
12 May 2026

Alma Mater Studiorum Università di Bologna
Archivio istituzionale della ricerca

Tiberi, T., Bastia, L., Costanzo, A., Masotti, D. (2025). Agile RF Systems for On-Demand Wireless Power
Transfer. IEEE MICROWAVE MAGAZINE, 26(12), 99-111 [10.1109/mmm.2025.3604719].

Published Version:

Agile RF Systems for On-Demand Wireless Power Transfer

Published:
DOI: http://doi.org/10.1109/mmm.2025.3604719

Terms of use:

(Article begins on next page)

Some rights reserved. The terms and conditions for the reuse of this version of the manuscript are
specified in the publishing policy. For all terms of use and more information see the publisher's website.

Availability:
This version is available at: https://hdl.handle.net/11585/1032199 since: 2025-12-11

This is the final peer-reviewed author’s accepted manuscript (postprint) of the following publication:

This item was downloaded from IRIS Università di Bologna (https://cris.unibo.it/).
When citing, please refer to the published version.

http://doi.org/10.1109/mmm.2025.3604719
https://hdl.handle.net/11585/1032199


Title: Agile RF Systems for On-Demand Wireless Power Transfer 

Authors: Tommaso Tiberi, Lorenzo Bastia, Alessandra Costanzo, Diego Masotti 

Tommaso Tiberi (tommaso.tiberi@unibo.it), Lorenzo Bastia (lorenzo.bastia3@unibo.it), Alessandra 
Costanzo (alessandra.costanzo@unibo.it; ORCID 0000-0001-5073-000X), and Diego Masotti 
(diego.masotti@unibo.it; ORCID 0000-0001-5340-2781) are with the Alma Mater Studiorum 
University of Bologna, Department of Electrical, Electronic and Information Engineering - 
Guglielmo Marconi - Bologna, ITALY. 

 

1. Introduction 
Wireless power transfer (WPT) is becoming a crucial and demanding technology in moder wireless systems. 

In recent years, many research activities about far-field WPT have been conducted to face the various 

obstacles and challenges presented by this type of wireless system. A block-scheme representation of a 

generic far-field WPT system is shown in Fig 1. 

The efficiency of the WPT system is a crucial parameter to assess the reliability of the entire wireless link. 

According to the schematic in Fig. 1, the total efficiency results from the combination of several factors, indeed 

it can be expressed as: 
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Where: 𝜂𝑜𝑠𝑐 is the efficiency of the oscillator defined as the power that it provides at the input of the power 

amplifier 𝑃𝐼𝑁 with respect to the DC power 𝑃𝐵𝐼𝐴𝑆; 𝜂𝑎𝑚𝑝 is the efficiency of the power amplifier defined as the 

ratio between the power at the input of the transmitting antenna 𝑃𝐴𝑁𝑇 and the power at the input of the power 

amplifier 𝑃𝐼𝑁; similarly the antenna efficiency 𝜂𝑎𝑛𝑡 is the ratio between the power radiated by the transmitting 

antenna 𝑃𝑇𝑋 and the power at its input; 𝜂𝑙𝑖𝑛𝑘 is the efficiency of the wireless link between the transmitter and 

the receiver and it is built by the ratio between the power collected by the receiving antenna 𝑃𝑅𝑋 and the power 

radiated by the transmitting antenna. This efficiency term accounts for the propagation impairments (e.g. 

losses) through the wireless channel; 𝜂𝑟𝑒𝑐𝑡 is the efficiency of the rectifier connected to the receiving antenna, 

and it is obtained by dividing the DC power 𝑃𝐷𝐶 at the rectifier output with respect to the RF power 𝑃𝑅𝑋 at its 

input; finally, 𝜂𝑏𝑜𝑜𝑠𝑡 is the efficiency of the DC-DC converter that takes the DC power at the rectifier output 

and provides an output power 𝑃𝐻𝐴𝑅𝑉 to be collected in a storage capacitor. 

At the transmitting side, the oscillator, amplifier and antenna efficiencies can easily reach values significantly 

greater than 50 % (around 80 % in the low-GHz range, down to 60 % above 10 GHz). Regarding the receiver 

side, the RECTENNA RF-to-dc efficiency has reached its limits: in environmental energy harvesting scenarios 

with available power levels around [-20 − -10] dBm the efficiency can be 30-50 %, reaching 60-70 % for higher 

power levels ([0 − 10] dBm). A less critical block is the dc-to-dc converter, where an efficiency around 90 % can 

be guaranteed. On the other hand a major issue of a WPT link working in far-field conditions is the lack of 

effective RF-to-RF efficiency of the wireless channel (𝜂𝑙𝑖𝑛𝑘), due to the long distance between transmitter and 

receiver. This physical limitation can be somehow counteracted by designing advanced radiating architectures 

that are able to boost the power transfer efficiency (dc-to-dc efficiency) of the whole system, minimizing the 
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impact of the RF link. In this work, a review on two key technologies, which could play, to the authors’ opinion, 

a strategic role in WPT applications, named Frequency Diverse Arrays (FDA) and Time Modulated Arrays 

(TMA) is proposed. They represent two groups of radiating systems that have been studied and developed 

significantly in the last decades due to their interesting and unique radiating capabilities. In particular, these 

types of array show a great level of pattern reconfigurability, in terms of beamforming and beam-steering, 

while preserving a rather simple architecture compared with the state-of-the-art. For this reason, they are 

considered promising RF systems for on-demand wireless power transfer. The adjective “on-demand” refers 

to the possibility to adapt almost in real-time the configuration of the array, to choose and modify its radiating 

behavior, according to the application requirements. In a WPT scenario these requirements could be given by 

the number and position of the devices to be energized in a given environment. 

 

 

Fig. 1. Block-scheme of a far-field WPT system. 

2. Frequency Diverse Arrays 
FDAs have been the subject of many research studies over the last decades. Their main feature is the frequency 

diversity among the signals radiated by each array element, that enables interesting beam steering and 

beamforming capabilities [1]. The intermodulation of signals at slightly different frequencies generates a 

particular S-shape beam pattern in the range-angle plane, characterized also by a peculiar time dependency 

[2],[3]. According to the excitation signal regime, two classes of FDA systems are recognized: continuous 

wave (CW) FDA and pulsed FDA. 

 

2.1. CW Frequency Diverse Arrays 

CW FDAs are based on a continuous signal (e.g. cosine waveform) radiated by each array element. The 

standard and easiest FDA system is composed by a linear 1-D array of 𝑀 elements as depicted in Fig. 2(a). A 

linear and progressive frequency offset 𝛥𝑓 is introduced among the antennas, such that the operating frequency 

of the 𝑚𝑡ℎ antenna element is given by: 

 

𝑓𝑚 = 𝑓0 + 𝑚Δ𝑓                                                                     (2) 

 

In this case, the resulting array beam pattern, shown in Fig. 2(b), is characterized by a time-angle coupling [4] 

as can be evinced from its S-shape. 

 



 

Fig. 2. Linear (1-D) frequency diverse array: (a) array layout, (b) normalized beam pattern. 

 

The main property of this system is the automatic and real-time steering of the radiated beam as can be evinced 

in Fig. 2(b). This behavior is achieved without employing additional hardware, such as phase shifters employed 

in phased arrays, but it simply results from the introduction of a frequency diversity among the array elements 

[5]. In particular, the FDA beam pattern exhibits a time (and space) periodicity that is inversely proportional 

to 𝛥𝑓: the higher is the frequency offset, the lower is the scanning time of FDA, and vice versa [6] (in Fig. 

2(b) the time periodicity is 200 ns, corresponding to 1/𝛥𝑓 when 𝛥𝑓 = 5 𝑀𝐻𝑧) The time-angle dependency, 

combined with the automatic beam-scanning capabilities of the beam pattern, make CW FDA an interesting 

solution in radar applications [7-10]. However, the strict dependency between time and angle introduces some 

issues for those applications, such as WPT, in which a full control of the radiation is mandatory. Indeed, for 

WPT purposes a time-angle decoupling of the FDA beam pattern must be pursued to control and select a 

desired radiation direction only. In the last years, many efforts have been spent by the research community in 

this direction, following different approaches. A first strategy consists of the optimization of the frequency 

offset 𝛥𝑓 between the FDA signals. For example, by introducing a logarithmic step instead of a linear one, the 

FDA beam pattern tends to assume an almost elliptical shape pattern [11],[12], highlighting the possibility to 

better control the system’s radiation. A similar result is achieved by applying a symmetric (linear) frequency 

distribution to the array elements [13],[14]. An example of the normalized beam pattern of a linear FDA with 

logarithmic frequency offset and symmetric frequency offset is shown in Fig. 3(a) and Fig. 3(b), respectively. 

 

 

Fig. 3. Normalized beam pattern of a linear FDA with (a) logarithmic frequency offset, (b) symmetric 

frequency offset. 

 

Successively, it has been proved that by extending the FDA principle to planar 2-D arrays, a very precise dot-

shape pattern is obtained still preserving a linear 𝛥𝑓 value [15]. In this context, the exploitation of array 

topologies with circular geometry has demonstrated to be the best solution [16-18], compared to 

square/rectangular layouts [19], since the generated beam preserves its symmetry across all the azimuthal 

planes and the S-shape is completely removed. For example, by considering a 24-element circular array, 



organized in 𝑀 = 3 rings, each one composed by 𝑁 = 8 elements, the normalized FDA beam pattern 

according to two different frequency distribution rules can be derived. Indeed, frequency diversity can be 

applied among the 𝑁 spokes of the array (radial FDA), resulting in the beam pattern shown in Fig. 4(a), or 

among the 𝑀 rings (concentric circular FDA), thus providing the beam pattern in Fig. 4(b).  

 

 

Fig. 4. Normalized beam pattern of a 24-element circular FDA with 𝑀 = 3 rings, and 𝑁 = 8 spokes: (a) 

radial FDA, (b) concentric circular FDA. 

 

However, all these alternatives introduce a significant level of complexity, either for the signal generation if a 

non-linear frequency distribution rule is adopted, or for the array design and excitation if a large number of 

elements deployed in a planar layout is used. Moreover, in those circumstances the beam pattern 

reconfigurability is rather low, and once the system is designed, beam-steering is possible only resorting to 

phase shifters. 

 

2.2. Pulsed Frequency Diverse Arrays 

A powerful alternative to solve this problem is to introduce a pulsed regime, to select on demand the desired 

direction(s) of radiation [20]. In this scenario a very simple layout is needed, involving a linear array with 

linear frequency shift 𝛥𝑓. Replacing the CW signals with pulsed waveforms, a dot-shaped pattern is achieved, 

thus resolving the time-angle coupling phenomenon. The total radiated signals can be expressed as: 

 

𝑥(𝑡) = ∑ 𝑥𝑝(𝑡) ∙ 𝑒𝑗2𝜋𝑓𝑚𝑡𝑀−1
𝑚=0                                                             (1) 

 

where 𝑥𝑝(𝑡) is the pulse adopted for the modulation of the carrier, 𝑀 is the number of array elements, and 𝑓𝑚 

is the frequency of the 𝑚𝑡ℎ signal radiated by the 𝑚𝑡ℎ antenna. The pulse delay and its duty cycle play a crucial 

role as design parameters to define the radiation direction and the spot accuracy, respectively. In particular, 

the pulse delay can be selected on demand to perform beam steering without the need of any phase shifter. An 

example of such radiating behavior can be appreciated by observing Fig. 5, in which the normalized beam 

pattern for a linear FDA of 𝑀 = 8 elements, carrier frequency 𝑓0 = 1.8 𝐺𝐻𝑧, 𝛥𝑓 = 5 𝑀𝐻𝑧, whose signals are 

modulated by a rectangular pulse with duty cycle 𝑑 = 0.1 and delay 𝜏 = 70 𝑛𝑠 is represented. 

 



 

Fig. 5. Normalized beam pattern of (a) CW FDA with superimposed pulse (yellow dashed line), (b) pulsed 

FDA. 

 

The effect of the pulse modulation on the FDA beam pattern is well-visible in Fig. 5(b): the original S-shape 

is replaced in favor of a dot-shape radiation centered around 𝜃 = −45°. 

As stated in [6], the choice of 𝛥𝑓 defines univocally the time periodicity of any FDA radiation pattern, being 

equal to 1/𝛥𝑓. If a unique pulsed sequence is designed within a certain FDA period (accordingly to the case 

shown in Fig. 5), a single spot pointing in a predefined target direction is generated. However, by properly 

combining multiple (not overlapping) ON-OFF sequences, multiple spots are simultaneously generated in 

different directions according to the delay value of each control pulse. This single- and multi-beam capability 

via pulsed FDA has been experimentally demonstrated for the first time in [21] with a simple four-finger series-

fed patch array operating at 1.9 GHz, and the corresponding results are recalled in Fig. 6. In particular, a single-

beam configuration pointing at 𝜃 = −30° is shown in Fig. 6(a), whereas a double-beam radiation pointing at 

𝜃 = −20° and 𝜃 = 30° simultaneously, is generated in Fig. 6(b), by combining a couple of delayed control 

sequences. 

 

 

Fig. 6. Normalized beam pattern for (a) single-beam pulsed FDA, (b) multi-beam pulsed FDA. [21] 

 

A picture of the indoor measurement set-up is reported in Fig. 7: in order to ensure the coherency of the 𝑀 

frequency-diverse radiated signals, a Software Defined Radio (Xilinx RFSoC ZCU111) is required for the 

FDA signals generation. 

 



 

Fig. 7. Indoor laboratory set-up for pulsed FDA measurements. [21] 

 

The FDA architecture combined with a pulsed excitation regime (i.e. pulsed FDA) is currently the best solution 

to resolve the time-angle coupling phenomenon, and easily allows single-beam and multi-beam generation 

according to the target radiation direction(s). This high level of reconfigurability achieved with a simple and 

precise time-control makes the pulsed FDA system a valuable solution for WPT applications. 

 

2.3. Harmonic analysis of pulsed FDA 

The control strategy based on a pulsed waveform described in section 2.2 is responsible for the generation of 

infinite harmonic products due to the intermodulation of the FDA carriers 𝑓𝑚 with the control frequency 𝑓𝑝 of 

the ON–OFF sequences. Therefore, the spectrum of the radiated signals inherently contains infinite harmonic 

terms, due to the pulse modulation: such scenario is depicted in Fig. 8 in the case of four different radiated 

tones (as in the previous measurement). 

 

 

Fig. 8. Spectrum of a 4-element pulsed FDA. The carriers are highlighted with different colors [22]. 

 

Those harmonic contributions must be handled to avoid excessive power loss outside the operating bandwidth 

of the system 𝐵𝑤. Indeed, a study on the spectral characteristics of the pulsed FDA waveforms is mandatory. 

This analysis was exhaustively conducted for the first time in [22]. It has been proved that, differently from a 

communication scenario where the harmonic tones must be spread outside 𝐵𝑤 to avoid in-band interference 



and distortion (resulting in huge levels of power loss), the generated harmonics can be favorably exploited for 

WPT purposes, thus minimizing the out-of-band power loss and preserving the effectiveness of pulsed FDA 

for WPT applications. To validate the theoretical study, an experimental activity was conducted, comparing 

different shapes of the driving pulse: rectangular, triangular and raised cosine (RC). A 4-monopole linear array 

was used as transmitter with 𝑓0 = 1.8 𝐺𝐻𝑧 and Δ𝑓 = 5 𝑀𝐻𝑧. The power loss curves, function of the available 

bandwidth 𝐵𝑤, are shown in Fig. 9. 

 

 

Fig. 9. (a) Simulations (continuous line) and measurements (dashed line) results of power loss for different 

pulse waveforms. (b) Measured power loss curves [22]. 

 

Observing Fig. 9(b) it is evident that by choosing a pulse repetition frequency 𝑓𝑝 = 20 𝑀𝐻𝑧, required for 

communication purposes, the power loss levels are significantly high, and most of the available power is lost 

on the side-band harmonics. Whereas, for WPT it is possible to reduce the harmonic spacing (𝑓𝑝 = 5 𝑀𝐻𝑧) 

and consequently minimize the power loss. Furthermore, by comparing the different pulse shapes with the 

same value of 𝑓𝑝 = 5 𝑀𝐻𝑧, the pulsed FDA based on RC pulse provides the highest power loss reduction. 

3. Time Modulated Arrays 
In a TMA architecture each antenna element of the array radiates the same RF signal modulated by a switch through 

a periodic pulse with repetition frequency 𝑓𝑝 and periodicity 𝑇𝑝 = 1/𝑓𝑝 [23],[24]. Differently from the pulsed FDA 

previously described, each switch has now its own periodic pulse (with duty cycle and rise instant as additional new 

degrees of freedom). Due to the time-based control, TMAs own the unique capability of generating a multi-

harmonic radiation pattern. Therefore, the radiation occurs at the radio frequency (RF) carrier 𝑓0, and at the 

harmonic frequencies 𝑓±ℎ = 𝑓0 ± ℎ𝑓𝑝, where ℎ is the harmonic index [25],[26]. The ON-OFF status of the switches 

allows an almost infinite number of driving sequences to be chosen in the multi-harmonic radiation patterns 

synthesis phase. In particular the duty cycle and delay of the pulse act on the amplitude and phase of the harmonics, 

respectively. 

 

3.1. TMA architecture for WPT 

In principle, the TMA architecture is extremely simple since the beamforming capability of the harmonic patterns 

is synthetized without employing additional hardware components such as phase shifters. However, if highly 

directive applications are envisaged, such as selective and precise WPT, a huge number of radiating elements is 

required, and the design of the TMA control network becomes a cumbersome task. In fact, by considering a planar 

array of 𝑀𝑥𝑁 number of elements, in principle one switch per each antenna (𝑀𝑥𝑁 in total) would be required to 

implement the time-modulated scheme. To face this problem, in [27] a planar multi-spoke TMA with agile control 

of the time-based network has been proposed. The multi-layer array layout, shown in Fig. 10, is based on 𝑁 = 8 



spokes, each one made of 𝑀 = 3 series-fed patch antennas operating at 2.45 GHz. 

 

 

Fig. 10. Planar multi-spoke array: (a) front view, (b) back view. [27] 

 

In this way, despite the high number of radiators (𝑀𝑥𝑁 = 24) involved, each spoke can be controlled by a 

single RF switch (instead of employing one switch per antenna element), thus significantly reducing the 

complexity of the time-based architecture. Therefore, with only 𝑁 = 8 switches applied at the spokes input 

ports, the entire 24-element array can be controlled with the TMA principle. The total signal radiated by this 

TMA system is written as: 

 

𝑦(𝑡) = ∑ ∑ 𝐶ℎ
𝑛𝑒𝑗2𝜋(𝑓0+ℎ𝑓𝑝)(𝑡−𝜏𝑛)ℎ=+∞

ℎ=−∞
𝑁−1
𝑛=0                                             (2)   

 

where 𝐶ℎ
𝑛 and 𝜏𝑛 are the amplitude coefficients and delay of the pulse wave controlling the 𝑛𝑡ℎ element. In 

[27] a MATLAB example of multi-goal optimization of the driving sequences controlling the array ports is 

done, in such a way to maximize, in the horizontal scanning plane, the amplitude of the first order harmonic 

(ℎ = 1) in a target direction (𝜗𝑡 = 20°, 𝜑𝑡 = 0°), while reducing the impact of the superior harmonics. The 

corresponding results are shown in Fig. 11. This represents just an example of a use case scenario in which the 

goal is to exploit the radiation of the fundamental and first order harmonics only, mitigating the interference 

coming from the harmonics of order greater or equal than 2. However, there could be other conditions in which 

the higher order harmonics are exploited as well. 

 

 

Fig. 11. (a) directivity pattern at fundamental tone (ℎ = 0) and first harmonics (ℎ = −1, +1), (b) maximum 

directivity at different harmonics. [27] 

 



Furthermore, the exploitation of a highly symmetric layout with circular symmetry enables 2D beam steering 

features (i.e., scanning on a plane 𝜑𝑡 ≠ 0°) simply playing with the order of control of the input ports. Overall, 

the agile switching control network together with the benefits of the array circular symmetry make the radial 

TMA an interesting candidate for highly selective and reconfigurable WPT applications. 

 

3.2. TMA architecture for localization 

The positioning problem is a very important part of a two-step procedure that includes a preliminary 

localization of objects such as tags/sensors distributed in a certain environment followed by the wireless 

powering of the detected targets. To this aim, the use of a single radiating architecture capable of supporting 

both applications and to be easily reconfigured from one task to the other is crucial. Indeed, the TMA principle 

applied to a two-element array, for direction finding applications, has been deeply investigated in the literature 

[28-30]. In particular, the multi-harmonic generation of a TMA can be favorably exploited for localization by 

relying on the radar monopulse principle [31]. The main idea is to exploit the strategic correspondence between 

the harmonic patterns and the observation direction as a function of the adopted TMA control sequences. 

Indeed, the radial TMA presented in section 3.1 as a powerful solution for WPT, was also studied and 

configured for direction finding purposes [32]. This localization approach requires a low directive beam pattern 

with reduced side lobes at the fundamental frequency, to avoid detection uncertainties. Therefore, only two 

adjacent spokes (out of eight in total) are used. It has been proved that, by piloting the two array ports with 

specific control sequences that have a relative delay 𝛥𝜏, the first-order harmonics (ℎ = ±1) are steered in 

symmetric directions with respect to the fundamental one (ℎ = 0), as shown in Fig. 12. 

 

 

Fig. 12. Normalized beam pattern on the plane 𝜙 = 0°: (a) Δ𝜏 = 𝑇𝑝/2 (𝑓−1 and 𝑓+1 are superimposed), (b) 

Δ𝜏 = 𝑇𝑝/4 [32]. 

 

This implies that each direction in space corresponds to a distinct and unique harmonic spectrum, as reported 

in Fig. 13, and the localization approach is based on the correspondence between harmonics power and the 

observation direction. A proof-of-concept of this harmonic-based localization method was conducted as well 

in [32], based on the analysis of the received TMA signal. A good agreement between simulated and measured 

results was found (as visible from Fig. 13), highlighting the practical effectiveness of the proposed TMA 

solution for direction finding applications. 

 



 

Fig. 13. Simulated and measured normalized amplitude spectrum on the plane 𝜙 = 0° for (a) 𝜃 = −30°, 

(b) 𝜃 = −15°, (c) 𝜃 = 0°, (d) 𝜃 = 15°, (e) 𝜃 = 30°. [32] 

 

4. Comparison with other systems for WPT 
In sections 2 and 3 two different architectures have been described as innovative solutions to develop an 

efficient far-field WPT system. However, interesting alternatives are available in the literature, and among 

them, retrodirective antenna arrays (RDA) represent a promising system for joint tracking and powering 

operations. The retrodirectivity principle applied to an array with dual-frequency, dual-polarization was 

proposed in [33], in particular the proposed RDA works at 3.8 GHz with right-hand circular polarization in 

reception and transmits at 5.8 GHz with left-hand circular polarization. Moreover, in [34] a novel circularly 

polarized (CP)-RDA for WPT applications has been designed, by exploiting subarrays in transmission, to 

reduce the number of active components needed for the RDA and therefore minimizing the cost. A schematic 

of the architectures proposed in [33],[34] is shown in Fig. 14(a) and Fig. 14(b), respectively. The general idea 

of these systems is to exploit the incoming low-power pilot signals from the user to track its position and 

subsequently transfer high-power in the same and proper direction. In both cases, the use of a circular 

polarization both in transmission and in reception enables higher flexibility in the orientation of the device to 

be energized, and could be beneficial in presence of mobility (e.g. mobile phone charging). Furthermore, two 

orthogonal polarizations, right-hand circular polarization in the receiver array and left-hand circular 

polarization in the transmitter array, have been selected to enhance the isolation between the two arrays. 

 

 

Fig. 14. (a) schematic of dual-frequency RDA [33], (b) schematic of the circularly polarized RDA [34]. 

 

Then, the retrodirectivity concept has been also applied to other radiating systems: in [35] a Rotman lens 

designed as a retrodirective beamforming network for far-field WPT operating in Ka-band is presented. This 

solution enables beamforming without any change in the lens configuration or additional circuits, and also 

allows to track the location of a target once a beacon signal is received from it. In [36], the use of a 

retrodirective FDA to provide both angle and range focused beamforming capability for long-range wireless 

information and power transfer is proposed. The focused range-angle beampattern can be independently 

controlled through properly designing the transmit weighting vector or the frequency offsets among the array 

elements. A representation of the retrodirective FDA scheme is shown in Fig. 15(a). 



 

Fig. 15. (a) schematic of retrodirective FDA [36], (b) schematic of the retrodirective TMA in a multi-user 

scenario [37]. 

 

Furthermore, in [37] the issue of smart RF power beamforming in a multiuser WPT system is addressed. 

Specifically, it is proposed a two-stage communication/power transmission strategy based on the time 

modulation and retrodirective technique. Indeed, in a multi-user WPT scenario, the pilot signals emitted from 

the users are phase conjugated, time modulated using preprocessed rectangular pulses, and then retransmitted 

back to the users. Particularly, the multi-carrier modulating signals are optimally weighted to perform 

harmonics power beamforming. The configuration of the retrodirective TMA in a multi-user scenario is 

depicted in Fig. 15(b). 

Several steps forward have been conducted on the retrodirective arrays, as highlighted in these recalled studies, 

however common problems of this technology remain. The main limitation of these radiating systems is the 

need for the interaction with active targets, that must send a pilot signal to the RF source: vice versa, the FDA 

and TMA solutions previously described can easily interact with totally passive targets. Additionally, 

retrodirective systems show a high implementation complexity due to the need for phase conjugation or 

sophisticated signal processing, and expensive components, especially when using analog or digital phase-

conjugating circuitry (e.g., mixers, local oscillators, or digital signal processors for each antenna element). 

Moreover the signal processing involved in phase conjugation or digital retrodirectivity can introduce 

processing delays, which might be problematic for real-time applications.  

On the other hand, the agile and reconfigurable capabilities of FDA and TMA solutions together with their 

affordable design allow to overcome these critical challenges, as detailed in the following sub-paragraphs. 

  

4.1. Hardware design 

The reduced complexity of the architecture is one of the key advantages of FDA and TMA with respect to 

phased arrays (PA) or Rotman Lens solutions. Indeed, a tough feeding network design is required for Rotman 

Lens [38], [39], whereas expensive components such as hybrid couplers and phase shifters are needed to design 

the beamforming network of a PA [40]. A schematic representation of these two systems is shown in Fig. 16(a) 

and Fig. 16(b), respectively. 

 



 

Fig. 16. (a) schematic of Rotman Lens design [35], (b) schematic of a regular phased array [40], (c) 

schematic of a TMA [40]. 

 

On the other hand, simple and less expensive switches are enough to manage pulsed FDA and TMA systems: 

each port of the array must be equipped with a switch to synthetize the corresponding control sequence, as 

shown in Fig. 16(c). For the FDA case a multi-tone generation is also mandatory, and it can be implemented 

through the use of a Software Defined Radio (SDR) as stated in [21]. 

 

4.2. Beam pattern reconfigurability 

The experimental activity presented in [21] demonstrates the advanced beamforming capability of pulsed FDA in 

terms of both single- and multi-beam generation. Under this perspective, pulsed FDA exhibits superior 

performance with respect to TMA. A traditional TMA is able to produce harmonic radiations only in symmetric 

directions with respect to the carrier frequency, unless complex feeding strategies are employed [41-43], and this 

represents a main limitation of TMA. Other architectures such as Butler Matrix or Rotman Lens still have multi-

beam capabilities, however their level of reconfigurability is limited by their design. For example, the use of digital 

phase shifters (that can be programmed) allows to cover a limited number of angles on which the beam can be 

steered. Vice versa, in a pulsed FDA system the delay 𝜏 of the control pulse can be selected on demand and 

modified in real time to point the single- or multi-beam in any target direction. 

Overall, the low complexity and cost of the hardware combined with an advanced reconfigurability of the system 

are two key requirements for WPT applications, and currently pulsed FDA is the solution that most fulfil them. 

 

4.3. Signal excitations 

Further consideration about the operating regime of these radiating systems must be done. Differently from a PA 

that typically works with a single carrier CW signal, pulsed FDA and TMA operate with pulsed signals. In 

particular, the spectrum of a TMA signal is composed of a single carrier plus the corresponding harmonics, 

whereas in the pulsed FDA case there is a multi-carrier signal and the harmonics for each fundamental tone. 

Therefore, in these two cases there are more terms to be controlled to ensure a proper behavior of the system. In 

[22] it has been proved that pulsed FDA is an effective technique for WPT since the harmonic generation is 

favorably exploited, differently from other interference-aware applications. In terms of power transfer efficiency, 

the use of pulsed signals instead of CW can be an advantage or not depending on the application and on the power 

level to be rectified by a rectenna in reception [44]. In [21] an analysis of the rectenna performance, in terms of 

RF-to-dc conversion efficiency has been carried out for different types of signal excitations. The Harmonic 

Balance (HB) optimization, conducted in the available power range [-30 − -5] dBm, shows that pulsed FDA is 

slightly less effective than a PA in the lower power range. Vice versa, if the available power level exceeds -14 

dBm, pulsed FDA outperforms both a standard CW FDA and a single tone CW (i.e. a phased array). These 

simulated results in terms of RF-to-dc efficiency (𝜂𝑅𝐹−𝐷𝐶) as a function of the available power 𝑃𝑎𝑣 are shown in 

Fig 17. 

 



 

Fig. 17. RF-to-dc efficiency vs available power for different input excitations. [21] 

 

Therefore, it has been proved that for certain power levels, having signals with high peak-to-average power 

ratio (PAPR), i.e. pulsed signals, guarantees better rectifying efficiency of the WPT system. 

 

5. Practical limitations and future work 
In this section, some practical aspects of the systems presented in this work are discussed, highlighting the 

strengths and weaknesses with respect to other solutions. Afterward, possible improvements and future 

developments of these technologies are presented. 

 

5.1. Practical limitations 

In order to meet the requirements of pulsed FDA and TMA systems in a real-world scenario, some important 

issues, such as power consumption and architecture scalability need to be addressed. The power consumption 

of pulsed FDA and of TMA is expected to be lower compared to a conventional phased array and to an active 

retrodirective array. This is because their architecture is simpler compared to the other two cases. As explained 

in section 4.1, it is enough to rely on RF switches at the antenna array ports to perform the modulation and 

control the beam pattern. These rather simple components introduce a lower power consumption with respect 

to phase shifters and hybrid couplers embedded in phase array architectures. Regarding retrodirective array 

solutions, common drawbacks of the active solution are the complexity and power consumption of their layout, 

since they require a phase-conjugating circuitry including mixers, circulators, power amplifiers. Currently, the 

main level of complexity of pulsed FDA is related to the signal generation. Indeed, a multi-tone excitation is 

required to ensure the proper frequency-diverse radiation. From a practical viewpoint, the use of a software-

defined radio (SDR) is required to simultaneously generate independent and perfectly synchronized FDA 

signals. Whereas, a single-tone RF signal generator is enough to excite a phased array. 

The scalability limitations in terms of number of radiating elements of pulsed FDA and TMA are mainly 

related to the hardware constraints. Indeed, from a theoretical viewpoint increasing the number of antennas is 

always possible and beneficial both for pulsed FDA and for TMA, since the directivity of the array increases 

and this is an added value to enhance the RF-to-RF efficiency of the WPT link. Moreover, for a TMA having 

a large number of radiating elements, thus of control ports, turns into a wider number of degrees of freedom 

to design and optimize the ON-OFF sequences that are used to control the array excitation. However, there are 

practical issues that limit the maximum number of radiating elements inside the array. Regarding pulsed FDA, 

since each antenna is radiating a signal (opportunely modulated) at a slightly different frequency from the 

others, the main hardware limitation is given by the maximum number of independent RF channels available 

in transmission. Latest and more advanced SDR solutions allow to reach a maximum of 16 parallel channels. 

This number could be extended by designing appropriate control boards to be interfaced at the output of the 



SDR, but their design and complexity is not trivial. Moreover, the power consumption and losses of such 

extended solutions will increase and should be accounted in the overall system’s efficiency. On the other hand, 

this limit on the signal generation is not affecting TMA systems, since they rely on a single RF carrier. The 

practical limitation of a TMA stands in the maximum number of RF switches and in the feeding network design 

to properly excite the array. Indeed, this control circuitry becomes complex and difficult to be managed as the 

number of antennas increases, and if more advanced array layouts (e.g. planar arrays) are envisaged. In general 

terms, for both solutions an increasing number of radiating elements should be pursued if affordable, in order 

to boost the directivity of the array. However, it is important to find the best trade-off between antenna array 

performance, low design complexity and limited losses in the control circuitry, to maximize the overall 

efficiency of the WPT system. 

 

5.2. Future perspectives 

Current and near-future works are oriented towards the applicability of these advanced architectures in real-

world scenarios to address the challenges of the new wireless technologies. In this context, the combination of 

these radiating structures with efficient machine learning tools that are able to control in real-time the 

configuration of the array excitations, adapting them to the conditions of a dynamic wireless environment, is 

a crucial and demanding application. Few studies are orienting in this direction, by applying machine learning 

strategies to TMA. In [45] a machine learning approach applied to a two-element linear TMA for Direction of 

Arrival (DoA) estimation is proposed. The DoA estimation of the incoming signal from the source is 

formulated as a multiclassification problem. Then, the performance of this method are tested under various 

signal-to-noise ratio (SNR) conditions. A further example is shown in [46], where an AI-based optimization 

strategy is adopted for almost real-time reconfiguration of a circular array in realistic dynamic WPT scenarios. 

To test the system’s reconfigurability, an optimization has been carried out in [46], whose numerical 

(continuous line) and experimental (dashed line) results are shown in Fig. 18. In this case, the goal is to keep 

the pattern at the fundamental frequency in the broadside direction, while steering the first and second order 

harmonics at 𝜗 = ±10° and 𝜗 = ±20° respectively, as shown in Fig. 18(b). To achieve this result, the TMA 

synthesis problem is formulated as a global optimization problem, with a dedicated cost function to be 

minimized. The optimized control sequences are shown in Fig. 18(a). 

 

 

Fig. 18. Harmonic pattern of radial TMA: (a) optimized TMA control sequences, (b) first order harmonics 

at 𝜗 = ±10°, second order harmonics at 𝜗 = ±20°. Simulated curves are depicted with continuous lines, 

measured curves are depicted with dashed lines. [46] 

 

Recently, in the framework of WPT for implantable medical devices, an investigation about RF power focusing 

using superoscillations has been presented in [47]. The use of radiating structures operating in the radiative 



near-field region enables simultaneous beam steering and beam focusing, thus representing an attractive 

solution to develop efficient and highly reconfigurable WPT systems. 

               

6. Conclusion 
In this work FDA and TMA radiating solutions have been presented as two enabling technologies for current 

and future WPT systems. Some of the latest research activities on these topics have been recalled, trying to 

highlight the advantages carried by these array systems both in terms of design and in terms of their radiating 

performance: despite the complexity of their radiation mechanism, these systems offer quite a reduced 

hardware complexity if compared to more standard arrays (such as, phased- or retrodirective arrays). 

Preliminary measurement campaigns have demonstrated the feasibility of their usage as future RF showers for 

intentional transmission of energy. 
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