 10. 1109/ TSP. 2016. 26012 83 (2016).

 22. Park, H. S. & Hong, S. K. Investigation of time-reversal based far-field wireless power transfer from antenna array in a complex 
environment. IEEE Access 8, 66517–66528. https:// doi. org/ 10. 1109/ ACCESS. 2020. 29851 63 (2020).

 23. Hasim, N. S. B. et al. A slotted UWB antipodal Vivaldi antenna for microwave imaging applications. Prog. Electromagn. Res. M 
80, 35–43. https:// doi. org/ 10. 2528/ PIERM 18121 201 (2019).

 24. Yang, T., Davis, W. A. & Stutzman, W. L. Multipath mitigation in pattern measurement of small directive antennas based on the 
singularity expansion method (SEM). In IEEE International Workshop on Antenna Technology (IWAT) https:// doi. org/ 10. 1109/ 
IWAT. 2009. 49069 62 (2009).

Figure 7.  Flow chart of a notional mode decision system.

https://doi.org/10.1109/JPROC.2013.2244053
https://doi.org/10.1109/MWC.2015.7096295
https://doi.org/10.3390/mi8120359
https://doi.org/10.1109/TMTT.2019.2913653
https://doi.org/10.1109/JIOT.2019.2928313
https://doi.org/10.1109/TAP.2011.2167897
https://doi.org/10.1109/LAWP.2014.2322493
https://doi.org/10.1109/ACCESS.2017.2666299
https://doi.org/10.1109/TGCN.2019.2900343
https://doi.org/10.1038/s41598-019-54120-2
https://doi.org/10.1109/TAP.2020.2977822
https://doi.org/10.1109/TAP.2015.2445414
https://doi.org/10.1109/WPT.2016.7498832
https://doi.org/10.1109/WPT.2016.7498832
https://doi.org/10.1109/TMTT.2016.2572679
https://doi.org/10.1103/PhysRevApplied.2.044013
https://doi.org/10.1109/58.156174
https://doi.org/10.1109/58.156174
https://doi.org/10.1109/58.156175
https://doi.org/10.1103/PhysRevLett.92.193904
https://doi.org/10.1103/PhysRevLett.92.193904
https://doi.org/10.1063/1.2194009
https://doi.org/10.1007/s11277-009-9727-y
https://doi.org/10.1109/TSP.2016.2601283
https://doi.org/10.1109/ACCESS.2020.2985163
https://doi.org/10.2528/PIERM18121201
https://doi.org/10.1109/IWAT.2009.4906962
https://doi.org/10.1109/IWAT.2009.4906962


9

Vol.:(0123456789)

Scientific Reports |        (2021) 11:22743  | https://doi.org/10.1038/s41598-021-02244-9

www.nature.com/scientificreports/

 25. Koh, J. et al. Free space radiation pattern reconstruction from non-anechoic measurements using an impulse response of the 
environment. IEEE Trans. Antennas Propag. 60, 821–831. https:// doi. org/ 10. 1109/ TAP. 2011. 21731 17 (2012).

Acknowledgements
This work was supported by the National Research Foundation (NRF) of Korea (Grant  No. NRF 
2017R1C1B5018179) and by the Korea Institute for Advancement of Technology (KIAT) (Grant No. P0017123, 
The Competency Development Program for Industry Specialist).

Author contributions
H.S.P. designed the experiment, performed measurement and analysis, and wrote this manuscript. S.K.H. con-
ceived the ‘PRPR’ concept and directed the research. All authors reviewed and revised the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to S.K.H.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2021

https://doi.org/10.1109/TAP.2011.2173117
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	A performance predictor of beamforming versus time-reversal based far-field wireless power transfer from linear array
	Peak received power ratio based on linear array
	Experimental setup
	Results and discussion
	PRPR calculation. 
	Power transmission results. 
	WPT mode decision system using PRPR. 

	Conclusion
	References
	Acknowledgements


