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Abstract—UItrasonic Transcutaneous Energy Transfer is an
effective method for powering implanted devices ndnvasively.
Nevertheless, the amount of power harvested by thenplanted
receiver is sensitive to the distance and orientatn of the external
transmitting transducer attached to the skin with respect to the
implanted receiving transducer. This paper describe an
ultrasonic power transfer link whose harvested powe is
controlled by an inductive link. A small (5 uF) stosage capacitor
voltage, which is part of the implanted unit, is dbwed to swing
between 3.8 V and 3.5 V using hysteretic control.he two control
states are indicated by excitation (while the implated storage
capacitor voltage decreases) or the absence of eatibn of an
implanted coil that is magnetically coupled to an xernal coil
attached to the skin surface. A 35 mW Ultrasonic
Transcutaneous Energy Transfer link was fabricatedusing two
piezoelectric transducers of equal size (Fuji Ceraibs C-2 PZT
disc 15 mm x 3 mm) operated at a vibration frequenc of 720
kHz. By applying the proposed hysteretic control, he captured
power was effectively regulated for implantation deths of up to
85 mm.

Index Terms— Ultrasonic transcutaneous energy transfer,
voltage regulation, implanted medical device, hystesis control,
contactless power transfer, voltage regulation

[. INTRODUCTION

Ultrasonic Transcutaneous Energy Transfer (UTET9 isew
method to power implanted devices based on theriresion
of ultrasonic energy rather than electromagnetergyn[1-4].
UTET employs an external transmitting transductxchied to
the skin surface facing an implanted receivingddarcer. An
electrical power source energizes the transmittehnjch
converts the electrical energy into travelling ptes waves.
The travelling pressure waves carry the energyutnothe
tissue toward the implanted receiver positionedhiwitthe
transmitter radiation lobe. The acoustic energy thaches the
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receiver is converted back into electrical energy the
implanted piezoelectric transducer. An ultrasoniower
transfer link can effectively transfer energy tovides
implanted at distances up to 85 mm (or greaterduidin
biological tissue. In some applications contactlesergy
transfer by means of ultrasound proved to be féasben

through low density medium such as air [1, 5]. Some

implanted devices are miniaturized, e.g., for ftrept
gastrointestinal and urological neuromuscular dies [6].

To power such devices, the implanted UTET recesreuld

have miniaturized dimensions as well. Consequeitlyhese
cases, the UTET receivers capture very low amouwrfts
average power, sometimes as low as 20 uW [7]. Tveep

harvested by the implanted receiver is used togeharstorage
capacitor during the charging period untilda threshold

voltage level is reached. Upon reaching that lewhke

capacitor discharges due to the implanted devicerepo
consumption. However, the amount of energy captbyethe

receiver is not predictable because it is affedtgdfactors

such as the geometrical spread of the pressure,vihee
accumulated power loss in the tissue, the latéridl of the

transducers with respect to one another, and thaivie

physical orientation of the implanted receiver wiéispect to
the external on-skin transmitter [8].

Traditionally, inductive Transcutaneous Energy TBfan
(TET) has been used to power implanted devicesorAnoon
way to control the power harvested by the receivemn
inductive link is a feedback circuit with a back@atata link.
For example, Baker and Sarpeshkar [9] analyzediasiined
an RF power link using standard feedback contreoi.
They obtained a controllable, regulated output poweer
distances of 1-10 mm, and the output rectifiedvoltage
varied by less than 16% for distances of 2-10 mowéver,
to date, no work has yet been reported on the confra
UTET link. Typically, in contactless energy transfevith
either an inductive or ultrasonic link, @t voltage develops
across the receiver transducer terminal with aukegy in the
range of hundreds of kilohertz up to a few megahedince
the electronic circuitry needs dc supply, theac signal is
rectified and filtered, and the electrical energystored in a
capacitor (with typical values between 1 puF to u&). Thus,
the stored energy is controlled by controlling tredtage of
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the storage capacitor. In inductive TET, this cohtis
typically implemented by sampling the voltage of storage
capacitor (within the implanted unit) and continsiyu
transmitting its value to the external unit usingswaitable
modulation, such as amplitude shift keying (ASKQ,[11] or
frequency shift keying (FSK) [12]. While this methds
adequate for relatively high power application®.(i.above
100 mW), it occupies space within the implantedt wamd
consumes significant power to energize the sampéng

transmission circuitryThe UTET approach was shown to be

most advantageous for the transfer of relatively pmwer (up
to tens of milliwatts) over large distances (igggater than 50
mm) [1, 2]. In many cases, the power required leyithplant
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is as low as a few milliwatts and, in some casesne few
tens of microwatts, such as in chronic fluorescdrased
biosensors [13]. Thus, since UTET-powered

Fig. 1. Position factors that influence the power cagduy the receiver. a:

implantSistance. b: Orientation. c: Lateral shift.

typically consume low power and are quite smallg th

conventional
shortcomings for this application.

Hence, the focus of this work is a noninvasive,-fmower-
consumption method to sense the voltage of theantetl
storage capacitor powered by a UTET. The proposeithad
incorporates an inductive link only for the control the
implanted storage capacitor voltage; the powersfeanis
performed by the ultrasonic link. The sensitivilyao UTET
power transfer to various physical parameters iscrieed
first, and then, an inductive link for noninvasiwentrol of the
power is optimized to attain minimal current andlrpower
consumption (approximately 6 mA and less than 50) 0¥V
the implanted control circuitry. Measurement restitat fully
support the proposed control method are presented.

[I. INDUCTIVE LINK CONTROLOFA UTETDEVICE

UTET, in which the energy is carried by acoustives is
a relatively new method for transcutaneous eneagyster. In
UTET, ultrasonic pressure waves are generated laxtamnal
transducer attached to the skin surface and trateshtoward
an implanted transducer through the biologicalugssOnly

part of the transmitted energy can be captured Hoy t

implanted transducer due to loss mechanisms, sacthe
geometrical spread of the pressure wave, absorpiuh
scattering in the biological tissue [18], and refilens from
differing tissues and at the contact surface betwée
implanted transducer and the tissue. Moreoverothemtation
and relative overlap of the transducers affect ¢émergy
capture as well; see Fig. 1. Fig. 2 gives the nreasent
results, which illustrate the influence of the distez and the
lateral shift (LS) between the transducers on thptwred
energy. The efficiency is defined as the ratiohaf electrical
power that the implanted transducer outputs, toetketrical
power consumed by the transmitting transducer. rEseailts
clearly show the high dependency of the power captwn
the distance and orientation of the transmittiagéducer with
respect to the receiving transducer. Since the poaptured
is sensitive to uncontrollable and potentially \ragy

method described above has significant 89
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Fig.2. Measuredicload power as a function of lateral shift andatisez
(power transferred through pig muscle tissue poavbsea UTET [3].

parameters such as distance, orientation, andatbeal shift
between the transducers, there is an uncertaintjo abe
electrical energy stored in the implanted unit. &awer, the
power consumption of the implant is not constard amay
vary with the operation mode. Thus, it is necessargontrol
the amount of energy stored in the implant.

In the proposed control method, while the power
transmitted ultrasonically, the feedback is linkeagnetically.
A coil is integrated with the implanted unit. Whenis coil is
excited (by anac current), a signal develops across
magnetically coupled external coil. The existenta signal
across the external coil is interpreted as a |6gjiclevel by
the controller (within the external unit). Simikarla “0” logic
level is attained when the implanted coil is natieed and no
voltage is detected across the external coil. Asbei shown,
this signaling method requires very low power oa itnplant
side and is well suited to hysteretic control. Aematic
illustration of a UTET controlled by the proposegsteretic
inductive link is depicted in Fig. 3. Even thoudjie tinductive
link is sensitive to distance [9], lateral shiftdaorientation

a
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Fig. 3. Schematic of a UTET power transfer link colteéd via an inductive
hysteretic link.

(due to the abrupt decrease in the coupling) [4ill be
shown that, due to the binary-based signaling,sitmost
suitable for the transfer of the feedback signaldpposed to
the main power signal). This result is proven atiedyly and
validated experimentally. In the following paragnapwe
develop the basic computations, which indicate tlat
sufficiently large signal is detected by the exéwcoil, even if
the implanted coil is excited by very low curreatsl even for
large distances between the implant and the exXtewia
Considering a low power implant (and, consequeralyow
harvested power of, e.g., a few tens of milliwattisg voltage
sampling and feedback transmission (within the anpl must

sufficiently high signal can be picked by the emtdrcoll
terminals).

3) The approach exhibits a very fast response time0(¢s)
because the electromagnetic signal inserts netgigiblay
at these distances (< 100 mm). Thus, the voltadiebei
well regulated, and the feedback will respond sidfitly
rapidly to any perturbations.

Although the mathematical description of quasiistat

inductive links is well established [9, 15], we suarize it in

the following section to optimize the implanted Icdesign
and minimize its excitation current.

A. Inductive link design

The inductive link consists of two coils; the exi&r one is
attached to the skin surface, and the second omepianted

consume very low power to avoid loading the storagést beneath the skin (or sometimes deeper withén soft

capacitor of the implant and reducing the energsilable to

tissue). The coils are magnetically coupled wittygically

energize the implant. Thus, complex modulation bé& t very low coupling coefficienti(< 0.1). One way to represent

feedback is avoided, and hysteresis control is eo3wo

the inductive link is shown in Fig. 5. In this mdde voltage

thresholds,V, andVy, are defined for the storage capacitosource feeds the primary terminals, and the prinwaniy is

voltage to maintain the storage capacitor voltagévben
these thresholds. We sét= 3.5 V andvy = 3.8 V. When the
voltage of the capacitor reaches the upper bouredinternal
coil is excited (by a single tone). The signal iskpd by the
external coil and interpreted as a logic level ifithe external
circuit. This signal commands the external unitstop the
acoustical power transmission. Thus, the storagaditor is
no longer being charged, and its voltage decaye lihythm
that depends on the power consumption of the inbpl&hen

the voltage of the storage capacitor reaches therlbound,
the implanted controller ends the excitation of thternal

coil, which is interpreted by the controller (inettexternal
unit) as a logic level of “0”, thus restarting thstrasonic
energy transfer, and the charging of the storagadtor is
resumed. The main signals involved in the propdseteretic
control are seen in Fig. 4. In addition to its dliecity, the

hysteretic control adopted herein exhibits the ofelhg

advantages with respect to conventional digitatran

1) During the charge periods, no signal is transmijtted the

feedback circuitry consumes negligible power.

represented by its electrical impedarieand a dependent
voltage source = joMi,. Sometimes, a series capaci@ris
inserted to block dc voltage component that might be present
at the source output. Moreover, this capacitortimchosen to
resonate with the primary inductance at the opayati
frequency, which allows for a reduction of the éx@on
voltage amplitude. The dependent voltage sourcethim
primary network depends on the secondary curignthe
mutual inductanc#l, and the angular frequenay

Primary transmitting
circuit
Fig. 5. A two-port model of an inductive powerilirgk.

Secondary receiving
circuit
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Similarly, the secondary circuit consists of thep@dancez,,
of the secondary coil in series with a dependeliage source

Evidently,M increases with the implanted coil diamedgrin
addition, the mutual inductanck®l decays rapidly as the
that depends on the primary current on the mutual distancez between the coils assumes a value that is close to
inductanceM, and on the angular frequenoy the largest coil diameter (in this case, a 50 mamier
The mutual inductanceM determines the magnetic flux external coil is used). As the distarexceeds approximately
linkage @,; (in Weber) between the primary and secondary0 mm, the mutual inductance decreases to less Qi

coils:
(2

M =
L &)

While this value is quite low for power transferrpose, in
our case, the magnetic link serves merely for diggaFor
this purpose, even a mutual inductance as loMas0.1 is
shown to be sufficient. The relatively low signa&ked up by

The mutual inductanck! (in Henrys) depends on physicalthe external coil is taken into account simply bgams of a

parameters, e.g., the distance between the chismutual
alignment of one coil with respect to the othee, thameter of
the coils and the number of turhis andN,, [8] and is given
in (2).

JELLLA ((1—k—;2)+<<k02) —E(kf)j

ko/p

2
where @)
p — i
& ®
V4
g —_-—
& @
2 4p
- N2 .2
(p+1) +C (5)

where a; is the primary (implanted) coil diametes, is the
secondary (external) coil diameter, gnds the permeability
of the soft tissue medium between the coils. lusthde noted
that (2) is valid under two assumptions: 1) theabléngth of
the coil is much smaller than its diameter, andlf)ough we
consider thin coils, which feature high parasitapacitance,
the capacitance may be neglected at the relatively

operation frequency of 100 kHz. The mutual inductah,

described by (2), is plotted against the distanbetween the
two coils and is shown in Fig. 6 for various diaerstof the
implanted coila;.
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Fig. 6. Mutual inductanc® as a function of the distaneeetween coils for
various implanted coil diametees. The external on-skin coil diametey is
50 mm.
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high-voltage gain amplifier (in the experiment, used a gain
of > 5000). The voltage amplitude of the receivighal, v,,
increases with the excitation current and operdtiaguency,
as depicted in Fig. 7. Fig. 7 shows that for theximal
distance of 85 mm, to attain a signal of approxatyal mV
across the secondary coil, the primary should hmtexk by
approximately 10 mA. The received signal is applteda
voltage amplifier with a gain of approximately 5080d then
band-pass filtered (all within the external conteiicuitry).
To achieve a sharp roll-off of the filter, a fivelp elliptic
band-pass filter is used because the roll-off @iteon from
pass band to stop band and vice versa) sharpnesseof
transition band of elliptic filters is higher thathat of
Butterworth or Chebyshev networks. The gain ripplehe
elliptic filter pass band is tolerable because fhedback
signal is monotonic at 100 kHz and the feedbackadigg
information depends merely on the existence (=rlgbsence
(= 0) of the feedback tone. The filter network atslgain
response are depicted in Fig. 8. This figure shtves, the
noise generated by the PZT excitation current fieguency
of 720 kHz is attenuated by more than100 dB byetiiptic
band-pass filter. The filtered signal is amplifiednd a
decision circuit that converts the analog feedlmgkal into a
binary signal is applied, see Fig. 9. As noted, die¢ected
signaling level at the secondary (external) ogilhas an
amplitude of approximately 1 mV, and the input imi@ece of
the elliptic filter is approximately 500 ohm. Thuke power
transferred to the secondary coil is negligibleptagimately
2 nW), and the implanted coil excitation power logpends
merely on the implanted coil resistance (approxatya Q
for the 20 turns of 32 AWG conductors,

h 500 kHz
® 7
4
s | —300kHz
E 3
P
2 100 kHz
o G
1 | ~_ 100 pv
0 e e — — e I

20 40 60 80 85

Z [mm]
Fig. 7. Voltage developed across the external epias a function of the
distancez between coils. The implanted coil excitation wasA (a; = 15 mm,
N; =20 T,N, = 20 T,a, = 50 mm). The coils are parallel and positioned
coaxially.
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Fig. 9. Decision circuit converting feedback siigriato logic levels.

including the skin and proximity effects, at 100&RHThus,
the excitation power loss (which is drawn from timplanted
storage capacitor) isls50 uW (whered is the signaling duty

ratio; 0<d<1). Thus, Py < 50 PUW. This power is
consumed only during the signaling interval of thesteretic

control, but the average power consumed for siggals

lower than 50 pW. This power can be further redubgd
lowering the excitation current in the implant uaitd using a
higher voltage gain (> 5000) in the external cdfgro The

following section presents considerations regarditig

selection of the inductive link's signaling frequgn

B. Inductive Link Frequency Selection

To minimize the feedback power consumption on thplant
side, an excitation current of approximately 6 nsAused. As
a result, the amplitude of the received voltages lower than
1 mV, as shown in Fig. 7. In contrast to the lognsiling
voltage seen at the external coil terminals, thiereal PZT
transducer is excited by a 12 Vpk sinusoidal vataga

frequency of approximately 720 kHz.
corresponds to a resonance mode of the transdubath is

This frequency

filter, the inductive feedback operating frequerstyould be

sufficiently far from the ultrasound frequency. Thigher the

frequency, the higher the received signalamplitude;see

Fig. 7. However, choosing a lower operating freqyen
reduces the power consumed by the implanted coiedr
(which is not negligible - approximately 50 pW ihig

experiment). Moreover, the skin effect increasesdfiective

resistance of the coil, therefore increasing theniohloss.

Considering the tradeoffs involved, we appliedemérency of
100 kHz for the inductive feedback and a frequemndy
approximately 720 kHz for the PZT excitation.

C. Tissue Safety Considerations

The UTET transfers acoustic energy through the muma
tissue. The interaction of acoustic waves with hurtiasue
has the potential risk of damaging the tissue thihowo main
effects: cavitation, and thermal effect [20herefore safety
regulatory limits regarding the exposure of tisste
ultrasound energy must be met. The UTET is a nevicde
thus there is no specific regulatory criteria addieg its
operation. A close application category of ultrasbuaevices
is ultrasonic imaging devices, whose safety linii§], are
adopted The safety standards refer to two indices: Med@ni
Index (MI), and Thermal Index (TI), and set limits those
indices In order to comply with the Ml and TI, we designed
the UTET so as to generate an acoustic intensikpwb84
mW/cn? (in the tissue), and choose the operating frequency
the hundreds of kHz range [2], but an accuratesassent of
the tissue safety exposed to ultrasound energgysrid the
scope of this work.

lll. EXPERIMENTAL SETUPAND METHOD

The main concerns in designing the inductive feeklba
were minimizing the power consumption and the siz¢he
implanted coil and its associated circuitry. Thansmitting
coil and the feedback circuitry are fed by the ag@r capacitor
(whose voltage is regulated), thus reducing theggnthat is
available to power the implanted unit circuitry.eTimplanted
coil must not be located in front of the PZT tramsel, or it
may cause acoustic backward reflections of thederdi
ultrasonic wave due to the high acoustic impedanisenatch
of the copper (33 MRayls) [17], with respect totstidsue
(approximately 1.5 MRayls) [18]. This mismatch fésun a
pressure reflection coefficient (for a normally ident wave)
[17], T, of:

33-1.5
+1.

33 5 6)

In this work, we used 15 mm x 3 mm (diameter x

I'= ~0.913

determined by its frequency constaitand the thickness of thickness) disc PZT transducers in the power teanbfk.

the PZT disc (the explicit equations governing i@ of the
ultrasonic pressure to the excitation level canfduend in
[16]). The PZT is connected to the external contiotuit
using twisted pair conductors to minimize the etatiagnetic
coupling to the feedback circuitry. Nevertheleshaad-pass
filter is required to reject the noise at 720 kiHattmay mask
the low 1 mV feedback signal. To allow the use ta-order
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Twenty turns of 32 AWG magnet wire were wound disec
over the circumference of the implanted transdulting
in an average coil diameter of approximately 15/.rThe
excitation frequency of the implanted coil was @mso be
100 kHz. At this frequency, the penetration degtl®.2 mm
(for a 32 AWG copper wire, thac resistance effect begins at
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approximately 200 kHz) [19]. A 32 AWG wire has a '
conductor radius of approximately 0.2 mm, and thlus,skin
effect may be neglected. In addition, the 100 kiégfiency is
lower than the low-frequency band of 120-150 kHzaafio
frequency identification tags.

Measurements of the controlled UTET were perforraed
distances of 20, 50, and 85 mm. The external reggieoil is
not limited to the footprint of the external transdr.
According to (2), larger coil diameters imply adar mutual |
inductanceM; we chose the external coil diameter to be 5 ‘ | Phase
mm. The external coil was located concentricallythwihe M \‘ I H | /l i
external PZT device, and thus, its geometric celateon the ‘ N WL ) W \JL
acoustic axis common to both transducers. The dines o ‘ o 'f*“ ‘ B
and materials of the ultrasonic and inductive linked for the 10200 300 400 500 ~ 600 700 800 900

o
?

Amplitude ]
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_frequency

153
=

2

Ampl@de (Blue), Phase (Red)

4
50 ‘t\“‘ M

experiments are listed in Table I.

TABLE |

DIMENSIONS AND MATERIALS OF THE ULTRASONIC AND INDUQIVE

LINKS USED FOR THE EXPERIMENTS

Frequency [KHz]
Fig. 10. Measured frequency response of an untb@d2 PZT element. Blue
trace: absolute value of the impedance. Red ttase.

90°. The fabricated transducer enclosed in a Perspasing
is shown in Fig. 11. The experiments were conduetét

Diameter | Numberof | Transducer | Acoustic | Transducer  distilled water as a medium, which closely mimicdt sissue
infmm] | tumsand | thicknessin | matching |  material in terms of ultrasound propagation speed and aicoust
inductance [mm] layer . .. .
Extornal 5 3 Graphite| Fuj impedance. Tests were conducted inside a watedfitest
Transduce Ceramics  tank at 25°C. The test tank dimensions were 40 @0 gm x
r | c2 20 cm. The tank was fabricated using 6 mm thickspex
implanied 15 3 Graphite Czl:zj;mics plates.To avoid reflections from the test tank walls, tivegre
r C2 covered by 10 mm thick ultrasonic absorber shefssflex
External 50 20 turns F28, which were attached to the internal tank wdlis
Coil L=43.4uH Aptbond B1 bond (both were manufactured by Precision
implanted 155 20 turns Acoustics, Dorchester, UK).A manual XY manipulator
Coil L=13.5uH (Newport Corporation M-443 series) was used to pzate

) ) ) the receiver transducer location with respect ® éhternal
The transducers were fabricated using 3 mm thisg-ghaped a3nsducer.

PZT elements with a diameter of 15 mm (Fuji ceramicrig 12 shows the test tank. Because the purposthef
Z3T15D). The basic transducers’ parameters acogrdin  eyxperiment was to present a noninvasive controhatebf
manufacturer’s df?\ta are: C-2: Mechanical Qualitgtda pe implanted storage capacitor voltage, the UTIEK was
Qm=1200, Coupling factor (K0.52, Frequency constant,qi gptimized for power transfer efficiency. To giify the
Nt=2020 [mHz], and Densitf=7600[Kg/n7]. The acoustical experimental setup, we used distilled water, alghou
matching layer was fabricated from an EK2200 gr@phod  gegassed water would have been more appropriaubec
(made by SGL) with a density of 1.74 [gffrand Young's gissolved gas in the medium may block and scatteras the
modulus of 23 GPa. The graphite rod was machined 10irasonic wave energy due to the cavitation effespecially
thickness of approximately 1.4 mm The PZT disc wleaned ngqr the radiating transducer surface, where thve ieensity

and wiped with acetone to remove dust and oily 8Ulg®, atiains jts maximum value. The control circuitrynsists of
and the graphite matching layers were bonded tesiitg a

¢ - implanted low-power electronic circuitry and exia&rn
dual component epoxy resin Structalit 303 LV (masle cjrcyitry.
Panacol, Switzerland). The actual thickness of rtfaching
layer was calibrated experimentally to compensate tfie
uncertainty of the bonding layer thickness in theerall Implanted feedback
transducer impedance. To precisely characterize the coil

Graphite matching

transducers after fabrication, the frequency respowas |
ayer

measured using an AP-200 frequency response analyze
(manufactured by Ridley Engineering). Fig. 10 shatve

frequency response of a typical transducer. Thesthacer has

several vibration modes: thickness vibration, riadilration,

and complex vibration modes. Each of the modesses@ated =
with a different resonance frequency and its higheter wa;-m.:.fafar,';;;{,am,l;l.:g"l'nnpn|J||||||||||nirrrm'immv.'.m'.-
harmonics. We operated the device at the vibratsonance T 1o 1 2 is
of approximately 720 kHz, which is indicated by the

impedance local minimum and a steep increase gfliase to Fig. 11. Photograph of the fabricated PZT transduce
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This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication.

TBME-00969-2013 7

XY manual stage

Submerged
PZT transducer and
coil

Ultrasonic absorber

Transmitting
PZT transducer
External coil

Fig. 12. Photograph of the ultrasonic test tank.

The hysteretic control was implemented using a fpower

analog comparator (TI LMV7271, with a 5 pA currenﬁ

consumption and approximately 1 yus propagationyjielad a
1.2 V +/- 0.5% p-power voltage-reference (Analogvibes

AD1580). A conceptual scheme of the implanted adntr

circuit is depicted in Fig. 13. In the experimegm, implanted
storage capacitor of 5 pF (X7R dielectric) was ghdr(by the

power captured by the implanted PZT transducer)e Th

capacitor voltage was compared with two threshaldages,

3.8 V and 3.5 V. During the charge phase, the dapac

The discharged energy during the maximal voltage :
E= I:I)oad Ty =0.5- C( VHZ - VLZ) (7)

For an implanted load consuming 35 mW, the voltéae
time is given by (8).

Lot :O'S'C(VHZ _VLZ>/ Road =
(8)
=0.5-5.(3.8 =3.5) /0.035 = 156 S

Initially, the implanted transducer was locateddeshe water
tank on the acoustic axis of the external transduce

The maximum distance of 100 mm was determinedrmirig
the point at which the power captured was bareffjcsent to
charge the storage capacitor to the upper threshptd3.8 V,
while the external transducer was constantly eddit® Vpk),
i.e., an energy duty cycle equal to 1. The maxindistance
was practically limited t@ = 85 mm because the inductive
ink was insufficiently powerful beyond 85 mm (thiange
could be extended by increasing the implanted exigitation
current or by increasing the voltage gain in thdemal
receiver). Starting fromz,.x = 85 mm, the distance was
reduced gradually, using the XY manipulator, uatihinimal
distance of,,, = 20 mm. The inductive control maintained the
storage capacitor voltage within the ramzgg to z,,.

IV. EXPERIMENTALRESULTSAND DISCUSSION

voltage ramps up. When it hits the upper bound, the

comparator output flips and triggers the implantsal’'s
excitation. This transmission commands
transmitter to cease the ultrasound power trangonisat this
time, the capacitor is not being charged; howevestill
supplies the implanted circuit with power (respbfesifor its
functionality) and the power consumed by the hydier
control and the excitation of the coils. Thus, toétage on the
capacitor starts to ramp down. When the capacititage
reaches the lower bound, the output of the compaftps,
the ultrasonic transmission resumes, and the dapastiarts
charging. The storage capacitance, the amount @fepo
captured by the receiver, and the implanted loats@mption
determine the charge rhythm of the capacitor asdiéitage
ripple frequency.

1N4148
Ny

=}

720 kHz

Implant
Power

35 mw

6MA 5 680 uH
Coil
100 KHz

100k

Fig. 13. General description of the feedback dirgu
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A UTET system controlled by an inductive link based

the externdlysteresis control, as illustrated in Fig. 3, wasstructed and

operated within a test tank, as described prewoushe
external control circuitry was connected toda voltage
source, which was the sole power source that fedsjistem
(both the external and internal parts). The imgedntontrol
circuitry was fed by the energy storage capacit@hose
energy came from the power harvested by the impdant
ultrasonic transducer. The voltage of the 5 pF émid
storage capacitor, regulated through the inductink, is
shown in Fig. 14 for an implanted load with a power
consumption of 35 mW and implant depths of 50 mih &b
mm. The power captured by the implanted transdatea
distance of 85 mm is less than the power capturéd anm,
mainly because of the geometric spread of the adtri
wave. The power loss is less affected by attenodigcause
the medium used in the experiment was water, whih a
lower ultrasound attenuation at 720 kHz (< 0.01cd®/than
soft tissue (approximately 1-3 dB/cm) [18]. Thetagk ripple
frequency on the storage capacitor depends on theerp
harvested. According to Fig. 14, the ripple freguenvas
approximately 330 Hz at 85 mm and approximatelyOLB@
at 50 mm. A lower harvested power causes a longeation
of the voltage ramp up until the upper thresholdeached.
Meanwhile, the voltage fall time remains nearly stant
because it depends on the load power consumptibichw
was not changed throughout the experiment (a twite®5
mW, out of which approximately 50 pW went to the
implanted coil excitation).
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I 1.0mz 5.0MSs Z00nz At
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Ch1 1.0

Gnd level

M 1.0ms 5 0MSs 200nsfpt
& Chl o« 3EBY

Fig. 14. Implanted storage capacitor voltagedistance of 85 mm (upper)
and 50 mm (lower). The harvested power is 35 mW.

Chi 1.0

The storage capacitor voltage is regulated by a dospout
regulator that provides a stable output voltag®.8fvVdc. The
frequency of the ripple superimposed on tie level is

sufficiently low to be effectively attenuated byethow

dropout because of its high power supply rejectaiio (> 60

dB). The storage capacitor voltage and the exocitatif the
implanted coil are shown in Fig. 15. As seen in. Hif, the
implanted coil is excited only during the voltagecdy, thus
saving energy during the periods in which the epstgred in
the capacitor is low. The excitation current anyolé of the
coil is approximately 6 mA, and it persists as loag the
voltage falls (but is still above the lower voltatpgeshold of
VL = 3.5 V). Thus, the excitation power required tbe

inductive link is drawn from the storage capacitoty while

there is sufficient energy accumulated in the imfgd storage
capacitor.
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Fig. 15. Storage capacitor voltage (upper trand)implanted coil excitation
(lower trace) at a distance of 85 mm between t#esttucers.

5.0my G

For a 35 mW load power (representing the implacteclitry
power consumption and the coil excitation powerjcivhis
also drawn from the capacitor), the voltage falidirate is
approximately 2.5 mV/us. Fig. 16 shows the storeamacitor
voltage, the implanted coil excitation current, tbeternal
ultrasonic transducer excitation voltage, and thepagating
ultrasonic wave flowing in the medium. The propagat
ultrasonic wave was measured by a hydrophone (T&403
manufactured by Reson, Denmark, with a sensitiofty-228
dB +/- 2 dB re 1 V/uPa at 100 kHz). The excitatafnthe
ultrasonic transducer was implemented by a selfidated
switched-mode driver, in which the switches were
implemented by a MOSFET driver (MIC 4126). The driv
generated a voltage pulse train at a frequencylaquthe
resonance frequency of the PZT transducer. Thersquave
pulse train was shaped by an LC network (6.8 uBi,n§) to
achieve a sinusoidal voltage for the excitationttod PZT
transducer (the PZT transducer should be excited bighly
sinusoidal voltage to avoid excitation of its higloeder
vibration modes). Fig. 17 depicts the power drisad the
excitation voltage waveforms. The voltage regulatio
accuracy is degraded because of the accumulatedditays
inserted by the ultrasonic and inductive links. Tinee delay
due to ultrasonic wave propagation through a déstaof
approximately 35 mm may be deduced from Fig. 18 Th
lower signal (magenta) is the MOSFET driver—gerssrat
pulse train, while the storage capacitor voltagepdr The
sinusoidal excitation voltage (blue) on the terrfsnaf the
transducer follows the pulse train after a smalhgleesulting
from the LC filter (that filters out the pulse tnaharmonics).
Because of the low speed of sound in water (appratdly
1500 m/s at 25°C, [18], the ultrasonic wave reacties
implanted transducer 24 ps after the external pigdeer
starts to energize the external PZT transducer.
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Fig. 16. Main signals of the system: storage ciqacoltage (upper blue
trace), excitation current of the implanted coib¢menta trace), excitation
voltage of the external ultrasonic transducer (gitegce), and the ultrasonic
wave measured at a distance of 50 mm from thertrittes.
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Fig. 17. PZT excitation voltage generated by the MBBdriver.

A W N Bt e e B 2
- | On skin PZT transducer excitation |
wref M &
r — 1
g Delay 11,1111 Hydrophone ouput |
e o wi::::,::::i:.a.,.aaf
r CHA 1
[ rl 1 il ]
- 1A il i
- VW.I T "WNWVM i -
r l’ LT ]
~ . -n"lunlunl“ulnlil l-;;-llllllllIIIINIIHIIIIIIHIIIIIIIIIIIIINI BF—
N [ ] __'||||IIII\I|||||!|||"'I||| 1
4-;_— . —lllillilluiillllil-ilpllllu Illllllll..llll'lllil.‘l R
N : : T -~ Power amplifier output
P IR RPN AT ST ATRFE T (T INIT AN I A I
M 10 0ps 1 75GSE  S00psdt
Ch3 100mY Ch4 SOy A Ch3 o 190mY
Mlath1 200 10.0us

Fig. 18. Propagation delay for a distance of 35 (tneamsducer excitation
triggered when the storage capacitor voltage rehttielower threshold :
power amplifier generated pulse train (magentaysdidal excitation applied
to the external transducer (trace), and resultedadnic wave (green).

This delay depends on the distance between thsdmaers
and reaches approximately 56 ps for a distanc® of®. The
storage capacitor continues to discharge until uli@sonic
wave reaches the front surface of the implantatsttacer and
the capacitor starts to recharge. For a load pcaesumption
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of 35 mW, the voltage decay rate is approximatebyraVv/us,
which means that the capacitor actually dischargesa
voltage of 2.5 mV/us 56 us = 0.144 V below the lower
threshold voltagé/,. This error voltage can be compensated
by presetting the lower voltage threshold to atslighigher
level.

Regarding the influence of the PZT transducerstimn
inductive link signals, the back and front surfacéshe PZT
transducers are covered by a thin (10 um thickgsitoating,
which forms the electrodes. Both the PZT materiad #he
conducting electrodes may adversely influence tlagmatic
link. To measure the influence of the PZT transdue the
inductive link, a measurement setup was construthed
consisted of a transmitting coil and a receivingl @ a
distance of 50 mm. The size and number of turnthefcoils
were similar to those in the main experiment. Tinelanted
coil was excited by a 5 mA sinusoidal current & k8iz. The
influence of the ultrasonic transducers composeldaod PZT
and graphite acoustical matching layers on thedtide link
feedback amplitude was measured by comparing thealsi
detected at the external coil in the absence ofuttrasonic
transducers with the signal developed in its presefhis
process was repeated for frequencies of 100 kHE kéHz.
To increase the measurement sensitivity, a voltagglifier
with a 20 dB gain was used to amplify the receisigghal that
developed on the external coil (Reson, VP 1000 agelt
amplifier). The measured attenuation is depictedrion 19.
The results show that at 100 kHz (the chosen digpal
frequency), the presence of the transducers comdsbless
than 1% to the voltage attenuation in the inductivik
feedback. The attenuation increases to approxign@gél for a
signaling frequency of 1 MHz. It is assumed thae th
attenuation is caused mainly by eddy currents iedua the
transducer electrodes. An accurate assessment ef th
interaction between the silver-coated PZT and dgteph
matching layer materials with the alternating maigngelds
is beyond the scope of this paper. At 100 kHz,itlgictive
link signaling frequency that we chose, the attéinnais
negligible, so it minimally contributes to the pawe
consumption of the inductive link.

V. CONCLUSIONS

A noninvasive method of control for UTET was propas
and characterized. The main aspects considered were
presented, and design guidelines were derived.

The voltage regulation method is based on hysteosmtrol
of the implanted storage capacitor voltage by nadiirntg its
voltage between an upper voltage bound of 3.8 Veaatwmver
voltage bound of 3.5 V. The implant unit signale #xternal
power transmitter to momentarily cease ultrasoniover
transmission via an inductive link. An implanted| agith 20
turns wound over the circumference of the implanBxir
transducer is excited by a 6 mA 100 kHz sinusomalent
when the implanted capacitor voltage reaches ip®upound.
The feedback signal transmitted by the implanted
detectedby an external coil, which stops the ultrasonic pow
transmission.
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Fig. 19. Masking of the inductive link signal biyet ultrasonic transducers [12]
within the alternating magnetic field of the indwuetlink. Red: attenuation by
implanted transducer. Blue: attenuation by exteomaskin transducer.

. . . [13]
The avoidance of complicated sample and transmmissio

circuitry is significant for saving power and spagihin the
implanted unit. The average power consumption of th‘?u}
implanted signaling circuitry, including the coikatation
power, is less than 50 uW. The proposed inducting |
hysteretic control method was demonstrated suadbssfith

a UTET system operated in an ultrasonic test tamkaf |15
distance range of 20 mm to 85 mm between the ingudamnit

and the external unit.

[16]
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