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Abstract—Wireless power transfer (WPT) through acoustic 

waves can achieve higher efficiencies than inductive coupling 
when the distance is above several times the transducer size. This 
paper demonstrates the use of ultrasonic phased arrays to focus 
power to receivers at arbitrary locations to increase the power 
transfer efficiency. Using a phased array consisting of 37 elements 
at a distance nearly five times the receiver transducer diameter, a 
factor of 2.6 increase in efficiency was achieved when compared to 
a case equivalent to a single large transducer with the same peak 
efficiency distance. The array has a total diameter of 7 cm, and 
transmits through air at 40 kHz to a 1.1 cm diameter receiver, 
achieving a peak overall efficiency of 4% at a distance of 5 cm. By 
adjusting the focal distance, the efficiency can also be maintained 
relatively constant at distances up to 9 cm. Numerical models were 
developed and shown to closely match the experimental energy 
transfer behavior; modeling results indicate that the efficiency 
can be further doubled by increasing the number of elements. For 
comparison, an inductive WPT system was also built with the 
diameters of the transmitting and receiving coils equivalent to the 
dimensions of the transmitting ultrasonic phased array and 
receiver transducer, and the acoustic WPT system achieved 
higher efficiencies than the inductive WPT system when the 
transmit-to-receive distance is above 5 cm. Additionally, beam 
angle steering was demonstrated by using a simplified 7 element 
1D array, achieving power transfer less dependent on receiver 
placement.  
 

Index Terms—Ultrasonic transducers, phased arrays, wireless 
power transfer (WPT), contactless energy transfer (CET), 
acoustic focusing, beam steering. 

I. INTRODUCTION 
HE market for wireless power transmission (WPT) has 
grown rapidly in the recent years, largely due to the 

heightened consumer awareness of the technology [1]. By 
eliminating cabling or batteries, WPT brings the benefit of 
reducing system size and weight, allowing for power delivery 
to inaccessible locations, and enabling dynamic (in motion) 
charging [2]. Integrating wireless capabilities is therefore 
highly desirable in applications such as consumer 
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electronics [3], biomedical implants [4]–[9], electric vehicle 
charging [10], [11], and powering devices in remote or harsh 
environments [12], [13].  

Methods currently used for WPT can be categorized into two 
groups: radiative (such as microwave and laser transmission) 
and non-radiative (such as inductive and capacitive coupling). 
Radiative methods provide the capability of power beaming to 
remote targets but usually have lower overall efficiency (with 
reasonable size at far-field distance) [13]–[20], while 
non-radiative methods typically provide higher power transfer 
efficiency (>70%) but are limited to shorter ranges [21]–[24]. 
Due to the longer wavelengths used for microwave 
transmission, the size of the transmitter/receiver are usually 
prohibitively large [13]–[17], while high-power solid-state 
microwave generation is still rather difficult [13] due to the 
power handling and parasitics of the components. Laser 
transmission offers the best focusing ability among all methods, 
but is limited by the typically lower conversion efficiencies 
[18], [19], and is very sensitive to atmospheric conditions [20]. 
Amongst the non-radiative methods, capacitive coupling offers 
the benefit of freedom of placement, but can only operate 
within very small distances (<1 mm) and requires very high 
voltages [21]. Currently, inductive coupling is still the de facto 
standard for WPT, attracting considerable research attention 
[21]–[24]. Magnetic resonant coupling [24] can also be 
incorporated to extend the charging distance. However, larger 
coils with extremely high quality factors are needed to achieve 
longer distances, and the charging distance is still limited to a 
few coil diameters, after which the efficiency decreases rapidly 
[3], [7], [24], [28].  

Rather than using electromagnetic waves, achieving WPT 
through acoustic/ultrasonic waves has been recently proposed 
[25]–[32]. Due to the much shorter wavelengths at the same 
frequency, acoustic transmitters can achieve higher beam 
directivity than electromagnetic transmitters of the same size. 
When compared to inductive WPT, acoustic WPT can achieve 
higher efficiencies when the distance is above several times the 
transducer/coil size [7], [28]. Due to the much lower 
frequencies used compared to microwave or inductive WPT, 
switching losses become much less significant, and the design 
of the associated electronics can be kept relatively simple as 
well [27]. Furthermore, by using different types of transducers, 
acoustic WPT through various mediums, such as air, human 
tissue [29], and metal [30] (which shields off high frequency 
electromagnetic fields), can also be achieved. The feasibility of 
through-air acoustic WPT was demonstrated by Roes [26], 
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showing that for a chosen distance and transducer size there is 
an optimum frequency to maximize efficiency. However, in the 
near-field region, there are significant spatial fluctuations in 
acoustic intensity due to wave interference, leading to locations 
where power cannot be transferred, while the efficiency drops 
rapidly when the receiver is not centered on the acoustic beam.  

In this work, we demonstrate for the first time the usage of an 
ultrasonic phased array to enhance the performance of 
through-air acoustic WPT. By using a phased array transmitter 
instead of a transducer with the same diameter as the array, 
acoustic focusing can be used to increase the efficiency within 
the near-field region (utilized in [33], [34] for imaging 
applications). This enables focal distance tuning, which helps 
maintain the efficiency relatively constant over a modest 
distance range. The improved acoustic power transfer through 
focusing was studied via finite element modeling, and the 
results were experimentally verified. An inductive WPT system 
with coils of the same size as the ultrasonic phased array and 
receiver was also built for comparison, which showcases the 
advantage of acoustic WPT at larger distances. We also 
demonstrate for the first time the usage of acoustic beam angle 
steering for off-axis power beaming (functional in both 
near-field and far-field regions), and the results were compared 
to numerical simulations. Note that this paper focuses on the 
proof-of-concept demonstration, while the optimization, 
adaptive feedback [8], and control circuitry [35], [36] that are 
needed to realize the full system potential are not investigated.  

 
Fig. 1.  2D schematic of the phased array transmitter and radiation pattern. 

II. MODELING OF ACOUSTIC FOCUSING 
The overall efficiency is the product of the respective 

transducer efficiencies (the acoustic-electrical real power 
conversion efficiencies at the transmitter and receiver) and the 
acoustic transfer fraction (ATF). ATF is defined as the fraction 
of the acoustic power emitted from the transmitter that arrives 
at the receiver (i.e. the integral of acoustic intensity at the 
receiver area divided by the integral of acoustic intensity at the 
total transmitter area) without accounting for wave reflections 

at the receiver. The transducer efficiencies are largely 
determined by the device design, and the transducer modeling 
and measurements will be discussed later in section IV-A. Note 
that the current transducer model does not account for wave 
reflections [27], however, the measured reflections in our 
current experimental construction are rather small (Fig. 12(a)), 
therefore the calculated efficiencies can serve as a reasonable 
approximation. In the current section, a study on the 
theoretically achievable ATF is first presented, which is 
influenced by the design of the phased array for acoustic 
focusing and the acoustic attenuation through air.  

A 2D schematic of the phased array design is shown in 
Fig. 1. The array has a total size/diameter of D, and is 
discretized into numerous array elements, with each element 
connected to a phase shifter. By adjusting the phase delay 
between driving signals to compensate for path length 
differences [33], [34], the acoustic waves can be focused, 
resulting in an acoustic radiation pattern as shown. Most of the 
acoustic power is contained within the main lobe, however, if 
the inter-element spacing becomes too large, side lobes with 
substantially higher power will be formed, which are called 
grating lobes (discussed with more detail in section II-A).  

 
Fig. 2.  Planar schematic view of the annular phased array discretized into ring 
elements used for simulations in section II. 

 
The main parameters available to a designer are the number 

of elements and the total array diameter. Therefore, two 
separate studies were done via finite element simulations, one 
on varying the number of elements within an array of fixed total 
diameter (i.e. varying array discretization), and one on varying 
the total diameter of the array (i.e. varying total aperture). Since 
the elements of the physically constructed array are arranged in 
a hexagonal shaped layout (as presented in section III, shown in 
Fig. 8), for the simulations presented in this section, annular 
arrays discretized into constant width concentric ring elements 
were simulated in 2D axial symmetric mode to approximate the 
physically constructed array (planar schematic shown in 
Fig. 2). N is defined as the number of ring elements. All 
simulations were done at 40 kHz corresponding to the 
experimental conditions, with a 1.31 dB/m atmospheric 
attenuation incorporated [37]. To calculate the ATF, the 
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receiver diameter was kept constant as 1.1 cm to match the 
effective transducer area of the commercial device used as the 
receiver for measurements, and the receiver area was placed on 
the central axis of the transmitter array. The key simulation 
parameters used in this section are listed in Table I. No gap 
between adjacent ring elements was considered in the 
simulations of this section in order to investigate the maximum 
achievable ATF (the gap between elements is considered in the 
simulations of the physically constructed array presented in 
section III-A). 
 

TABLE I 
KEY SIMULATION PARAMETERS FOR SECTION II 

Symbol Definition Value 

D Total array diameter 5-9 cm 
N Number of ring elements 3-11 
z Transmitter to receiver distance 2-14 cm 

DR Receiver diameter 0.5-2 cm 
f Transmit/receive frequency 40 kHz 
α Atmospheric attenuation 1.31 dB/m 
F Set focal distance (adjustable) >3 cm 

 

A.  Array Discretization 
For this study, the total diameter D of the transmitting phased 

array was fixed to 7 cm to match the physically constructed 
array, while the number of ring elements N was varied. Note 
that the choice of 7 cm as the total array diameter and 1.1 cm as 
the receiver diameter was based on the availability of various 
commercial transducers, and these dimensions are only meant 
to serve as a proof-of-concept demonstration rather than an 
optimized design. The set focal distance F was adjusted by 
tuning the phase of each element based on path length 
difference calculations. A constant 1 Pa sound pressure 
magnitude was applied to each element, resulting in a constant 
input power. With F set as 6 cm, the simulated sound pressure 
level (SPL) and acoustic intensity radiation patterns from 
arrays with N=4 and N=10 are shown in Fig. 3 (intensity plotted 
with the same color scale to show the improved focusing of the 
N=10 case; receiver locations also shown for clarity). The 
intensity pattern from a large circular transducer with 7 cm 
diameter (the same size as the array) is also shown in Fig. 4, 
referred to as the case with no focusing (plotted with a smaller 
color scale for clarity; replotted with the same color scale as 
Fig. 3(b) and (d) in supplementary data Fig. S-1).  

For the N=4 case, the acoustic transfer fraction (ATF) versus 
receiver distance z for various F set values is plotted in 
Fig. 5(a). The dotted line envelope represents the maximum 
ATF that can be achieved through adjusting F (hereby referred 
to as the achievable ATF). The 3dB roll-off is defined as the 
distance beyond the peak efficiency point at which the 
achievable ATF drops to 70.7% of the ATF at the peak 
efficiency. The peak ATF is 29% at around z=6 cm (5.6 times 
the receiver diameter) with F set as 6 cm. The increase in ATF 
through focusing can clearly be seen when compared to the 
case with no focusing (a single large transducer with 7 cm  

 
Fig. 3.  Simulated radiation patterns from arrays with different discretization 
(D=7 cm, F=6 cm): (a) SPL from N=4 array, (b) intensity from N=4 array, (c) 
SPL from N=10 array, (d) intensity from N=10 array. 
 
diameter). For a more valid comparison, the simulation results 
from the D=7 cm N=4 array with F set as 6 cm is compared to 
the simulation results from a single large transducer with 
4.5 cm diameter (which has a peak efficiency at 6 cm), as 
plotted in Fig. 5(b). Compared at peak efficiency, the case with 
F set as 6 cm provides a near 2 times increase in ATF compared 
to the case with a 4.5 cm diameter single transducer. Such  

(b) 

(c) 

(a) 

(d) 
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Fig. 4.  Simulated intensity radiation pattern from a single large transducer with 
7 cm diameter (plotted with a smaller color scale for clarity). 
 
increase in ATF by acoustic focusing can only be achieved 
roughly within the near-field distance ZNF (the location where 
the longest natural focal distance of the array occurs), which is 
14 cm in this case. ZNF can be approximated by using [34] 

2 2

NF 4
DZ λ

λ
−

≅                                 (1) 

with λ as the acoustic wavelength. The achievable ATF 
gradually decreases when z>6 cm, and the 3dB roll-off distance 
is at around z=12 cm. ATF also decreases at closer distances 
(z<6 cm) due to the limited radiation angle from each element, 
but the decrease in ATF can be reduced by using a larger N, or 
by activating the elements only within the inner portion of the 
array (with a cost of reducing the overall amount of power that 
is transferred). Note that by adjusting F, power can be 
transferred to any point within ZNF without experiencing the 
spatial fluctuations in power as seen in the case with no 
focusing (Fig. 4, Fig. 5(a)). 

As the number of ring elements N increases, the peak ATF 
consistently occurs within z=5 to 6 cm. As shown in Fig. 5(c), 
the peak ATF gradually increases with N until 9N ≥ , after 
which it saturates at the maximum achievable ATF (~55%). 
This increase in ATF is due to the more effective contribution 
to the focal point from the smaller array elements at the outer 
portion of the array due to the wider radiation angles. The 
number of ring elements required to attain the maximum 
achievable ATF ( 9N ≥ ) also coincides with the number of 
ring elements required to minimize grating lobes within the 
forward hemisphere ( ± 90º) of the array. Grating lobes are the 
result of spatial aliasing between the waves emitted from the 
array elements when the spacing between elements is too large 
[38]. Under continuous wave conditions, the maximum 
allowable inter-element spacing dmax without introducing 
grating lobes within the forward hemisphere ( ± 90º) of the 
array can be approximated by using 

max
( 1)

2( 1)+1
Nd
N

λ −
=

−
                            (2) 

which is a modified equation from [34] with N as the number of 
ring elements (refer to Fig. 2). The inter-element spacing 
should be no larger than λ/2 (~0.43 cm) to attain the maximum 
achievable ATF. This can be seen by comparing the simulated 
sound pressure level patterns shown in Fig. 3(a) to Fig. 3(c), as 

grating lobes with sound pressure levels comparable to the 
main lobe are visible in the N=4 case, but not visible in the 
N=10 case (only side lobes remaining). Comparing the intensity 
patterns in Fig. 3(b) and 3(d), the F=10 case shows higher peak 
intensity. In sum, it is desirable to have a larger number of 
elements within practical constraints.  

 
Fig. 5.  Simulation results (D=7 cm, Rd=1.1 cm): (a) ATF versus distance z with 
various F set values (N=4), (b) ATF versus distance z for the F=5 cm, N=4 case 
compared to a 4.5 cm diameter single transducer (c) peak ATF versus N (peak 
ATF all occurring around z=6 cm with F set as 6 cm). 

B. Array Size 
The purpose of the second study was to investigate the effect 

of the total array diameter D on the ATF performance, therefore 

(a) 

(b) 

(c) 
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the number of ring elements N was chosen to be large enough 
such that no grating lobes occur at the largest value of D, 
eliminating the influence of array discretization on the results. 
With N set as 11 and the receiver kept as the same size, the total 
diameter D of the array was then varied from 5 cm to 9 cm. For 
each case, the maximum achievable ATF stayed the same at 
around 55%, while the distance at which the peak efficiency 
and the 3 dB roll-off occurs steadily increases, as shown in Fig. 
6. This is simply because a larger array has a larger near-field 
distance, and therefore a larger focal distance tuning range.  

Note that the receiver diameter also has an effect on the peak 
ATF due to the larger diameter of the resolved focal point (as 
seen in Fig. 3(d)). With a constant D=7 cm, N=11, z=5 cm, and 
F set as 5 cm, simulations show that the peak ATF increases 
and saturates at 65% when the receiver diameter is enlarged to 
1.5 cm (Fig. 7), therefore having a larger receiver size to cover 
the entire focal point is also desirable.  
 

 
Fig. 6.  Simulated distance at which the peak efficiency and 3dB roll-off occurs 
versus total array diameter D (Rd=1.1 cm). 
 

 
Fig. 7.  Simulated maximum achievable ATF versus receiver diameter (D=7 cm, 
N=11, z=5 cm, F=5 cm). 

III. DESIGN AND EXPERIMENTAL SETUP 

A. Modeling and design of the 37 element array 
The physically constructed phased array used for the 

measurements is shown in Fig. 8. The array is composed of 37 
transducer elements tightly packed in a hexagonal array 
layout [36]. The inter-element spacing of 1 cm was limited by 
the physical dimensions of the transducers. In order to closely 

match to the radiation beam angle of the commercial 
transducers used [39], the effective radiation area of each 
transducer in the best-fit model was approximately 0.84 cm, 
and this effective radiation area was used in the remaining 
simulations. The receiver diameter was kept as 1.1 cm to match 
the effective transducer area of the commercial device used for 
measurements. The simulations in this case were done in 3D 
FEM mode to accurately model the acoustic intensity pattern.  
 

 
Fig. 8.  Schematic of the 37 element phased array transmitter used for 
simulations and measurements. 
 

With constant input power to all 37 transducers and the same 
phase delay calculations based on path length differences 
described in section II, the simulated radiation patterns from the 
37 element array were very similar to Fig. 3(a) and (b) since the 
37 element array can be essentially viewed as a four ring array. 
The simulated ATF versus distance for various F set values was 
also very similar to Fig. 5(a), showing a peak ATF of around 
28%, and a focal distance tuning range within 14 cm. However, 
the distance at which the peak efficiency and 3dB roll-off 
occurs are reduced to around z=5 cm and z=9 cm, respectively, 
which is primarily due to the wider radiation angle of each 
element caused by the slightly smaller element size. To further 
increase the ATF, it is desirable to increase the number of 
elements while maintaining a high array fill factor. The array 
fill factor may suffer if the gap between array transducers does 
not scale down with the transducer size itself. Therefore, one 
option would be to use standard microfabrication processes to 
produce an array with smaller sized tightly packed hexagonal 
shaped transducers [40]. As mentioned in section II-A, an ATF 
of 55% is expected to be achievable within the current 
dimensions.  

B. Experimental Setup 
The experimental setup for measuring the 37 element array is 

shown in Fig. 9. Murata MA40S4S transducers were used to 
assemble the 37 element transmitter array. The array 
transducers were carefully chosen to have the same polarity and 
closely matched series resonant frequencies fs_TX (near 
40.25 kHz). The MA40S4S has a 6 dB transmitting bandwidth 
of around 3 kHz. From the variety of transducers that were 
readily available, a Kobitone 255-400SR16-ROX transducer 
was chosen as the receiver due to its parallel resonant frequency 
fp_RX of 40.40 kHz being close to the series resonant frequency 
fs_TX of the array transducers (mismatch less than 150 Hz or 
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0.4%) since having a matched set of transducers to first order 
results in a higher, easier to measure output power [28], [36]. 
The 255-400SR16-ROX has a 6 dB receiving bandwidth of 
around 2.5 kHz. With the 37 element array fixed on a table, the 
receiver was positioned above the array with a precision linear 
stage used to adjust the location. The surrounding surfaces in 
proximity were covered with sound absorbing material made of 
fiberglass to avoid undesired reflections. A Wavetek-Datron 
multi-channel Model 195 waveform generator was used to 
generate multiple synchronized sinusoidal signals, then the 
signals were fed into opamp phase shifters to drive the 37 
element phased array and provide phase fine tuning capability. 
The input power was determined by using 200 Ω series 
resistors to measure the input voltage Vin and current Iin 
waveforms to the array transducers, then multiplying Vin and Iin 
with regard to the phase difference to obtain the average real 
input power. Input power (voltage) as high as 10 mW (9 Vpp) 
was applied to each array transducer in order to reduce 
measurement errors. A potentiometer connected in parallel to 
the receiver was used as a tunable load resistor to measure the 
output power. No tuning inductors were used.  
 

 
Fig. 9.  Experimental setup for the focal distance tuning measurements using 
the 37 element array and the small receiver mounted on a precision linear stage.   

IV. MEASUREMENT RESULTS 

A. Transducer Efficiency 
For realistic measurements, the acoustic impedance 

mismatch between the transducers and air as well as the 
electrical impedance mismatch between the receiver and the 
load will introduce additional power losses. To characterize the 
transducer efficiencies for the transmitter and receiver 
(considering only the real input/output power), all transducers 
were modeled by using the Butterworth-van Dyke equivalent 
circuit [28], and the circuit parameters were fitted by measuring 
the impedance of the transducers in air versus in vacuum [28] 
(impedance measurements in air shown in Fig. 10), thereby 
extracting the equivalent mechanical load resistance of air 

exerted on the transducers Ra, and the equivalent mechanical 
load resistance from the transducer membrane itself Rm. From 
our measurements, the MA40S4S transmitter transducers has a 
Ra of 130 Ω and Rm of 77 Ω, and the 255-400SR16-ROX 
receiver transducer has a Ra of 1650 Ω and Rm of 100 Ω. With 
losses associated the transducer electrical capacitance being 
relatively small, the transducer efficiency for the transmitter 
transducers can be determined though [28]   

a
TX

a m+
R

R R
η = .                               (3) 

For a practical construction, an inductor in the driving 
electronics can be used to ring out the transmitter electrical 
capacitance to recover the energy stored on the input capacitive 
transducers. On the other hand, with no inductor incorporated 
in the receiver, the transducer efficiency for the receiver can be 
determined through [28] 

L
RX 2

m L
L m 2

e
+

R
R RR R

X

η =

+

                       (4) 

with RL being the output load resistance and Xe being the 
reactance of the transducer electrical capacitance. At the 
optimal transmission frequency of 39.98 kHz, the average 
transducer efficiency for the 37 element array transmitter is 
around 63%, and the transducer efficiency for the receiver is 
around 33% (with an optimal load resistance of 1.7 kΩ). 
Although the receiver has a lower transducer efficiency, as 
mentioned above in section III-B, this particular transducer was 
chosen as the receiver from the readily available devices due to 
its fp_RX being close to the fs_TX of the array transducers in an 
attempt to minimize the effect of frequency mismatch and 
increasing the received output power [28], [36]. The lower 
receiver efficiency was mainly attributed to its larger 
impedance mismatch as well as multiple interfering harmonics 
close to its primary resonance (as shown in Fig. 10). Improved 
receiver designs should be able to bring the receiver efficiency 
closer to the transmitter efficiency. It should be noted that the 
Butterworth-van Dyke model was chosen due to its simplicity, 
and it takes into account all of the losses within the transducer, 
but it does not account for frequency dependent wave 
 

 
Fig. 10.  Measured impedance magnitude versus frequency in air for the 
transmitter array transducers and the receiver transducer. 
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reflections (which requires more complicated modeling [7], 
[8]). However, the measured reflections in our current setup are 
rather small (Fig. 12(a)), therefore the calculated efficiencies 
can serve as a reasonable approximation to study the trend. 

B. Focal Distance Tuning 
The measured overall efficiency and corresponding acoustic 

transfer fraction (calculated with the measured transducer 
efficiencies presented above) versus receiver distance z for 
various F set values is plotted in Fig. 11(a). Similar to Fig. 5(a), 
the dotted line envelope represents the maximum efficiency 
that can be achieved through adjusting F (hereby referred to as 
the achievable efficiency). The overall trend of the measured 
achievable efficiency matches the simulation results presented 
in section II-A and section III-A very well, with the peak 
efficiency and 3 dB roll-off occurring at around z=5 cm and 
z=9 cm respectively, and the focal distance tuning range being 
roughly within 14 cm. The measured peak efficiency is around 
4% at z=5 cm (4.6 times the receiver diameter) with F set as 
5 cm, corresponding to an ATF of around 20%. Similar to the 
simulation results, the increase in efficiency through focusing 
can clearly be seen when compared to the case with no focusing 
applied to the array transducers (constant phase to all 37 array 
elements). For a more valid comparison, the measurement 
results using the entire 37 element array with F set as 5 cm is 
also compared to the measurement results when only activating 
the center 19 array elements with no focusing applied (constant 
phase to the center 19 elements), as plotted in the Fig. 11(b). 
The latter case (only activating the center 19 elements with no 
focusing applied) is used to mimic a single large transducer 
with diameter around 5 cm, which has a peak efficiency near 
6 cm. Compared at peak efficiency, the case with F set as 5 cm 
applied to the 37 element array provides a 2.6 times increase in 
efficiency compared to the case with only the center 19 
elements activated and no focusing applied. This demonstrates 
that phased array transmitters can be used to increase the 
efficiency throughout the near-field region, and by adjusting F, 
efficiency can be maintained relatively constant up to the 3dB 
roll-off distance. For our current setup, the input power to each 
array transducer was within 10 mW (limited by the driving 
circuit), therefore the maximum output power received was 
15 mW; the current setup was designed to showcase 
improvements in efficiency, rather than output power, but a 
higher output power would also be possible for a system 
designed to maximize output power. 

The measured overall efficiency was also compared to the 
numerical simulations, with the simulated overall efficiency 
estimated by using the measured transducer efficiencies stated 
in section IV-A. For the case with F set as 5 cm, the comparison 
between measurements and simulations is shown in Fig. 12(a) 
(including simulations for both the 37 element array and the 
simplified N=4 ring array). The measurements in this case were 
taken with finer axial sampling points along the distance z 
direction to understand possible standing wave effects. As 
shown, the measured efficiency curve closely matches the trend 
of the simulation results, but the simulations predicted an 
efficiency 1.5 times higher than the measured efficiency of 4%. 

This discrepancy may be due to the fact that the 
Butterworth-van Dyke model used for the transducers does not 
account for frequency dependent wave reflections (as 
mentioned in section IV-A). Although the reflections measured 
from our current setup are relatively small, it may have 
contributed to the discrepancy. Another possible culprit for the 
discrepancy may be due to the imperfect estimation of the 
receiver effective transducer area. 

 
Fig. 11.  Measurement results: (a) Overall efficiency and ATF versus distance z 
with various F values, (b) comparison between using the entire 37 element 
array with F=5 cm and only activating the center 19 elements with no focusing 
applied (equivalent to a single large transducer with D~5 cm). 
 

Note that with the refined distance measurement points, 
small variations within the measured efficiency curve can be 
observed, as shown in Fig. 12(a). This is due to the acoustic 
impedance mismatch at the transducers, causing a certain 
percentage of the acoustic power to be reflected between the 
transmitter and receiver, leading to spatial resonances (standing 
waves) in efficiency with regard to the receiver distance, as 
described in [26], [28]. For the 37 element array, due to the 
different path lengths from each individual array transducer to 
the receiver, the spatial resonances do not always occur with a 
constant λ/2 distance spacing. Note that the reflections are not 
severe in our construction, as the spatial resonances only lead to 
at most a 6% fluctuation in observed efficiency near the peak 

(a) 

(b) 
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efficiency (z=5 cm), while the fluctuations in efficiency at other 
distances are much less significant. As mentioned in section II, 
this serves to justify our usage of the current transducer model 
which does not take into account reflections.  

 
Fig. 12.  Measurement results: (a) Comparison between measured efficiency 
(finer distance z sampling) and simulated efficiencies (all with F=5 cm), (b) 
comparison between the measured and simulated achievable efficiency 
(envelope of Fig. 9(a) and Fig. 5(a)). 
 

Finally, for both the measurement results and simulation 
results, data points occurring on the envelope (i.e. the 
achievable efficiency) were chosen and plotted together for 
comparison in Fig. 12(b). As shown, for the 37 element array, 
the measured achievable efficiency also matches the simulated 
trend very well, with the peak efficiency and 3dB roll-off 
occurring at the same distances as the simulation results, while 
the simulation results for the N=4 ring array has a slightly larger 
peak efficiency and 3dB roll-off distance. 

C. Comparison to Inductive WPT 
In order to verify that the phased array acoustic WPT system 

performs better than an inductive WPT system at larger 
distances, inductive transmitting and receiving coils were also 
built and tested. For a fair comparison, the diameter of the 

transmitting coil was set to be the same as the ultrasonic phased 
array (7 cm diameter), and the diameter of the receiving coil 
was set to be the same as the receiver transducer (1.1 cm 
diameter). This type of inductive WPT from larger coils to 
smaller coils has been used to power multiple devices on a 
platform [41], [42]. Due to the smaller diameter of the receiving 
coil, less magnetic flux is coupled between the transmitter and 
receiver [41], which limits the inductive WPT efficiency. 
Enameled copper wire with 270 µm diameter was used to 
construct the coils, and to investigate the effect of the number 
of turns, the transmitting and receiving coils were both either 6 
turns or 12 turns. The best turn ratio combination to maximize 
efficiency was found to be the case with 6 turns for the 
transmitting coil and 12 turns for the receiving coil (similar to 
the turn ratio in [41]). 

For magnetic resonant inductive WPT loading conditions 
[24], the maximum efficiency ηopt_IPT that can be achieved with 
the optimal load RL_opt_IPT can be expressed as [43] 

2
1 2

opt_IPT 2
2

1 21 1

k Q Q

k Q Q
η =

 + + 
 

                   (5) 

2
L_opt_IPT 2 1 21R R k Q Q= +                      (6) 

with k as the coupling coefficient between the coils, Q1/Q2 as 
the quality factor of the transmitting/receiving coil, and R2 as 
the series resistance for the receiving coil. Note that the 
matching capacitors are assumed to be ideal in this case, 
therefore ηopt_IPT represents the theoretical maximum inductive 
WPT efficiency that can be achieved. A Keysight E5061B 
network analyzer was then used to measure the k, Q1, and Q2 
between the 6 turn transmitting coil and 12 turn receiving coil at 
different distances. The frequency at which the maximum 
inductive WPT efficiency ηopt_IPT is achieved was found to be 
near 7 MHz, at which the quality factors of the coils were 
Q1=84 for the transmitter coil and Q2=67 for the receiver coil, 
which is reasonably good compared to coils of similar 
dimensions in other work [6], [9]. The resulting maximum 
inductive WPT efficiency ηopt_IPT was plotted with the 
measured achievable efficiency for the phased array acoustic 
WPT system in Fig. 13. As shown, the inductive WPT 
efficiency drops rapidly as distance increases, and at distances 
above 5 cm, the acoustic WPT efficiency outperforms the 
inductive WPT efficiency. At 10 cm, the acoustic WPT 
efficiency is 18 times the inductive WPT efficiency. 

D. Beam Angle Steering 
Another benefit of using a phased array transmitter is that 

beam angle steering could also be used to direct power to 
receivers located at arbitrary angles off the main axis of the 
transmitter array. To demonstrate beam angle steering, a 
simplified 7 element 1D linear array was designed and 
constructed, with the smaller number of elements allowing 
simpler phase control; the full 37 element array would have 
required 20 separate phases to beam steer around one axis.  The 
experimental setup is shown in Fig. 14. A test arc with 
mounting holes was 3D printed to allow the receiver to be fixed 

(a) 

(b) 
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Fig. 13.  Measured achievable efficiency for acoustic power transfer (APT) 
versus optimal efficiency for inductive power transfer (IPT) with equal size. 
 
at different angles while maintaining a constant 5 cm distance 
from the center of the 7 element 1D array. Sound absorbing 
material was used to cover the inner surface of the test arc to 
avoid reflections. The phase delay of each array transducer 
element was adjusted to have the beam steering angle match the 
angle at which the receiver is fixed at, with the steering angle 
defined as shown in Figure 14.  

Simulations were also compared to the measurement results, 
as shown in Fig. 15, with the simulated overall efficiency again 
calculated by using the measured transducer efficiencies. Due 
to the lesser number of elements, the measured peak efficiency 
achieved at 0 degrees is lower at around 1.6%. As shown, the 
measurement results correspond well with the simulation 
results, with the measured efficiencies being slightly lower than 
the simulated efficiencies (the difference being more 
significant at larger angles). This is possibly due to the 
narrower than expected radiation angle from each array 
transducer as well as inaccuracies in the phase adjustments for 
beam angle steering. As the steering angle increases, the 
achievable efficiency gradually decreases due to the limited 
radiation angle from each array transducer. The achievable 
efficiency through beam angle steering roughly drops to around 
50% of the peak efficiency at 50 to 60 degrees. Without beam 
angle steering (constant phase to all 7 transducer elements), the 
simulation results are also plotted in Fig. 15, showing that the 
efficiency quickly drops to below 0.14% (a 90% drop from the 
peak efficiency) when the receiver is at 10 degrees. From the 
comparison in Fig. 15, it can be seen that the measured 
efficiency with beam steering quickly outperforms the 
simulated efficiency without beam steering when the angle 
increases. Note that since the 37 element array has more 
transducers in the outer array portion than the 7 element 1D 
array, the effect of the narrower transducer radiation angle 
becomes more significant, serving as one possible explanation 
as to why the measurements and simulations correspond better 
in Fig. 15 than in Fig. 12(a).  

To further showcase the advantage of phased array beam 
steering, the measured ATF versus angle from the 7 element 1D 
array with beam steering was compared to the simulated ATF  

 
Fig. 14.  Experimental setup for the beam angle steering measurements using 
the 7 element 1D array and the small receiver mounted on a test arc. 
 

 
Fig. 15.  Comparison between measured efficiency and simulated efficiency 
versus angle using the 7 element 1D array (z=5 cm). 
 
versus angle from a single large transducer with 4.5 cm 
diameter, as plotted in Fig. 16 (both at a constant 5 cm distance). 
As mentioned in section II-A, the 4.5 cm diameter single large 
transducer has a peak efficiency distance close to 6 cm, 
therefore serving as a more valid comparison. At 0 degrees, the 
4.5 cm diameter single transducer provides a higher ATF. 
However, when the angle is above 10 degrees, the 7 element 1D 
array starts to outperform the 4.5 cm diameter single transducer. 
At 40 degrees, the measured ATF from the 7 element 1D array 
is 27 times higher than the simulated ATF from the 4.5 cm 
diameter single transducer. This shows that even without using 
the full 37 element array, the 7 element 1D array can achieve a 
higher ATF than the single large transducer at larger angles, 
successfully demonstrating that phased array transmitters can 
provide power transfer less dependent on receiver placement.  

V. CONCLUSION 
The feasibility of utilizing ultrasonic phased array 

transmitters to improve the performance of wireless power 
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Fig. 16.  Measured ATF versus angle for the 7 element 1D array with beam 
steering compared to simulated ATF versus angle for the 4.5 cm diameter 
single transducer (at z=5 cm). 
 
transmission through airborne acoustic waves was successfully 
demonstrated, with measurement results shown to correspond 
well with modeling results. A 37 element phased array 
transmitter with 7 cm diameter was used to focus power to a 
receiver with 1.1 cm diameter, greatly increasing the power 
transfer efficiency at any point within the near-field region (up 
to 14 cm). The measured peak overall efficiency was 4% (peak 
ATF of 20%), occurring at a distance of 5 cm (4.6 times the 
diameter of the receiver), which is a 2.6 times increase in 
efficiency when compared to the case with no focusing applied 
(equivalent to a single large transducer with the same peak 
efficiency distance). For comparison, an inductive WPT system 
with coils of equivalent diameters as the ultrasonic phased array 
transmitter and receiver was built and tested, verifying that 
acoustic WPT can achieve higher efficiencies than inductive 
WPT at larger distances. To improve the overall acoustic WPT 
efficiency, a receiver design with better matching and a 
microfabricated array with hexagonal shaped transducers to 
increase the number of elements and maintain high fill factor is 
desired. Within the current dimensions, modeling results 
predict that an overall efficiency up to 22% is achievable (55% 
ATF, 63% transmitter and receiver efficiency). The feasibility 
of beam angle steering was also demonstrated with a 7 element 
1D array, achieving power transfer less influenced by receiver 
placement. Possible future work could be to investigate the 
far-field behavior for acoustic energy transfer.  
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