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* Medical devices vs Semiconductors industries
* How to develop a medical instrument, equipment, or device

* Design considerations of a transceiver used for implemented
medical device

* The possible application and research directions of the Wireless
Transceiver

* Wireless Power Transfer for Miniaturized Medical Devices
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How to develop a medical
Instrument, equipment, or device

With the Integrated Circuit is Enabling Technology

What is a medical device

* An instrument, apparatus, implement, machine,
contrivance, implanted in vitro reagent, or other
similar or related article, including a component
part, or accessory which is:

* Recognized in the official National Formulary

* Intended for use in the diagnosis of disease or other
conditions

* Intended to affect the structure or any function of the
body of man or other animals

Classification of medical Devices

* Class |: General controls
* Class Il: General controls with special controls
* infusion pumps, and surgical drapes-
* Class lll: General controls and premarket approval

* implantable pacemaker, pulse generators, automated
external defibrillators--

Research and Development of an medical system
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A Medical System with Portable and/or Implantable Medical
Devices

Portable and/or Deep Brain
Medical
Devices - IMDs

Display / control unit

Cochlear implant

I~

Controller / Programmer

N\

L= =

Endoscopic Capsule
External Host Devices -

ao_v;:/ EHDs

[ ostricstimulator (Terms and Definitions)

Others IMDs

Composition or Development Platform

* Communication protocols and modules
* information security

* Sensing modules

* Pacing modules

* Wireless battery recharge module

* Lead impedance measurement modules
* Accelerometer modules

* FW download module

* RTC module
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A Portable and/or Implantable Device

* Electronic implantable medical devices (IMD) are
designed to be fully or partially implanted in the human
bodies through surgeries[1], and remain in bodies for
several hours to several years or even permanently after
the surgical intervention.

What is a Portable and/or Implantable Medical Device?

[1] R Ritter, J. Handwerker, T. Liu, and M. Ortmanns, “Telemetry for Implantable Medical Devices,”
|EEE SOLID-STATE CIRCUITS MAGAZINE, vol. 6, Issue. 2, pp. 47-51, Spring 2014.

Examples of Portable and/or Implantable Medical

Devices

st Xk

capsule endoscopy

Total hip replacement

N (=
) N @ ;
3
{ e
Cochlear implants Nerve Stimulator Total Knee replacement

Robot hand

About the information security - Mostly at the
system level and implemented in software
\MD Shielg
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Enabling Technology is Integrated Circuit
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Analog processing,
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Power management, battery, harvester

Design considerations of a transceiver
used for implemented medical device

Well known implemented medical devices
clinical application

« cardiac pacemakers,

* implantable defibrillators,

* Cochlear implants,

* nerve stimulators (Functional Electrical Stimulation-FES),
* limb function stimulation,

* bladder stimulators,

* Sphincter stimulators,

« diaphragm stimulators,

* implantable infusion pumps,

* bio-monitoring devices such as the capsule endoscope.

n
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Two options to power an implemented medical devices

* miniature battery, and wireless power.
* lowering the circuit power consumption,
* to evaluate the available space for power supply components inside IMDs,

* The lifetime and reliability requirement, before choosing the
power type.

* For example, a cardiac pacemaker relying on a reliable energy source
may choose a battery, while an intraocular IMD usually choose wireless
power since there is no room for a battery. The requirements on the
wireless transceivers for different IMDS are quite diverse, in terms of data
rate, signal transmission distance, and communication directions (single
direction or two-way). The data integrity and bit-error rate (BER)
tolerance are also of great importance, and the poor performances on
these aspects may lead to harmful and even fetal malfunction.

implemented medical devices power and
wireless data requirements

IMDs Power consumption Target data rate | Life-Time | _Energy Source
ing System <100 uW 1< 10 kbls a few days |Primary Battery
| Capsule endoscope <15mW >1 Mbls 10 Hours _|Primary Battery
Pacemaker <100 uW 10 Years _|Primary Battery
Cardioverter-Defibrilator Cont: <100 pW; Peak: 5-10 W 10 Years _|Primary Battery
| Cochlear Processor 200 pW >100Kb/s 1Week |Rechargeable Battery
Hearing Aid 100-2,000 uW 1200 kbis 1 Week Battery
Retinal Implant 140-250 mW. > 500Kb/s NA Inductive Power
Neural R i 1-100 mW <1 Mbis NA Inductive Power
Artificial Heart 10-100 W NA Inductive Power

Frequency band selection for implemented
medical devices transceiver design

« considering the huge variation of EM signal propagation characteristics through human tissues
with different frequencies. Based on FCC frequency regulations, the MedRadio band
(composed of several inconsecutive bands in 401-457 MHz) has superior propagation
characteristics for implants, quiet channel properties, and worldwide availability, which are the
primary reasons for its popularity for implant applications. The 2.45GHz ISM band, with the
mature circuit technologies, wide support for connecting to smart phones and other mobile
devices, convenient access to the network, is also widely used for implantable medical systems.

Table 2. Radio standards - Implantable Nedical devices
requomm hands Category Comments
[9=315kHz [EU medical implant lot 0 allocated outside EU
lg 56 MHz SRD FID transponders for patient ID
27.12 MHz RIC ongested
40.68 MHz SRD in USA
402 405 MHz___|Medical Implant Comm. _|Reserved for implants
1SM and SRD and
2.45 GHz microwave oven 802 110/g (BT, WirFi)
58 GHiz ISM lEoz 1ia

IMD antenna design for IMDs

IMD antenna design is also very challenging due to the size and
shape restrictions, and the complicated working environment in
human bodies. Since the electrical properties of the human tissues
varies a lot with the patients' weight, age, posture changes, etc.,
the IMD antennas may adopt different sizes and shapes
depending on the implantation location, which further limits the
freedom of the designer

Implemented Transceivers for IMD

* 400 MHz RF transceiver
* 2.4 GHz RF transceiver

* Reconfigurable Sliding-Intermediate-Frequency (IF) Transceiver
for 400 MHz/2.4 GHz |EEE 802.15.6/ZigBee

* 400 MHz/2.4 GHz TRX for dual-band communication

Asymmetrical RF Transceiver in 400MHz Band

.

.

The data transmission from IMD to EHD sometimes requires very
high burst data rate, while the control/command information
receiving requires much lower data rate

Asymmetrical wireless transceiver for IMD

* High speed transmitter, very careful low power design

+ Low speed receiver

TX: 3Mbps MSK modulation

* High data rate > low duty cycle for battery

* MSK chosen for bandwidth, performance & circuit complex.

RX: 64kbps OOK demodulation

* Low circuit complexity
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A 400MHz IMD Transceiver

Lo orrcrie

Low Power Transmitter with Current Sharing

* Zero-|F MSK modulator
* DC current sharing
between IF DAC and mixer
* Traditionally mixer and IF
DAC are cascaded
* No traditional power
amplifier
* Mixer directly loaded by
antenna

Frequency Synthesizer w/ Current Reuse

* 800M LC VCO w/ self
calibration on tuning range
* Double as the carrier
frequency to generate
quadrature carriers
« Current Reuse between
VCO & Quadrature
frequency divider [1]
* Current budget: VCO
0.6mA, all other blocks
0.2mA

[1] Park, et al, vee for
quadiature LO generation,"IEEE Microwave & Wireless Comp. Let. Jun. 2008

Antenna Design for IMD Transceiver

« Difficult to achieve good antenna
matching for implantable SID with
traditional antenna

+ Surrounding environment affects the antenna
characteristic a lot

« Difficult to characterize antenna’s surrounding
environment
* In this design, an inductor serves as
antenna

* Cyy. is calibrated so that the RF port achieves
rédSnance

* no traditional antenna, therefore no traditional
antenna matching

A virtual transformer works as
antenna
* Inductor L, serves as the primary coil
emit

* Human body serves as the secondary coil

The transformer has very low coupling

* The transmitter sees very steady load, good

for circuit design (positive)

* The transmitting loss is high (negative)
Our experience: if inductor Ly, has an RF ac
current of 10mA (peak to peak|, BBS receiving
antenna can receive >-75dBm KF signal from
outside body

Switch between RX & TX  « RF /O port is calibrated for
resonance at TX mode
= A RF peak detector is used to set
the tuning ca&acwtor such that to
:’}ES/E highest RF output at the RF
ort

MIXERTX ||

* At RX mode, the load (inductor)
will see different capacitance
from TX mode

* Transistors” working regions change
alot > parasitic capacitance
changes a lof

* The dummy circuits in the center
of this figure is toggled to .
compensate for the capacitance
difference

* The dummy circuit is a duplicate of
the transistors connected to RF I/O

Media Access Controller

Media Access Controller (MAC)

T Contral
Transmit Processing

Receive Processing

RX Control

)

RO

T

i i
s o] o o2 ]

RXFIFO
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400 MHz Transceiver for IMD'’s

Parameters This work
Supply voltage 25V-33V
External Components # 7
400-432
Frequency Band MHz
Number of Channels 8
Bit Rate 3Mbps
Power
™ Consumption 39mw
Power
Eficiency 1.3n)/bit
Bit Rate 64kbps
RX Power 1omw
Consumption

400 MHz Transceiver for IMD’s

* 400 MHz wireless transmitter in 0.18 Parameters This work ZLT0081
#m CMOS process B Componers S
¥ Low duty cycle ratio Type of RF link 1
¥ Reduced average power consumption ™ Bit Rate _ 3Mbys
(average 27 pA) ?"“";“’;“:::"‘“°" :_:m‘:
¥'3 Mbps MSK modulation RX Fower Consumption® 12mW none
¥ Carrier frequency 416 MHz MCU Power Consumption 240uW none
¥ Peak current 2.7 mA e Compronar et | T rowe
v Turned on for 14 ms every second Technology 0.1Bum CMOS_|_0.35um CMOS.
v Sampling rate = 1 sps Die area 13 3o’ nia

H.Jiang et al, *A SoC with 3.9 mW 3 Mbps UHF transmitter and 240 W MCU for capsule endoscope with bidirectional
communication,"in Proc. IEEE Asian Solid-State Circuits Conf, Bejiing, China, 2010, ppp. 1-4.

H.Jiang et al, Wireless. Air /. Trans. Bio. Circuit and
System, 2018

P. Bradley, “RF Integrated Circuits for Medical Implants: Meeting the Challenge of Ultra Low-Power," available online:
http://www.cmoset com/uploads/Peter_Bradley.pdf

2.4 GHz IMD Transceiver

Realization of the FIR filtering using Digital
Power Amp. and shift register

RFou
Digital Circuit Analog Circuit  Off-chip 101
Y. Guo et al, “A 120 pl/bit A3 -Based 2.4- GHz Transmitter Using FIR-Embedded Digital Power Amplifier,”
EEE Trans. Circuit and System-Il,, 2018
. )
Implementation of PA network 24 GHz Transceiver for IMD's
’ 185CC TCAS-1
Parsmeters | Thiswork | oo | Jssc2017 | 0
CMOS Process | 180nm | 90nm | 28nm | 90nm
N2 ENI Supply voltage/V 12 12 0.5/1 1
Modulation 64-0AM | HS-OQPSK| _GFSK OOK
Carrier
: Frequency/GHz 24 24 24 24
Data Rate/Mbps 20 2 1 i
pata m/l EVM/K 11 23 - 55
Power
Consumptiovmw_| 2% o4 37 21
Power Efficiency | 120 pV/bit | 110 n/bit | 114 n)/bit | 217 n/bit
TX Pout/dBm 15 1 0 0/-10
« An embedded 16-order FIR filter(for OOB noise attenuated by at least 20 dB) . Liu, X. Huang, M. Vidojkovic, et al, *A 2.7n)/b multi-standard 2.3/2.4GHz polar transmitter for networks," IEEE

* 16 digitally controlled class-AB PA cells with each I/Q path
* The cascode transistors as the switches of the PA cells to avoid voltage breakdown issue.
* Each PA cell: two pseudo-differential amplifiers controlled by two internal signals EN1 and EN2

International Solid-State Circuits Conference, Feb 2012, pp. 448-450.

F. W. Kuo et al., "A Bluetooth Low-Energy Transceiver With 3.7-mW All-Digital Transmitter, 2.75-mW High-IF Discrete-Time
Receiver, and TX/RX Switchable On-Chip Matching Network, in IEEE Journal of Solid-State Circuits, vol. 52, no. 4, pp. 1144-
1162, April 2017.

S.3.Kim; C. S. Park;S. G. Lee, "A 2.4-GHz Ternary Sequence Spread Spectrum OOK Transceiver for Reliable and Ultra -Low
Power Sensor Network Applications,” in IEEE Transactions on Circuits and Systems I: Regular Papers , vol PP, n0.99, pp.1-12
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Reconfigurable Sliding-IF Transceiver for 400
MHz/2.4 GHz IEEE 802.15.6/ZigBee for IMDs

€ e 188 2 THE pr— S
ac

[N Re———

L Zhang, et al, *A Reconfigurable Sliding-IF Transceiver for 400 MHz/2.4 GHz IEEE 802.15.6/ZigBee WBAN Hubs With
Only 21% Tuning Range VCO," 1. Solid State Circuit, vol. 48(11), 2013, pp. 2705-2716

Wideband RF Front-end and off-chip matching circuits

* Active shunt feedback LNA with multiple
gm enhancement
* M1/2 provides gm
* M3/4 enhances gm

* M5/6 feedback for wideband matching = '?’
« M7/8 widen resistance %ﬂ#
* Class AB/B/C reconfigurable PA | R

+ Conduction angle adjustable
* DBPSK/DQPSK-class AB
* OQPSK/MSK-class B/C
* Matching circuits shared by TX/RX
* An off-chip 1:2.5 balun needed o T | 2
+ Reasonable input impedance <350 Q to
flatten the input reflection "
* Optimum load 320 Q
+ External 2™ order LC filter suppressing 1.4-1.5
GHz

Reconfigurable RX Mixer

RX HF amp-mix: Gilbert mixer
* High frequency LO input (an amplifier while DC LO input)
* Pseudo-differential cascode amplifier mode:
* M14/15 off, and M13/16 biased, M11/12 common-source input

stage
* Mixer mode »
+ M13-16: active switches driven by LO

* LNA's resistor load switched to a LC tank
* filter out in-band interference
« suppressthe IM

One path of the RX LF quadrature mixer
« PMOS input and switch transistors: good flick noise performance
+ NMOS active load: high output voltage swing
+ Common mode (CM) feedback
+ collect the redundant current
+ stabilize the output CM voltage.

Automatic gain control (AGC) method

AGC flow

1. Set maximum RF gain
Turn VAL to 30~60mV
Pre-determine IF gain
Adijust IF gain by N dB
according to interference
magnitude of VA2

Check ADC output and
adjust VA3 to
200~600mV

Eal S

Vi

o

1. Dong, et al. *A Fast AGC Method for Multimode Zero-IF/Sliding-IF WPAN/BAN Receivers,” IEEE
International Symposium on Circuits and Systems, 2015, pp. 1310 - 1313,

TX up-converter with PPF 1Q/LO generator

* Asecond order PPF
* generate the IQ Local Osc. signals for
the HF mixer.
* The Poly Phase Filter order and RC
values
* trade-off: image rejection ratio VS LO
driver power consumption
* An inductor resonate S with the PPF
equivalent capacitor
* deliver large amplitude IQ LO signals to
the HF mixer.
* LC tank
+ load filter out 1.4~1.5 GHz IM signal

Reconfigurable Sliding-IF Transceiver IMDs

Thhis work.

2012ASSCC
2013J8SC

Fresquency (GHzY (R
Supply vohtage (V) K
RXNF (dB) EE)

RX in-band I1P3 (dBm) -294

TEST DIGITAL ABR bandwidih (Mz) [EES)

BASEBAND MODEM X poer (mW) 158 166
RN FOM™ s
TX Max Py (dBm) #4.7 +3.1
TX power (mW) @ Max P | 132 [
IX FoM”~
VCO range
L. Zhang et al., *A low-power reconfigurable multi-band  “huss moise
sliding-IF transceiver for WBAN hubs in 0.18 um CMOS," @ | MHz (dBe/tz)
in 2010 IEEE Asian Solid State Circuits Conf., A-SSCC, Arca {mm)

2012, pp. 77-80.
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400 MHz/2.4 GHz TRX for dual-band communication Signal levels and Harmonic Suppression

T wi poaudodin.

e i & MU NEIE T 5 S e
— o 30 c8 stsnuaton
2548 Received 400 1048 1500 MHz LPF)
e ey 0 8
e | S e
- ety .
RPN Ip———— el R
el A00Miz DO MHe ATDMHE 24 GHe
Z. Weng et al., "400-MHz/2.4-GHz Combo WPAN Furdamantal &% Ham. - &% Hamm.  receivad
Transceiver IC for Simultaneous Dual-Band
ol One Single Antenna, " [EEE Trans.
Circuit and System-1, vol. 65(2), 2018, pp. 745-757
Interference Cancellation 2.4 GHz band RX RF frontend and analog baseband circuit design
# # E |5

1["-‘

o "y
z o]
o = e Aiog Basabind 04 A0E
RF frontend
+ Single-ended cascode LNA I/Q branches
* Gilbert cell based mixer * 2 mixer: 1/5 of the desired carrier frequency
* Passive quadrature mixer * Quadrature analog baseband circuits
15t mixer ¥ 3 programmable gain amplifiers
= + L0 signal frequency: 475 of the ¥ Active-RC 3rd-order Bessel LPF
e e v 8-bit SAR ADC with programmable sampling
Pasaiva Phasa Rotatar " or 6% Harmenic 245Hz Band LA desired carrier frequency rate up to 80 Msps

SalectorAmplifar

Frequency Synthesizer for 2.4 GHz 400 MHz TRX Design

A 1.9-2.5 GHz semi-digital A-X PLL

*Bang-bang phase detector The 400 MHz TX

(BBPD) loop wacn * 350-500 MHz ring VCO based
v'Decreases the integration [ fractional-N PLL synthesizer
capacitor « Digital intensive modulator
v'Generates 6-bit digital input bits .. vY'Inverter-based phase selecter

*The VCO s v'Shaping filter suit for low-power
v'The analog input VC by PLL design
v 40 MHz/V VCO gain * PA
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400 MHz TRX Design

N ) 400 MHz TRX Design
e | = =

The 400 MHz RX
* Single-end LNA
* Passive quadrature mixer

* Analog baseband
. v'3 PGAs: 4 parallel units, 3
of them can be shut down
v'3 order LPF (bandwidth
programmable between
1.2-5 MHz).
v'DC offset calibration

o TR (DCOC) and automatic
H. Jiang et al. *10 Mbps 0.3 n)/bit OQPSK transceiver IC for 400-450 MHz medical telemetry,” Electronics Lett., vol
52(22), 2016, pp. 1830.1832 gain control (AGC) circuits
7. Weng et al. *400-450 MHz power amplifier with high-order harmonic suppression for multi-protocol
transceiver, ” Electronics Lett., vol. 52(23), 2016, pp. 1927-1929

Phase
selector

PA

ansteg Gormret

2.4 GHz/400 MHz Dual-band TRX for IMD’s

Tescos

B The possible application and

research directions of the
= Wireless Transceiver

%
se skops_|

-
M I - P fodn Case studies

M. Vidojkovic et al, ‘A 0.33 n/b IEEE 802.15.6/proprietary-MICS/ISM-band transceiver with scalable data-rate from 11
kb/s to 4.5 Mb/s for medical applications,” in /SSCC Dig. Tech. Papers, Feb. 2014, pp. 170-171

Y.-H.Liu etal, A 3.7 mW-RX 4.4 mW-TX fully 02.15.4/prop with an
ADPLL-based fast frequency offset compensationin 40 nm CMOS," in ISSCC Dig. Tech Papers, Feb. 2015, pp. 236-237.
T.Sano et al, *A 6.3 mW BLE transceiver embedded RX image-rejection filter and TX harmonic-suppression filter reusing
onchip matching network,” in /SSCC Dig. Tech. Papers, Feb. 2015, pp. 240-241
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Balance measuring device for total knee
replacement operation
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Balance measuring device for hip replacement surgery
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Implantable Intracranial Pressure (ICP) Sensing

Implanted ICP
Device v Reduced risk of infection

¥ No constraint on patient’s

movement
X No CSF drainage
i o or
ek tansing
¥
) (1t

Wireless Data
corder

Computer

* Implantable ICP Device + Wireless Data Recorder + Computer
* Wireless date link: 416 MHz

Proposed Implantable ICP Device

upper lid _ air reservoir
air reservoir pouch
pouch
air pressure
air pressure. sensor
sensor poB
PCB SoC
SoC
Titanium wire
pressure
sensing pressure Two air pouches
pouch or
sensing ressure sensing
pouch
0O Air reservoir pouch
Cerebrospinal
fluid (CSF) cerebrospinal

fluid (CSF)

+ No contact between CSF and sensor- good biocompatibility
v No CSF in the tube

Electronics in the ICP

* The ICP device is composed of an air pressure sensor & a System-on-a-Chip (SoC)
* The SoC has the following function blocks

* Sensor interface

* Working flow controller

* 400 MHz wireless transmitter

* Power management

* Wakeup controller

* Clock generator, voltage reference, etc.

[Pressure sensor

10
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ICP SoC Implementation Result

SoC Performance SUMMARY

Technolog 0.18-ym 1P6M CMOS
Die size 304 mm x2 mm
Supply voltage 3V(button batteries)

6 off-chip capacitors

RIS || ot oot o erenier
145k

Logic gates
Current consumption
idle) 240 A

Average power
5 2600A

SoC Die Photo

Prototype System of Implantable ICP Sensing

Implantable Wireless Computer
Device Data Recorder Software
22x17x8 mm?

Implantable ECG monitoring system

* Implantable ECG monitor
Advantages:
« Easy for implant operation
« Small and single incision, Y
subcutaneous insertion @
* Long-time continuous low-noise
monitoring
+ Automatic abnormal ECG identification
* Recording in certain point
* Patient/APP
* Upload data
« Start recording while feeling sick
* Doctor/APP
* ECG data download and analysis
« Decide parameters for ICM algorithm

e

/ attenna

Electronics in the Implantable ECG monitoring system

* The Implantable ECG monitoring
device is composed of a System-on- |
a-Chip(SeC) 0 T A —

* The SoC has the following function
blocks
* 400 MHz wireless transmitter for data
communication
« LF wireless transmitter for instruction
communication
Analog front end
ECG signal processer and system controller
CLK management block
Power management block
Circulate buffer and memory

Circulate

and
Memory

Wendi Yang

O High detection specificity
0O Ultra-low power consumption
O Small size 64

Prototype Implantable ECG monitoring system

« Circuit

* 400 M TRX chip
. Commercia\V
* ICM prototyp Gt

* PC software
* Configure & display

* Wireless NFC r/w device

Wireless Power Transfer for
Miniaturized Medical Devices

11
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Wireless power transfer (WPT)

4 Advantages
+ Contactless, convenient to use JEf&fit. Fr{EfE A
* Waterproof, readily used in adverse conditions Fi7K. &R T &S IREE
* Safe, easy to power implant and movable devices %4, &R TFHEARRBEEYE

Yy?’

WPT timeline

Two organizations proposed
Standards

WPC: Qi

AirFuel Alliance: PMA, A4WP

3% = Consumer elec. Market booms
Tesla Wardenclyffe Microwave- WPT for home
Tower 1061 powered‘a\rp\ane 1078 applla‘nCeS 2007

T 1
1969 weTsystemfor 19805 \yrponiaq 20108
moving vehicles a 60W bulb

First WPT across
biological tissue

Main WPT mechanism

Nrwer e
aosomsnt -
A Cosaan na . s
e et Couping, oo propapaon_ Couping o e prpegeion Ve prapion s s et
Inssracting device Colsjelectrades Coily/electrodes Ansennas Far-Field Wireless Energy
3Dt Tt 2
T e i, Soong eacton T — o— Erabing Techions o
R we Mo, milmeeryme  PESCUTEE
Pt s (00, W () Mo G, Wt R0 o W Hgh O 367, 35019,y
Efficrncy High (70-908) Meediien (30-60%) Low {10-50%) 2017
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Suitable for miniaturized medical devices
Pomary o f

Electric, capacitive: L1/L2 for resonant,
non-resonant without L1/L2

Far-field, waves

Magnetic, inductive: C1/C2 for resonant,
non-resonant without C1/C2

WPT for miniaturized medical devices

@ Classified by clinical application %It bk 5z F8 9 2
« Diagnostic Instrument (DI) {2 #i{¥8%
« Treatment Instrument (T1) 5837188
« Auxiliary Instrument (Al) #BBh{% 28 e——
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Al, Yazawa, ISSCC 2005; Cong, ISSCC 2009
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T, Lin, ISSCC 2010; Ping, TBCAS 2008

WPT architecture

@ A typical WPT system is mainly composed of transmitter, power link and receiver
BEERERRSN . WO RN

4 Maximize the system efficiency: Nys= NcMink*Mrx
RURGERE M= IR RER

TransmitterTX Power Jink Receiver.RX
VDD
Power DC-DC Resistive
amplifier ADO  tload
+ /Charger /Current
control load

rectifier regulators et
J

[& ication for system control or data transfer

Atypical WPT system

Power link

@4 basic compensation arrangements for resonance: SS, SP, PS, PP
@ Variables in power link

+ Coupling factor (k) variations resulting from variable link distance, link misalignment and
orientation angle, etc.
* Effective resistance (R ) variations resulting from loading, receiver efficiency and topo,

@ Link efficiency 1, depends on kand R, and only peaks when kand R o

match with each other . .
O Mm@ R =R
808 — e
i —
—— £ o 1
z
L 0% B
v, 1
200
@.

- 20 40 R, 60 80 100
Power link with S compensation eff

Link efficiency versus Ry for different k

12



2019/2/26

Maximum efficiency tracking in SS compensation

Rt iR D)
x”J ,ri\ b With Eoosl dc{dc ;
n@® [ |5 (1) % ) Riy =R, /% (1= D)
" = WA— . Theoreucall
SS compensation analysis

The maximum efficiency can be easily tracked just
by measuring 1/, and D, without a current or
power sensor

X. Tang, J. Zeng, K. P. Pun, S. Mai, C. Zhang, and Z. Wang, "Low-cost Maximum Efficiency Tracking Method for
Wireless Power Transfer Systems", /EEE Trans. on Power Electronics,vol. 33, no. 6, pp. 53175329, 2018,

Maximum efficiency tracking in sp compensation

Vacs Vour
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SP compensation
The efficiency can be easily optimized by
measuring output voltage ratio in 1X and 2X
modes, without a current or power sensor

the optimal duty cycle Dy VR=Ags ox/Ass 10
" A, means system voltage gail

G. Zhu, S. Mai, X. Tang, and Z. Wang, “Enhancement Method of Efficiency and Working Range in Bio-Implant
Wireless Power Transfer”, /E££ MTT-S WPTC, 2018, invited paper

Multiple coils technique @ e e

@ Include: primary coil(L1) — primary
resonators (L2s)- secondary
resonator(L3) — secondary coil(L4)

@ Novel primary multi-resonator coil
design

« all L2s have strong coupling with L1 by fully
overlapping it

+ one or more resonators that are best coupled
with the Rx is/are the resonator(s) that transfer
power to L3 and L4

« obviate the need for the need for a tracking
system or switching the coils

S A Mirbozorgi, Y. Jia, D. Canales and M. Ghovanloo, "A
ly-Powered Copper Foils System architecture

and C\osed Loop Power Control”, IEEE Trans. BCAS, 2016

Transmitter design

@ Typical circuit: power source+ power
amplifier
@ Pay attention to basic connection of power

source
—— —
L &7 6% &1
T 1

0}
v ey v

@ Class-D PA is widely used. Carefully design
the switch control timing for high transmitter

efficiency

power source  power amplifier

@ Typical circuit: rectifier + regulator + load Receiver design

@ The load can be modeled as resistor with
filtering capacitor, current source, or battery

4 Coupling factor and load variations will affect
Receiver, RX

output voltage
#Objectives: output voltage regulation and high
efficiency _
* Transmitter-side controls DC-DC
; ; /LDO
Receiver-side controls_ JCharger
Merge several stages into one stage,
etc. rectifier  regulator

Sub-Harmonic Resor~nt Switrhinn

@ The hysteretic comparator in
,_..,m i

RX compares output voltage

with a reference voltage, and the
result is fed back to TX

@ In TX, based on the feedback
info, PA’s switching frequency is
controlled as fq or fo/3 to
deliver different power level

4 Output voltage is regulated
with the system control

[ v s —
R.Shinada, K. Tomita, Y. Hasegawa, H. Ishikuro, “Voltage-
Boosting Wireless Power Delivery System with Fast Load
Tracker by AZ-Modulated Sub-Harmonic Resonant Switching”,
1SSCC, 2012

System architecture

13
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Reconfigurable Rectifier for SP compensation

@ Two modes: it is a full-bridge rectifier
in 1X mode and a voltage doubler in
2X mode

« Local PWM loop in RX controls the
duty cycle of mode-switching of the
rectifier between 1X and 2X

®Suitable for Series-Parallel
compensation

X, Li, C.-Y. Tsui, and W.-H. Ki, “A 13.56 MHz Wireless Power
Transfer System with Reconfigurable Resonant Regulating Rectifier
and Wireless Power Control for Implantable Medical Devices”, IEEE
1SSC 2015,

Receiver architecture

Global control for range extension
)

Fx e
Gl oo G

@ In order to extend the regulatable
region, global control was proposed
* Obtain the mode info in RX and send it
back to TX via additional detection coil
* Adjust the transmitter power in TX
based on detected info
@ Two novel backscattering uplink
techniques were proposed

E [k
2 e
iz
] ﬁ

mwolles) |G ke eaeg)

L e e
p—] recotigurable eciter ¥
© e

X. Li, C.-Y. Tsui, and W.-H. i, "A 13.56 MHz Wireless Power
Transfer System with Reconfigurable Resonant Regulating Rectifier
and Wireless Power Control for Implantable Medical Devices”, IEEE

J8SC 2015. System architecture

reconfigurable Rectifier for SS compensation

@ Three modes: full-bridge rectifier
in 1X mode, half-bridge rectifier in
%X mode and no current to load in
0X mode

@ Local PWM loop in RX controls
the duty cycle of mode-switching
of the rectifier between 3 modes

# Suitable for Series-Series
compensation System architecture

L Cheng, W. H. Ki, T. T. Wong, T. S. Yim, and C. Y. Tsui, *A 6.78MHz 6W Wireless Power Receiver with a 3-
Level 1X/%2X/0X Reconfigurable Resonant Regulating Rectifier”, ISSCC, 2016

Output voltage ripple reduction

@ Based on reconfigurable Rectifier
with 1X/%X/0X modes switching

@ Reduce the limit cycle oscillation
effect

I

* Output voltage ripple is reduced
@ New switching synchronization
method

* Only one switching edge needs
synchronization
* Realized with a shift circuit

X. Tang, ). Zeng, Y. Zheng, K. N, Leung, and Z. Wang, *Limit cycle e 3
oscillation reduction in high-efficiency wireless power receiver, . v

Electronics Letters, 2017 System architecture and proposed method

Capsule Endoscopy

@ To diagnose gastrointestinal
conditions without the need for any
sedation

4 Advantages: easily swallowed,
painless, no harmful radiation, etc.

@ Our achievements by Tsinghua group
« Digital IC design techniques

Image enhancement technique

Transceiver design techniques

Wireless powering techniques

Have been applied into industrial
production

Capsule Endoscopy

Digital IC design

@ Achieved low-powerl!]
*  Multi-stage clock management
- Stoppable ring oscillator
* Newimage compression algorithm
+ 8 frames/s, 320+288 pixels, 2MB/s, 6.2mW

@ Multiple Cameras for miss rate
reduction 2 |
* Master-slave architecture with efficient bus
design and 4-level clock management
* Movement sensitive control and camera
selection

i
Micro-ball prototype in [2] Data reader in [2]

[1] X. Xie, and Z. Wang etc., "A Low-Power Digital IC Design Inside the Wireless Endoscopic Capsule”, IEEE JSSC,
2006

2] Y. Gu, X. Xie, and Z. Wang etc., “Design of Endoscopic Capsule With Multiple Cameras", IEEE Trans. BCAS, 2015
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- WPT for Endoscopic Capsule
reless Power

Transfer for Medical

Microsystems

ly powered system
r from floor and jacket to
estive track, respectively

4 Proposed a optimization method for
loose-coupling

4 Proposed three power converters and

three power management circuits

Wirelessly powered capsule endoscope syste
[1] T. Sun, X. Xie, and Z. Wang, etc., "A Two-Hop Wireless Power Transfer System With a
Efficiency- Enhanced Power Receiver for Motion-Free Capsule Endoscopy Inspection”, IEEE Trans
BCAS, 2012

[21T- Sun, X. Xie and Z. Wang, “Wireless power transfer for medical microsystems”, Springer, ISBN | |
978-1-4614-7701-3, 2013

Proposed rectifier circui

Multiple receiving coils

@ Proposed a power harvest

« combine power from three orthogonal
receiving coils

* Derived theoretical expression for the
power flow from the transmitter

* Verified the power combination
mechanism

* Contains three rectifiers and one outpi
capacitor

Proposed architecture

H.Li, G. Li, X. Xie, Y. Huang and Z. Wang, “Omnidirectional Wireless Power Combination Harvest for Wireless
Endoscopy”, IEEE Conf. BCAS, 2014

g Wireless Power receiving Platform
circuit S

Wireless charging

4 Proposed a wireless charging unit
* Consisting of a rectifier and a lithium-ion
battery charger

* designed a dynamic offset-controlled
comparator to attenuate multiple pulse

* proposed a mode-division control method
to realize smooth CC to CV transition

* Use a state-checking operation to ensure
the security

Proposed

Y. Lu, H. Jiang, S. Mai, Z. Wang, *A Wireless Charging Circuit With High cireuit

Power Efficiency and Security for Implantable Devices”, IEEE ISCAS,
2016

Hearing aids

@ Approximately 360 million people in the world
live with a debilitating hearing loss

@ Our group proposed a smart binaural hearing

aid system

+ Apply advanced binaural DSP algorithms to the acoustic
signals received from both ears

« Contains a low-power low-delay radio transceiver

 Real-time DSP software analyzes 4-channel audio signals
simultaneously

Y. Li, F. Chen, Z. Sun, Z. Weng, X. Tang, H. Jiang and Z. Wang, “System
Architecture of a smart binaural hearing aid using a mobile computing
platform’, [EEE ASICON, 2017

N

Proposed smart binaural hearing aid

power management unit for hearing aids

4 Wirelessly charge the built-in rechargeable

batteries and generate voltage for hearing aid
devices

@ Include a charger communication interface j E—
(CCIF) to provide the battery charging info for wheens
user interaction

Liion
(Za-Alr)

Proposed wireless power management unit

@ Rectifier control technique and charging
algorithm were proposed for high efficiency

Y. Li F. Chen, Z. Sun, Z. Weng, X. Tang, H. Jiang and Z. Wang, “System
Architecture of a smart binaural hearing aid using a mobile computing
platform", IEEE ASICON, 2017

simultaneous power and data transfer

4 Several methods for simultaneous power and data transfer
* RFID: low power level

* Via extra Wi-Fi or Bluetooth: high cost
* Through common coil path: pay attention to the crosstalk
@ Our group has proposed a new data modulation method in which

power and data transfer simultaneously through the common coil path
with small crosstalk
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Conclusion

The requirements of application
are the source of innovation

Long time persistence is the key
fact of for success

A picture used by Chris Cloninger (Analog Devices
Inc.) in a talk in Tsinghua University, 2008
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