US 2017011775

a9y United States
12) Patent Application Publication (o) Pub. No.: US 2017/0117753 Al

Al

b
3

Charthad et al. 43) Pub. Date: Apr. 27,2017
(54) DYNAMIC RECONFIGURATION FOR AGIB 5/07 (2006.01)
MAXIMIZING THE OVERALL LINK AG6IN 1372 (2006.01)
EFFICIENCY OF ENERGY RECEIVERS IN A AGIB 5/03 (2006.01)
RELIABLE IMPLANTABLE SYSTEM A6IB 5/145 (2006.01)
AGIB 5/00 (2006.01)
(71) Applicant: The Board of Trustees of the Leland A61H 21/00 (2006.01)
Stanford Junior University, Palo Alto, HO02T 7/02 (2006.01)
CA (US) A61B 5/04 (2006.01)
(52) US.CL
(72)  Inventors: Jayant Charthad, Stanford, CA (US); CPC oo, HO2J 5015 (2016.02); HO2J 7/025
Marcus J. Weber, Palo Alto, CA (US); (2013.01); A6IB 5/01 (2013.01); AGIB 5/076
Mohammad Amin Arbabian, San (2013.01); AGIB 504001 (2013.01); A6IB
Francisco, CA (US); Ting Chia Chang, 5/036 (2013.01); A61B 5/14503 (2013.01);
Stanford, CA (US) AG61B 5/4845 (2013.01); AGIH 21/00
(21) Appl. No.: 15/282,417 (2013.01); A6IN /37217 (72/22?5(82)’1[3{%25
(22) Filed: Sep. 30, 2016
(57) ABSTRACT
Related U.S. Application Data . o i .
Efficient power transmission from an acoustic transmitter to
(60)  Provisional application No. 62/244,456, filed on Oct. an electrical load on an implanted device is provided using
21, 2015. a control system that at least varies the transmitted acoustic
. L frequency. Varying the transmitted frequency can change the
Publication Classification electrical impedance of the acoustic transducer in the
(51) Imt. CL receiver that receives power from the transmitter. This
HO2J 50/15 (2006.01) ability to vary the transducer impedance can be used to
A6IB 5/01 (2006.01) optimize power delivery to the load.

Power and Data
Transmitter (Tx) [€

nsource
~—
\%// Vmedium
Receiver unit
\i !

Ener Reconfigurable .—{ Power Sensing
Receive?S(/Rx) Matching Recovery Electrical and —
; = Network Circuits Load Processing
b Nmatch ] Meircuit Unit

A A

172



Patent Application Publication  Apr. 27,2017 Sheet 1 of 14 US 2017/0117753 Al

104

—
R
|_l
(o]
|_L
[@ ]
—k
|_.
—
—
R

14
FIG. 1
Power and Data
Transmitter (Tx) (€
Nsource
~—
\\_—j Tmedium
Receiver unit ooy
v 1
Ener Reconfigurable |— Power [ — Sensing
F{eoeive?)(/Rx) Matching Recovery Electrical and e
n S Network Circuits Load Processing
e 11maﬂch ] ncircuit ] Unit
A A

7122
FIG. 2



Patent Application Publication  Apr. 27,2017 Sheet 2 of 14 US 2017/0117753 Al

300 — T '

Impedance (k<)

[ = -If]aginary

00 ' . ‘
0.8 1.0 1.2 1.4 1.6
Frequency (MHz)

FIG. 3A

o © o =
~ O (ol o
U B R

—
N
—

©
o

Power Conversion Efficiency

0.8 1.0 1.2 1.4 1.6
Frequency (MHz)

FIG. 3B



Patent Application Publication  Apr. 27,2017 Sheet 3 of 14 US 2017/0117753 Al

Ultrasonic Receiver

A e Series
piezo °«'eo ; " § ; )
; H g Power
; C Recovery
: ; and
]
) . Electrical Loads
; f«% ' = Power
PG, =R Recovery
I & a‘,
; {LT ; and
: : Electrical Loads
L



Patent Application Publication  Apr. 27,2017 Sheet 4 of 14 US 2017/0117753 Al

504

FIG. 5



Patent Application Publication  Apr. 27,2017 Sheet 5 of 14 US 2017/0117753 Al

610
602
612 614 616 618
604
620
6224 /\./D
606 6220 ~ N 624 | |626 | |628
622¢c /|

o
(9]
O

FIG. 6



Patent Application Publication  Apr. 27,2017 Sheet 6 of 14 US 2017/0117753 Al

702

FIG. 7



US 2017/0117753 Al

100~

Impedance (kQ)
)

09 10 11

1.2

Frequency (MHz)

FIG. 9

1.3

Patent Application Publication  Apr. 27,2017 Sheet 7 of 14
N
N
PCE PME Nacoc
in V
!
——|r,»
il T
Ultrasonic | | Matching Power Pous
Receiver Network Recovery 10 pW -1 mW
FIG. 8




Patent Application Publication  Apr. 27,2017 Sheet 8 of 14 US 2017/0117753 Al

2
v 5 LW
Co = é‘né’és(} - kéﬂ?
R 8Cok3
] (q == i
_l— - 1 T{z - 8;6:?%
-—)p T CO C1 1
Ly = T
L1 . 4ﬁaf'~;zcci
R 1 A AN
1

- ~ R -
8kiaficCo  Zc >

FIG. 10

1106




Patent Application Publication  Apr. 27,2017 Sheet 9 of 14 US 2017/0117753 Al

400 — 1.2
g 1.0
x 100 ]
§ ‘{},8
3 0.6 §
2 .
£ 9 04
§ :{}.2
,3 Dk -; N 1 N i A § i .
0 g 10 11 12 13 14
Frequency {MHz)
FIG. 12A
PZT5H
400 rmrmmgrmerrpree gy 4 2
- 1.0
3 ‘i{}si .
& g 0.8
g )
. e
3 10¢ 0.4
E: : 0.2
2 ’ 4
1 NP, PRI U S NSO NV VO T GG
08 09 10 11 12 13 14
Frequency {MHz)

FIG. 12B



Patent Application Publication  Apr. 27,2017 Sheet 10 of 14  US 2017/0117753 Al

BaTiO
400 et .2

= 41.0
& 100L .
S
£ '
o] - i
2 1ol g
£
§ \
x

'§ A ; AN NN W, :‘. e.{}

12 13 14 15 16 17 18

Frequency (MHz)

FIG. 12C



Patent Application Publication  Apr. 27,2017 Sheet 11 of 14  US 2017/0117753 Al

External
Transmitter Adapting Transmitted Frequency and Output Power
W
— ] pung g y p
AN
S~
N
o - - P - * v L afedisenendadied LR Akl “
1 1 1 ] i | [ ] t
: — — T {} w ]
‘ | )
: ! :Programmab!e: Rm"’: b :
i i 11 Capacitive I Power 1 oot S
I bed ]
it Receiver 1 1 Network I Recovery ¢ | 1ouw-1mw
—————————————————— & oo oo o o - Lo v om o oo o
PCE PME r‘d( de
Configuring Capacitive Network
FIG. 13
Ultrasonic Receiver ' 7 R
prmmsmmmmmmmssemno e v Tpiezo T Series pieza  in
L7 =R _+X,
: piezo plezo piezo : H | Iﬂ :
| M ]
: ! i N f Power
: V.. : A Recovery
: ! i g and
] ]
: . i } Power Loads
! R R I S
] ]
i piezo:: piezo+-l piezo E E--;;-__-__-E
) : — i Power
] I ] 1
i Vv g i G, i Recovery
ocC
i : | C, i and
1 ]
: ! ; : Power Loads
————————————————————— -+ L



Patent Application Publication  Apr. 27,2017 Sheet 12 of 14  US 2017/0117753 Al

200 ey 30
4 |
: ) foes oy
§ 100 b i &
= N eeenees CS 120 (}“
g o
S 100} 8
® : s 8
F: : S 41005
50 : T
¢ 50} e 8
. .'. .‘Q& {}
't 1 IR A .. - By
10u 100u im
Load Power, P__ (W)
FIG. 15A
1.0
. Ly
0.8; 0
L 24
0.6 o
w v-r
s | o
“ 04l .
L 4
L ‘O
0.2} — Adaptive
_ «* 1= == Non-adaptive
00— .
10u 100u 1m
Load Power, P,__ (W)

FIG. 15B



Patent Application Publication  Apr. 27,2017 Sheet 13 of 14  US 2017/0117753 Al

1.0 ——
5
g 0.8} -
=
o> 0.6
c
2
2 04
Y
LU Optimization with
§ %7 C - PWEG PCE |
h H H |
0.0

...1.(.)0“ - 1m
Load Power, P,__ (W)

LN
o
-

FIG. 16



Patent Application Publication

Apr. 27,2017 Sheet 14 of 14

3.0 T

US 2017/0117753 Al

0 2.0
1.0F

piez

nimpiant

L4

iciency,

"

Total Eff

1.0
Frequency {MHz)

1.0

0.8+

0.6

0.4

0.0

11 12 13 "Q¥9 10

FIG. 17A

1.1

1.2 1.3

Frequency (MHz)

¥ T LA N LI L § ¥ ¥

| e Matching
- = = Series Matching
- +evveNon-adaptive

o

100y

FIG. 17B

Load Power, P,___ (W)

im



US 2017/0117753 Al

DYNAMIC RECONFIGURATION FOR
MAXIMIZING THE OVERALL LINK
EFFICIENCY OF ENERGY RECEIVERS IN A
RELIABLE IMPLANTABLE SYSTEM

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of U.S. provi-
sional patent application 62/244,456, filed on Oct. 21, 2015,
and hereby incorporated by reference in its entirety.

FIELD OF THE INVENTION

[0002] This invention relates to acoustically powered
implanted devices.

BACKGROUND

[0003] Implanted medical devices are of increasing inter-
est for a wide variety of medical applications. Providing
power to implanted medical devices has been performed in
various ways. For example, power can be provided to
implanted medical devices using RF (radio frequency) radia-
tion or inductive coupling. Another approach is ultrasonic
power transmission, which is expected to provide better
performance than electromagnetic power transmission for
implanted devices in some cases. US 2014/0336474 pro-
vides examples of ultrasonic power transmission, and is
hereby incorporated by reference in its entirety.

[0004] However, the design considerations for efficient
power transfer in an ultrasonic power transmission system
are substantially different from those that arise in connection
with electromagnetic power transmission for implanted
devices. Therefore, design approaches suitable for providing
efficient electromagnetic power transmission to implanted
devices aren’t applicable to ultrasonically powered
implanted devices. Accordingly, it would be an advance in
the art to provide improved ultrasonic powering of
implanted devices.

SUMMARY

[0005] The main idea of this work is to provide efficient
power transmission from an acoustic transmitter to an elec-
trical load on an implanted device using a control system
that at least varies the transmitted acoustic frequency. This
unusual feature of varying the transmitted frequency can
have many effects on system performance, but the effect of
greatest interest is its influence on the electrical impedance
of the acoustic transducer in the receiver that receives power
from the transmitter. This ability to vary the transducer
impedance can be used to optimize power delivery to the
load via impedance matching, where it is understood that the
impedances being matched may depend on power or other
operating conditions of the system (i.e., the overall system
is typically nonlinear).

[0006] In most cases, the real part of the transducer
impedance will roughly match the real part of the impedance
looking into the matching network, while the imaginary part
of the transducer impedance is positive (i.e., inductive) and
can be compensated using an adaptive and purely capacitive
matching network. This advantageously avoids the need to
use inductors as separate components for impedance match-
ing. Such avoidance of discrete inductors is beneficial
because in the frequency range of interest, the physical size
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of typically required discrete inductors is too large for use in
miniaturized applications like implanted medical devices.
[0007] To better appreciate this work, it is helpful to state
the problem to be solved more explicitly, with reference to
the example of FIG. 2. The total efficiency of the link is a
product of the efficiencies of all the sub-blocks of the
system, as shown in FIG. 2. .. includes the efficiency
and effective aperture of the Tx (transmitter). M,,.am
includes channel losses, including but not limited to: propa-
gation losses, diffraction, attenuation, reflections, impedance
mismatch of mediums, changes in range, misalignment and
rotation. 1), is the efficiency and effective aperture of the
Rx (receiver). m,,,,,, refers to the impedance match effi-
ciency between the power receiver and the matching net-
work as well as any losses in the matching network itself.
M e 10CIudes the efficiency of the power recovery circuit.
It can be noted that maximum overall link efficiency will be
obtained by tweaking each of these individual efliciencies,
and is not necessarily achieved at the maximum of any or all
of these individual efliciencies. During the operation of a
wireless power system, several factors may change or affect
the individual components of the system which can produce
a degradation in efficiency:

1) The Tx properties including efficiency, impedance and
beam pattern could change over time, potentially due to any
environmental variations, physiological state, positional
drift or rotation, or any objects surrounding the Tx.

2) The medium between the Tx and the Rx can be perturbed,
for instance: the distance between the Tx and Rx can change,
objects may enter the medium, the properties of the medium
could change due to temperature, pressure variations or
physiological state, etc.

3) Like the Tx, the Rx properties including efficiency,
impedance and aperture could also change over time, poten-
tially due to any environmental variations, physiological
state, positional drift or rotation, or any objects surrounding
the Rx.

4) The properties of the matching network and the power
recovery circuits could change due to environmental factors
such as humidity and temperature variations.

5) The electrical load is a function of the desired tasks being
performed, which can fundamentally change due to different
applications, as well as over time from different operation
modes in a system.

[0008] If the system is originally operating in a desired
state, these aberrations will lead to drift from that original
intended operating point over time. This will lead to a
sub-optimal operation of the system. The purpose of the
control system as described herein is to address this prob-
lem.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] FIG. 1 is a block diagram of an embodiment of the
invention.
[0010] FIG. 2 is a more specific exemplary block diagram

of an embodiment of the invention.

[0011] FIG. 3A shows the frequency dependence of the
impedance of an exemplary acoustic transducer.

[0012] FIG. 3B shows the power conversion efliciency of
the exemplary acoustic transducer of FIG. 3A.

[0013] FIG. 4 shows two examples of matching networks.
[0014] FIG. 5 is a diagram showing an embodiment of the
invention having a wearable acoustic transmitter in commu-
nication with a mobile device.
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[0015] FIG. 6 shows an exemplary embodiment of the
invention having multiple transmitters and receivers.

[0016] FIG. 7 is a further example of a multi-transmitter
configuration.
[0017] FIG. 8 is a schematic diagram of an ultrasonic

power recovery chain. An effective load impedance, R,,,
models the non-linear power recovery circuits, along with
the implant power load, P,

[0018] FIG. 9 is an impedance plot of a 1.5 mmx1.1
mmx1.1 mm ultrasonic receiver made from PZTSH mea-
sured with an impedance analyzer (Agilent 4294A).

[0019] FIG. 10 is a schematic diagram of the one-dimen-
sional series circuit model around fundamental resonance.
The circuit elements are functions of material constants with
length expander mode and dimensions as shown in the
equations.

[0020] FIG. 11 is a diagram of an exemplary ultrasonic
receiver package.

[0021] FIG. 12A shows the measured R ., (solid line),
the calculated R,,,,.,, from the series circuit model (dashed

line), and the measured power conversion efficiency, PCE
(dotted line), of the receiver made from PZT4.

[0022] FIG. 12B shows the measured R, (solid line),
the calculated R ..., from the series circuit model (dashed

line), and the measured power conversion efficiency, PCE
(dotted line), of the receiver made from PZT5H.

[0023] FIG. 12C shows the measured R ., (solid line),
the calculated R, from the series circuit model (dashed

line), and the measured power conversion efficiency, PCE
(dotted line), of the receiver made from BaTiOs.

[0024] FIG. 13 is a conceptual diagram of a dynamic
system with a programmable capacitive matching network
and a closed-loop data link between IMDs and the external
transmitter.

[0025] FIG. 14 is a schematic diagrams of the power
recovery chain for off-resonance operation with series or L
matching networks. The ultrasonic receiver is represented as
aThévenin’s model. Z', , is the effective load impedance that
the receiver sees before the matching network, and 7',,..,,, is
the input impedance seen from the non-linear power recov-

ery circuit and loads.

[0026] FIG. 15A shows simulated values of R,,,.., (solid
line), required R, (dashed line) for optimal matching and
capacitance, C, (dotted line), as a function of P, using the
series matching network with the PZT4 receiver of section

B4.

[0027] FIG. 15B shows optimized PME with adaptive
matching (solid line) and the PME without adaptive match-
ing (dashed line) versus P, .

[0028] FIG. 16 shows simulated total implant efficiency
calculated from (1) with optimization of only PME (solid
line) and co-optimization considering both PME and PCE
(dashed line).

[0029] FIG. 17A shows measured X ...,
PZT4 receiver.

[0030] FIG. 17B is a comparison of 0,,,,,,,,, from simula-
tion of system using the L matching network (solid line),
series matching network (dashed line), and non-adaptive
system (dotted line). A boost in efficiency is observed
throughout the relevant range of P, Measurements at six
different P, , are represented by circles. ADS simulation
and measurement are in good agreement.

and Q,,,.,, of the
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DETAILED DESCRIPTION

A) General Principles

[0031] As indicated above, the main idea is a control
system for ultrasonic power transmission to an implanted
device having acoustic frequency as one of the variables
under control. An exemplary embodiment of the invention is
shown on FIG. 1. This example is a system for providing
power to an implanted receiver. It includes an acoustic
transmitter 102 configured to provide acoustic radiation
having an acoustic frequency f, a receiver unit 104 config-
ured to be implanted into a biological subject, and a system
controller 114.

[0032] Receiver unit 104 is configured to receive the
acoustic radiation and to be powered by the acoustic radia-
tion. Receiver unit 104 includes an acoustic transducer 106
configured to receive the acoustic radiation and to provide
an input electrical AC signal, an adaptively reconfigurable
electrical impedance matching network 108 configured to
receive the input electrical AC signal and to provide an
output electrical AC signal, a power recovery circuit 110 and
an electrical load 112. The electrical impedance matching
network 108 is capacitive without including any inductors.
The power recovery circuit 110 is configured to receive the
output electrical AC signal and to provide DC power to the
electrical load 112.

[0033] System controller 114 is configured to a) alter one
or more controlled system parameters including the acoustic
frequency f, and b) alter a configuration of the adaptively
reconfigurable electrical impedance matching network;
responsive to changes in one or more system variables to
control power delivery from the acoustic transmitter to the
electrical load. Practice of the invention does not depend on
where the components of the system controller are located.
System controller components can be on a separate unit
(e.g., 114 on FIG. 1), and/or can be included on transmitter
102 and/or can be included in receiver unit 104 in any
combination. The initial operating point of the system could
have been designed with specific properties and then the
system could have calibrated itself using sensing and system
reconfiguration at startup and during operation.

[0034] As indicated above, it is preferred for the system to
be operating at or near a frequency range where the trans-
ducer reactance is positive. Here a “positive reactance band”
of an acoustic transducer is any frequency band in which the
acoustic transducer provides a positive reactance (i.e., has a
positive imaginary part of its electrical impedance). The
“inductive band” of an acoustic transducer is any positive
reactance band of the acoustic transducer+/-20% in fre-
quency. More specifically, if the positive reactance band is
I, =f<f, the corresponding inductive band is 0.8 f;=<f<1.2 f,.
Preferably the system operates in the inductive band as
defined above.

[0035] In preferred embodiments, the acoustic frequency
is controlled by the system controller such that the imped-
ance of the acoustic transducer (e.g., Z1 on FIG. 2) is tuned
to impedance match the impedance as seen at the input of the
adaptively reconfigurable electrical impedance matching
network for an electrical load (e.g., 72 on FIG. 2). “Imped-
ance match” as referred to herein denotes an exact imped-
ance match or an approximate impedance match to within
50% (i.e. considering the reflected power to be within 50%
of available power). More specifically, two complex imped-
ances Z1 and 72 are matched if Z1=72* (where * denotes
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complex conjugate) or if 171 =Z2*("2<0.5 |Z1+721"2. This
definition is typically applied to linear circuits, but in many
cases, especially with non-linear power conditioning cir-
cuits, equivalent impedance can be derived while taking into
account the non-linearity. In some cases the equivalent
impedance can also be time-varying, especially when energy
storage components are involved in the system. In certain
scenarios, due to limitations of the transducer, matching
network, and power recovery circuits, an exact impedance
match may not be achievable; in those cases, impedance
match refers to maximum possible impedance match that
can be obtained or within 50% of the maximum possible
impedance match.

[0036] In preferred embodiments, the acoustic frequency
is controlled by the system controller such that the end to
end power transmission efficiency from transmitter to load is
locally maximal. More specifically, perturbations to the
system operating point will cause the controller to seek a
frequency that provides increased or maintained efficiency
relative to the pre-perturbation operating point. System
control according to this principle is expected to inherently
result, in most cases, in impedance matching and operating
with the acoustic transducer in its inductive band as
described above.

[0037] The acoustic transmitter can be configured to pro-
vide continuous acoustic radiation. Here the acoustic fre-
quency is varied continuously by the system controller.
Alternatively, the acoustic transmitter can be configured to
provide pulsed acoustic radiation. Here the acoustic fre-
quency can be varied from pulse to pulse and/or varied
within pulses by the system controller.

[0038] The controlled system parameters can be param-
eters including but not limited to: power from the acoustic
transmitter, beam pattern of the acoustic radiation, phase of
the acoustic radiation, pulse duration of the acoustic radia-
tion, and duty cycle of the acoustic radiation.

[0039] The properties of the Tx such as its efliciency,
transmission power, impedance, and beam pattern can be
controlled by system parameters such as operating fre-
quency, input power level, or time delay between elements
on the Tx. For instance, if the implant drifts or rotates in any
direction, the Tx can be adaptively beam-formed in order to
maintain maximum efliciency. Additionally, the transmitted
power could also be increased if the Rx platform rotates or
drifts, in order to support a given load power. The transmit-
ted power could also be increased if the load requirement
increases or if the system detects a low available power at
the Rx due to any variations. Similarly, the transmitted
power could be reduced and operating frequency can be
changed when the load requirement drops or the system
detects a greater than required available power at the Rx due
to any variations. An adaptive matching network and driving
circuits can be added to the Tx in order maximize the system
efficiency. Certain link aberrations may also require chang-
ing the phase of the Tx output waveform, changing the ON
time of the Tx, or changing the duty cycle of the Tx output
waveform. For instance, the Tx can provide power in bursts
of energy with an adaptable duty cycle, rather than continu-
ously providing power for a particular duration.

[0040] The system variables being monitored can include
but are not limited to: load impedance, acoustic transmitter
efficiency, acoustic transmitter impedance, acoustic trans-
mitter beam pattern, distance between the acoustic transmit-
ter and the receiver unit, transmission efficiency between the
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acoustic transmitter and the receiver unit, receiver unit
efficiency, receiver unit impedance, receiver unit aperture,
changes in parameters of the power recovery circuit, and
changes in parameters of the adaptively reconfigurable elec-
trical impedance matching network.

[0041] The electrical load can provide various functions,
including but not limited to: electrical stimulation, optical
stimulation, acoustic stimulation, neural recording, tempera-
ture sensing, pressure sensing, drug sensing, impedance
sensing, detecting biological species, heating, and data com-
munication. The electrical load can be an energy storage
device, such as a battery or a capacitor.

[0042] For charging a rechargeable battery or a storage
capacitor on the Rx, the transmitted power profile can be
shaped such that power delivery efficiency is maximized to
reach a desired voltage level on the battery or capacitor. By
adjusting the transmitted power profile from Tx, available
power from Rx can thus be controlled continuously. To
efficiently charge an energy storage element to a certain
voltage with a given time, a ramp profile of the transmitted
power of Tx is desired. The voltage level of the battery or
capacitor can be sensed and communicated back to the Tx
unit. The operation of the Tx and Rx, matching network, and
power recovery circuit can be adapted to optimize the total
link efficiency.

[0043] Electrical loads determine the operating condition
of the implant. The implant may be equipped with several
functionalities, such as electrical or optical stimulation,
neural recording, temperature and pressure sensing, and data
communication, which require different power levels. For
certain embodiments, system performs load interrogation
and dynamic system calibration for overall maximum power
transfer efficiency for electrical stimulation implants. The
implant can continuously or periodically monitor the imped-
ance of the tissue between electrodes and adjust the system
parameters including, but not limited to, the power transfer
frequency.

[0044] In some cases the electrical load is fixed rather than
dynamic. System control as described herein can still be
performed, where the system can be regarded as responding
to perturbations in system operation such as change of
environment or physiological state other than changes in the
load by altering at least the acoustic frequency to optimize
power transfer to the load.

[0045] The system controller can have sensors including
but not limited to: load power sensor, load voltage sensor,
load current sensor, output electrical AC signal voltage
sensor, transducer output impedance sensor, transducer out-
put voltage sensor, transducer output current sensor, receiver
unit temperature sensor, and acoustic transmitter tempera-
ture sensor. For example, if the load on FIG. 2 is a battery,
aload voltage sensor can be used to monitor how charged or
discharged the battery is (ie. the voltage level of the
battery).

[0046] In order to determine desired system parameters
and internal block parameters, and to know when they
should be varied, sensing of key system metrics is preferably
performed. For instance, monitoring the load power, output
voltage or current, input voltage of the power recovery
circuit, receiver impedance or voltage, the Tx voltage are
just some of the metrics which can be useful for character-
izing the system. Once desired system parameters are deter-
mined, then the entire system can be reconfigured Examples
of sensors are capacitor voltage or load current sensor, and
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comparator comparing to fixed/re-configurable thresholds.
In some embodiments, this block will also include ADC
(analog to digital converter), FSM (finite state machine) etc.

[0047] The power recovery circuit can also be adaptively
reconfigurable responsive to changes in the one or more
system parameters. FIG. 2 shows an example of this con-
figuration. Different implementations of the power recovery
circuits include only rectifier, rectifier with addition of
charge pump for different voltage/current ratio, rectifier with
voltage regulator for getting a regulated voltage, and so on.
Power recovery circuit can also include one or more storage
elements or no storage element. In addition, more electron-
ics can be included in the power recovery circuit in order to
adjust the effective impedance to further improve the match-
ing efliciency and thus overall efficiency.

[0048] Other reconfigurable parameters of the system
include but are not limited to input power to the Tx, Tx beam
forming pattern, matching network topology and compo-
nents, voltage and current transformation ratios in the power
recovery circuit, internal clock frequencies, and voltage and
current supplies.

[0049] The reconfigurable parameters are usually fre-
quency dependent; therefore, one can optimize system effi-
ciency by choosing an optimal frequency for different oper-
ating conditions. Most wireless power transfer links operate
at the resonance frequency of the Tx and Rx devices;
however, with adaptive matching and system reconfigura-
tion this is not necessary and will often result in non-optimal
efficiency, especially in the presence of link aberrations. For
example, both the impedance of Tx and Rx can be changed
with frequency. Similarly, efficiency and effective aperture
of Rx can also be controlled by frequency. As shown in
FIGS. 3A-B, the power conversion efficiency (1),,.) and the
impedance of an example ultrasonic transducer used in
ultrasonically powered implants is a function of frequency.
Nonazen C20 be optimized by operating at optimal frequency
for different power consumed by electrical loads.

[0050] Since the effective impedance of reconfigurable
matching network along with the power recovery circuit is
dependent on frequency, power level, and also on the input
voltage or current, if changes in the system parameters are
performed, the reconfigurable matching network should be
adjusted in order to maximize the power delivered to the
load by efficiently interfacing the power receiver to the
power recovery circuit. The matching network can be recon-
figured using several switches and passive and/or active
components (inductors, capacitors, transmission lines, bal-
uns or transformers, switched capacitor circuits or program-
mable on-chip capacitor array) for enabling a power match
to the receiver. Examples of reconfigurable matching net-
works for ultrasonically powered medical implants are
shown on FIG. 4. Here, the capacitance is adaptively
changed based on different electrical load power.

[0051] In certain scenarios, the system controller adjusts
the system parameters including the power transfer fre-
quency through a real-time closed-loop control. In certain
other cases, where the changes in the load or the system
parameters are predictable (e.g., during an initialization
prior to beginning closed loop control), the system controller
changes the system parameters, including the power transfer
frequency, in a pre-determined order. Here the system vari-
ables driving the control are predetermined (e.g., a pro-
grammed initialization sequence).
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[0052] FIG. 5 shows an exemplary embodiment where the
acoustic transmitter 506 is configured to be wearable while
it is acoustically powering implanted receiver units 508
and/or 510. Here receiver units 508 and 510 are implanted
in the body 502 of a user. Preferably, acoustic transmitter
506 is configured to be in communication with a mobile
device 504. This can provide a convenient way for the user
to be informed of system operation, status reports, diagnos-
tic results, etc.

[0053] For an ultrasound powered implantable system, the
external ultrasound power transmitting and data receiving
unit can be a wearable and/or flexible device contacted to the
skin; one example is a band aid device. The external unit
itself can be connected to a base station, which can be a
mobile device (e.g. phone), through RF wireless technology
or using wire. Closed loop processing can take place
between implant, wearable ultrasonic powering unit, or base
station, or any combination of these.

[0054] Systems according to the above-described prin-
ciples can include multiple transmitters, multiple receiver
units, and/or multiple transducers on a receiver unit, in any
combination. FIG. 6 shows an example having transmitters
602, 604, and 606, receiver units 610 and 620, and system
controller 630. Receiver unit 610 includes transducer 612,
matching network 614, power conversion circuit 616 and
load 618. Receiver unit 620 includes transducers 622a, 6225
and 622¢, matching network 624, power conversion circuit
626 and load 628.

[0055] Receiver unit 620 can be regarded as including two
auxiliary acoustic transducers (e.g., 6226 and 622c¢) in
addition to acoustic transducer 622a. An output of acoustic
transducer (622a) and outputs of the auxiliary acoustic
transducers (6225 and 622c¢) can be combined and provided
to the electrical load 620. This combining can be done
coherently or incoherently. In this case, the controlled sys-
tem parameters can further include a combining configura-
tion of the acoustic transducer and the one or more auxiliary
acoustic transducers.

[0056] Other functions can also be provided with multi-Tx
and/or multi-Rx configurations. The system controller can
be configured to provide location tracking of the receiver
unit combined with beam forming of the acoustic radiation
according to the tracked location of the receiver unit. FIG.
7 shows an example of this, where a Tx array 702 provides
beam forming that allows selection between multiple
implants 704, 706, 708, tracking motion of one or all of these
implants, and/or simultaneous powering of the implants via
transmission beam forming.

[0057] Adaptive beam-forming on the Tx can be used to
individually address and power one or multiple receiver
platforms. One method for adaptive beam-forming is to first
image the surroundings using the Tx and determine the
coordinates and orientation of each receiver platform. These
coordinates and orientation information can be stored in the
memory of either the Tx or the receiver platform or both.
Further, this data can be matched against the unique address
or code of each receiver platform and stored in the memory.
This operation of imaging the surroundings and storing the
relevant data can be performed periodically. Periodic updat-
ing is preferred due to reasons discussed above, including,
but not limited to: changes in environmental conditions of
the link, objects surrounding the link, misalignment and/or
rotation of the receiver platform, changes in the properties of
the electronic circuits, change in the electrical load, etc.
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Further, the receiver platform can communicate its unique
address, code or other information to the Tx by data trans-
mission.

[0058] Time multiplexing can be used by the Tx to power-
up and communicate with the receiver platforms. In certain
embodiments, the Tx can perform multi-lobe beam-forming
to simultaneously power-up and/or communicate with mul-
tiple receiver platforms. The Tx could also use multiple
frequencies to simultaneously power-up and/or communi-
cate with multiple receiver platforms. In such embodiments,
the link between each Tx and receiver platforms can be
dynamically reconfigured for optimizing efficiency sepa-
rately for each link.

[0059] Multiple Tx devices can be employed to power-up
a single or multiple receiver platform devices to offer more
flexibility for beam-forming, as well as to enable sufficient
power transfer without exceeding any regulations. A Tx may
be composed of a single element or a multi-element array.
[0060] In preferred embodiments, the receiver unit
includes a back-side structure having low acoustic imped-
ance (i.e., acoustic impedance of 10 Mrayl or less, more
preferably 2 Mrayl or less. FIG. 11 shows an example, where
the low acoustic impedance is provided by a back side air
gap. Here “Acoustic impedance” is specific acoustic imped-
ance having SI units (Pa s/m) also denoted as Rayl.

B) Experimental Demonstration

B1) Introduction

[0061] It has been proposed that implantable medical
devices (IMDs) employing neuromodulation therapies, or
“electroceuticals,” may supplant drugs as the primary treat-
ment for many neurological disorders. Unlike drugs which
freely diffuse about the body, neuromodulation therapies are
more targeted, allowing for the mitigation of unwanted
side-effects. There are already many neuromodulation
devices on the market or in development to treat disorders
like Parkinson’s and chronic pain; however, some of them
are large, invasive, and prone to causing infection. In order
to alleviate these issues, researchers are attempting to shrink
the implants down to millimeter or sub-mm sizes and
replace bulky batteries with reliable and highly efficient
wireless power links. Most of these researchers have focused
on RF or inductive powering, but as we have described in
previous studies, ultrasonic power delivery has several key
advantages over conventional RF and inductive powering
when shrinking down to the mm-scale. Namely, ultrasound
undergoes relatively small propagation losses through tissue
(~1 dB-MHz/cm) and has a high FDA allowed time-aver-
aged intensity (7.2 mW/mm?), making it ideal for efficient
power transmission at great depths (>5 c¢m). Additionally,
ultrasound has small wavelengths in tissue (e.g. 1.5 mm at
1 MHz) allowing for superior energy focusing down to
mm-spots, as well as more eflicient energy recovery from a
ultrasonic receiver.

[0062] Current and future IMDs may be equipped with
several functionalities, such as electrical or optical stimula-
tion, neural recording, and temperature and pressure sensing
within one module—these functions require a large range of
average implant load (P, ) typically ranging from 10 pW
to 1 mW. In addition, next-generation IMDs will be pro-
grammable with duty-cycled operation and different func-
tional modes, leading to dynamically varying P, ., for an
individual IMD. Static links can become inefficient with
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large load perturbations due primarily to impedance mis-
match between the power receiver and the non-linear power
recovery chain. As demonstrated below, an implant opti-
mally matched for 1 mW achieves less than 5% efficiency
when operated at 10 uW. Low efliciency is a major reliability
problem, leading to significantly reduced battery life of the
external source and potential loss of function of the IMD if
the required power cannot be achieved. Therefore, an ideal
power receiver should be tunable, along with the source, to
maximize the power matching efficiency over a wide variety
of applications and dynamic loads.

[0063] With proper choices of material and dimensions, a
piezoelectric ultrasonic receiver can be designed to be
mm-sized with an optimal electrical impedance for a highly
variable load. In addition, by using frequency as a degree of
freedom, we demonstrate off-resonance operation to modu-
late the receiver impedance for adaptive matching. In con-
trast, mm-sized implantable antennas, which are typically
operated in the low-GHz range to combat tissue loss, offer
much smaller radiation resistance and efficiency, due to
mismatch in aperture and wavelengths as well as dielectric
loading.

[0064] Inthis section, we first introduce the implant power
recovery chain for an IMD, and describe the impedance
match interface between the piezoelectric receiver and
implant loads. We consider the effect of average P,,,, on the
input impedance of the power recovery circuit and demon-
strate the concept of off-resonance operation for adaptable
impedance tuning. Then a design procedure is presented to
achieve the impedance specifications with a piezoelectric
receiver. The selection of material and dimensions for ultra-
sonic receivers greatly influences frequency of operation and
the impedance tuning range, so several different materials,
including bio-compatible options, are compared. Finally, we
use two adaptive matching topology examples to show
significant improvement in the total implant efficiency over
a non-tunable power recovery chain.

B2) Power Recovery Chain Under a Variable Load

[0065] A schematic diagram of an ultrasonic power recov-
ery chain for an IMD in the steady state is shown in FIG. 8,
which includes a piezoelectric receiver, a matching network,
power recovery circuits, and an average application load.
The total implant efficiency (1,,,,,,,) is determined by three
major components: the acoustic-to-electrical power conver-
sion efliciency of the receiver (PCE), the efficiency of the
power recovery circuit (W, ) and the power maiching
efficiency (PME) between the first two components. There-
fore, M;pzan; Can be represented as

Pioaa @
Rinplens = — = PCE* PME" fa¢_pe-

acou

where P, is the total incident acoustic power on top of the
receiver. There is extensive literature on designing power
electronics for power receivers to achieve high 1 ,. ¢
hence we focus on optimizing efliciency of the ultrasonic
receiver and impedance matching interface due to the large

variation of P,_,; in an IMD.

[0066] A first-order calculation can be made to model any
non-linear power recovery circuits, along with the implant
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load, as an effective average load impedance (R,,,) annotated
in FIG. 8 using the following equation:

2 @

where V,, is the peak input rectified voltage. As a first-order
estimation, when assuming a peak input of 2 V and 1, e
of ~80%, the effective resistance can be computed from (2)
to be between ~200 k2 and ~2 k€ for 10 pW to 1 mW load
powers. An input voltage of 2V is assumed since it is much
greater than typical CMOS thresholds, allowing for high
Nuc-pe (80%) while also remaining below typical CMOS
technology voltage limits. This calculation and the approxi-
mations are sufficient for our purpose of getting a first-order
estimate of the effective implant load since modest differ-
ences do not greatly influence the PME and further refine-
ments can be made using circuit simulators.

[0067] Inorderto achieve ahigh PME over the wide range
of R,,, a power receiver should exhibit a similar impedance
range as R,,.. F1IG. 9 shows an example measured impedance
profile of a mm-sized ultrasonic receiver made from Lead
Zirconate Titanate SH (PZT5H), a piezoelectric material,
with dimensions of 1.5 mmx1.1 mmx1.1 mm. As seen in the
figure, there is nearly two orders of magnitude change in the
real part of the impedance (R,;,.,) between the short-circuit
(f,.) and open-circuit (f,) resonances. The large value and
range of R,,,,.., offers a significant advantage for powering
various P, ,, With the appropriate design methodology to
choose material and dimensions of the ultrasonic receiver,
R ;... can be tuned to match the targeted R, range. Further-
more, we can leverage the inherent inductive nature of a
piezoelectric receiver operating around mechanical reso-
nance, in a band hereinafter referred to as the inductive band
(IB), for impedance matching to obtain high PME. Conven-
tionally, passive reactive components are used in order to
perform impedance matching. Though large inductance
around MHz is not practical when the form factor of
implantable device is limited to mm-dimensions, capaci-
tance is easy to obtain in a small volume or even on chip.
The large inductive reactance with a reasonable quality
factor in the IB, allows for impedance transformation with
purely capacitive matching networks. Depending on the
operating frequency and the topology of the matching net-
work, the required matching capacitance ranges only from
~1 pF to 40 pF. The details of the matching network design
will be described in section BS.

B3) Ultrasonic Receiver Design for IMDs

[0068] In this section, we focus on how to obtain the
impedance behavior discussed in Section B2 by introducing
a first-order circuit model that aids with the design process.
The model provides sufficient accuracy for capturing the
frequency behavior of the impedance and the radiation
resistance of the piezoelectric receivers.

B3a) Ultrasonic Receiver Modeling

[0069] We use the one-dimensional series circuit model
shown in FIG. 10 for first-order design of the piezoelectric
receivers around fundamental resonance. The model has a
series RLC tank with the intrinsic capacitance of the device
(C,) in shunt. The circuit element values are determined by
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width (w) and thickness (t) of the device, the piezoelectric
material properties: relative permittivity (€7), electrical-
mechanical coupling constant (ks,), acoustic impedance of
the material (Z.), front acoustic loading (Z), and back
acoustic loading (7). The model is more accurate when 7,
7 <<Z .. This condition is satisfied in the design as the front
of the device is loaded by tissue (7, =1.4-1.6 MRayls)
when implanted in the body, and the receiver is designed
with air backing (7, =400 Rayls) to minimize the effect of
mechanical damping. Using this model, we investigate four
different materials, PZT4, PZT5H, Barium Titanate (Ba-
TiO;), and Lithium Niobate (LiNbO,), and compare their
performances as ultrasonic receivers for IMDs. PZT4 and
PZT5H are common piezoelectric materials widely utilized
in imaging and sensor transducers. BaTiO; and LiNbO; are
lead-free piezoelectric materials and are potentially bio-
compatible. The material properties, assuming length-ex-
pander bar mode (LE mode) operation, are listed in Table I.
LE mode is utilized here as it provides better approximation
when the aspect ratio of the receivers (G=w/t) is constrained
below unity in order to reduce the overall implant volume.

TABLE I

Material properties for length expander bar mode

PZTA PZT5H BaTiO;  LiNbO,
Density, p (kg/cm3) 7500 7500 5700 4640
Sound velocity, v (m/s) 4100 3850 5000 6400
Acoustic impedance, Z. 30.8 289 285 29.7
(MRayl)
Electro-mechanical 0.70 0.75 0.5 ~0.5
coupling coefficient k33
Relative Permittivity e’ 1300 3400 1700 30
Mechanical Quality 500 65 300 >1000
Factor

B3b) Selection of Dimensions and Materials for Receiver

[0070] The thickness of the receivers, t, and the sound
velocity of the piezoelectric materials, v, are the main
parameters for positioning the fundamental resonance. The
f _and f _ for G<<I are given as,

= (©)
fOC - 2[5
)
83
Jio= \ 1+ 2 Jocs
where f,_ is lower in frequency than f,_, and they are related

by ks;, which in turn determines the span of the IB. The
resonance frequencies are inversely proportional to thick-
ness of the material; thus, thinner devices have higher
operating frequency. Due to mode coupling from finite
width, the fundamental resonances will shift to slightly
lower values for a practical aspect ratio. A correction factor
of 1 to 0.7 for G=1 can be inserted into (3) and (4) for more
accurate determination of resonances. Nonetheless, this
small shift does not have significant impact on the design
process.

[0071] We aim to operate the devices with an IB between
~1-2 MHz as a trade-off between acoustic propagation
losses through soft tissue (~1 dB-MHz/cm) and overall
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implant thickness. Based on (3), (4), and the material
velocities listed in Table I, we can position the IB sufficiently
close to the target range for all four materials using a
thickness of 1.5 mm. Table I shows the calculated 1-D
resonance frequencies for different materials. Receivers
made from PZT4 and PZTSH have lower resonance fre-
quencies than those made from BaTiO; and LiNbO, due to
lower sound velocity.

TABLE II

Calculated resonance and impedance assuming

PZT4 PZTSH BaTiO;  LINbO,
£, (MHz) 1.06 095 1.49 1.90
R, (kQ) 248 115 1.94 82.5
£, (MHz) 137 1.28 1.67 213
R,. (kQ) 244 119 56.6 2612

t=1.5 mm, w=1.1 mm, 7Z,=1.5 MRayls and 7,~0 MRayls.

[0072] The area of the ultrasonic receiver and piezoelec-
tric materials offers another trade-off between implant size
and power capture area. As an example demonstration, we
choose a lateral dimension, w, of 1.1 mm and use material
as a design parameter to achieve the desired impedance
range. Shown in FIG. 9, the off-resonance resistance in the
1B is bounded by short circuit resistance, R, and open
circuit resistance, R .. Using the chosen dimensions, acous-
tic loadings, and the material properties in Table I, R,_ and
R, can be calculated with the following equations derived
from the series circuit model,

| Ze4Zp 1 2 (5)
Ry = 8k2 C Z « 3 ﬁ
3fcCo Ze ov2eTk3(1 - k3)2
Whfe Z iy ©

s = 5 & T2
PRCGZA T gy i

Equations (5) and (6) also show the direct relationship of R
and R, to the material properties under the assumption of
given acoustic loadings (i.e. tissue and air for front and
backing loading respectively). The calculated values for a
thickness of 1.5 mm and width of 1.1 mm are shown in Table
II. R, and R__ are similar for receivers made from PZT4,
PZT5H, and BaTiO,; in addition, these materials offer an
off-resonance resistance range that is well-matched to the
desired R,, from Section B2. Conversely, the resistances for
receivers made from LiNbO,; are nearly two orders of
magnitude higher due to drastically lower relative permit-
tivity as captured by (5) and (6). Although increasing the
area of the piezoelectric receivers can be used to lower
impedance range, this is undesirable for the purpose of
miniaturization. Therefore, LINbOj; is not a preferred mate-
rial for mm-sized implants of the specific targeted power
range in this work, while PZT4, PZT5H, and BaTiO, are
well-suited for our applications.

[0073] The above arguments are not meant to be a com-
prehensive analysis of all piezoelectric materials and sizing,
but are provided to demonstrate various tradeoffs given a
target power level and volume. Depending on the require-
ments of the application, a similar analysis can be carried out
to investigate the feasibility of different materials and
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dimensions. For example, with the given dimensions, single
crystalline piezoelectric materials such as PMN-PT (Lead
Magnesium Niobate-[ead Titanate) are more suitable for
applications requiring a higher power range (>1 mW) due to
their large €7 (~5000) and k., (~0.9). One can also tune the
properties of the piezoelectric materials by utilizing a com-
posite piezoelectric transducer. Additionally, for shallow
IMDs (<5 cm), a shorter link reduces the acoustic loss
through tissue, and thus, higher frequency operation can be
used to further scale down the thickness and width of the
receiver while maintaining the desired impedance range.

B4) Characterization of Receivers

[0074] Ultrasonic receivers were built using PZT4,
PZT5H, and BaTiO, to compare the general impedance
behavior with the first-order analysis. We also measured
acoustic-to-electrical power conversion efficiency, PCE,
across the IB for each material. The PCE is defined math-
ematically as,

Pavete  Pavete Q]
PCE= 2 _ 2k
P, acou 104

where P, ; is the available electrical power and P, is the
incident acoustic power, which is the product of incident
acoustic intensity on top of the receiver characterized by a
hydrophone, I,,, and physical area of the receiver, A. PCE is
the acoustic-to-electrical efficiency analogue of aperture
efficiency of an antenna. It varies across frequency and does
not depend on electrical loading or characteristics of the
ultrasonic transmitter so long as the receiver is in the
far-field.

[0075] All piezoelectric receivers have a thickness of 1.5
mm, were diced to a width of 1.1 mm, and were packaged
on top of a printed circuit board (PCB). We designed the
package to minimize the total volume of the device. A bond
wire and copper sheet were used to establish top and bottom
electrical connections to receivers’ electrodes. Air backing
was created by sealing the via hole on the PCB. FIG. 11
shows the diagram and the photo of the package. Here 1102
is the piezoelectric receiver, 1104 is the copper sheet, and
1106 is the printed circuit board.

[0076] The receiver was immersed in a custom tank filled
with mineral oil (1.16 MRayls) in order to minimize elec-
trical parasitics and mimic the acoustic loading of body
tissue. The ultrasonic transmitter (Olympus A303S) and the
receiver were spaced at a distance of 6.0 cm to ensure both
devices are in the far-field region. In practice, one would use
a focusing array to get higher link efficiency, but here we are
only interested in characterizing the ultrasonic receivers,
independent of the transmitter.

B4a) Measured Resonances and Impedances of Receivers

[0077] We characterized the impedance profile of the
ultrasonic receivers using an impedance analyzer (Agilent
4294A). FIGS. 12A-C show the measured and calculated
R .., from the series circuit model with a correction factor
of 0.93 (for G ~0.7) to correct resonance frequency. The
values of the resonance frequencies, R, and R, are listed
in Table III. We omit the reactance across the IB since we
can utilize a capacitor-only matching network to cancel the

reactance as described in section B5. The measured R

\piezo
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curve (solid lines) has lower mechanical quality factor
compared to the first-order model (dashed lines) since the
model does not take into account the loss from material and
package. Nonetheless, the range of measured R ., agrees
reasonably well with the first-order model. For each mate-
rial, R, spans much of the ~2 kQ to ~200 k€2 targeted
range in the IB, suitable for IMDs. The measurement results
demonstrate the utility of the series circuit model as a
first-order design tool for IMD receivers.

TABLE III

Measured resonance frequencies and impedances

PZT4 PZT5H BaTiO,
f,. (MHz) 0.96 0.82 145
R,. kQ) 2.8 1.74 446
f_(MHz) 127 1.19 1.58
R,. kQ) 154 120 402

B4b) Measured PCE of Receivers

[0078] PCE is computed from measured open circuit AC
voltage across the terminals of the receiver along with the
measured impedance for a given [,. Measured PCE in the IB
is also plotted in FIGS. 12A-C (dotted lines). Measurements
for receivers of three different materials all present high PCE
with variation across the entire IB. Similar to aperture
efficiency for antenna, PCE larger than unity is possible for
small resonators. As an example, even with a worst case
PCE of 30%, we are still able to obtain 1 mW of time-
averaged available power with less than 40% of the FDA
limit (7.2 mW/mm?). The PCE plots indicate that off-
resonance operation can be utilized to transfer power effi-
ciently for various P, .

BS) Adaptive Matching to Maximize Efficiency

[0079] With the favorable impedance profile designed and
measured in the previous sections, we now demonstrate how
to operate these piezoelectric receivers efficiently for a
dynamically varying P, ., The total implant efficiency,
Nimpian: from (1) is maximized by utilizing the full span of
R,,.... across the IB with capacitive-only matching networks.
A truly dynamic design would implement a programmable
capacitive matching network, such as switchable capacitor
banks, to match the inductive reactance from the receiver at
different operating frequencies. A closed-loop system with
data uplink can be used to adaptively change the transmit
frequency and acoustic intensity for various P,, ;. FIG. 13
shows a conceptual diagram of a closed-loop system with an
adaptive power recovery chain.

[0080] Series and L matching networks, shown in F1G. 14,
can be used to increase 1,,,,,,.,,,- More complicated schemes
can also be chosen for the same purpose. Measured char-
acteristics of the PZT4 receiver in section B4 are used to
illustrate the operation and efficiency gain of the two match-
ing networks compared to a non-adaptive system. As seen in
FIG. 14, the receiver is represented as a Thévenin model
with an open circuit root-mean-squared voltage, V,_, equal
to/4P,, _.R, ... A commercial full-wave bridge rectifier is
selected as an example of the power recovery circuit in the
power recovery chain in FIG. 8. Due to the nonlinearity in
the power recovery circuit, a more accurate characterization
of R,,, looking into the rectifier and load requires an iterative
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approach. Therefore, circuit simulations were performed
using Keysight Advanced Design System (ADS) to obtain
the optimal adaptive matching parameters at various load
powers. In the simulations, output voltage is constrained to
be 2 V and different load resistors are used to model different
P, .. Measurements on matching networks are also per-
formed to verify the simulation results using the same
components.

B5a) Series Matching Network

[0081] The top part of FIG. 7 shows a series matching
network, the simplest implementation of a programmable
matching network. In order to maximize PME, 7', and
R,, after the series matching network, or equivalently, Z,,..,,
and 7', before the matching network must be complex
conjugate pairs respectively. A series matching network can
be easily understood as matching 7',,,,, to R,. As P,
varies, the operating frequency is selected such that R ,,,., is
close to R,,,. The series capacitor, C,, is then configured to
cancel out the remaining inductive part of the receiver,
making 7', matched to R, The series matching network
is most effective when the range of R ..., in the 1B is large

enough to cover all possible R,
[0082] FIG. 15A shows the simulated values of R . and

R,, for optimal impedance matching as a functionpof Piond
from 10 pW to 1 mW. As anticipated from (2), R ,,,..,, follows
R;, and moves inversely with P;, .. The range of R,,._,
limits the load power for which optimal matching can be
obtained. For P, lower than 25 pW, required R,, becomes
100 large to be matched by R, in the IB of the receivers;
as a result, the optimal operating frequency stays at f__, and
the PME drops. The capacitance values used for C,, also
shown in FIG. 15A, range from 1 pF to ~15 pF, which is
easily achieved using on-chip capacitors for miniaturization.
FIG. 15B shows the comparison of the PME between an
adaptive system with a series matching network and a
non-adaptive system. PME with series matching is able to
reach almost 100% because of the presence of the tuned
network. For the non-adaptive case, a static resonance
frequency operation (at £, ) is assumed; its PME drops

significantly at lower load powers due to mismatch.

[0083] The analysis so far has only considered R, and
neglected the PCE, but the PCE could be taken into account
SINCE 1,1, 18 related to the product of PCE and PME by
(1). FIG. 16 shows the simulated 7, of the power
recovery chain including efficiency of the rectifiet, M ;- e
when PCE is considered in the optimization process. Note
that M o pc 18 about 80% over the entire range of load
power. The result shows that co-optimizing PCE and PME
together produces a higher 1;,,,,,,,, for some Py, ;. For the
PZT4 receiver, the difference is most prominent at higher
P, . from 100 uW to 1 mW, with a boost of nearly 10
percentage points at 1 mW. Therefore, maintaining an oper-
ating frequency in a high PCE region but with a suboptimal
PME can increase overall efficiency. This improvement is
significant because at higher power levels, higher efficiency
can reduce the required transmitted power.

iezo

B5b) L Matching Network

[0084] As seen in the comparison between simply maxi-
mizing PME and co-optimizing PME and PCE together, the
efficiency for the co-optimized case is larger for some P, .
To decouple these two parameters, we can introduce an
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additional degree of freedom into the system, allowing for
better optimization of 1,7,

[0085] An L matching network provides an additional
degree of freedom with the extra shunt capacitor in the
matching network. It can be used to transform the R, to a
higher or lower value depending on the topology and quality
factor of the matching network. Here, the network is
designed to transform R,, to match R, at the frequency
where PCE is optimal—concurrently maximizing both PCE
and PME. For the [ matching network scheme shown in the
bottom of FIG. 7, PME is maximized when 7', is the
complex conjugate of Z,,,,,. R,, is transformed down to a
lower effective resistance by C;, to match R ;... C; , is then
used to cancel out residual inductance from the piezoelectric
receiver such that an optimal match is obtained. This trans-
formation ratio is approximately bounded by the frequency
dependent quality factor of the receiver, Q,,,.,, defined as
Qpiczo™Xpiezo/ Rpiezor The ratio is given as,

®

R,

<l+ Q;iezo'

piezo

A meaningful transformation ratio thus can be achieved with
larger Q,,.,. From the series circuit model as well as
impedance measurement of the receiver, it can be observed
that materials with high k;; result in higher Q,,,.., in the
middle of the IB; therefore, using an L matching network is
more advantageous for material with high k,5. FIG. 17A
shows the measured reactance and Q,,,, of the PZT4
receiver in the IB. A comparison of optimized 1;,,,,2,.., for L
matching, series matching, and non-adaptive systems is
plotted in FIG. 17B. An increase of as much as 20 percent-
age points in 1,,,,,,,,,, 1 observed for the I matching network
in comparison to series matching, while a nearly 50 per-
centage point efficiency boost is obtainable compared to a
non-adaptive system operating at f__. The capacitances used
in the network are about 2 pF to ~20 pF. Depending on the
characteristics of the receiver, one can choose the appropri-
ate matching networks to increase the total implant effi-
ciency.

B5¢) Measurement with Two Matching Networks

[0086] We performed wireless power transfer measure-
ments for the power recovery chain at various load powers
to verify the results obtained from ADS simulations for both
matching networks. A full-wave bridge rectifier (same as the
one used in simulation) and discrete capacitors for imple-
menting matching networks are added onto the PCB board.
Both the rectifier and programmable capacitors can be
designed on-chip for further miniaturization. Different load
resistors modeling P, ,, are connected off the board. The DC
output voltage of the rectifier is measured through an
oscilloscope. Measured efficiency at six different P, for
the three different configurations are shown in FIG. 17B in
circles. The measurement results are in good agreement with
simulation, demonstrating the capability of using matching
networks for efficient power transfer.

B6) Conclusion

[0087] We utilize off-resonance operation of mm-sized
ultrasonic receivers to maximize power transfer efficiency of
IMDs with a wide range of power levels. The piezoelectric
receivers are designed to meet mm-dimensional require-
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ments while also achieving a favorable impedance range for
efficient power delivery. Materials and dimensions are iden-
tified as two of the major design variables to obtain the
desired impedance range for typical implant applications.
Theoretical analysis and experimental verification were pet-
formed to compare the performance of several different
materials—PZT4, PZT5H, and BaTiO, were concluded to
be well-suited for IMD powering and achieve high PCE.
Using a capacitive-only matching network, 1,,,,..,,,, for vari-
ous load powers can be maximized by utilizing the inductive
band impedance of the receiver, and thus avoiding the use of
conventional bulky inductors. Both series and L matching
networks are analyzed and compared to typical resonance-
based operation. The simulation and measurement results
show significant increases in the total implant efficiency for
a miniaturized implant with an ultrasonic receiver and a
proper matching network.

1. A system for providing power to an implanted receiver,
the system comprising:

1) an acoustic transmitter configured to provide acoustic

radiation having an acoustic frequency f;,

2) a receiver unit configured to be implanted into a
biological subject, wherein the receiver unit is config-
ured to receive the acoustic radiation and to be powered
by the acoustic radiation;

wherein the receiver unit comprises

1) an acoustic transducer configured to receive the acous-
tic radiation and to provide an input electrical AC
signal;

ii) an adaptively reconfigurable electrical impedance
matching network configured to receive the input elec-
trical AC signal and to provide an output electrical AC
signal, wherein the electrical impedance matching net-
work is capacitive without including any inductors;

i) an electrical load; and

iv) a power recovery circuit configured to receive the
output electrical AC signal and to provide DC power to
the electrical load; and

3) a system controller;

wherein the system controller is configured to
a) alter one or more controlled system parameters including
the acoustic frequency f, and
b) alter a configuration of the adaptively reconfigurable
electrical impedance matching network,
responsive to changes in one or more system variables to
control power delivery from the acoustic transmitter to the
electrical load.

2. The system of claim 1, wherein the acoustic transducer
has an inductive band, and wherein the acoustic frequency
is controlled by the system controller such that the acoustic
frequency is within the inductive band.

3. The system of claim 1, wherein the acoustic frequency
is controlled by the system controller such that the acoustic
transducer impedance is tuned to match an impedance as
seen at an input of the adaptively reconfigurable electrical
impedance matching network for the electrical load.

4. The system of claim 1, wherein the acoustic transmitter
is configured to provide continuous acoustic radiation, and
wherein the acoustic frequency is varied continuously by the
system controller.

5. The system of claim 1, wherein the acoustic transmitter
is configured to provide pulsed acoustic radiation, and
wherein the acoustic frequency is varied from pulse to pulse
and/or varied within pulses by the system controller.
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6. The system of claim 1, wherein the controlled system
parameters further include one or more parameters selected
from the group consisting of: power from the acoustic
transmitter, beam pattern of the acoustic radiation, phase of
the acoustic radiation, pulse duration of the acoustic radia-
tion, and duty cycle of the acoustic radiation.

7. The system of claim 1, wherein the one or more system
variables are selected from the group consisting of: load
impedance, acoustic transmitter efficiency, acoustic trans-
mitter impedance, acoustic transmitter beam pattern, dis-
tance between the acoustic transmitter and the receiver unit,
transmission efliciency between the acoustic transmitter and
the receiver unit, receiver unit efficiency, receiver unit
impedance, receiver unit aperture, changes in parameters of
the power recovery circuit, and changes in parameters of the
adaptively reconfigurable electrical impedance matching
network.

8. The system of claim 1, wherein the power recovery
circuit is adaptively reconfigurable responsive to changes in
the one or more system parameters.

9. The system of claim 1, wherein the electrical load
provides one or more functions selected from the group
consisting of: electrical stimulation, optical stimulation,
acoustic stimulation, neural recording, temperature sensing,
pressure sensing, drug sensing, impedance sensing, detect-
ing biological species, heating, and data communication.

10. The system of claim 1, wherein the system controller
includes one or more system sensors selected from the group
consisting of: load power sensor, load voltage sensor, load
current sensor, output electrical AC signal voltage sensor,
transducer output impedance sensor, transducer output volt-
age sensor, transducer output current sensor, receiver unit
temperature sensor, and acoustic transmitter temperature
sensot.

11. The system of claim 1, wherein the electrical load is
an energy storage device.
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12. The system of claim 1, wherein the system controller
is configured to provide location tracking of the receiver unit
combined with beam forming of the acoustic radiation
according to the tracked location of the receiver unit.

13. The system of claim 1, wherein the receiver unit
further comprises one or more auxiliary acoustic transduc-
ers, wherein an output of the acoustic transducer and outputs
of the one or more auxiliary acoustic transducers are com-
bined and provided to the electrical load.

14. The system of claim 13, wherein the output of the
acoustic transducer and the outputs of the one or more
auxiliary acoustic transducers are combined coherently.

15. The system of claim 13, wherein the output of the
acoustic transducer and the outputs of the one or more
auxiliary acoustic transducers are combined incoherently.

16. The system of claim 13, wherein the controlled system
parameters further include a combining configuration of the
acoustic transducer and the one or more auxiliary acoustic
transducers.

17. The system of claim 1, wherein the acoustic trans-
mitter is configured to be wearable.

18. The system of claim 17, further comprising a mobile
device in communication with the acoustic transmitter.

19. The system of claim 1, wherein the receiver unit
further comprises at least a back-side structure having
acoustic impedance of 10 Mrayl or less.

20. The system of claim 19, wherein the back-side struc-
ture has an acoustic impedance of 2 Mray] or less.

21. The system of claim 1, wherein the system controller
is configured to provide real-time control of the controlled
system parameters.

22. The system of claim 1, wherein the system controller
is configured to provide pre-determined changes to the
controlled system parameters.
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