(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
26 October 2017 (26.10.2017)

(10) International Publication Number

WO 2017/184083 Al

WIPO I PCT

(51) International Patent Classification:
H02J 50/80 (2016.01)

(21) International Application Number:
PCT/SG2017/050222

(22) International Filing Date:
20 April 2017 (20.04.2017)

(25) Filing Language: English
(26) Publication Language: English
(30) Priority Data:

10201603240Y 22 April 2016 (22.04.2016) SG

(71) Applicant: AGENCY FOR SCIENCE, TECHNOLO-
GY AND RESEARCH [SG/SG]; 1 Fusionopolis Way,
#20-10 Connexis North Tower, Singapore 138632 (SG).

(72) Imventors: YAO, Lei; c/o Industry Development, Institute
of Microelectronics, 2 Fusionopolis Way, #08-02, Innovis

Tower, Singapore 138634 (SG). CHEONG, Jia Hao; c/o
Industry Development, Institute of Microelectronics, 2 Fu-
sionopolis Way, #08-02, Innovis Tower, Singapore 138634
(SG). GAO, Yuan; c¢/o Industry Development, Institute
of Microelectronics, 2 Fusionopolis Way, #08-02, Innovis
Tower, Singapore 138634 (SG).

(74) Agent: SPRUSON & FERGUSON (ASIA) PTE LTD;
P.O. Box 1531, Robinson Road Post Office, Singapore

903031 (SG).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA,CH,CL,CN, CO, CR, CU, CZ, DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KH, KN, KP, KR,
KW,KZ,LA,LC,LK,LR,LS,LU,LY, MA, MD, ME, MG,
MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,

(54) Title: SYNCHRONIZED TIME-DIVISION WIRELESS POWER TRANSFER FOR MULTIPLE VOLTAGE APPLICATIONS

/206

202<

Pl
! Y ¢ - 10V
¥ %
: o
: :
: +1.8V,~220
¢ » . .
: 16 J_ :
[ 1
; T ;
% %
§ £3
#f ENVELOPE \ %
i | DETECTOR . ‘
; BY COMPARATORS [odg ¢\,
] %
v LSK 4

FIG. 2

wo 2017/184083 A1 | 0K 0000 O 0

(57) Abstract: A wirelessly powered implantable medical device, a system for synchronized time-division wireless power transfer,
and a method for closed-loop carrier waveform adaption for wireless power control are provided. The system for synchronized time-
division wireless power transfer includes a wireless transmitter for generating and transmitting time-division wireless power transfer
signals and a wirelessly powered device. The wirelessly powered device includes a wireless receiver for receiving the time-division
wireless power transfer signals and a time division switching module. The time division switching module is coupled to the wireless
receiver and generates multiple supply voltages synchronized to the time-division wireless power transfer signals for powering ditferent
circuitry of the wirelessly powered device.
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SYNCHRONIZED TIME-DIVISION WIRELESS POWER TRANSFER FOR
MULTIPLE VOLTAGE APPLICATIONS

PRIORITY CLAIM
[0001] This application claims priority from Singapore Patent Application No.

10201603240Y filed on 22 April 2016.

TECHNICAL FIELD
[0002] The present invention generally relates to systems and methods for wireless
power transfer, and more particularly relates to wireless power transfer systems and

methods for implantable medical devices.

BACKGROUND OF THE DISCLOSURE

[0003] Wirelessly powered implantable medical devices are under spotlight in
recent years both in academic and industry. One of the most important enabling
building blocks in such implantable devices is a wireless power management block
which receives power through an inductively coupled coil pair to provide power to
other functional blocks of the implantable device. Normally a versatile implantable
device would require multiple supply voltages for different types of functional blocks
such as an analog block, a digital block and a high voltage driver block. The circuit
architecture chosen to generate these multiple supply voltages and the power
efficiency of this circuit is an important design specification since it greatly affects the
overall performance of the implantable device including maximum implantation depth
(which is related to the efficiency of the wireless power link) and device form factor

(which is related to the number of external components).
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[0004] Conventionally, there are three topologies to generate multiple supply
voltages for wirelessly powered implantable medical device: (a) DC-DC voltage
conversion architecture, (b) multiple stage rectifier architecture, and (c) segmental
coil architecture. High efficiency DC-DC converters are available to build a high
efficiency wireless power management blocks. However, such DC-DC converters
require a number of bulky passive components such as inductors, capacitors and/or
diodes which require a large form factor for implantable devices utilizing such DC-
DC converters. Conventional inductive coupled wireless power transfer topologies
are a multiple stage rectifier solution which uses only coupling capacitors, but such
coupling capacitors still contribute to a large form factor. Additionally, the power
efficiency of such topologies is lower than the DC-DC voltage conversion
architecture because of the forward voltage drop on each extra rectifier stage.
Conventional segmental coil architectures use a receiver coil having a segmental
structure, which is problematic because such segmental coil structures and their

resonant matching network are difficult to construct.

[0005] Thus, an inductive coupled wireless power transfer topology is needed
which overcomes the drawbacks of prior art topologies and provides a wireless power
management block for an implantable device which provides a robust power link for
improved implantation depth and a minimized device form factor while still providing
efficient overall performance of the implantable device. Furthermore, other desirable
features and characteristics will become apparent from the subsequent detailed
description and the appended claims, taken in conjunction with the accompanying

drawings and this background of the disclosure.

SUMMARY
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[0006] According to at least one embodiment of the present invention, a wirelessly
powered implantable medical device receiving time-division wireless power transfer
signals is provided. The wirelessly powered medical device includes receiver
circuitry for receiving the time-division wireless power transfer signals and a time
division switching module. The time division switching module is coupled to the
receiver for generating multiple supply voltages in response to the time-division
wireless power transfer signals.

[0007] According to another embodiment of the present invention, a system for
synchronized time-division wireless power transfer is provided. The system includes
a wireless transmitter for generating and transmitting time-division wireless power
transfer signals and a wirelessly powered device. The wirelessly powered device
includes a wireless receiver for receiving the time-division wireless power transfer
signals and a time division switching module. The time division switching module is
coupled to the wireless receiver and generates multiple supply voltages synchronized
to the time-division wireless power transfer signals for powering different circuitry of
the wirelessly powered device.

[0008] According to a further embodiment of the present invention a method for
closed-loop carrier waveform adaption for wireless power control is provided. The
method includes generating time-division wireless power transfer signals having a
carrier waveform adapted for wireless power transfer and receiving the wireless
power transfer signals and generating multiple supply voltages synchronized to the
carrier waveform of the wireless power transfer signals. The method further includes
generating voltage detection results in response to the multiple supply voltages and
adjusting the carrier waveform of the wireless power transfer signals in response to

the voltage detection results.
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BRIEF DESCRIPTION OF THE DRAWINGS
[0009] The accompanying figures, where like reference numerals refer to identical
or functionally similar elements throughout the separate views and which together
with the detailed description below are incorporated in and form part of the
specification, serve to illustrate various embodiments and to explain various
principles and advantages in accordance with a present embodiment.
[0010] FIG. 1 depicts three diagrams of conventional topologies for generating
multiple supply voltages in a wireless power receiver.
[0011] FIG. 2 depicts a diagram of a synchronized time-division wireless power
transfer system in accordance with a present embodiment.
[0012] FIG. 3 depicts a flowchart of operation of the closed-loop power control
method of the synchronized time-division wireless power transfer system of FIG. 2 in
accordance with the present embodiment.
[0013] FIG. 4 depicts a diagram of a simulation setup of a synchronized time-
division wireless power transfer system in accordance with the present embodiment.
[0014] And FIG. 5, comprising FIGs. 5A and 5B, depicts signaling diagrams of the
closed-loop power control method produced by the simulation setup of of FIG. 4 in
accordance with the present embodiment.
[0015] Skilled artisans will appreciate that elements in the figures are illustrated for

simplicity and clarity and have not necessarily been depicted to scale.

DETAILED DESCRIPTION
[0016] The following detailed description is merely exemplary in nature and is not

intended to limit the invention or the application and uses of the invention.

4-
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Furthermore, there is no intention to be bound by any theory presented in the
preceding background of the invention or the following detailed description. It is the
intent of the present embodiment to present a synchronized time-division wireless
power transfer method and device to achieve both high efficiency and small form
factor with simple coil structure particularly designed for use in implantable medical

devices.

[0017] Referring to FIG. 1, typical inductive coupled wireless power transfer device
diagrams 100, 120, 140 depict three conventional topologies to generate multiple
supply voltages for wirelessly powered implantable medical device. As shown in the
diagram 100 of a conventional DC-DC voltage conversion architecture, a rectifier 102
is connected with a receiver (RX) coil 104 and converts AC power from the RX coil
104 into a single DC power supply 106. A DC-DC converter 108 is used to generate
multiple power supplies 110 from the output of the rectifier 102. High efficiency DC-
DC converters are available to build a high efficiency wireless power management
block but such DC-DC converters require a number of bulky passive components 112
such as inductors, capacitors and/or diodes, which necessitate large form factors for

implantable medical devices incorporating such DC-DC converters.

[0018] As shown in the circuit diagram 120 of a conventional multiple stage
rectifier solution, a first stage rectifier 122 provides a DC voltage of VDD and N
stages rectifiers 124 generate DC voltages of N x VDD to provide the multiple power
supplies 110. While only coupling capacitors (C; to Cy) 126 are required for this
solution, the coupling capacitors 126 also necessitate a large form factor.
Additionally, the power efficiency provided by the multiple stage rectifier solution

depicted in the circuit diagram 120 is lower than the power efficiency provided by the
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DC-DC voltage conversion architecture depicted in the circuit diagram 100 because

of the forward voltage drop on each extra rectifier stage.

[0019] A conventional segmental coil architecture is depicted in the circuit diagram
140. A RX coil 144 is designed in a segmental structure 146, which is equivalent to
two separate inductive coupling coils. Each of the segmental coils is responsible for
generating one of the multiple supply voltage 110. The major drawback with the
conventional segmental coil architecture is the difficulty to construct the segmental

coil structure 146 and its resonant matching network.

[0020] Referring to FIG. 2, a diagram 200 depicts a synchronized time-division
wireless power transfer system 202 in accordance with a present embodiment. A
wireless transmitter 204 generates and transmits time-division wireless power transfer
signals 206. A wirelessly powered device 210 includes a wireless receiver 212 for
receiving the time-division wireless power transfer signals and a time division
switching module 214 for generating multiple supply voltages 216 synchronized to
the time-division wireless power transfer signals 206 for powering different circuitry

of the wirelessly powered device

[0021] Instead of using a single power level carrier, the time-division wireless
power transfer signals 206 in accordance with the present embodiment uses a multi-
level carrier signal to transmit multiple power levels modulated on the carrier of the
signals 206. As depicted in the diagram 200, to obtain two supply voltages, two
power transfer signals having two power levels (Al and A2) and duty cycles (D1 and
D2) are modulated onto the same carrier. Two switches 216, 218 are used in a single-
inductor multiple-output (SIMO) DC-DC converter of the wirelessly powered device
210 to direct the two different power levels to generate different supply voltages 220,

222 (e.g., 1.8V and 10V) for supplying power to different circuitry of the wirelessly
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powered device 210. The timing of the operation of the switches 216, 218 is
synchronized to the power transfer signal modulation on the carrier by using an
envelope detector 230 as a switch timing module for control of the switches 216, 218.
Thus, in accordance with the present embodiment, two supply voltages can be
obtained without requiring multiple passive components (e.g., DC-DC converter 108)
in the wireless power receiver 214. Higher efficiency and less number of external
components can advantageously be achieved as compared to conventional multiple
stage rectifier structures (e.g., rectifiers 122, 124). And, as compared to conventional
segmental coil solutions (e.g., segmental coil 146), the wirelessly powered device 210

has simpler coil structure.

[0022] In accordance with the present embodiment, the synchronized time-division
wireless power transfer system 202 implements closed-loop power control and a
comparator 240 is used to sense the voltage value of voltage outputs 220, 222 and
generate voltage detection results. The voltage detection results are sent 242 back to
the wireless power transmitter 204 through a backscattering (LSK) module 244 to
adjust the amplitude (A1/A2) and duty cycle (D1/D2) of the two modulated power
levels of the signal 206. In this manner, the synchronized time-division wireless
power transfer system 202 advantageously utilizes system level regulation to keep the

output voltages 220, 222 to a pre-defined value.

[0023] Referring to FIG. 3, a flowchart 300 depicts operation of the closed-loop
power control method of the synchronized time-division wireless power transfer
system 202 in accordance with the present embodiment. The wireless power
transmitter 204 generates 302 the time-division (TD) power transfer signals 206 with
a carrier waveform defined by the amplitudes (A1/A2) and the duty cycles (D1/D2).

Then, the wireless power transmitter 204 transmits 304 and the wireless receiver 212
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receives 306 the time-division (TD) power transfer signals 206. The wireless power
receiver 214 generates 308 the multiple power supply voltages 220, 222 synchronized
to the carrier waveform. The comparator 240 detects 310 the voltage value of voltage
outputs 220, 222 and generates 312 voltage detection results. The voltage detection
results are backscattered 313 by the backscattering (LSK) module 244 for the wireless
power transmitter 204 to adapt 314 the amplitude (A1/A2) and duty cycle (D1/D2) of
the modulated power levels of the signal 206 in response to the voltage detection
results. Thus, in accordance with the method and system of the present embodiment,
the synchronized time-division wireless power transfer system 202 advantageously
utilizes system level regulation to keep the output voltages 220, 222 to a pre-defined

value.

[0024] To validate the proposed system and method, a system simulation was
performed using a circuit designed in a Global Foundries (GF) 0.18um 24V LDMOS
process and Verilog-A functional blocks. Referring to FIG. 4, a simulation setup
diagram 400 uses an actual coil model 402 and a signal generator 404 generates an
input carrier frequency set at 13.56 MHz. A rectifier 406 is designed as a four diode
full wave rectifier using a high voltage diode in GF 0.18um 24V LDMOS process.

All other functional blocks are implemented using Verilog-A.

[0025] Two 20nF capacitors 408, 410 are used as the storage capacitors for 1.8V
and 10V outputs 412, 414, respectively. The modulated carrier is generated by an
adaptive power amplifier of which the two power levels (A1/A2/D1/D2) are
controlled by a digital block 416. The digital block 416 receives a feedback signal
from a demodulation block that demodulates backscattered data from the implantable
side. On the implant side, an ASK demodulator and a switch timing control block of

the digital block 416 are used to control switches 418, 420 to direct different power
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levels to the storage capacitors 408, 410. The voltages on the storage capacitors 408,
410 are sensed by two simple comparators 422 and the voltage information is

backscattered 424 to the external power control block.

[0026] In accordance with the present embodiment, the external power transmission
block 416 includes an adaptive power amplifier and digital control block to tune
carrier parameters A1/A2/D1/D2 to implement the adapting step 314 for the closed-
loop power control method in accordance with the present embodiment, thereby
enabling a power efficient, simple implant device with small form factor for

inductively generating multiple supply voltages.

[0027] Referring to FIGs. 5A and 5B, signaling diagrams 500, 550 depict the
simulation results. The modulated carrier signal 510 is depicted in the diagram 500
and the supply voltages 412, 414 are depicted in the diagram 550. As seen in the
diagrams 500, 510, the synchronized time-division wireless power transfer and the
proposed closed-loop power control method in accordance with the present

embodiment tunes the modulated carrier signal 510 to successfully generate the two

supply voltages (1.8V/10V) 412, 414.

[0028] Thus, it can be seen that the present embodiment provides a synchronized
time-division wireless power transfer method for derivation of multiple supply
voltages in the wireless receiver device. The present embodiment advantageously
achieves high power efficiency without compromising the form factor and coil design
simplicity and provides a wireless receiver device ideal for implantable medical

applications.

[0029] While exemplary embodiments have been presented in the foregoing
detailed description of the invention, it should be appreciated that a vast number of

variations exist. It should further be appreciated that the exemplary embodiments are
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only examples, and are not intended to limit the scope, applicability, operation, or
configuration of the invention in any way. Rather, the foregoing detailed description
will provide those skilled in the art with a convenient road map for implementing an
exemplary embodiment of the invention, it being understood that various changes
may be made in the function and arrangement of steps and method of operation
described in the exemplary embodiment without departing from the scope of the

invention as set forth in the appended claims.

-10-
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CLAIMS

What is claimed is:

1. A wirelessly powered implantable medical device receiving time-
division wireless power transfer signals, the wirelessly powered medical device
comprising:

receiver circuitry for receiving the time-division wireless power transfer
signals; and

a time division switching module coupled to the receiver for generating
multiple supply voltages in response to the time-division wireless power transfer

signals.

2. The wirelessly powered implantable medical device in accordance with
Claim 1 wherein the time division switching module comprises a single-inductor

multiple-output (SIMO) DC-DC converter.

3. The wirelessly powered implantable medical device in accordance with
Claim 2 wherein the SIMO DC-DC converter comprises multiple switches for
supplying each of the multiple supply voltages to different circuitry of the wirelessly

powered implantable medical device.

4. The wirelessly powered implantable medical device in accordance with
Claim 3 wherein the SIMO DC-DC converter further comprises a switch timing
module coupled to the multiple switches for controlling the operation of the multiple

switches in response to the time-division wireless power transfer signals to supply

-11-
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each of the multiple supply voltages to the different circuitry of the wirelessly

powered implantable medical device.

5. The wirelessly powered implantable medical device in accordance with
Claim 4 wherein the SIMO DC-DC converter further comprises:

a voltage detector coupled to the multiple switches for detecting the multiple
supply voltages and generating voltage detection results; and

a transmission device coupled to the voltage detector for transmitting the
voltage detection results to a wireless transmitter transmitting the time-division
wireless power transfer signals for adjusting parameters of the time-division wireless

power transfer signals for synchronization with operation of the multiple switches.

6. The wirelessly powered implantable medical device in accordance with
Claim 5 wherein the parameters comprise one or both of amplitude and duty cycle of

the time-division wireless power transfer signals.

7. The wirelessly powered implantable medical device in accordance with
Claim 5 wherein the transmission device transmits the voltage detection results to the

wireless transmitter by backscattering (LSK).

8. The wirelessly powered implantable medical device in accordance with

any of Claims 3 to 7 wherein each of the different circuitry of the wirelessly powered

implantable medical device operates at a different one of the multiple supply voltages.

-12-
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9. A system for synchronized time-division wireless power transfer
comprising:
a wireless transmitter for generating and transmitting time-division wireless
power transfer signals; and
a wirelessly powered device comprising:
a wireless receiver for receiving the time-division wireless
power transfer signals; and
a time division switching module coupled to the wireless
receiver and generating multiple supply voltages synchronized to the time-
division wireless power transfer signals for powering different circuitry of the

wirelessly powered device.

10.  The system in accordance with Claim 9 wherein the time division
switching module comprises:

multiple switches for supplying each of the multiple supply voltages to the
different circuitry of the wireless receiver; and

a switch timing module coupled to the multiple switches for controlling the
operation of the multiple switches for synchronizing the multiple supply voltages to

the time-division wireless power transfer signals.

11.  The system in accordance with Claim 10 wherein the time division
switching module further comprises a voltage detector coupled to the multiple
switches for detecting the multiple supply voltages and generating voltage detection

results, the wirelessly powered device further comprising a transmission device

-13-
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coupled to the voltage detector for transmitting the voltage detection results to the
wireless transmitter, and
wherein the wireless transmitter comprises:

transmitter circuitry for transmitting the time-division wireless power
transfer signals; and

a digital block coupled to the transmitter circuitry and adjusting
parameters of the time-division wireless power transfer signals in response to the
voltage detections results for synchronization of the time-division wireless power

transfer signals with operation of the multiple switches.

12.  The system in accordance with Claim 11 wherein the parameters
comprise one or both of amplitude and duty cycle of the time-division wireless power

transfer signals.

13.  The system in accordance with any of Claims 9 to 12 wherein the
wirelessly powered device comprises a wirelessly powered implantable medical
device and wherein the different circuitry performs various operations of the

wirelessly powered implantable medical device.

14. A method for closed-loop carrier waveform adaption for wireless
power control, the method comprising:

generating time-division wireless power transfer signals having a carrier
waveform adapted for wireless power transfer;

receiving the wireless power transfer signals and generating multiple supply

voltages synchronized to the carrier waveform of the wireless power transfer signals;

-14-
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generating voltage detection results in response to the multiple supply
voltages; and
adjusting the carrier waveform of the wireless power transfer signals in

response to the voltage detection results.

15.  The method in accordance with Claim 14 wherein adjusting the carrier
waveform comprises adjusting one or more parameters of the carrier waveform of the
wireless power transfer signals in response to the voltage detection results, the
parameters comprising at least an amplitude of the carrier waveform and a duty cycle

of the carrier waveform.

-15-
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