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a b s t r a c t
This paper proposes ultrasonic transcutaneous energy transfer (UTET) based on a kerﬂess transmitter
with Gaussian radial distribution of its radiating surface velocity. UTET presents an attractive alternative
to electromagnetic TET, where a low power transfer density of less than 94 mW/cm2 is sufﬁcient. The
UTET is operated with a continuous wave at 650 kHz and is intended to power devices implanted up
to 50 mm deep. The transmitter was fabricated using a 15 mm diameter disc shape PZT (Lead Zirconate
Titanate) element (C-2 grade, Fujiceramics Corporation Tokyo Japan), in which one surface electrode was
partitioned into six equal area electrodes (23 mm2 each) in the shape of six concentric elements. The
UTET was experimented using pig muscle tissue, and showed a peak power transfer efﬁciency of 39.1%
at a power level of 100 mW. An efﬁcient (91.8%) power driver for the excitation of the transmitter array,
and an efﬁcient rectiﬁer (89%) for the implanted transducer are suggested.
To obtain the pressure ﬁeld shape, the Rayleigh integral has been solved numerically and the results
were compared to ﬁnite element simulation results. Pressure and power transfer measurements within
a test tank further conﬁrm the effectiveness of the proposed UTET.
Ó 2010 Elsevier B.V. All rights reserved.

1. Introduction
Transcutaneous energy transfer (TET) is a technique used to remotely power implanted devices. Presently existing TET devices
implement electromagnetic power coupling between external
and implanted coils featuring power transfer of up to 10 W [1–
4]. For transferring power with power density of up to 94 mW/
cm2, an ultrasonic transcutaneous energy transfer (UTET) based
on transmitting ultrasonic waves can be used [5,6]. Using ultrasonic waves rather than electromagnetic waves has the beneﬁt of
being less susceptible to nearby ferromagnetic materials, in addition to exhibiting high power transfer efﬁciency (27%) [6]. A
straightforward realization of a UTET is presented by [6], using a
ﬂat circular piezoelectric ultrasonic transmitter feeding an implanted piezoelectric receiver by the acoustic waves of 673 kHz.
In such a realization of UTET, the transmitting element is electrically excited to impose a uniform electrical excitation, which in
turn generates a uniform surface vibration velocity amplitude
and phase over the radiating surface. The uniform transmitter’s
surface vibration has the advantage of having self natural focusing
zone [8], and being simple to realize. However, beyond the self
focusing zone, the intensity rapidly decreases at a rate proportional
to 1/R2 (R stands for the distance from the radiating surface). That
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implies that a ﬁnite aperture size receiver (of approximately three
wavelengths) can capture only part of the power transmitted. Furthermore, the beam proﬁle contains alternate polarity side lobes
[19] that reduce the available power at the receiver’s terminals.
To overcome the spreading of the wave’s proﬁle, ultrasonic devices
such as imaging devices implement an apodization of the excitation waveform that forces a non-uniform radial distribution of
the transmitter’s radiating surface. Durnin and Miceli [10] showed
(for an optical signal) that excitation in the shape of zero order Bessel function of the 1st kind, J0 of an inﬁnite aperture transducer, results in an Axicon which is a non-diffracting propagating wave. A
practical implementation of the Bessel beam consists of a transducer having a ﬁnite aperture size that proves also to be effective
[9,11]. Unfortunately, for continuous power transfer through a living tissue, the Bessel beam has two disadvantages. It generates a
pressure ﬁeld that consists of a main lobe concentrated along the
acoustic axis, and several (<10 depends on the accuracy of the Bessel stepwise approximation) lower amplitude (0.4, +0.3, 0.25,
+  , normalized to the amplitude of the main lobe) side lobes [7]
that travel in parallel with the main lobe [9,19]. Side lobes tend
to decrease the amount of energy harvested by the receiver as it
has an alternating pressure polarity. The main lobe having a narrow width (that depends on the aperture to wavelength ratio), concentrates the wave’s energy within the narrow tissue’s cross
section, and consequently might increase the intensity of the wave
beyond the safety limit of 94 mW/cm2 [12,13].
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A preferred shading proﬁle is the truncated Gaussian, that generates a diffraction ﬁeld which is described by a Gaussian function
[14,17]. Gaussian shading is based on an excitation voltage that decreases radially from the transducer’s center with a Gaussian envelope truncated at the edges of the transducer. Gaussian shading
generates an ultrasonic pressure ﬁeld that, for UTET implementation, exhibits some advantages over a Bessel or uniform excitation.
A Gaussian beam has reduced pressure variations in the near ﬁeld
compared to uniform excitation, side lobes suppression of better
than 30 dB at the far ﬁeld [14], and is reported to have an indistinguishable near ﬁeld from far ﬁeld [14]. These advantages make the
Gaussian beam attractive for UTET devices, since the pressure ﬁeld
keeps its Gaussian shape for a long enough axial length (50 mm
in this work), while the energy carried by the ultrasonic waves
can be spread over the entire cross section area of the medium,
consequently reducing the wave’s intensity (which is the power
ﬂow density) to a safe limit. Since the proposed UTET is intended
for operation in a distance of up to 50 mm, the limited depth of
ﬁeld of the Gaussian compared to Bessel shaded transducer is
tolerable.
Radial surface velocity distribution may be attained through
several approaches, such as uniform excitation of a transducer with
a radial distribution of the level of piezoelectric polarization
[16,17], or use of a non-uniform radial excitation of a transducer
composed of an array of concentric rings surrounding an inner concentric disc [18]. The second approach was chosen since it does not
involve a complex piezoelectric material polarization procedure.
Each element of the array is excited by its own voltage source with
an amplitude level that corresponds to the desired step wise
approximated Gaussian voltage mask. The pressure ﬁeld generated
by each element is calculated and all contributions are summed to
build the overall pressure ﬁeld.
The objective of this paper is to present a UTET which is capable
of transferring power efﬁciently to a distance of up to 50 mm by
using a kerﬂess annular implementation of the transmitter. This
work presents a detailed design analysis of a continuous wave
(CW) constant frequency 650 kHz Gaussian shaded UTET device.
The paper starts with a numerical solution of the Rayleigh double
integral which was compared to a ﬁnite element simulation using
Comsol Multiphysics (Comsol Multiphysics, Comsol AB, Stockholm
Sweden). The paper then presents the fabrication of a six elements
annular transmitter, the design of an efﬁcient power driver array
(91.8%) and an efﬁcient receiver’s rectiﬁer (89%). Finally measurement results of power transfer of a 100 mW through pig muscle
tissue are presented. Measurements were done for an axial distance of up to 50 mm, while measuring its sensitivity to lateral
shift between the transducers.

where v(x0 , y0 , z = 0) is the vibration velocity normal to the transducer’s radiating surface, L(x,y,z) is an observation point in front
of the transducer, k is the wave number, k is the wavelength of
the pressure wave in the tissue (2.3 mm at 650 kHz), c0 is the
average speed of sound (wave’s phase velocity) in the medium in
front of the transducer, q0 is the average density of the medium,
and S is the transducer area. R is the distance from a point source
(x0 , y0 , 0) on the transducer’s radiating surface to the observation
point L(x,y,z). This technique is applicable also to the UTET since
the UTET device operates at a low peak excitation electrical ﬁeld
of 6.6 V/mm where the behavior of the transducer remains linear
[30].
Obtaining an exact general analytical solution to (1) that would
cover the whole space in front of the radiating surface S is almost
impossible, therefore solutions are based on simplifying assumptions such as solving (1) for observation points that are far enough
from the transducer [7,8]. Further approximation is done by
assuming a transducer aperture which is much greater than the
ultrasonic wavelength [8,15].
2.1. Pressure ﬁeld generated by a single plane ring
For a transmitter composed of an array of concentric elements,
each element has a uniform surface vibration, so (1) can be simpliﬁed. The pressure ﬁeld produced by a ring-shaped transducer at an
observation point L(x,y,z) in cylindrical coordinates is given by
[7,8]:

PRing ðx; y; z; tÞ ¼

jkq0 c0 u0 jxt
e
2p

R¼

ejkR
Pðx; y; z; tÞ ¼
v ðx0 ; y0 Þ
dS
p
R
S
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ﬃ
R ¼ ðx  x0 Þ2 þ ðy  y0 Þ2 þ z2
k¼

2p
k

ð4Þ

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
r 2 þ a2  2ra sin h cos w

ð5Þ

where ‘r’ is the distance from the center of the ring to the observation point L, ‘a’ is the average radius, 0.5p < h < 0.5p is the angle of
elevation from the acoustic axis and w is the integration angle
through the ring’s perimeter 0 6 w < 2p. dS is the area of a small
vibrating source over the radiating surface (Fig. 1)with an area of
dS = wadw
Actually, q0c0 = Z0 is the characteristic impedance of the medium and q0c0u0 = P0 has the meaning of pressure in Pa. Also, the
integral given by (4) is reduced to a one dimensional integral
and, taking advantage of the cylindrical symmetry, the limits of
integration can be reduced to (w e [0, p]):

x

The UTET link was constructed using ﬂat circular transducers
for the implementation of the transmitters that have a spatially
varying particle velocity on the radiating surface, producing a
beam pattern that is very different from transmitters with a uniform velocity distribution. The formal expression describing the
pressure ﬁeld of such transmitters is given by the Rayleigh surface
integral [7,8,15] which accounts for diffraction from an arbitrary
source. The approach is based on the summation of spherical wave
contributions from each point source on the radiating surface.

Z

s

ejkR
ds
R

Using (2) and analytical geometry, R can be described by:

2. Numerical calculation of the pressure ﬁeld

jkq0 c0

Z

R

dS

. L(x,0,z)
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a
w

θ

ψ

z
Acoustical axis
Direction of
propagation

σ

ð1Þ
dσ

ð2Þ
ð3Þ

y
Fig. 1. Calculation of the pressure ﬁeld generated by a ring and disc transducer.
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vibrations [22]. The Gaussian excitation amplitude v ðr Þ proﬁle centered at the center of the transducer is in the form of:
r 2
a

v ðrÞ ¼ eað Þ

ð6Þ

where a is the transducer’s aperture, a is the Gaussian constant, and
r is the average concentric element’s radius.
Since the surface velocity is proportional to the excitation voltage level, P0 is also proportional to v ðrÞ and the expression of the
pressure ﬁeld PL at observation point L(x,y,z) due to the contribution of all rings is:

By deﬁning:

A¼

2ra sinh
r2 þ a2

ð7Þ

The pressure expression becomes:

PRing
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p r2 þ a2

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Z p jkpﬃﬃﬃﬃﬃﬃﬃﬃﬃ
r 2 þa2 1A cosw
e
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ dw
1  A cosw
0

PRing ðL; tÞ ¼

ð8Þ

PDisc ðr; h; tÞ ¼

p

e

jxt

Z p
0

dw

Z
0

a

ejkR
r
dr
R

2jk

p


A similar approach gives the pressure generated by a disc shape
transducer:

jkP0

ð10Þ
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ð9Þ

This expression was solved numerically by replacing the integration with a summation and its result has been added to the
numerical solution of (9) which is the expression representing
the contribution of the inner disc. N = 5 represents the number of
concentric rings and n is the ring’s index of summation n  [1, N]

A practical aperture size such as used in UTET is a = 7.5 mm and
the wave number is k  2200 1/m. The pressure expression in (4) is
very oscillatory and therefore cannot have a closed analytical solution. In addition, the technique known as stationary phase for the
Rp
applicable
solution of integrals in the form of I ¼ 0 f ðwÞejb/ðwÞ dw is p
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
only
for
the
case
of
b
?
1,
but
for
the
UTET
b
¼
k
r 2 þ a2 ¼
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ka 1 þ r2 =a2 which leads to 10 6 b 6 50. Since b is not sufﬁciently
large, the stationary phase technique is also not applicable. Therefore, to evaluate the pressure ﬁeld without gross assumptions, a
numerical solution is adopted.

a : a1 ; . . . ; aN
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fm;n ðr; #; wm ; an Þ ¼ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
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!
N
M
X
2jk X
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fm;n ðr; #; wm ; an ÞDw
PL ðr; #Þ ¼

p

Dw ¼

n¼1

Thin coupling layer
(Castor Oil,
Ultrasonic Jell etc .)

15 mm diameter
PZT Transducer

ð16Þ

w : w1 ; . . . ; wM

ð17Þ

3. Experimental set-up and results
The UTET link was constructed using ﬂat circular transducers
for the implementation of the transmitter and the receiver. The
excitation voltage was chosen to be a continuous wave with a frequency of 650 kHz, which is a frequency high enough to result in a
receivers’ thickness of less than 5 mm (including matching layer),
and low enough to have a reasonable average soft tissue attenua-

Implanted Unit
5 –50mm
Rectifier
89%
Efficiency

Ultrasonic Traveling
Waves

P

P

Vg6 Vg5 Vg4 Vg3 Vg2 Vg1

Annular Electrodes
Pattern

ð14Þ
ð15Þ

h 2 ½0:5p; 0:5p
Since the electrode area is partitioned into six concentric elements with a narrow (0.2 mm) clearance between adjacent elements, apodization is achieved by connecting each element’s
electrode to a separate excitation source. The excitation sources
are designed to impose an excitation voltage according to a Gaussian mask. In practice, this is a gross stepwise approximation to the
Gaussian proﬁle since the surface area of the transducer is divided
into a small number (six in this work) of concentric elements. A
lesser number of elements might lead to a ring width having
width–thickness ratio 1, which might cause undesired lateral

ð13Þ

m¼1

p

M
wm ¼ mDw;

2.2. Determining the pressure ﬁeld due to contributions of all of the
array’s elements

ð12Þ

Acoustic
Matching
Layers

~ +
~ -

15 mm diameter
PZT Transducer

Skin
Surface
Fig. 2. Illustration of the proposed Gaussian shaded UTET.
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Table 1
Transmitter’s electrodes dimensions.

Disc
Ring
Ring
Ring
Ring
Ring

1
2
3
4
5

V1

Inner radius
(mm)

Outer radius
(mm)

0
2.9
4.16
5.16
6.02
6.8

2.7
3.96
4.96
5.82
6.6
7.32

Total area

Area
(mm2)
22.90
22.84
22.93
22.78
22.93
23.06

2.7
1.06
0.8
0.66
0.58
0.52

Fig. 4. Illustration of the electrode pattern with decreasing ring width to keep a
constant ring area.

137.44

tion of about 0.5 dB/cm [28]. The ultrasonic ﬁeld is designed to be
conﬁned inside a virtual cylindrical envelope lying between the
transducers. In this way, the ultrasonic energy is spread over the
entire cross section of the virtual cylinder, lowering the wave’s
peak intensity and helping to meet safety regulatory requirements
[12,13]. Fig. 2 illustrates the architecture of the Gaussian shaded
UTET.
Both transmitter and receiver have the same aperture size of
7.5 mm  3.3k (k is the wavelength of the pressure wave in the soft
tissue medium), excited by a peak voltage of 20 V (Table 2 lists the
actual excitation voltages that were needed to generate intensity of
94 mW/cm2). In addition, the power transfer of the ultrasonic link
was characterized using pig muscle tissue, at three (5 mm, 10 mm,
40 mm) thicknesses immersed in a test bath ﬁlled with distilled
water, and the power transferred sensitivity to lateral shift (0–
14 mm) at those distances was measured.
3.1. Transmitter fabrication
Fabrication of the transducer was based on a commercially
available disc-shaped PZT (Lead Zirconate Titanate) elements purchased with both surfaces completely coated with thin silver layers
(Z3T 15D-C2 piezoelectric properties close to PZT-4, manufactured
by Fuji Ceramics Corporation, Tokyo Japan). Fig. 3 is an illustration
of a single ring transmitter. To enable the use of a common return
path for the switch-mode resonance power ampliﬁer, the front
electrode was left untouched as a common electrical return path
and the back surface electrode was partitioned into ﬁve concentric
rings, surrounding an inner disc. This is a kerﬂess implementation
of the Gaussian excitation’s quantization by six equal area
(22.9 mm2) concentric elements which proved to be sufﬁcient.

Table 2
Transmitter’s excitation voltages (amplitudes). V1 corresponds to the inner-most
electrode.

V1
V2
V3
V4
V5
V6

V2
V3
V4
V5
V6

Width
(mm)

Peak excitation voltage [V]

Element

20
14.4
10.8
7.2
4
1.6

Disc
Ring
Ring
Ring
Ring
Ring

Outer
Radius

Polarization
Direction

1
2
3
4
5

The radiated power strength depends on the radiating surface area,
consequently implementation of equal area elements was chosen
(Fig. 4) and the Gaussian shading was imposed on the excitation
voltage. Table 1 presents the dimensions of the electrodes.
Since the electrodes were made of a silver layer which is difﬁcult for laser beam etching due to the fast heat evacuation by the
silver, a micromachining process (using a lathe) was used to remove thin 0.2 mm clearances between the electrodes by scratching
the silver surface to a depth of 0.2 mm, and then electrical measurements were used to verify electrical discontinuity between
adjacent electrodes.
3.2. Optimizing the acoustic coupling
The PZT material used as the electromechanical element has
much higher acoustic impedance (Z  30 MRayls, depending on
the type of material) than soft tissue (Z  1.5 MRayls). To improve
the coupling of energy into the tissue, acoustic matching layers
were added to the radiating surface of the PZT elements. The back
surface was left open (air backed, Z  400 Rayls), so only negligible
ultrasonic energy escaped to the air from the back surface. The
matching layers were fabricated as disc plates and glued using Hernon’s Quantum 149 glue (manufactured by Hernon, Sanford Florida USA). A multiple matching layer technique has been
implemented for the acoustic matching of both transmitter and receiver using Piezocad (Sonic Concepts Inc., Bothell WA USA). Fig. 5
illustrates the resulted construction of both transducers.
3.3. Receiver fabrication
The receiver was composed of the same circular PZT element as
used for the transmitter (Fujiceramics Z3T 15D), with its silver
electrode covering the front and back surfaces. A single layer quarter wavelength matching technique [20] was adopted as illustrated
in Fig. 5. A 1.3 mm thick graphite disc (EK2200 made by SGL Carbon Group, Wiesbaden Germany) with a density of 1.82 g/cm3
and a Young’s modulus of 23 GPa. To compensate for the inaccuracy of the actual glue layer’s thickness (designed to be 20 lm),
the graphite layer thickness was calibrated after the cure of the
glue (24 h). Although this type of carbon is not biocompatible,
some types such as pyrolytic carbons can be used which are both
biocompatible and hemocompatible [24–26]. PZT material is also
not biocompatible (contains lead), but since the transducers are
sealed, the tissue is exposed only to the outer surface of the matching layer. The receiver’s electrical terminals were connected to a
high efﬁciency rectiﬁer (89%) that extracted most of the harvested power.

Width
Acoustical Axis
Inner
Radius
Vibration
Direction
Fig. 3. Illustration of a ring transmitter.

3.4. Voltage mask
Each surface electrode was connected to a synchronized power
ampliﬁer having the same frequency and phase but generating different voltage amplitudes according to the Gaussian proﬁle, as presented in Table 2 and Fig. 6:
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Transmitter

1.3mm
Graphite
nd
2 layer

1.3mm
Graphite
nd
2 layer

Annular
Electrodes

1
Lr C r

x0 ¼ pﬃﬃﬃﬃﬃﬃﬃﬃﬃ

Electrodes

Power flow

15mm

GðjxÞ ¼

Cyanoacrylate PZT
st
20um 1

Cyanoacrylate
st
20um 1

In contrast to a Bessel beam proﬁle, all voltages share the same
relative polarity.

V in ðtÞ ¼ Aðdc þ sinð2pftÞ þ

3.5. Power ampliﬁer array

Rload

Rload
¼ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Lr =C r

ð20Þ

1
1
sinð6pftÞ þ sinð10pftÞ þ   Þ
3
5

8

ð18Þ

7
6.75
6

V2 e

jω 0t

5

Gain

V1e jω 0t

V3e jω0t
V4 e jω 0t
V5e jω0t

Lr = 100µH

330nH
0.1µF

in

out

4
Cr = 470pF

3

V6 e jω 0t

2
1
300

400

500

600 650 700

800

900

Frequency [kHz]
Fig. 6. Stepwise approximation of the Gaussian shading by the excitation voltage.

Fig. 8. Frequency response of the parallel resonance converter.

+3.6 V
+3.6 V

Resonance Tank

Vin
20 Ω

x1

V out
.

100µH

2N7002

Lr

Cb=0.1µF 330nH

.

Vg1
Vg2

.

2N7002
20 Ω

I Lr

Cr

...

Common Fclk = 650 kHz

x2

ð21Þ

A is a constant that depends on the square wave’s peak amplitude. The dc component is blocked by the series blocking capacitor
Cb, as shown in Fig. 7. The shape of the frequency response acts as a
low pass ﬁlter by amplifying the fundamental signal (6.75) and at
the same time attenuating the harmonics, as illustrated in Fig. 9.
The actual attenuation is about 41.5 dB achieved within half
an octave distance from the fundamental frequency. Fig. 10 shows
the measured voltage and current waveforms of the PRC converter.
The PRC achieved a conversion efﬁciency of 91.8%. The efﬁciency was calculated by dividing the output power of the converter (power consumed by the piezoelectric element) by the
power of the DC voltage source. The total harmonic distortion cal-

There are two main requirements from the ampliﬁer: to have
greater than 90% power processing efﬁciency, and to be capable
of voltage boost up to 20 Vpk (in this implementation). A switchmode parallel resonance converter PRC topology is illustrated in
Fig. 7 meeting those requirements.
The ampliﬁer array was composed of six identical channels as
illustrated in Fig. 7. To synchronize the channels, it was connected
to the same common Fclk of complementary outputs x1 and x2 (45%
duty cycle, 650 kHz). In the PRC the load is connected across the
resonating capacitor. PRC has a voltage gain that depends on the
operating frequency as shown in Fig. 8, and has a gain peak at
the resonance frequency known as the quality factor Q given by:

x0 Lr

V out
1
ðjxÞ ¼
1  x2 Lr C r þ jxLr =Rload
V in

The resonating LC network is being driven by a square wave
(actually a trapezoidal wave approximated to a square wave since
the rise and fall times are short enough (30 ns), compared to the
period of 1.54 ls. The voltage driving the LC tank can be represented by a 50% duty cycle square wave Fourier series [31]:

Fig. 5. Construction of transmitter and receiver. Actual medium used: soft tissue
(pig muscle).

Q¼

ð19Þ

Cr is composed of the ampliﬁer’s network resonating capacitor (COG
dielectric, multilayer, KEMET SC USA) in parallel with the capacitance imposed by the piezoelectric element.
The voltage gain is given by [31]:

P

PZT

15mm

P

Front
Surface
totally
covered by
electrode

x0 is the angular resonance frequency given by:

Receiver

Medium

470pF

Fig. 7. One of six channels of the high efﬁciency (91.8%) power ampliﬁer.

Vg6
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8

Receiver

300uH 210pF

MBR2520

7

+
470uH

6
5

Gain

+3.6V

0.1uF Rload =180 Ω

470uH
4

300uH

210pF

3

Zin

2
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Fig. 12. 2D surface plot ﬁnite element simulation (Comsol Multiphysics) of the
pressure map generated by a single ring.

Fig. 10. Measured electrical waveforms of the 1st channel of the PRC converter
array.

culated using the ﬁrst ﬁfty harmonics is 0.63%, which means that
no spurious vibration mode of the transmitter is unintentionally
excited.
3.6. High efﬁciency (89%) receiver’s rectiﬁer
Most implanted electrical loads that use a receiver’s energy as
an electrical source require DC voltage in the range of 1.2 V–
3.3 V for its operation, such as an implantable micro stimulator
[3]. Sometimes the receiver output energy is used to charge an implanted battery [4]. If a traditional two way diode rectiﬁer and a
smoothing capacitor are used to rectify the AC voltage generated
by the receiver, poor energy extraction will result due to the
non-linear behavior of the rectiﬁer and the two diode’s forward
voltage drop [21]. The passive rectiﬁer illustrated in Fig. 11 was
built and the rectiﬁer’s output was loaded by an adjustable resistive load of 22 turns (3059 series, Bourns Riverside California)
and tuned to give a +3.6 VDC (at 180 X which is close to the
matched transducer’s series resistance). This voltage is high enough to enable the use of low dropout +3.3 V regulator which is
a common logic circuitry supply voltage.

were carried out using the ﬁnite element Comsol Multiphysics
package to compare with the numerical solution of the expression
given in (14). Simulations were done for a maximum propagating
distance of 50 mm surrounded by a thin perfectly matched layer
to avoid reﬂections. Since the Gaussian shading is implemented
by radial partitioning of the transmitter’s electrode, the simulation
process started with the pressure ﬁeld generated by a single ring
radiator and the result is presented in Fig. 12. Vibration modes
and characterization of a ring shape transducer are given in
[22,27].
The simulation model included the piezoelectric element and
its acoustic matching layers. To emphasize the advantage of a
Gaussian shaded transducer over a uniformly excited disc radiator,
the simulation result of a uniformly excited piston radiator is illustrated in Fig. 13 clearly illustrating the side lobes generated.
The pressure map of the Gaussian shaded transmitter 2D simulation illustrated in Fig. 14a and c are the result of the numerically
solved expression given by (14), which clearly shows a pressure

Focusing Zone

670 kHz

Side Lobes

15 mm

3.7. Finite element and Matlab simulation of the pressure ﬁeld
To present a clear picture of the pressure ﬁeld and the advantage of Gaussian shading over a ﬂat uniform excitation, simulations

Fig. 13. 2D surface plot ﬁnite element simulation (Comsol Multiphysics) of the
ﬁeld’s intensity map generated by a uniformly excited piston transducer.
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Fig. 14. (a) Matlab numerical solution, and (b) ﬁnite element simulation of the pressure ﬁeld generated by the stepwise approximated Gaussian shaded transducer.

a sensitivity of 224.5 dB ± 2 dB at 650 kHz re 1 V/lPa (228
dB ± 2 dB at 100 kHz). Measurement results of the pressure amplitude recorded at intervals of 1 mm along the acoustic axis, generated by the Gaussian shaded transmitter, are presented in Fig. 15.
Although skin and the underlying soft tissue layer have acoustic
impedances and phase velocities that are close to those of distilled
water, the attenuation of the pressure ﬁeld by tissue is much larger
than water attenuation (soft tissue 0.6–1.5 dB/cm compared to
water 0.002 dB/cm at 1 MHz) [28,29]. To account for the tissue
losses, power transfer measurements were conducted using bulk
pig muscle tissue (abdominal) [23] that was immersed in the water
inside the test tank between the transmitter and receiver. Fig. 16
shows the measured output power and calculated efﬁciency as a
function of the tissue (pig muscle, 1.8 dB/cm at 1 MHz) thickness
d, and lateral shift Ls. Transmitter power of Pin = 256 mW was kept
constant as a power reference during all load power measurements, since it yielded a load power of 100 mW at the shortest distance d of 5 mm.

1.2

Normilized Pressure

map that is similar to what is achieved by the ﬁnite element simulation given in (b and d).
Power transfer efﬁciency depends on the ﬁeld intensity shape
which is proportional to the pressure squared, therefore intensity
is more concentrated than the pressure ﬁeld. Maximum source
power to DC load power efﬁciency achieved is 39.1% when the
transmitter and receiver are optimally oriented (zero lateral shift
between the transducers). Efﬁciency decreased to 17.2% at a distance of 40 mm as the result of accumulated tissue absorption
and the spread of the ﬁeld’s intensity with the increased distance
between the transducers. Power transfer efﬁciency was calculated
by dividing the measured DC load power Pout by the transmitter’s
consumed power Pin. The transmitter’s power was measured by
using the multiplication feature of the oscilloscope to multiply
the instantaneous transmitter’s voltage and current of each concentric element, and then averaging the result. Electrical waveforms were recorded using a TDS5054, 500 MHz, four channel
oscilloscope along with P5050 voltage probes and CT-2 current
probes with a transducer sensitivity of 1 mV/mA (all of which are
manufactured by Tektronix, Oregon, USA). The efﬁciency calculation included the rectiﬁer loss that achieved a high efﬁciency of
89%, high enough not to need synchronous rectiﬁcation.
To verify the performance of the UTET link, measurements of
ultrasound radiation and energy transfer were conducted within
a water tank, using water at a room temperature of 25 °C. Distilled
water served as a medium for acoustic wave pressure measurements, since its acoustic impedance is close to that of soft biological tissue and allows the hydrophone to be easily moved in order
to map the pressure pattern. This serves as a ﬁrst-order proof-ofconcept. The test tank was fabricated out of 6 mm thick Perspex
plates and has dimensions of 40  20  20 cm. In order to avoid
reﬂections from the test tank walls, these were covered with a
10 mm thick ultrasonic absorber sheet, Aptﬂex F28, attached to
the internal side walls by APTBOND B1 bond (both manufactured
by Precision Acoustics, Dorchester UK). Pressure was measured
along the acoustic axis using a miniature hydrophone probe
(TC4038, manufactured by Reson, Slangerup Denmark) which has
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Fig. 15. Pressure measured along the acoustic axis through water, normalized to
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4. Discussion
This work shows the effectiveness of a UTET based on a Gaussian shaded transmitter. Instead of using multiple discrete concentric PZT elements, it is shown that constructing a UTET using a
commercially available disc shape PZT element in which both
opposing faces are initially fully coated by electrodes and then partitioning one surface electrode into six concentric electrodes is feasible. This is a most practical approach for the transmitter
fabrication, rather than using complex shading of the piezoelectric
polarization as suggested in [16,17]. Nevertheless, this newly proposed approach implies usage of a power ampliﬁer array. However
since the power level is about 100 mW, the whole power ampliﬁer
array can be integrated along with the controller as a single ASIC
(such as the SCMOS3EE 0.5 lm process, mixed signal CMOS technology used for RFID tags, sensor controllers, display drivers etc.,
estimated die area of less than 25 mm2, MHS Electronics, France)
excluding the discrete inductors (DO1608C-104, Coilcraft Cary Illinois USA). Using a single ring as the only transmitting element, results in a pressure ﬁeld with multiple side lobes (Fig. 12),
resembling a regular uniformly excited disc, as illustrated in
Fig. 13. Nevertheless, by using multiple concentric elements and
a Gaussian radial distribution of the excitation voltage, the pressure variations along the acoustic axis through the distance 0–
50 mm is less than ±2 dB (Fig 15). In the experiments the excitation
voltages had to be calibrated in the range of +/10% to compensate
for the inaccuracies of the electrode’s sizes of the concentric elements. All simulations and measurements were performed using
continuous wave (CW) ultrasound rather than pulsed ultrasound,
since pulsed ultrasound is characterized by a higher peak to average pressure ratio than continuous ultrasound for the same level of
average pressure. Therefore CW helps to keep the pressure levels in
the medium below the safe level dictated by the standards [13] as a
Mechanical Index MI and Thermal Index TI (peak pressure measured was 120 kPa giving MI 0.14 which is lower than the FDA
limit of 1.9 (abdominal)). From the perspective of power transfer,
while meeting the safety requirements it is better not to generate
an intense main pressure lobe which is mandatory for imaging
purposes or focused ultrasound applications, instead it is better
to spread the power ﬂow over the cross sectional area as much
as possible and by doing this it is possible to keep the intensity under the safe limit of 94 mW/cm2 [12,13]. Although Gaussian beam
diverges after the Rayleigh distance compared to a Bessel non-diffracting beam [9,19], the measured pressure which decreased
along the acoustic axis, as illustrated in Fig. 15, shows that the axial
pressure distribution is almost uniform (to within ±1.9 dB). To
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measure the power transfer it was decided to use pig muscle tissue
(abdominal) since it has much higher attenuation (1–1.8 dB/cm at
1 MHz) than human skin and soft tissue (0.65 dB/cm at 1 MHz),
which helps to estimate the performance envelope. For simple coupling of the transducers to the tissue, the tissue was immersed in
the test tank using water as a coupling medium and placed between the transmitter and receiver. The choice of 650 kHz vibration frequency reﬂects the practical tradeoff between transducer
dimensions and power loss within the medium. At 650 kHz, the
transmitter construction is quite ﬂat (<5 mm) and lightweight
(10 g) so it can be implemented as a disposable patch adhered
to the skin. Nevertheless, due to skin movement, nonoptimal orientation between the transducers can occur. Fig. 16 shows the measured output power (left vertical axis) and power transfer
efﬁciency (right vertical axis) as a function of tissue thickness
(d = 5 mm, 10 mm, and 40 mm) and lateral shift (0 < Ls < 14 mm
recorded every 0.5 mm). Results of the measurements show that
the intensity of the pressure ﬁeld spreads as the distance from
the transmitter increases (blue line for the shortest distance of
5 mm, to the green line at 40 mm1). The fact that the intensity
shape becomes wider as the distance increases from 5 mm to
40 mm causes the lines at different distance d to intersect. In addition, power transfer efﬁciency rapidly decreases when the lateral
shift Ls between the transducers increases to 5 mm (transducer
aperture is 7.5 mm). At large distances (40 mm) the power transfer
is less sensitive to lateral shift since the pressure ﬁeld has already
spread out as seen in Fig. 14, but at the cost of reduced load power.
Finally, the transducers were chosen to have a radiating surface
area of 1.76 cm2, therefore power transfer of 150 mW can be
achieved without exceeding the recommended limit of 94 mW/
cm2 [13] for steady state exposure to ultrasound (abdominal).
5. Conclusions
This paper describes the implementation of a UTET using a stepwise approximation of a Gaussian excitation of the transmitter, to
transfer 100 mW to implanted loads. An ordinary single disc PZT
element can be used as the base for the transmitter’s array. The results of measurements show that even a rough approximation of a
Gaussian excitation by six concentric elements is sufﬁcient for generating a pressure ﬁeld, which results in predictable power transfer. Measured power transfer efﬁciency was 39.1%, 100 mW at
5 mm distance, reducing to 17.6% and 45 mW at 40 mm. The proposed UTET’s transmitter is light (<10 g) and thin (<5 mm) therefore can be produced as a disposable patch to be adhered directly
on the skin. The measured results indicate the advantage of a UTET
based on a Gaussian shaded transmitter, compared to a uniform
excitation of a ﬂat circular piston for a maximal distance of 50 mm.
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