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ABSTRACT

One major hindrance to the advent of novel bio-implantable sensor
technologies is the need for a reliable power source and data
communications platform capable of continuously, remotely, and

wirelessly monitoring deeply implantable biomedical devices.

This research proposes the feasibility and potential of combining well
established, ‘human-friendly' inductive and ultrasonic technologies to
produce a proof-of-concept, generic, multi-tier power transfer and data
communication platform suitable for low-power, periodically-activated

implantable analogue bio-sensors.

In the inductive sub-system presented, 5 W of power is transferred
across a 10 mm gap between a single pair of 39 mm (primary) and 33
mm (secondary) circular printed spiral coils (PSCs). These are printed
using an 8000 dpi resolution photoplotter and fabricated on PCB by

wet-etching, to the maximum permissible density.

Our ultrasonic sub-system, consisting of a single pair of Pz21
(transmitter) and Pz26 (receiver) piezoelectric PZT ceramic discs driven
by low-frequency, radial/planar excitation (-31 mode), without acoustic
matching layers, is also reported here for the first time. The discs are
characterised by propagation tank test and directly driven by the
inductively coupled power to deliver 29 uW to a receiver (implant)
employing a low voltage start-up IC positioned 70 mm deep within a

homogeneous liquid phantom. No batteries are used.



The deep implant is thus intermittently powered every 800 ms to
charge a capacitor which enables its microcontroller, operating with a
500 kHz clock, to transmit a single nibble (4 bits) of digitized sensed
data over a period of ~18 ms from deep within the phantom, to the

outside world.

A power transfer efficiency of 83% using our prototype CMOS logic-
gate IC driver is reported for the inductively coupled part of the system.
Overall prototype system power consumption is 2.3 W with a total

power transfer efficiency of 1% achieved across the tiers.
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1 INTRODUCTION

A major hindrance to the advent of novel bio-implantable sensor
technologies is the urgent need for reliable power source and data
communications platform. The interface platform is capable of
continuously, remotely, and wirelessly monitoring deeply implantable
biomedical devices. This research work focuses on a proof-of-concept,
generic and reliable bio-implantable, multi-tier interface platform. This
multi-tier interface is capable of remotely and wirelessly monitoring
deeply implantable analog sensors without the use of batteries. The
proposed solution outlined in this thesis employs a multi-tier approach
using a combination of inductive coupling and ultrasonics. Sufficient
amounts of power are transferred wirelessly to the implant device
immersed in liquid and captured sensed data transmitted from the

powered implant to the outside.
1.1 Motivation

Global economies, including those of the United States, China, India,
Japan, and Europe, are all burdened with crippling health costs accruing
from increases in global population, especially the aging population;
resulting in a push and clamor for the development of an alternative to

the costly existing traditional health care delivery [1-10].

As of October 31, 2011, according to the United Nations (U.N.)
Population Fund, there are now 7 billion people sharing the Earth’s
land and resources and growing at an annual rate of 5% [11-12]. The
U.N. estimates world/global population will reach 8 billion by 2025 and
10 billion by 2083 [4, 13]. Of the 7 billion global population, the World
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Health Organization (WHO) states those aged 60 and over is projected
to grow from its 760 million today to 1 billion by 2020 and almost 2
billion by 2050 (representing 22% of the world’s population) when
there will be more people aged over 60 than children under the age of
15. Likewise, the global population of people aged 80 and over is
projected to rise from 11 million today to near 400 million by 2050 [2,
4, 14-16].

In the United Kingdom (UK), there were 12.1 million people aged over
60 in 2001, of which 4.4 million were over 75. In 2011, it is projected
that the UK will have 13.9 million people over 60 of which 4.4 million
will be over 75. By 2021, the UK is estimated to have 15.9 million
people aged over 60 of which 5.3 million will be over 75 [17]. It is
interesting to note that in 2007, in the UK, those aged over 65

outnumbered those aged under 16 for the first time ever [18].

The graying population is significant for the medical device industry
because the elderly use a disproportionate share of health care
resources. Therefore an increase in the elderly segment of the
population can be expected to increase health care spending [2, 4, 5,
19-22]. Conversely, the graying population accounts in part for the
prevalence of chronic diseases as they are more susceptible/vulnerable
to them; where about 80% of the elderly have one chronic disease and
50% have at least two [4,23]. According to the WHO, the global aging
population resulted in a global expenditure for health per person per
year of USS$4.1 trillion in 2007 representing an average of USS639 spent
on health per person per year globally [2, 24]. In 2009, healthcare

spending in China was approximately 4.5% of GDP amounting to
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USS220 billion [3] while in the US, healthcare spending in 2010 was
USS2.5 trillion representing 18% of GDP [2]. In 2011, global annual
health expenditure will be USS$5.3 trillion [25]. These exorbitant health
care costs are expected to put pressure on the price and demand for
health care products encouraging the development of innovative
emerging and future technologies which will shape the overall medical
device industry [4]. To alleviate this increasing burden of taking care of
the global aging population, there is a growing clamor for better health
care delivery systems — particularly, home - based/outpatient
healthcare solutions (evolving from hospital/clinic — based treatment to
home-based, remote and personalized telecare which focuses on
prevention and proactive approaches to health) [26-28]. Results of
experimental research carried out on the benefits of personalized tele-
healthcare show the following:

- OwnHealth Telehealth monitoring programme, UK [29], shows
reduced hospital admissions and a 95% patient satisfaction

- The world’s first large-scale, randomized prospective
telemonitoring trail, sponsored by the European Commission,
TEN-HMS [26], shows cost savings of 10%, 26% reduced
number of days spent in hospital, and 15% improved survival
rate compared with traditional care

- The 2008 U.S. Department of Veterans Affairs’ (VA), Health
Buddy [27] shows a 19% hospital admissions reduction, a 25%
reduction in days spent in hospital/health care facility and
costs just USS1600 per patient per year compared with
USS13,121 for visiting nurses or US$77,745 for nursing home
care (saving up to USS$6.4 billion annually through reduced
hospital admissions).
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This global aging population, rising global healthcare costs due to the
prevalence of chronic diseases in the elderly, and the urgent need for
access to medical diagnosis and treatment in remote and emerging
regions and in our homes coupled with the continuing technological
innovations in diagnostic and therapeutic medical devices are driving
the global market for medical devices [2, 4, 10, 30-31]. Estimates show
that worldwide medical device companies bring in over US$200 billion
in annual revenues with the United States being the largest consumer
and producer of medical devices in the world [32]. The 2011 Freedonia
market report forecasts an 8.3% annual increase in global market for
IMDs rising from USS33 billion in 2009 through to USS49 billion by 2014
[30]. Against the backdrop of a rapidly aging world population — which
is driving demand for IMDs — the world Microelectromechanical
systems (MEMS) devices market is forecast to reach USS$9.2 billion by
2015 [33]. In the U.S,, this is expected to result in MEMS demand in the
biomedical sector advancing 13.3% annually from 2004 to reach
USS$420 million in 2009 with a projected expansion of 12.3% annually
through to 2014. In the UK, the medical device market is valued at
USS9 billion in 2011 (per capital expenditure of USS144) and predicted
to increase 3.6% annually to USS10.8 billion by 2016 [34]. These gains
will also be propelled by the development of next generation devices
that are based on new technologies and improved materials [30, 34].
Device segments within medical devices, expected to experience high
growth, include implantable devices (IMDs), diagnostic testing devices
(which generated sales of USS34 billion in 2007, representing 10% of
the total worldwide medical device market), and home healthcare

products and electronic monitoring devices (forecast to grow close to
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70% annually over the next couple of years) [21]. Furthermore, the
shortcomings in existing drug therapies will promote a surge in the use
of IMDs in the treatment and management of neurological,
orthopaedic, cardiovascular, ophthalmic, and various other chronic
disorders [30]. An important trend in the medical electronics device
market over the coming decades will be the rapid development of
devices with functionalities of portability, wireless connectivity and
data security; sustaining the shift from the hospital environment to the
home [4, 10]. These devices will give patients a lower-cost and hassle-
free option for continuous monitoring of vital signs and in some cases
treatment of their health conditions right from their homes [2]. There
will be less need to have them travel to a hospital, medical clinic, or
doctor’s office. Medical checkups would no longer be an annual event;
it will happen every day as we go about our daily lives. Eventually,
health care will occur not during scheduled, intervaled, and occasional
visits to the doctors’ offices, clinics, or hospitals but continuously,
during ordinary activities in people’s homes, cars and workplaces [27].
The avoidance of hospitalization is good for both patients and for the
health care system. For instance, in the U.S., the cost of a hospital stay
for heart failure averages USS10,000 with nearly 30% of those
hospitalized ending up back in hospital within 30 days. So, provided the
cost of the implant is reasonable, potential savings from using it could

be significant if it can avert even a single hospitalization [27].

The technologies or product groups expected to become widespread
and fuel emerging and future trends in IMDs and also support new
product research and development, the following are pertinent for
mention [4]:
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Improvement in diagnostic capabilities are expected to
drive the development of new predictive, diagnostic, and
prognostic products and improved surgical techniques

Escalating health costs are expected to increase the
emphasis on outpatient care. Enabling technologies such
as home telemetry systems, wireless device
communication technologies, and remote monitoring
technologies are expected to make telemedicine
increasingly popular. Integration of these technologies
with implantable medical devices or patient home
monitoring devices has the potential to make health care
more affordable and reduce hospitalization costs

Advances in power supply technologies are expected to
increase durability and reliability of devices and lead to
innovative technologies such as wireless transfer of
power.

1.2 Bioelectronics

One of the great impacts of bioelectronics — the intersection of

bio/medicine and semiconductor/electronics — is the development of

innovative, multi-functional Implantable medical devices (IMDs) that

will have the potential of ushering in affordable healthcare. The system

design requirements as well as design constraints of these implantable

devices include the following:

making

ultra-low overall system power consumption

miniature device size for placement within a human
body

low off-state operating current (nanoamperes)

low dynamic power consumption

low transistor leakages in the off-state;

commercially available solutions inadequate [35].

Consequently, Silicon-based CMOS technology is the basic building
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block of IMDs because of its inherent ultra-low power as well as its
ability to integrate multi-functionality without increase in overall power

consumption and size factor.

Advances in sub-micron electronics, nanotechnology, as well as MEMS
are also now being used to build miniature, multi-functional and highly
intelligent implantable devices that will have a profound effect on
medicine [36]. The integrated mechanical sensing and computational
multi-functions of lab-on-a-chip, System-on-Chip (SoC), and System-in-
Package (SiP) with accompanying low manufacturing costs is now a
reality through MEMS technology. MEMS technology enables the
development of ultra-low power miniature transceivers for wireless
medical applications [37]. It also meets the requirement for the
continuous introduction of complex, intelligent, multi-functional, and
modular implantable devices for instance SiP (which is currently the

fastest growing packaging technology) [38].

Given the profound impact electronics has had on medicine and biology
from the 1940’s, it is easy to imagine that integrating modern
electronics (i.e. semiconductor technology) with biology and medicine

will result in equally profound quantum leaps; for example [39]:

- Ongoing miniaturization of semiconductor devices is
leading to new opportunities in biomedical research and
commercial medical applications — with healthcare costs
drastically reduced and some untreatable diseases now
curable

- Nanoscale bioelectronics is enabling the development of
molecular-based personalized medicine
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- Nanoscale electrical measurements will be important in
genomics and proteomics for identifying the function of
proteins and their reaction pathways inside cells and
membranes

- Advances in integration and packaging produce circuitry
integrated with sensors, actuators, and computers,
enabling the creation of devices and systems that can
intelligently probe biological systems from molecule to
cell to whole organism levels

In summary, the principal advantage of miniature (micro-scale)
implantable devices include: achievable extreme levels of
miniaturization; the integration of multiple functions including sensing,

delivery, and closed loop control; as well as precision micro-scale and

nano-scale features [40].

Key landmarks and trends in medical devices development are listed

below [41]:

1800 — 1850s First “modern” stethoscopes, laryngoscopes, and
ophthalmoscopes

1895 X-Rays discovered
1903 First electrocardiograph developed

1927 - 1928 First respirator developed and first cardiac
catheterization performed

1940 First metallic hip replacement surgery performed
1945 First kidney dialysis machine

1950 First artificial hip replacement performed

1951 First commercially available artificial heart valve
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1952

1960

1970

1972

1976

1977

1978

1982

1985

1993

First successful external cardiac pacemaker
First totally internal pacemaker

First Computerized Tomography (CT) scanner
First Laparoscopic procedure performed

First regulatory system for medical devices and first
Positron Emission Tomography (PET) scanning
performed

First Magnetic Resonance Imaging (MRI) device
First multi-channel cochlear implant

First permanent artificial heart

First implantable Cardioverter Defibrillator and first
robot-assisted surgical procedure performed

First European Union regulatory system for medical
devices

Bioelectronics will support the development of IMDs and the advent of

bio-implantable solutions; making impacts through the following:

1)

Measurement and analysis - The shift from hospital-

based care to home-based care using biotelemetry. Biotelemetry (
aka Remote Monitoring) is the transmission of biological or
physiological data from a remote, inaccessible location to a
remote monitoring site capable of interpreting the data and
effecting timely decision making. As measurement of physiological
variables is carried out in conscious, unrestrained humans (and

animals) natural physiological data is produced. Biomedical
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telemetry therefore offers wireless, restraint-free, simultaneous,
and long-term data gathering, making the cornerstones of
modern biotelemetry miniaturization, micro-power, and wireless

communication [42].

Biotelemetry requires wireless communication for the transfer of
information between sensors and the device and between the
device and the telemedicine server. Available medical telemetry
transmission frequency bands for the transfer of physiological

data and information include [43] — [44]:

- Medical Implant Communication Service (MICS) = 402 — 405
MHz. Maximum transfer power = 25 pW, maximum
bandwidth used at any one time = 300 kHz i.e. low bit rate
system compared with WiFi and Bluetooth. Range is a
couple of meters

- VHF =174 - 206 MHz
- UHF =450 -470 MHz

- Industrial, Scientific and Medical band (ISM) = 902923 MHz,
2.4— 483 GHz

- Wireless Medical Telemetry Service bands (WMTS) = 608 —
614 MHz, 1395 — 1400 MHz, and 1427 — 1432 MHz

MedRadio = 401 — 406 MHz.

Figure 1 shows available wireless communication technology
(protocol) in biotelemetry [45] for Implantables, Body Area
Network (BAN), Personal Area Network (PAN), short mobility
distance (WLAN), and global mobility distance [Wireless WAN
(WWAN)]. These include:
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Bluetooth — 2.4 GHz; data rates of between 750 Kbps
and 3 Mbps; transmission range of between 10m and
100m

ZigBee — 2.4 GHz, 868 MHz (Europe) and 902 MHz (USA);
data rates of 250 Kbps; transmission range of 10 — 30m
indoors and 200 — 1000m outdoors; it can incorporate
advanced encryption and authentication

RFID — up to UHF frequency range (868 — 956 MHz);
transmission range of a few meters; usually passive

Ultra Wideband (UWB) — data rates of 500 Mbps at 2m
and 110 Mbps for upto 10m

IEEE 802.11 — Wireless LAN (WLAN), 900 MHz, 2.4 GHz,

and 5 GHz; data rates up to 54 Mbps; transmission range
up to 100m
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Figure 1: Biotelemetry wireless communication protocols for
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Implantables [45]

Manufacturing/Fabrication/Packaging — The emergence of
BioMicroElectroMechanical Systems (BioMEMS) fabrication
technologies such as soft lithography, micromolding, 3D structure
assembly, and microfluidics. The precision and scalability offered
by these fabrication technologies promise dramatic
improvements in device performance and consequently patient
outcomes. BioMEMS fabrication techniques are known to produce
well-controlled feature sizes ranging from millimeters to

submicrometers. Requirements for feature sizes below 100 nm
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has required new nano-fabrication methods including extreme
ultraviolet (EUV), X-Ray lithography, micro-contact printing, soft
molding, and molding in capillaries (MMIC). It is no wonder that
BioMEMS: is the platform upon which the human genome  was
sequenced in record time; the platform for performing print-of-
service diagnostic testing; the basis for research of protein
expression in health and disease; and eventually, monitoring the
evolution of diseases in an individual, and delivering customized
nano-medicine therapy [40], [46], [47]. Examples include: SoC
[48] — [49], SiP [50] - [51], microfluidics [52] - [53],
Microelectrode array [54], Camera pill [55] — [58], and down-
sizing of implantable defibrillators from 209cc to 36cc [59]. There
has also been a corresponding evolution of different packaging
technologies since the 1950s including Surface Mount Devices
(SMD), chip-on-board, chip-on-chip, and now 3D chip scale
packaging. We are now in the era of “disposable electronics”.
BioMEMS have driven the implantable medical devices to higher
integration, lower volumes with smaller sizes, and increased

durability.

A smaller size usually denotes low power consumption,
evidenced in the total power consumption requirements of

available implantable systems listed below [60] — [61]:
- Pacemakers: 30 — 100 pW
- Cardiac Defibrillator: 30 — 100 pyW

- Neurological stimulator: 30 uW to several mW
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3)

- Drug pump: 100 pW =2 mW

- Cochlear implants: 10 mW

- Retinal stimulator: 250 mW

- Body area monitoring: 140 pW

- Neural recording: 10 mW

- Analog Cochlear processor: 1 — 10 mW
- Hearing aid: 100 — 2000 pW

- Telemedicine: 300 mW

Device and material biocompatibility — Biocompatibility concerns
the safety of devices that are in contact with humans, either
directly by surface contact or implantation, or indirectly through
external communicating devices (catheters etc). The ISO 10993
International Standards pertain to the biological evaluation (and
certification) of medical devices so as to protect humans
while serving as a framework for selecting tests which will
evaluate biological responses [46]. The biomaterials used should
be able to resist degradation within the body as well as generate
beneficial cellular or tissue response in specific situations
thereby optimizing the performance of the devices. Available
biomaterials include stainless steel, polymers, Platinum Iridium,
Titanium, and Polytheretherketone polymer. Materials for
electrical interconnects are also considered and include brass,

Beryllium Copper, and stainless steel [62].

29



4) Power sources — The wireless power transfer capabilities of

some available interface platform are listed below [63] —[64]:

Implantable rechargeable batteries with high energy
densities include Lithium Carbon Monofluoride
(Li/CFx) — used in many neurostimulation devices and
drug pump applications - and Lithium Silver
Vanadium Oxide (Li/SVO) used in defibrillators [65]

Radio Frequency (RF) using antennas — up to 135 mW
atarange of 1Im

Inductive Coupling — up to 150 mW over a couple of
centimeters range

Ultrasonics —up to 1 W at a range of 10 cm.

Energy harvesting — Kinetic (80 uW), Thermoelectric
(30 uW), Vibration (335 pW)

Infra Red —4 mW
Photovoltaic— 5 mW

Magnetic resonance —3 W over distances up to 1 m

The future trends of medical devices will include: the development of

small and less expensive robotic systems for high-precision surgery

notable for orthopedics and neurological procedures; synergy and

miniaturization for future innovations in medical device design;

nanotechnology and genomics in personalized care; and tissue-

engineered products [41], [66] — [69].

30



Of the impacts of bioelectronics that will boost the development of
IMDs highlighted above, this thesis will be focusing on power sources
i.e. IMD power transfer and data transmission interfaces. The following
chapters will discuss the development of a novel, multi-tier wireless
power transfer and data communication interface for low-power,
periodically-activated implantable analogue bio-sensors combining

inductive coupling and ultrasonics.

1.3 Research contributions

On the basis of our focus on alternative (communication) interfaces for
IMDs particularly combining transcutaneous inductive coupling and
ultrasonics to wirelessly transfer power and transmit sensed data with
periodically-activated deeply implantable analogue bio-sensors, the
research contributions — results of which are already published in [70] —

[72] - include:

- Design planar, circular printed spiral coils (PSCs) using
our proprietary ‘coil calculator’ Visual Basic application
with Advanced Design System (ADS)

- Evaluate PSCs fabricated on FR4 substrate for maximum
permissible density using wet-etching by investigating
the quality of the template mask produced as well as the
etching process

- Design, simulate and evaluate the prototype CMOS
logic-gate coil driver

- Characterise PZT ceramic discs using a propagation tank

test containing a ‘home-made’ homogeneous liquid
phantom
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- Verify for the first time, by the development of an
application, the feasibility of PZT transducer discs, driven
in their low-frequency, radial/planar excitation (-31)
mode, for wireless power and data transmission deep
inside a homogenous liquid phantom

- Verify and evaluate a prototype ultrasonic power and
data transfer interface system based on measurements
from the propagation tank test

- Evaluate a novel multi-tier, low-power, wireless, non-
invasive interface system for deeply implantable medical
devices (IMDs) based on the combination of both
inductive coupling and ultrasonics

1.4 Structure of thesis

This thesis is structured as follows: in chapter Two, current and relevant
literature review of IMD interfaces for power and data communication
are discussed, with emphasis on Transcutaneous Inductive coupling
interfaces as well as Ultrasonic interfaces. A discussion of experimental
methodologies for the Inductive coupling sub-system and ultrasonic
sub-system of the novel multi-tier interface system is highlighted in
Chapter Three. While Chapter Four discusses laboratory experimental
results from the designed and developed multi-tier interface system.
Chapter Five summarizes and concludes with suggestions for future

work.
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2. IMPLANTABLE MEDICAL DEVICES (IMDs)
INTERFACES

In the preceding chapter, global healthcare systems are undergoing a
crucial and radical change from the traditional/conventional hospital-
centred system to an individual/home-centred system. This
transformation is being driven by the aging global population and the
spread of chronic diseases; both culminating in increasing global
healthcare spending. Current and emerging developments in wearable
medical systems (including on-body and implantable medical devices)
are effecting this shift by providing accessible and affordable
healthcare while encouraging early detection and timely response
through continuous monitoring of human physiological conditions [73]

- [80].

To achieve continuous monitoring of diverse human physiological
conditions, durable, efficient, intelligent, and practical power transfer
interfaces (that is communications link) are essential. In this chapter,
applications of IMDs are briefly discussed with a listing of available
practical power transfer and data communication interfaces for IMDs.
Current published designs of inductive coupling and Ultrasonics

interfaces are further listed and their short-comings discussed.

2.1. Implantable Medical Devices (IMDs)

From the first battery-operated Cardiac Pacemaker in the 50’s, IMDs
have been evolving. This evolution has been characterised by smaller
footprints having multi-functional capabilities for diagnosis, telemetry,

sensing, and therapeutics. This evolution is facilitated by advancements
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in technology such as microelectronics, smart textiles, wireless
communication, miniature bio-sensors, and ubiquitous computing. It is
therefore no wonder that IMD’s have a crucial role in modern medicine

with great potential for pervasive healthcare [81] — [92].

IMD’s combined with remote patient monitoring (telemedicine)
enables improved healthcare delivery by encouraging continuous
monitoring combined with patient mobility; endearing patients’
compliance for frequent and better quality measurements [93] — [99].
This wireless biomedical sensor network will provide meaningful
sampled physiological data for medical personnel by establishing a real-
time link between patients and service providers [100] — [103]. With
this advent of smaller, safer, intelligent, efficient, maintenance-free,
longer-lasting, and multi-functional IMDs, patient identification,
continuous real-time monitoring, and automated delivery of precise

medications can now be achieved [104] — [106].

2.1.1. Definitions

Active Implantable Medical Device

An active implantable medical device, according to the International
Organization for Standardization (ISO), is a medical device that is totally
or partially inserted into the human body by surgical procedure and is
powered by electricity or other form of energy. It is expected to remain

after completion of the medical procedure [107].
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Telemedicine

The American Telemedicine Association [95] defines telemedicine as
the transmission of patient’s medical information between sites for the

primary purpose of improving health.

Telemetry

Telemetry is the process whereby data/measurements are collected at
a remote/inaccessible point and transmitted (preferably wirelessly) to
another point having receiving equipments for monitoring, display,

and/or recording [108].

2.1.2. History of IMD telemetry

As early as the 1950’s, wireless telemetry has been demonstrated for
fetal heart rate, pH, temperature, electrocardiogram (ECG), and
gastrointestinal parameters. In the 70’s, wireless bio-monitoring was
first used in humans for monitoring fetal heart rate. Recently, we are
now witnessing the development and deployment of inexpensive,
practical, and portable devices for wireless telemetry systems [109]. A

timeline of IMD telemetry is as below:

1980s - Inductive Telemetry: Near field (sub MHz) at data
rates <50 kHz; low power (<1 mA); pick up in implant
using small coil; very short range (10 cm max)
requiring close skin contact

1999s - RF Telemetry: Medical Implant Communication
Service (MICS) Band; 402-405 MHz frequency
allocation; FCC was petitioned in mid—1990s,
spectrum allocated in 1999; 2003 - Biotronik release
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MICS device (non-compliant); 2004 - Medtronic
release MICS device; 2005 - Guidant release ISM band
(915 MHz) device; ISM bands (13.56, 433, 868, 915
MHz) are sometimes used

2002 - Ultrasonic Telemetry

2.1.3. Classifications of IMDs

There are three categories of medical devices: implanted, in-vitro, and
external; with implanted medical devices the most challenging in terms
of power consumption [110]. Furthermore, wireless implantable
devices can be classified according to their application: Identification,
Monitoring, and Control (Actuation/Stimulation) [109], [111].
Implantable identification devices (lIDs) principally provide personal
information i.e. sending a patient’s identifier to an external reader e.g.
RFID. Implantable monitoring devices on the other hand measure
physiological characteristics of a patient and transmit these data to an
external device e.g. blood glucose sensors and electrocardiogram
monitors. Finally, Implantable Control Devices (ICDs) alter the
physiological characteristics of a patient. Commands from an external
device are received which enable the adjustment of settings on the
implanted device. If integrated with monitoring capabilities, they relay
back information of their current status as well as the sensed data to an
external device. Examples include pacemakers, implantable

Cardioverter defibrillators, neurostimulators, and cochlea implants.
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2.1.4. IMD applications

As illustrated in Figure 2 [60], the concept of Implantable Medical

Devices (IMDs) is in fact diverse, covering the entire human body.
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Figure 2: IMD applications [60]

Many long-term IMDs — in one or more of the application fields in
Figure 2 - have already been tested, certified, and are already on the
market from the following manufacturers: Remon; Zarlink (ZL70101);
Avaak; RF micro devices; ULP Medical Transmitter; Given Imaging
(Camera Pill); Cambridge Consultants; Toumaz (Sensium) etc. A current
list of global medical device companies is highlighted in [112], [113];
while [114] lists the top eleven most implanted medical devices in the

USAin 2011.
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In order to satisfy the applications shown in Figure 2, the future
development of implantable devices is expected to concentrate on
smaller footprints, efficient power management, reliability by the
inclusion of energy harvesting from the surrounding environment, and

in-built wireless (communication) telemetry [115].

2.2. Characteristics of IMD interface

IMDs, once implanted, are not accessible except by costly, life-
threatening surgery and must therefore be self-sustaining i.e. be able to
survive the harsh conditions inside the human body to foreign objects,
be able to continuously communicate wirelessly (bi-directional data
transmission) with external instrumentation, have sufficient power for
the duration of the intended operation, allow adjustment, resetting or
reprogramming of operational settings, and be able to adequately
control data acquisition, processing and wireless transmission, all on a
miniature footprint [116]. This implies that for long-term, maintenance-
free operations, IMDs will of a necessity have an efficient power
management system in order to avoid the costs that are associated with
periodic replacement of traditional batteries. For real-time monitoring
applications on the other hand, the IMDs will also need to transmit
sensed vital information to outside of the human body for further
diagnostics and processing i.e. remote (wireless) monitoring [117].
According to Farahi et al [116], the functions of an IMD include (but are
not limited to): efficient power management for all components in the
system; sense and condition analog signals from implanted bio-sensors;
wirelessly transmit conditioned (digital) sensed data; store sensed data

as well as operational parameters and settings, wireless communication
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with a base station for sensed data transmission as well as operation
parameters resetting; and be capable of low-duty cycles operation to

conserve power.

2.2.1. Interface design considerations and
challenges

Despite the fact that design requirements for IMD interfaces are
application-specific, hardware design implementations share a common
set of constraints in: power (and its efficient management), size, and
functionality. It is interesting to note that the combination of these
constraints, among others, determines the life time of the device in the
case of battery-powered implants, places restrictions on the available
communication range and bandwidth of the wireless communication
link, as well as determining the available processing bandwidth for the
front-end electronics. As restriction of the device size invariably impacts
system power efficiency, computational capacity, as well as overall
system functionality, hardware design considerations are usually trade-
offs between required functionality, power consumption requirements,
and size; with ultra-low power, multi-functional, miniature in vivo

devices the most challenging [78].

The unique combination of ultra-low power with high reliability and
wireless (bi-directional) communications differentiates IMD electronics
from other electronic systems [35]. From a key requirement such as
ultra-low power integrated circuits used in personal healthcare devices
[92], it can be deduced that the ultra-low power and ‘fine-fabrication’ of
CMOS technology is conducive for the development of implantable

devices used for biomedical applications [104].
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According to Oesterle et al [59], the design of an IMD requires attention
to a minimum of three balanced key design requirements namely: how
to interface with the implant; sensing, processing, and transmission of
sensed information/data; and a power source with an efficient power
management facility. Hence, their common terminology as Smart
Medical Devices (SMD), Implantable Medical Devices (IMD), System-on-
Chip (SoC), System-in-Package (SiP), and Laboratory-on-a-chip [116].

Because of limited power supply, a common feature of many
portable/wearable medical devices is that they are operated in low-duty
cycles i.e. they are periodically used. Their active duty cycle and
therefore active current consumption is low due to intermittent usage.
Additionally, biomedical data signals have a low frequency spectrum, for
example, heart beat rate is susceptible to interferences (and therefore

leakages) [92], [93].

Limited battery life impacts the lifespan of the implant and is a
significant obstacle to future implantable interventions. To alleviate
this impact, developments for alternative powering methods have
become imperative — this is supported by the assertions of Xiao-Fei et al
[73] and Loughlin [118] that a crucial issue for developing
wearable/implantable medical devices is the critical need for

alternative power sources.

Once the power source is selected, it becomes important to
efficiently manage it by reducing overall system power consumption
through novel signal processing/conditioning techniques as well as

efficient analog sub-systems. Furthermore, sensed data transmission is
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often power intensive, preferring to process the sensed data signals by

extracting the salient features before transmission [82].

Most IMDs now communicate wirelessly with an external reader,
raising security and privacy-intrusion concerns because unauthenticated
entry can gain access to a patient’s IMD causing direct harm to the
patient [119] — [124]. In short, IMDs must be miniaturized, integrated,
networked, digitalized, smart, and standardized (MINDSS) [102].

In summary, according to Schuylenbergh et al [125], IMD design

challenges include:

- Low power consumption. Typically, TX/RX current of < 6 mA
with low sleep/listen current of ideally < 0.1 mA

- minimal external components. Fewer components ensures
lower manufacturing cost, smaller footprint, and higher
reliability

- selection of ‘reasonable’ data transmission rates. Data
transmission volume, speed, and range requirements dictate
the wireless protocol. Bluetooth offers data rates of 3 Mbps;
ZigBee offers data rates up to 250 kbps; Ultra Wideband (UWB)
offers data rates between 110 — 500 Mbps; while WLAN offers
data rates up to 54 Mbps

- Selection of effective operating (wireless) coverage range. For
short distances of several millimeters inductive coupling is
used. In the middle range of several meters, ultrasonic and
electromagnetic resonance induction is used. For long
distances, microwave and laser transmissions is used

- Reliability i.e data and link integrity, selectivity and
interference rejection

While IMD design considerations include:
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- Use of multi-tier interface platform for low operating voltages,
equating to low overall system power consumption

- Implementation of ‘periodic’ duty cycle operation to conserve
power through ‘sniffing’ for wake-up and turning-off sub-
systems in chip not required (non-essentials)

- Use of reasonable data rate for high sensitivity; ensuring data
is transmitted in short intermittent bursts

- Use of CMOS sub-micron technology

2.2.2. Interfacing IMDs — communication and power

Implanted devices communicate with the external world for power,
telemetry (data transmission) and control. They operate either as
sensors or stimulators. Sensors measure physiological signals inside the
body and transmit this information (wirelessly) to an external device.
These measured signals include body temperature, blood pressure,
glucose concentration, detection of contraction/dilation of blood
vessels, cardiac and arterial wall movements, respiratory, as well as
cardiac pressure disorders. The continuous monitoring of these bio-
signals will enable early diagnosis and the prevention of critical medical
conditions. IMDs operating as stimulators on the other hand receive
and relay specific control information/data and stimulate specific
nerves for healing, reconstruction and/or therapeutic purposes. From
the above, it is essential that implanted devices are provided adequate

power in order to sense and stimulate and this cannot cease [126].
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Table 1: Characteristics of primary and secondary communication
nodes [126]

Wireless

Communication

Active Telemetry

Passive Telemetry

Power Source

Both nodes have their
own separate power
source

Located only in the
primary (external)
node.

The implanted node
is powered from the
primary node.

Transmitted signal

Only data is
transmitted

Both power (from
primary to implanted)
and bi-directional data

Both power (from
primary to implant)
and data
transmission. The
secondary passively
loads the primary
correlating to the
measurement of the
implant device.

Device size Bulky —to The implanted node is | Minimized secondary
accommodate smaller as it is size
implanted power remotely powered by
source and associated | the primary node and
circuitry requires no power
system
Longevity Finite. Battery Long lifetime Extended lifetime
requires frequent
recharging
Transmission High Limited Smallest bandwidth
bandwidth
Wireless range Btw 20 — 1000cm 5-30cm 0.5-20cm

From Table 1, based on the characteristics of the primary (external) and

secondary (implanted) communication nodes, wireless communication

systems can

be grouped

into

three

categories -—

Wireless

Communication, Active Telemetry, and Passive Telemetry [126].

The following wireless data communication and power transfer

interfaces for IMDs have been considered practical [126 - 132]:
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Equipping the implanted device with Lithium ion primary
batteries whose lifetime is 5 — 10 years [133] — [143]. Battery
development spans from the Ruben Malloy Zinc/Mercury cells
powering the early implantable pacemakers of the 1940’s to
the Lithium lodine (Li-lon) battery of the early 70s.
Lithium/Silver Vanadium Oxide batteries are now used to
power the high current pulse demand of Implantable
Cardioverter defibrillators (ICDs).

Radio frequency (RF) transmission [144] - [163]. RF
transmission overcomes the range limitations of inductive
systems. It consists of a minimum of a pair of antennas used
for power transfer and data transmission over a range up to
2 m. Operating frequency is selected from the Medical Implant
Communication Service (MICS) frequency band. Antennas can
be on-body i.e. wearable (incorporating flexible textile
substrates) or in-body i.e. subcutaneous. Design considerations
include small antenna footprint, SAR levels of power radiated,
directivity of the transmitter, and interference from other EM
sources.

Transcutaneous electromagnetic inductive coupling [70-72,
164 - 200]. These are used for applications where the operating
range is small (millimeters). A minimum of a pair of coils is used
for both power transfer and data transmission. Design
considerations include fabrication of high quality coils, proper
alignment of a pair of coils, and an efficient drive circuit to
achieve high transfer efficiencies. It is also MRI non-compliant.

Optics i.e light/infrared rays [201] — [209]. This system involves
harvesting the energy of ambient light passing through tissues
using an array of Photovoltaic (PV) cells embedded under the
skin. Though power transfer is low, it is MRI compliant.
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Ultrasonics [70, 210 - 234]. This system is based on the ability
of piezoelectric PZT transducers to convert ultrasonic
(mechanical) waves to voltage and vice versa. Power is
transferred and data transmitted via ultrasound. Design
considerations for high transfer efficiency include acoustic
impedance matching and an efficient drive circuitry.

Permanent Magnet [235] — [237]. The core of a permanent
magnet system is a linear generator consisting of multiple
layers of permanent magnet (PM) and coils. The relative
movement of the coils (due to multidirectional body
movements) versus the PMs creates a varying flux in the
windings. This change in flux produces voltage.

Magnetic Resonance [238] — [244]. Strongly coupled magnetic
resonance (SCMR) employs resonators to transmit power
wirelessly and efficiently over mid-range distance. The adverse
effects of low coupling coefficient in inductive coupling are
compensated by a high quality factor 4-element system. A
standard SCMR system consists of four elements — typically
multiple loops and spiral coils.

Volume Conduction (VC) [245] — [248]. This system utilizes the
natural volume conducting properties of the body to facilitate
power transfer. The capability of ionic fluids within biological
tissues to conduct current is used for power transfer and data
transmission.

Witricity [249] — [256] — Wireless electricity — is based on using
coupled resonant objects. The two electromagnetic resonators
are coupled through magnetic fields. The powered sending unit
fills the space around it with a non-radiative magnetic field
which causes the receiving unit to resonate with it.
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- Bone conduction [257] — [258]. In contrast to hearing aids,
bone conduction devices convert a received sound into
mechanical vibrations. These vibrations, transferred through
the skull, can then converted to useable power.

- Microbial Fuel Cells [259] are devices that use bacteria as the
catalyst to oxidise organic and inorganic matter and generate
current.

- Energy harvesting [260] — [261]; generally from thermoelectric
power generation [262] — [267], radio frequency power
conversion [268] — [271], solar/photovoltaic energy conversion
[272] — [274], and vibration-to-electrical energy conversion
[275] — [277]. Vibration-to-electrical energy conversion is
further classified by the mechanism of transduction thus:
piezoelectric [278] — [281], electromagnetic [282] — [283], and
electrostatic [284].

Energy received in any of the above-mentioned ways is used at once or
stored in an implant’s own power source using a super capacitor or

rechargeable battery.

Traditional power transfer relied on wire transmission using electrical
wire or cable. This method was characterized by poor safety, poor
reliability and patients’ inconvenience. On the other hand, with
wireless power transfer, electrical power is transferred from an

external source to the load without using interconnecting wires.

Based on the effective operating range, wireless transmission can be
divided into three categories [285]: short distance, middle distance,
and long distance. Short distance mode of transmission indicates a

transmission distance of several millimeters and is typically
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implemented using electromagnetic inductive coupling technology. In
the middle distance mode, operating range is several meters and is
divided into two categories: ultrasonic and electromagnetic resonance
induction. Ultrasound is a mechanical wave consisting of sound wave
above 20 kHz. Power transmission via ultrasonics is based on the
piezoelectric effect and converse piezoelectric effect of piezoelectric
materials i.e. the conversion of mechanical vibration to electrical
voltage and vice versa. Electromagnetic waves possess strong radiation
property, but over long distances received power is low. This has been
resolved by resonance induction technology. For long distances, the
main categories are: microwave transmission and laser transmission.
Microwave transmission is characterized by wavelengths from as low as
1 mm and frequency between 300 MHz to 300 GHz. The large
wavelengths of microwave transmissions make them susceptible to
scattering. Laser, on the other, is characterized with better directional
properties and the capability to transmit larger power. In summary, the
selection of an interface will be determined by the required operating
range, the expected lifetime of the device, the implant size (implant

location), and the data bandwidth (transmitted sensed data rate).

On the basis of how a connection is established, wireless data
transmission and/or powering methods are classified into three groups

[125]:

- Wireless links/interface based on wave propagation. These
include radio frequency (R.F.) links (30 kHz — 300 GHz), optical
links (infrared (10" Hz) to Ultraviolet (10’ Hz), and ultrasound
links (10 kHz — 10 MHz). A general requirement for all wave-
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based links for efficient wave generation or reception is that
transducer dimensions are comparable to the wavelength

- Wireless links/interface based on electrical conduction. The
wireless transmission of alternating current through the earth
with an equivalent displacement through the air above it. This
displacement is by electrostatic induction

- Wireless links/interface based on an alternating, but non-
radiating quasi-stationary field. These include inductive links
(typically 1 kHz — 100 MHz) and capacitive links (via an
electrostatic field)

The most appropriate interface is determined, according to Puers et al
[286], from the dimensions of the transducer, the interactions between the
link and its surroundings, and the effects of the implant’s environment on
the performance of the interface. From published literature, inductive
coupling and ultrasonics are the dominant interface for IMDs and examples

of published designs for each will now be described below.

2.2.3. Inductive coupling interface design

IMDs are foreign objects placed inside the human body. Their shape and
overall size is confined by the anatomical region in which they are to
reside. For traditional battery-operated IMDs, implant life is restricted by
the lifespan of the battery. For long term implantable devices including
cochlear implants, retinal implants, pacemakers, orthopaedic implants,
defibrillators, and neuro-muscular stimulation and recording devices,
inductive powering is becoming the preferred link [287]. For short range
links of between 1 cm and 10 cm, low-frequency inductive coupling links

provide a simple interface for both power transfer and data telemetry
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[78]. A generalised schematic overview of a transcutaneous inductive

power and data link is shown in Figure 3.

DC
Supply

Primary
Secondary

Figure 3: Generalized inductive coupling link block diagram

According to Figure 3, a generalized inductive coupling link comprises of:
a small-signal master oscillator followed by a power amplifier driver;
minimally, a pair of coils (the primary, external coil and the secondary,
implant coil); rectifier; and regulator. The pair of coils forms a loosely-
coupled transformer for wirelessly transferring energy/power to remote
electronics placed within the reach of the near-field of the coils. A
dedicated power amplifier is used to drive high current into the primary
coil in order to generate the magnetic fields required for power transfer.
Class E power amplifiers are characterised with a double-tuned circuit
with a series-tuned coil and a parallel-connected capacitor. This

configuration offers an elegant solution because it combines the
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benefits of low-current operation of a parallel resonance with the low-
voltage operation of a series resonance. For small loads, high efficiency
series-resonant links are appropriate while a parallel-resonance
secondary is required for a voltage-source type output application [286]

- [287].

Powering the primary coil generates an alternating magnetic field at the
carrier resonance frequency. By an inductive coupling mechanism via
mutual inductance, part of the generated magnetic field is picked up by
the secondary (implant) coil. The output sinusoidal signal at the
secondary coil is rectified (and regulated) to the desired supply voltage
for the implant. The effectiveness of the coupling between the primary
and secondary coils depends on the following: the primary coil operating
drive frequency, the geometry of both coils, the gap (separation)
between the coils, axial alignment between the coils, the load
experienced by the primary coil, and angular alignment [78]. Transfer
efficiency is a function of and increases with coil coupling, k between the
coils and the quality factor, Q of each coil. To minimize misalignment,
the primary coil has a larger diameter than the secondary i.e. the
primary coil diameter is selected to be approximately three times the

diameter of the secondary (implant) coil [287].

Inductive coupling links transfer power and have integrated data
transmission — uplink for recording/monitoring devices and downlink for
stimulation devices. To transmit “intelligent” data, some form of
modulation is required. An inductive link, comprising the coupling of
power between a primary source and a secondary LC tank, is conducive

for short-distance passive data telemetry based on Amplitude Shift
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Keying (ASK) and Phase Shift Keying (PSK) modulation. Amplitude

modulation is characterised by simple encoding and decoding circuits

and is therefore preferred to frequency and phase modulation. The

decoding (demodulation) circuit comprises an envelope detector, band-

pass filter, and a comparator [286 - 288]. Examples of Inductive interface

circuits are given below:

Figure 4 is the inductive wireless power transfer system for implantable

sensor applications by Adeeb et al [289].
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Figure 4: Inductive link wireless power transfer system for implantable
sensors: (a) System block diagram (b) Class-E power amplifier
driver schematic [289]

The system in Figure 4a makes use of a single pair of coils driven at a
resonance frequency of 206 kHz using a Class-E power amplifier. A
power of 125 mW is transferred with a power link transmission
efficiency of 12.5% over an operating range of 10 mm. Frequency Shift

Key (FSK) modulation scheme is used to transmit 10 Kbps of sensed data.

. In their optical wireless USB 2.0 system, Yakasi et al [290] wirelessly
transfer data and power between a portable music/video player and a

PC as shown in Figure 5.
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Figure 5: Optical wireless USB 2.0 system incorporating inductive
coupling [290]

The system consists of a single pair of coils transferring > 1.5 W of power
over an operating range of 7 mm (max) with a maximum power transfer
efficiency of 70%. The radiation angle of the optical wireless transceiver
is optimized using a holographic diffuser with a diffusion angle of 20

degrees. The optical data link transmits sensed data at 1 Gbps.

3. A high-efficiency inductive power link with backward telemetry for

biomedical applications by Ma et al [179] is shown in Figure 6.
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Figure 6: Inductive power link with backward telemetry for biomedical
applications. (a) System block diagram (b) Differential Class-E
power oscillator with data recovery (c) Power recovery unit
schematic [179]

The system comprises two primary coils and a single secondary coil
driven at a resonance frequency of 7 MHz. One of the primary coils is
for power transfer while the other is for data transmission. The power
primary coil is driven by a cross-coupled, MOSFET-based differential
Class-E power oscillator. The system delivers ~ 11 mW over an operating

range of 10 mm with a system efficiency of 74%. Load Shift Keying (LSK)

is used to back- transmit sensed data to the external.

. The design by Hmida et al [291] in Figure 7 is a wireless power and data

transmission circuit for implantable microsystems.
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Figure 7: Wireless power and data transmission circuit for implantable
bio-microsystem [291]

The system in Figure 7 makes use of an inductive coupling link

comprising a single pair of coils driven at a resonance frequency of 13.56

MHz via a Class-E power amplifier. About 136 mW of power is

transferred over an operating range of 15 mm with an efficiency of 50%.

A data rate of 1 Mbps is achieved using an Amplitude Shift Keying (ASK)

modulation scheme.
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5. A microcontroller-based implantable neuromuscular stimulation
system with wireless controller for data and power transmission by

Liang et al [292] is shown in Figure 8.
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Figure 8: Microcontroller-based implantable neuromuscular stimulation
system with wireless power and data transmission. (a) System
block diagram (b) Implantable Microstimulator block diagram

(c) External/transmitting coil schematic [292]

The system comprises a single pair of coils driven at a resonance

frequency of 2 MHz via a self-oscillating Class-E power amplifier

delivering about 30 mW over an operating range of 30 mm with a

system efficiency of about 25%. Sensed data is transmitted using ASK

modulation scheme (with 50% modulation index).
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Table 2: Comparison of Inductive Coupling interface systems

Ref. | System Transmitter | Data Operating | Efficiency | Power
Specifications | drive transmission | range (%) transmitted
scheme scheme (mm)
289 | Single pair of | Class—E Frequency 10 12.5 125 mW
coils at power Shift Key
resonance amplifier (FSK)
frequency of modulation
206 kHz @ data rate
of 10 Kbps
293 | Multi- Class—E Amplitude N/A N/A > 300 mW
receiving coils | power modulation
system amplifier @ data rate
comprising a of 9.6 Kbps
single
transmitting
coil and three
orthogonal
receiving coils
at resonance
frequency of
1 MHz
290 | Single coil N/A Optical data 7 70 >15W
pair link @
1Gbps
186 | Multiple N/A 2.2 KHz N/A N/A ~20 mwW
planar sampling
primary coils rate
transmitting
to a single
secondary
coil
294 | Single coil Class—E Amplitude 10 N/A Delivers 70
pair power Modulation mA DC to
fabricated amplifier through an implant
using Litz RF link for rechargeable
wire bi- battery
directional
data
transmission
179 | Single pair of | Cross- Load Shift 10 74 ~ 11 mw
coils at coupled Keying (LSK)
resonance MOSFET-
frequency of | based
7 MHz differential
Class-E
power
oscillator
295 | Single pair of | Class—E N/A 10 ~35 N/A
coils at driver
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resonance
frequency of
10 MHz
291 | Single coil Class—E Amplitude 10 50 136 mW
pair at power Shift Keying
resonance amplifier (ASK)
frequency of modaulation
13.56 MHz @ 1 Mbps
data rate
181 | Single coil Class—E LSK @ 3.3 15 ~ 35 (with | ~ 250 mW
pair power Kbps data adaptive
amplifier rate control)
292 | Single pair of | Class—E ASK 30 ~25 ~30 mW
coils at power modulation
resonance amplifier (50%
frequency of modulation
2 MHz index)
296 | Single coil N/A N/A N/A 94 20 W
pair at
resonance
frequency of
600 kHz

A summary of some recent inductively coupled interface designs is
tabulated in Table 2. It can be noted from Table 2 that the power
transferred is between 11 mW and 20 W over an operating range of
between 7 mm and 30 mm with achieved transfer efficiency between
12.5% and 74%. Class-E power amplifier is the preferred transmitter
drive scheme while operating resonance frequency is between 206 kHz
and 13.56 MHz.

2.2.4. Ultrasonic interface design

From the 1950s, ultrasound has been applied to medicine — primarily
for medical imaging. The inherent properties of ultrasound compared
with RF include: it penetrates deeper inside the human body with
minimal attenuation; it is free from Electromagnetic interference (EMI);
minimal tissue heat dissipation; and lower operating frequency hence
smaller wavelengths. This has made ultrasound a primary candidate for

wireless electric power transfer for future ultra-low power implantable
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medical devices [201] - [203], [297] - [302]. The radiated energy from
ultrasound is well suited for implants because of its low power
consumption and the fact that it is safe and has no ill-effects on the

human body when maintained below the FDA stipulated limits [303].

With distances between the implant microsensor and the external unit
now extending beyond a few centimetres, new powering and telemetry

alternatives are needed to inductive coupling power transfer because:

- It becomes impractical at operating ranges greater than
several centimetres

- transfer efficiency diminishes with angular misalignment

- characteristic low coupling factor

- susceptibility to electromagnetic interference (EMI)

- selection of operating resonance frequency is limited to

frequency band for medical applications

- poor efficiency [88], [304].

For implantable devices requiring low power, penetration of energy
through the skin i.e. transcutaneous energy transfer by inductive
coupling is enough. For power transfer in the range of tens of milli-
Watts (for smart IMDs such as bio-MEMS devices) and for powering
deep implantation IMDs, ultrasonic energy transfer is a preferable
interface due to its compactness, electromagnetic coupling immunity
and relatively high power transfer efficiency [88], [203]. The transfer of
electrical energy by ultrasound pressure waves has so far been
promising on account of its suitability to the predominantly liquid

environment within the human body, its inherent design simplicity, and
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its capability to reach the penetration depths required for interfacing
with deeply implantable medical devices [203]. Even though ultrasound
has the above characteristics, it is lossy i.e. susceptible to attenuation
when moving from one transmission medium to another.
Electromagnetic energy and ultrasound have been applied in medicine,
but the focus is now on the application of ultrasound for therapeutic,
monitoring, powering, and communication purposes [298], [305] -
[306]. Additionally, according to Yadav et al [307], ultrasonic interface
systems are characterised by an order of magnitude reduction in power
consumption over RF-based interface systems. It is worth mentioning
that for an inductive coupling system, Bhuyan et al [308] claims that the
effective operating range cannot be greater than the size of the

transducer.

In an ultrasonic energy transfer interface, power is transferred by
acoustic pressure waves. The external power source energizes the
transmitting ultrasonic piezoelectric transducer, converting electrical
energy to acoustic pressure waves which are propagated through the
liquid transmission medium to the implanted piezoelectric transducer
receiver. The receiver, positioned within the radiation lobe of the
transmitting piezoelectric transducer, converts acoustic energy back to

electrical energy for use in the implantable medical device.

Ultrasound pressure waves impinging upon a piezoelectric transducer
generates an AC electrical output which can be rectified to provide DC
for powering the electronic circuits of the implant or charging the

implant’s rechargeable battery. The size of the piezoelectric transducer
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is limited to half the wavelength of the generated sound pressure wave

propagating through the liquid medium [309].

The three mechanisms by which mechanical vibrations are converted to
electrical energy are electromagnetic, electrostatic, and piezoelectric
[310]. Lead Zirconate Titanate (PZT) devices, whether used as single
crystals, ceramics or composites [311], are particularly suited for
electrical power generation because their mechanical to electrical
conversion efficiency is high. This high mechanical to electrical
conversion is governed by: their inherent high Electromechanical
coupling factor, k; high Piezoelectric Charge Constant, d; high
Piezoelectric Voltage Constant, g; and high quality factor [312]. The
Electromechanical coupling factor, k, indicates the effectiveness with
which a piezoelectric material converts electrical energy into
mechanical energy and vice versa. The Piezoelectric Charge constant, d,
on the other hand, is the polarization generated per unit of mechanical
stress (T) applied to a piezoelectric material or alternatively, is the
mechanical strain (S) experienced by a piezoelectric material per unit of
electric field applied. Large d constants relate to large mechanical
displacements which are sought in motional transducer devices. The
Piezoelectric Voltage constant, g, is the electric field generated by a
piezoelectric material per unit of mechanical stress applied or
alternatively, is the mechanical strain experienced by a piezoelectric

material per unit of electrical displacement applied.

Generally, each piezoelectric constant has two subscripts indicating the
directions of two related quantities e.g. stress (force on the ceramic

element) and strain (change in the length of the element) for elasticity.
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The Z-axis coincides with the direction of positive polarisation. The axes
X, Y, Z are represented by the subscripts 1, 2, 3 respectively. Shear

about these axes is represented by the subscripts 4, 5, 6 respectively.

PZT piezoelectric materials convert mechanical vibration into useful
electrical energy via the ‘piezoelectric effect’ [312], [313] — [317]. The
piezoelectric effect exists in two domains direct piezoelectric effect and
indirect piezoelectric effect. Direct piezoelectric effect describes the
property of the material to transform applied mechanical strain into
electrical charge and is therefore responsible for its ability to function
as a sensor. The indirect/reverse piezoelectric effect describes its
property to convert an applied electrical potential into mechanical
strain — accounting for its ability to function as an actuator. When a
piezoelectric element is exposed to an alternating electric field its size
changes in accordance to the (resonant) frequency of the driving field.
In other words, it oscillates. These ‘energy-carrying’ pressure
oscillations propagate through a (homogeneous) liquid transmission
media. Piezoelectric transducers can therefore be used as a motor —
where it undergoes changes in dimensions when electrically driven, or
as a generator — where it produces an electrical charge when

mechanically loaded.

Published literatures show PZT ceramics applied as electrical power
generators when excited in their thickness/longitudinal (-33) mode
(polarization and change in size is in the Z-axis). Though the
planar/radial (-31) mode (polarization is in the Z-axis while change in
size is lateral in the X-axis) is hardly mentioned in literature, it has been

shown to exhibit the following worthwhile characteristics: it is driven at
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a lower resonant frequency than the 33-mode implying low power
consumption; it is common in thin elements where the thickness is
much smaller than the radius; it has a lower electrical/mechanical
coupling than the 33-mode; it produces larger mechanical vibration
output (strains) with minimum input; and has an improved radiating
area ensuring maximum receiver output voltage [200], [298], [302],
[310], [312], [315] — [319]. Examples of ultrasonic interface designs are

described below:

1. The transfer of energy using ultrasound through the skin by Ozeri et

al [203] is shown in Figure 9.
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Figure 9: Ultrasonic transcutaneous energy transfer for powering
implanted devices (a) UTET system (b) drive excitation circuit
(c) test tank [203]
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The ultrasonic transcutaneous energy transfer (UTET) interface in Figure
9a consists of a pair of disc-shaped PZT transducers immersed in a
liquid media. The discs are excited in their thickness vibration mode at
a resonant frequency of 673 kHz and incorporate a graphite acoustic
matching layer. An output power of 70 mW is achieved for a power

transfer efficiency of 27% over an operating range of 40 mm.

2. An ultrasonic power transfer system by Shigeta, Y. et al [202] is

shown in Figure 10.
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Figure 10: Ultrasonic wireless power transmission system
incorporating a Cockcroft-Walton voltage rectifier and
booster circuit [202]

67



In Figure 10, a single pair of PZT transducers, both immersed, excited at
a resonant frequency of 4.2 MHz, transfer 800 uW with an efficiency of

0.39% (max) over a range of 7 cm to an implantable electronic device.

3. The power and interactive information transmission system for
implanted medical devices using ultrasonics by Suzuki, S. et al [221]

is shown in Figure 11.
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Figure 11: Ultrasonic power and interactive information transmission
system (a) schematic (b) signal path [221]

The ultrasonic system in Figure 11 comprises two pairs of PZT
transducers excited at a resonance frequency of 1 MHz. A pair of the
transducers is situated outside while the second pair is immersed in the
liguid media. A combination pair (one outside and one immersed) is
used for power transfer while the other combination pair is used for
data transmission. A power transfer of 2.1 W is achieved over a range of
4 cm for an efficiency of 20%. Image data is transmitted at upto 9.6

Kbps.
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Table 3: Comparison of Ultrasonic interface systems

Ref.

System
Specifications

Drive mode

Operating
range
(cm)

Efficiency
(%)

Power
transmitted

320

Single pair of PZT
transducers at
resonance
frequency of 2.3
MHz

N/A

4

N/A

N/A

307

Single pair of PZT
transducers in
free air

N/A

86

N/A

4 nWwW

308

Resonant
coupling system
driving an
ultrasonic plate
at a resonant
frequency of 772
KHz

Thickness
vibration
mode

48

1.26 W

309

Single pair of PZT
transducers with
the transmitter
external. Both
excited at a
resonant
frequency of 1
MHz

Thickness
vibration
mode

12

N/A

223 mW

203

Single pair of
disc-shaped PZT
transducers at
resonance
frequency of 673
KHz

Thickness
vibration
mode

0.4

27

70 mW

200

Single pair of PZT
transducers at
resonant
frequency of 1.7
MHz ;
incorporating
matching layers

N/A

N/A

0.95

84 mW (@
15v DC

supply)

297

Two pairs of
transducers; a
pair for power
transfer and the
second for data
transmission at
resonant
frequency of 1
MHz

N/A

50

N/A

~3mW

202

Single pair of PZT

N/A

0.35

800 pW
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transducers both
immersed @
resonant
frequency of 4.2
MHz

219 | Hybrid power N/A 4 36 5.4W
supply system
comprising a
pair of
magnetostriction
devices and a
receiver implant
PZT transducer
at resonant
frequency of 100
KHz

221 | Two pairs of PZT N/A 4 20 21W
transducers with
a pair outside
the skin at
resonant
frequency of 1
MHz and image
data rate of 9.6
Kbps

A summary of some published ultrasonic interface designs is tabulated
in Table 3. It can be noted from Table 3 that the power transferred is
from 4 uW to 5.4 W over an operating range from 0.4 cm to 86 cm with
achieved transfer efficiency from 0.35 % to 45 %. The preferred drive
mode is thickness vibration with operating resonance frequency from

100 kHz to 4.2 MHz.

2.2.5. Discussion

Considering Tables 2 and 3 as well as the power consumption figures of

‘single-tier’ interface systems in [70], the following can be surmised:
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- High overall system power consumption for single-tier systems.
Typically, > 30 W for ‘single-tier’ inductive systems and
between 230 mW — 1 W for ‘single-tier’ ultrasonic systems

- Average Power transfer efficiency using a Class E power
amplifier drive scheme is 50% for ‘single-tier’ inductive systems

- Relatively high power transfer efficiency for ‘single-tier’
ultrasonic systems thickness mode excitation but at the
expense of high power consumption

- Average effective operating range of ‘single-tier’ ultrasonic
systems is 10 cm with thickness mode excitation

The implementation of a multi-tier interface system (combining
inductive coupling and ultrasonics) should ensure low voltages across
the tiers, consequently guarantying low total power consumption when
compared to ‘single-tier’ interface systems. Additionally, this multi-tier
system should provide the platform for achieving the operation range
required to communicate effectively (through wireless power transfer
and data transmission) with deeply implantable devices while still
maintaining low total power consumption as well as comparable power

transfer efficiencies across the tiers.

In summary, this chapter has covered the classifications and
applications of Implantable Medical Devices (IMDs). Available
interfaces for IMDs have been elaborated and their design
considerations and challenges highlighted. As a result of their
dominance in published literature, some ‘single-tier’ inductive coupling
and ultrasonics interface designs are listed and their short-comings

discussed.
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3. THE 2-TIER WIRELESS INTERFACE

In the previous chapter, practical wireless power transfer and data
transmission interfaces for IMDs are highlighted with emphasis on
inductive coupling and ultrasonics. The shortcomings of single-tier
inductive coupling and ultrasonic interfaces were discussed and the
potential of a multi-tier interface were enumerated to ensure low
voltages across the tiers and consequently, low system power
consumption while achieving the operation range with comparable

transfer efficiency.

To overcome the high power consumption of single-tier interfaces and
achieve the operational range (with comparable transfer efficiency)
required to interface/communicate with deeply implantable medical
devices, a multi-tier interface is proposed. In this chapter, the design
methodology for a multi-tier interface combining inductive coupling
and ultrasonics is described. It details a proof-of-concept, novel, multi-
tier power and communication interface prototype system for low-
power, periodically-activated deeply implantable analog bio-sensors by

combining both transcutaneous inductive coupling and ultrasonics.

Results detailed in this chapter have been published in [70 — 72].

The overall prototype interface system block diagram is shown in

Figure 12.
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Figure 12: Prototype interface system block diagram

In Figure 12, energy from an externally worn battery is wirelessly
transferred through the skin (intermittently) by a single pair of inductor
coils via the well-established inductive coupling. The liquid medium in a
living bio-system (humans: 60 — 70% volume) presents an effective

transmission medium for ultrasonic signals.

From Figure 12, Tier 1 is the external transponder situated outside the
body. It comprises the rechargeable battery pack; some form of
communication unit (this is a microwave patch antenna in Figure 12);
the primary inductive coil and its associated driver circuitry; and a
microcontroller CPU. It can be noted in Figure 12 that the external,
primary coil is rightly depicted as bigger in size than the subcutaneous,
secondary coil (which is constrained by space restrictions under the

skin). The communication unit has not been discussed in this report as
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any one of the available options — RF, infrared, optical, Bluetooth, USB

2.0 etc. - can be implemented depending on the intended application.

Energy from the external (transmitting) primary coil is transferred via
Inductive coupling through the skin to Tier 2, the subcutaneous
transponder. The subcutaneous transponder comprises: the secondary
(receiving) coil, the envelope detection and amplifier circuit, a
subcutaneous microcontroller CPU, and the primary (transmitting)
piezo disc and its associated driver circuitry. The radially excited
subcutaneous transmitting piezo disc propagates sound waves through
the liquid medium (phantom) which is received by the deep implant
(receiving) piezo disc in Tier 3. Tier 3 comprises the secondary
(receiving) piezo disc, the implant microcontroller CPU, and the analog
sensor. The alternating voltage output from the implant piezo disc is
then rectified to power the implant CPU which in turn powers the
analog sensor. The functional block diagram of the multi-tier prototype

interface system is illustrated in Figure 13.
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Figure 13: Prototype interface system functional block diagram

From Figure 13, during the ‘power transfer phase’, power from the
external DC source (battery) is transmitted via the Primary Coil
interface through the skin by inductive coupling (via mutual
inductance) to the subcutaneous transponder. The subcutaneous
transponder transfers this power by ultrasound energy to the implant
circuitry placed 70 mm deep inside a homogeneous liquid medium
(phantom). During the ‘data transmission phase’, digitized sensed data
is transmitted from the (energized) implant as a burst of ultrasonic
pulses via the liquid phantom and is recovered in the subcutaneous
transponder. By amplitude modulation (ASK), the subcutaneous
transponder transmits the reconstructed sensed data bit stream via the

coil pair to the external transponder; from where, through any of the
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available communication’s options (microwave, RF, Bluetooth etc.), it

can be read or displayed.
3.1. The Ultrasonic sub-system

The block diagram of the prototype Ultrasonic sub-system is as shown
in Figure 14.

Primary (Subcutaneous)
Digitized data bit stream Pz21 Piezo disc DC POWER

[]

1 Secondary (Implant)
Pz26 Piezo disc Received data
Sensed Data stream

Reconstructed
Sensed data

Figure 14: Prototype Ultrasonic sub-system block diagram

In Figure 14, Pz21 is the primary piezoelectric transducer while Pz26 is
the secondary transducer. Red arrows in Figure 14 denote power
signals; blue denotes digital data signals while brown denotes analog

data signals.

The driver circuit excites the primary (subcutaneous) Pz21 disc and
generates ultrasonic pressure waves by the indirect piezoelectric effect

which is propagated through the liquid medium. Ultrasonic pressure

77



waves sensed by the secondary (receiving) Pz26 disc on the implant are
converted (by the direct piezoelectric effect) providing electrical power
to the implant microcontroller (uC) through the power conditioner
circuit. The ultrasonic pressure waves generated by the radially-excited
Pz21 disc are propagated radially through the homogenous liquid
phantom. The powered implant Microchip PIC 12F683 uC powers the
sensor, captures its sensed analog data, digitizes it using its built-in
Analog-to-Digital Converter (ADC), and then transmits the digitized bit
stream as a burst of ultrasonic pulses via the same pair of piezo discs.
The transmitted sensed data is reconstructed using the signal

conditioning circuit.

3.1.1. Piezoelectric transducer material selection

There are several piezoelectric materials used for transducer
applications as shown in Table 4 [321], but Lead Zirconate Titanate
(PZT) is the more attractive material because of its inherent excellent

electromechanical characteristics [322] — [325].
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Table 4: Characteristics of piezoelectric materials [321]

Physical property Lead Lead Lead PVDF -3
Zirkonate Titanate Metaniobate Composite
Titanate

Acoustic Impedance Z 33.7 33 20.5 3.9 9

[10e® kg/m?s]

Resonant Frequency f <25 <20 <30 160 <10

[MHz]

Coupling Coefficient 0.45 0.51 0.3 0.2 0.6

(thickness mode) k;

Coupling Coefficient 0.58 <0.01 <0.1 0.12 (ks1) ~0.1

(radial mode) k,

Dielectric constant 1700 215 300 10 450

Maximum temperature 365 350 570 80 100

[°cl

PZT ceramic devices used in this research work have been supplied by

Ferroperm Piezoceramics A/S, Kvistgaard, Denmark [326]. A typical

material data sheet for PZT devices manufactured by Ferroperm is

shown in Table 5.

79




Table 5: Ferroperm material data sheet for PZT devices [326]

Ferroperm Piezoelectric Materials

Material Data For Standard Test Specimens
Data are measured at 25°C and 24 hours after poling.

Symbol |Dimension Pz21 Pz23 Pz24 Pz26 Pz27
Electrical Properties
Relative dielectric const. at 1 kHz KT 1 3800 1500 400 1300 1800
Diel. dissipation factor at 1 kHz tan & 10° 18 13 2 3 17
Curie temperature I.> °C 205 350 330 330 350
Recommended working range < °C 130 250 230 230 250
Electromechanical Properties
Coupling factors kp 1 0.60 0.52 0.50 0.57 0.59
k 1 0.47 045 0.52 047 0.47
ks 1 0.33 0.29 0.29 033 0.33
k33 1 0.70 0.65 0.67 0.68 0.70
Piezoelectric charge coefficients -dy 10 C/N 250 130 55 130 170
dy | 102N 600 330 190 330 425
dis 10 CN 650 335 150 400 500
Piezoelectric voltage coefficients -8 10° VN 7 10 16 11 11
gs  |10°VmN 18 25 54 28 27
Frequency constants N, Hzm 2030 2160 2400 2230 2010
M Hzm 1970 2030 2100 2040 1950
Ny Hzm 1375 1480 1670 1500 1400
Ny, Hzm 1325 1600 1600 1800 1500
Mechanical Properties
Density p 10* kg/m’ 7.80 7.70 7.70 7.70 7.70
Elastic compliances syt 10" m*N 18 15 10 13 17
s |[102m¥N 18 19 23 20 23
su® |10 m'N 16 14 10 12 15
s 10 m*N 9 11 13 11 12
Poisson’ ratio o 1 0.40 0.39 0.29 0.33 0.39
Mechanical quality factor On 1 65 100 >1000 >1000 80
Standard tolerances: Electrical Properties +10%
Electromechanical Properties +5%
Mechanical Properties +2.5 % (Except for o* and 0,
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Ferroperm Piezoelectric Materials

Material Data For Standard Test Specimens
Data are measured at 25°C and 24 hours after poling (Pz28 10 days after poling)

Symbol |Dimension Pz28 Pz29 Pz34 Pz35 Pz46
Electrical Properties
Relative dielectric const. at 1 kHz | K37 1 1000 2900 210 220 120
Diel. dissipation factor at 1 kHz tan § 10° 4 19 14 6 4
Curie temperature I.> °C 330 235 400 500 650
Recommended working range < °C 230 150 150 200 550
Electromechanical Properties
Coupling factors k, 1 0.58 0.64 0.07 0.03
ki 1 0.47 0.52 0.40 0.34 0.20
ks 1 0.34 0.37 0.05 0.02
k33 1 0.69 0.75 0.40 0.09
Piezoelectric charge coefficients -dy, | 100N 120 240 5 2
ds; 102 CN 320 575 50 100 18
dys 102 CN 375 650 40 50 16
Piezoelectric voltage coefficients -gan |10°Vm/N 13 10 3 2
g [10°VmN 34 23 25 43 17
Frequency constants N, Hz'm 2180 1970 2770 2470
A Hzm 2010 1960 2200 1550 2000
Ny Hz'm 1410
N3 Hz:m 1500
Mechanical Properties
Density p |10°kgm’ 7.70 7.45 7.55 5.60 6.55
Elastic compliances syt 102 mN 13 17 7 11
sit |10 m'N 23 23 7 4
su® |10 miN 11 15 7 11
52 |10 m¥N 12 10 6 44
Poisson’s ratio o 1 0.31 0.34 0.22 0.21
Mechanical Quality factor On 1 >1000 90 > 500 15-25 > 600
Standard tolerances: Electrical Properties +10%
Electromechanical Properties  +5 %
Mechanical Properties +2.5 % (Except for 6° and 0,,)
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Table 5 is a typical Ferroperm material data sheet for a range of
manufactured PZT transducer devices. Of the properties listed in Table

5, the following are worth mentioning:

i. Electromechanical coupling factor, k — an indicator of the
effectiveness (not efficiency) with which a piezoelectric
material converts electrical energy into mechanical energy
or vice versa

ii. Piezoelectric charge constant, d — a measure of the electric
charge induced in response to a mechanical stress or the
achievable mechanical strain when an electric field is
applied. It indicates a materials suitability for actuator
applications

iii. Piezoelectric voltage constant, g — defines the ratio of
electric field strength to effective mechanical. It is
important for assessing a materials suitability for sensing
(sensor) applications

iv. Permittivity or dielectric constant, & - dielectric
displacement per unit electric field. It is a measure of the
polarizability of the material. The relative dielectric
constant, K is the ratio of € relative to the absolute dielectric
constant, g, (= 8.85 x 10™** Farad/m)

V. Elastic compliance, s — the strain/deformation produced in a
piezoelectric material per unit of stress applied
vi. Mechanical Quality factor, Q, - characterizes the

“sharpness of the resonance” of a piezoelectric resonator

3.1.2. Immersible PZT transducer probe configuration

The prototype Ultrasonic sub-system is built around a single pair of
completely immersed Ferroperm-supplied [326] piezoelectric PZT
transducer ceramic discs. The technical specifications of the Pz21, Pz24,
Pz26, Pz27, and Pz54 transducers used in this research work are listed

in Table 6.
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Table 6: Piezoelectric transducer discs technical specifications

Type

Pz21

Pz24

Pz26

pPz27

Pz54

Diameter
(mm)

10

10

10

10

15

Thickness
(mm)

Hardness

Soft
relaxor

Hard

Hard

Soft

Relative
Dielectric
Constant
Kas'

3800

400

1300

1800

2800

Coupling
Coefficient,
kP

0.6

0.5

0.57

0.59

0.59

Coupling
Coefficient,
ks

0.33

0.29

0.33

0.33

Piezoelectric
Charge
Coefficient, -
d3;

260 pC/N

58 pC/N

130 pC/N

170 pC/N

180 pC/N

Mechanical
Quality
Factor,
Qm,p

65

> 1000

> 1000

80

1500

Density, p

7.8 g/cm®

7.7 g/cm?

7.7 g/cm?

7.7 g/cm®

7.8 g/cm’

Piezoelectric
Voltage
Coefficient, -

831

0.0074
Vm/N

0.0154 Vm/N

0.0109 Vm/N

0.017 Vm/N

Measured
Capacitance

2.43 nF

584 pF

850 pF

350 pF

3.3nF

Measured
Impedance

1 KQ

650 Q

800 Q

500 Q

170 Q

Measured and manufacturer-supplied technical specifications for the

transducers used are listed in Table 6. A Fluke PM6303A Auto RCL

meter is used to measure the capacitance and impedance of prepared

immersible transducer disc probes.
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From Table 6, the following can be inferred:

- A high planar electromechanical coupling factor, k, of 0.6 coupled
with a high Relative dielectric constant, K of 3800 makes the
Pz21 transducer suitable for use as a transmitter compared with
the other transducers

- Though the Pz24 and Pz26 transducers both have a mechanical
quality factor, Q,, of >1000, its higher Piezoelectric charge
coefficient, d;; of 130, makes the Pz26 a better receiver.
Additionally, the electromechanical coupling factor, k, of 0.57 of
the Pz26 makes it a compatible pair with the Pz21 transducer
having a k, of 0.6.

A piezoelectric transducer disc consists, in its simplest form, of a disc of
PZT material coated with thin (< 1 mm) silver electrode layers. One of
the prepared immersible PZT transducer probes used in this work is

shown in Figure 15.

Figure 15: Immersible PZT transducer disc probe
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From Figure 15 it can be noted that the probe consists of semi-rigid
RG75, 50 Q screened coaxial cable soldered on one end to the PZT disc

and an SMA connector on the other end.

Immersed PZT discs are characterised by Frequency response, Transfer
function, and Transient response [327]. The following sections will
outline the measured characteristics of the prepared immersible

probes under these headings.

3.1.3. Immersible PZT probe Frequency response
characteristics

Connecting, one at a time, each of the prepared immersible probes (as
shown in Figure 15) to a Rhode & Schwarz ZVL Vector Network Analyzer
(VNA) produced plots of impedance magnitudes over a range relevant
to the discs’ two prominent resonant modes — radial/planar @ 200 kHz
and thickness @ 1 MHz. The VNA impedance magnitude plots for the
Pz27 and Pz21 immersible disc probes are shown in Figures 16 and 17

respectively.
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Figure 16: VNA impedance magnitude plot of Pz27 disc probe
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Figure 17: VNA Impedance magnitude of Pz21 disc probe

It can be noted from Figures 16 and 17 that the two prominent
resonant frequencies, designated by markers Mk 1 and Mk 2, are 200
kHz and 1 MHz. The VNA traces shown in both Figures 16 and 17 have
horizontal axes denoting frequency in MHz while the vertical axes
denote impedance in Ohms. Additionally, from Figure 16, the
impedance magnitude of the Pz27 disc probe at 188 kHz is 470Q and
350 Q at 1.1 MHz; while from Figure 17, the impedance magnitude of
the Pz21 disc probe at 188 kHz is 300 Q and 170 Q at 1 MHz -

comparable to measured values in Table 6.
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3.1.4. Transient response characteristics of
immersible probes

To determine the transient response characteristics of the prepared
immersible PZT disc probes, propagation tests involving a liquid

phantom were carried out.
3.1.4.1. Propagation tank test

The propagation test setup shown in Figure 18 consists of a plastic tank
measuring 60 cm in length, 40 cm in width, and 15 cm in depth with 5
cm holes drilled in its lid to accommodate the immersible probes

(shown in Figure 16).

Figure 18: Initial propagation tank experimental setup

The tank is filled with a liquid (phantom) and tests carried out using
different materials including water, De-lonised (DI) water, olive oil,

rapeseed oil, and polysaccharide gel (agar) at room temperature (23°C).
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Agar consists of 8.5% glycerol to water mix [328] — [331]. Experimental
tests involved immersing a pair of disc probes directly facing each other
in the phantom. The pair of disc probes was a combination from the list

in Table 6.

Table 7: Measured phantom material characteristics

Phantom material Transient signal time Received voltage (mV)
(ns/cm)
Water 15 69
Olive oil 16 76
Rapeseed oil 16 65

Results of transient signal time and received voltage for water, olive oil
and rapeseed oil phantoms are tabulated in Table 7. Note that,
compared to the average transit time in blood of 1576 m/s, the
measured average transient signal time of 16 ps/cm = 625 m/s is low.
Therefore, the phantom materials of water, olive oil and rapeseed oil

were discarded.

The transmitting disc probe was powered directly from a Tektronix AFG
3102 dual-channel function generator set to output a burst of ten (10),
10 V,, sine-wave cycles every 10 ms. The 10 ms repeat rate was
selected because it was observed that reverberations at the drive
resonance frequency of 200 kHz took 4 ms to fade within the tank.
Alternatively, the duty cycle can be numerically calculated using

Equations (1) to (3) [332]:
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Vrms = 1/2 \/Evp—p (1)
_ Z*Prot

Duty cycle - (Vrms)2+Cos(phase angle) (2)

Cycles per burst  =(Freq.) * (Duty cycle) * Rep rate (3)

Where:  V,,- peak-to-peak voltage
Z = impedance of the transducer @ resonance frequency

Freq. = operating resonance frequency

Piwot = 0.125 W; which is the maximum recommended value
for any transducer

Phase angle and Rep. rate are provided by the
manufacturer

The drive frequencies are 200 kHz to drive the transmitter in its
planar/radial mode and 1 MHz to drive the transmitter in its thickness
mode. The receiver disc was oriented to face the transmitter and was
connected directly to one of the 1 MQ AC inputs of a Lecroy
Wavesurfer 434 Oscilloscope. The signal generator was also connected
to another input of the oscilloscope via a BNC T-junction. For driving
purposes, high-voltage, short duration spikes across the PZT discs cause
it to oscillate across its entire bandwidth. This is less efficient than a
direct sinusoidal drive at one of its fundamental resonant frequencies
(i.e. its lowest impedance point). In practice it was observed that burst
continuous wave (CW) was the best way to drive the PZT discs in order
to maximize received signals whilst not overloading our drive

electronics. Figure 19 is the ‘oscilloscope-captured’ transient response
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trace for a pair of immersible disc probes placed 35 cm apart and

driving the transmitter at a resonant frequency of 200 kHz.
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Figure 19: Oscilloscope trace of transient response

The ‘oscilloscope-captured’ trace in Figure 19 represents
measurements for a 200 kHz — driven Pz21 transmitter disc probe
directly aligned (face-to-face) with a Pz26 receiving disc probe placed
35 cm away from the transmitter. The horizontal axis of the trace in
Figure 19 denotes propagation delay in us while the vertical axis
denotes voltage. Trace C2, the red signal, in Figure 19, is the signal
recorded across the transmitting disc probe and corresponds to the ten
sinewave 10 V,, driving burst signal. Trace C1, the green signal, shows a

peak output of 65 mV,, at the receiver beginning 240 s after the start
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of the burst driving signal. The 30 mV,, signhals on either side of the

peak are as a result of reverberations and reflections within the tank.

3.1.4.2. Signal absorption (voltage attenuation)
within DI Water phantom

Using the experimental setup described in section 3.1.4.1, signal
absorption rates were tabulated for each resonant frequency over a
range of distances between probes immersed in DI water as shown in

Figure 20.
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v=-96316x+ 34474
200 \\
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Received voltage (mYpk.pk)

\ =f==PReceived voltage @
100 200KHz
50 y=-7.2105x+271.58 == Received voltage @
\ 1.1 MHz
0 ] 1§ ] 1
0 10 20 30 40

Distance between pair of immersible probes (cm)

Figure 20: Voltage attenuation in phantom versus distance between
disc probes

To minimize effects of reflections, measurements were taken for

distances between the probes from 10 cm to 35 cm. The slopes from

Figure 20 for the DI Water phantom are: 9.6 mV/cm @ 1.1 MHz and

7.21 mV/cm @ 200 kHz. With an impedance of 300 Q @ 200 kHz and

180 Q @ 1.1 MHz for the transmitting Pz21 immersible probe, the
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power loss between two points on the graph is calculated using P =

V?/X., where X, is the impedance of the device.

From Figure 20, power received at 20 cm and 200 KHz = 0.1252/300 =
52.1 uW while power at 30 cm and 200 kHz = 0.052/300 = 8.4 uW. This
gives a power loss over 10 cm of 10Log (8.4/52.1) = 7.9 dB or 0.79
dB/cm.

From Figure 20, power received at 20 cm and 1.1 MHz = 0.152/180 =
125 pW while power at 30 cm and 1.1 MHz = 0.0552/180 = 16.8 uW.
This gives a power loss over 10 cm of 10Log (16.8/125) = 8.7 dB or 0.87
dB/cm.

3.1.4.3. Transit time within DI Water phantom

Using the experimental setup described in section 3.1.4.1, transit times
within the DI Water phantom were tabulated for each resonant
frequency over a range of distances between probes as shown in Figure

21.
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Figure 21: Transient time in phantom versus distance between probes

From Figure 21, the average transit time in DI Water is: (230-160)/10 =

7 uS/cm = 1429 m/s. A summary of the acoustic characteristics of the

DI Water phantom compared with human blood are shown in Table 8.

Table 8: Measured DI water phantom characteristics compared with

blood

DI Water Phantom, 23°C

Human blood, 37°C

Propagation speed (m/s)

1429

1576

Attenuation (dB/cm)

0.8

0.09

Measurements using agar (with no dispersants) showed similar acoustic

properties to that obtained for DI Water. The propagation tests show

that DI Water and Agar have mean acoustic properties similar to those

of liquid blood at frequencies of 200 kHz and 1 MHz as tabulated in

Table 8. It can be noted from Table 8 that the propagation speed in DI
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water (and Agar) is 10% greater in blood [333] — [334]. Also, from
Figure 20, an attenuation of 0.8 dB/cm for DI water (and Agar) is 10
times more than blood — making it safe to use DI water as a ‘worst case’
phantom. To improve the attenuation of DI Water and Agar, methods

are detailed in [335] - [336].

3.1.4.4. Selection of operating resonance frequency

Using the propagation test set-up described in section 3.1.4.1 with a
combination of Pz27* to Pz21, Pz27* to Pz27, Pz21 to Pz21, and Pz21 to
Pz27 immersible disc probe pairs; measured output are shown in Figure
22 for resonance frequency of 200 kHz and 1.1 MHz. The * denotes that
the transmitting immersible disc probe has been fitted with a 1/4A
Dural disc glued to its forward surface. Input transmitter drive is a burst

of 10V ,, every 10 ms.

200 KHz

400
~ 350 ?’(
>
E 300
T 250 A
§ 200 A ¢ Pz27-Pz21, disc on Tx
£ 150 B Pz27-Pz27, disc on Tx
ﬂ i
g 100 ! A B — L P221-p221, nodis
: A 5] &
“ 50 ) yiy

o & X Pz21-P227, no disc
10 20 30 40 50
Distance betweenimmersible disc probes (cm)

(a)

95




1.1 MHz
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Figure 22: Received (incident) signal vs. distance between probes (a) at
200 kHz and (b) at 1.1 MHz

Figure 22 shows the voltage received for combination pairs of
immersible disc probes at resonance frequency of 200 kHz and 1.1
MHz. It can be noted from the two graphs in Figure 22 that a peak
voltage of 360 mV is received for a resonance frequency of 200 kHz
compared to 250 mV for 1.1 MHz. This implies that the transducer discs
tested exhibit better performance when excited in their radial/planar (-
31) mode. Also, the peak voltages received are within short distances
between the probes, implying that the effective operation range of the
transmitting discs tested is between 1 cm and 10 cm. Additionally, it
can be observed that a combination pair consisting of different devices
offers better performance at 200 kHz; possibly due to the differences in

operating impedance of each.
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The presence of the impedance matching 1/4A Dural disc hindered
performance rather than enhancing it due to the lack of a backing

medium for the transmitting device to resonate against.

There is also a noticeable peaking of output signal with respect to
distance at 1.1 MHz varying between 10 cm and 15 cm depending on
the immersible disc probe combination pair used. Such peaking is not
evident at 200 kHz and it is suspected that this is due to an increase in
focusing that takes place when the disc resonates in the thickness (1.1

MHz) mode.

The measurements furthest in distance between probes and nearest
the tank edges can be seen from the graphs to still be affected by

reverberations at lower frequency but less so at 1.1 MHz.

3.1.5. Transfer function characteristics of
immersible PZT probes

Figure 23 represents plots of the output voltage across the receiving
immersible disc probe placed 10 cm away from the transmitting

immersible disc probe with varying transmitter input excitation voltage.
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Figure 23: Transmitting immersible probe excitation drive input voltage
vs. received output voltage i.e. transfer function
characteristics

Figure 23 represents transfer function characteristics of immersible
probes in single pair combinations. It can be noted that the Pz21
transducer is used as transmitting disc probe. This is based on the
following: the high planar coupling coefficient, k, of 0.6 and relative
dielectric constant K33 of 3800 as seen in Table 6 and the peak outputs
received transmitting with the Pz21 as shown in the graphs of Figure
22. A maximum output voltage of 11 V., for an input excitation of 40
V, 200 kHz for probes 10 cm apart can be noted for the pair of Pz21
(transmitter) and Pz26 (receiver). This corroborates the compatibility of
the Pz21 and Pz26 discs due to the similarity of their planar coupling
coefficient, k,; Piezoelectric voltage coefficient, g;; and measured

impedance as shown in Table 6.
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3.1.6. Immersible PZT probe sound pressure tests

Driving the immersible disc probes with a 40 V,,, 200 kHz input for
maximum output as observed in Figure 23, ultrasonic pressure signals
within the tank were recorded using a Reson TC4034 hydrophone [337]

and is shown in Figure 24.
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Figure 24: Hydrophone measured ultrasound pressure as a function of
distance from the transmitting immersible probe

Driving all immersible disc probes with a 40 Vp-p, 200 kHz input
excitation, it can be noted from Figure 24 that peak measured
hydrophone pressure are obtained for the Pz21. Specifically, 7 cm away
from the transmitting Pz21 immersible probe corresponds to a
hydrophone output voltage of 1.8 V.. This translates to a pressure of
about 64 kPa using Equations 4 and 5 [338]. The results depicted in the

graph of Figure 24 corroborates that the Pz21 immersible disc probe is
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the best choice as transmitter as it has the largest output pressure

reading.

SPL (dB (re 1uPa/V)) = 20 *log(Vms) — OCV (4)
SPL
10 20
P (kPa) a 1000000000 (5)
Where SPL = Sound Pressure Level in dB
OoCcv = Hydrophone receiving sensitivity
= - 220 (for the TC4034 @ 200 KHz) [337]
- Vo-p
Vrms - 2\/5

3.1.7. High voltage propagation

In order to obtain transfer function characteristics for higher input
excitation voltage (> 40 V), a bench variable power supply capable of
supplying up to 120 V DC (Circuit Specialists Europe — Model C$12001X)
was purchased. A simple driver circuit based on a BF258 transistor
driving a 100 Q, 100 W resistor was fabricated on printed circuit board
(PCB) in order to switch the higher DC supply across the transmitting
immersible disc probe under test. A 1% duty cycle drive signal was
inputted into the base of the transistor. Figure 25 shows the high input
voltage drive experimental set-up while Figure 26 shows the transfer

function plots.
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Figure 25: High input drive experimental set-up

Voltage Received over 25cm in DI Water

900
=
:g o /k-— T
o 600 ¢ PZ21toPZ27
2 s00 - B Pz21toPz21
; 400 Log. (PZ21 to PZ27)
[t]
2 300 / ——Log. (PZ21 to PZ21)
=
200

o

20 40 60 80 100 120
Input Voltage (V, Pk-Pk)

Figure 26: Transfer function plots for upto 120 V DC transmitter
input drive
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Figure 26 shows the transfer function logarithmic plots for input
excitation voltage up to 120 V driving the Pz21 transmitting disc probe.
It can be noted from Figure 26 that the efficient input excitation
voltage is between 30 V and 40 V with an output voltage of between
500 mV and 600 mV respectively, for probes 25 cm apart. This is
because subsequent increments higher than 40 V input voltage do not
result in linear increments in output voltage. Additionally, a minimum

input drive of around 20 V should be used whenever possible.

3.1.8. Primary (transmitting) PZT immersible disc
probe excitation drive circuit

The results of the propagation tests discussed in the preceding sections

include the following:

the transmitting disc probe is Pz21 and the receiver is Pz26
(Figure 23)

- the operating resonance frequency is 200 kHz which drives the
disc in its radial/planar (- 31) mode (Figure 22)

- the input excitation voltage is 40 V DC (Figure 26)

- the operating range is 7 cm (Figure 24).

Coupled with piezoelectric transducer driver characteristics highlighted
in [218], [339] — [343], the transmitting PZT immersible disc probe
excitation drive circuit is designed, simulated in OrCAD PSpice as shown
in Figure 27, and implemented on a printed circuit board (PCB) as

shown in Figure 28.
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(b)

Figure 27: PSpice simulation (a) schematic (b) simulated output

In the PSpice simulation schematic in Figure 27a, voltage probes are
placed to monitor Transistor M2 gate drive (green) and the output
(red). These are highlighted in the simulation output in Figure 27b. In
Figure 27b, the green trace represents the 5 V, 200 kHz square wave
gate drive signal (from source V1 in Figure 27a) while the red trace
represents the output voltage (across load resistor R3 in Figure 27a
representing the transmitting immersible disc probe). Also, it can be
noted that on start-up, the totem-pole configuration outputs 17.5 V
across the transmitting disc for a 20 V DC input supply ensuring that the

power supply is loaded only during switching.
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Figure 28: PCB layout of disc probe excitation drive circuit

In Figure 28, the primary transmitting PZT disc driver is assembled using
discrete components built around the N-channel Enhancement mode
Field Effect Transistor, 2N7000 [344]. The subcutaneous 12F683
Microchip PIC microcontroller (uC) [345], running at an internal
software-preset operating frequency of 8 MHz is programmed to
generate 200 kHz Pulse Width Modulated (PWM) pulses with a 43%
duty cycle into the gate of two of the 2N7000 NMOS transistors used to
switch voltage across the transmitting PZT disc probe using an input
supply of 40 V (Vpp). The totem-pole configuration on start-up creates
an initial potential equal to the supply voltage via Transistor M1, across
the disc ensuring that the supply is only loaded during switching. With a

positive pulse input from the uC, transistors M2 and M3 are ‘turned-on’

105



with M1 turned-off switching the output to the disc to low. The PCB

fabricated driver circuit is as shown in Figure 29.

Figure 29: Actual PCB implemented transmitter PZT disc driver

3.1.9. Receiving PZT disc power conditioning circuit

By the direct piezoelectric effect, the receiving PZT disc on the implant

circuit converts ultrasonic pressure waves generated by the
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transmitting PZT disc probe and propagated through the homogenous
liguid medium (phantom) into low amplitude sinusoidal voltage signals.
A power conditioning circuit is therefore required to provide the
implant circuit with useable power. Figure 30 is the ultrasonic power
conditioning circuit based around a tuned LC resonator circuit and the

ultra-low voltage Seiko startup charge pump IC [346].

3 xBAT53A
0.3VDC
R1 L1 a c2
il Seikos-8822 [2-4VDC| pie 15p683C
—_ > j Startup chip ca
50k 100uH 4.7n —
2200u 1u
Implant PZT
Receiver disc c3 =

10u

Digitized
Sensed
Data

Bit stream

Yy

Figure 30: Ultrasonic sub system power conditioning circuit

The low amplitude output of the receiving PZT disc is passed through
the tuned LC resonator circuit (L1 = 100 pH // C1 = 4.7nF) as shown in
Figure 30. The tuned resonator circuit maximizes the sensitivity of the
receiving PZT transducer disc and also multiplies its output AC voltage
signal [340]. This multiplied output AC voltage is then passed through a
full-wave rectifier consisting of three BAT 54A surface-mount Schottky
diodes [347]. Capacitor C2, valued at 2200 uF, is selected to hold
charge to power the Seiko charge pump long enough after the power
carrier is interrupted for the implant to retrieve analog signals from the
implant bio-sensor, convert to a digital bit stream using the built-in ADC
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of the implant uC, and then transmit it as a burst of ultrasonic pulses.
The rectified and smoothened 0.3 V DC output is fed into the input of
the Seiko charge pump which charges its load capacitor C3 (10 uF) to
2.4V DC in order to power the implant uC which consequently powers
the implant analog bio-sensor. The implant uC is software-preset for

low power operation (consuming 8.5 yA @ 32 KHz @ 2 V DC).

3.1.10. Ultrasonic sub system signal conditioning
circuit

The transmitted burst of ultrasonic pulses from the implant through the
homogenous liquid medium (phantom) produces low amplitude
sinusoidal voltage signals on the subcutaneous primary piezo disc via
the direct effect. This low-amplitude output is passed through the
signal conditioning circuit to reconstruct the transmitted data bit
stream. The signal conditioning circuit, shown in Figure 31, is built
around a two-stage, small signal amplifier consisting of two high-

precision and high common-mode rejection OPA 277 operational

amplifiers [348].
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Figure 31: Ultrasonic sub system signal conditioning circuit (a)
schematic (b) PCB fabrication
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The ~ 4 mV,, low amplitude data signal received on the primary piezo
disc, as shown in Figure 32, are passed through the two stages of

amplification of the signal conditioning circuit of Figure 31a.

‘ilmebm 'm sl ‘irigger ml
2.00 mV/div 10.0 ms/div | Stop 209V
0 pVYoffset 250kS 25 MSis |Edge Negative
Figure 32: Oscilloscope trace of received transmitted data signal on
primary piezo disc

In Figure 32, the horizontal axis is propagation delay while the vertical

axis is voltage. It can be noted that the background sinusoidal signal
(Trace C4) is 50 Hz mains picked up because of the high gain setting (2
mV/div). The ~ 2 V,,, output signal from the signal conditioning circuit is
rectified and inputted into the in-built software-configured comparator
circuit of the subcutaneous pC (see Figure 13). The reconstructed

transmitted data bit stream is shown in Figure 33.
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Figure 33: Oscilloscope trace of reconstructed data bit stream

Figure 33 is the oscilloscope trace showing the output of the signal
conditioning circuit, the reconstructed data bit stream output and the
transmitted data bit stream. The horizontal axis in Figure 33 s

propagation delay while the vertical axis is voltage.

From Figure 33, Trace C4 (green) is the transmitted data bit stream
from the implant. Trace C3 (blue) is the output of the signal
conditioning circuit while Trace C1 (brown) is the reconstructed data bit
stream. Observe that the first data reconstructed in Trace C1 in Figure
33 doesn’t correspond with the transmitted data. This is due to the set-
up profile of the comparator circuit of the subcutaneous pC which
requires an initial time delay for setting up and initializing before
outputting the data. Data transmission in Figure 33 corresponds to a Bit

Error Rate (BER) of 20%.
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3.2. Inductive sub-system

The block diagram of the inductive sub-system is shown in Figure 34.

Skin

RECTIFIED DCINPUT POWER
DC '

Primary

1 Secondary |
. MODULATED

Sgnsed Data SIGNAL Reconstructed
Bit stream i Sensed data

Figure 34: Inductive sub system block diagram

In Figure 34, red denotes power signals; blue denotes digital data
signals, while brown denotes analog data signals. In Figure 34, the
primary coil (with associated circuits) is external of the human body;
while the secondary coil (and associated circuits) is implanted
transcutaneously, under the skin. Therefore, L;C; make up the
external/primary LC-tank while L,C, make up the
implant/secondary/receiver LC-tank. AC energy transfer takes place
across the skin gap between the coils by the mutual inductance
coupling the two coils. The coils are tuned to a single carrier resonance
frequency using parallel capacitors, C1 and C2. The transcutaneous

Microchip PIC 12F683 reconstructs the transmitted data bit stream
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using its in built comparator and modulates it to the power carrier at
the secondary coil. The envelope detection and amplifier circuit
reconstructs the data bit stream from the power carrier coupled back
to the primary coil. The Microchip PIC 16F818 performs a dual role:
generating the gate pulse voltage signal for the driver circuit as well as
converting the reconstructed data bit stream to analog using its built-in

Digital-to-Analog Converter (DAC).
3.2.1. Coil design, characterisation, and fabrication

Design, theoretical analysis, and geometrical optimization of
conventional multi-coil inductive links have been covered extensively in
literature [167], [168], [174], [349] — [361]. Derived closed form
expressions/equations from these literatures for Printed Spiral Coils
(PSCs) are inputted into ‘Coil Calculator’; a Visual Basic application with

window screenshot as shown in Figure 35.
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= Planar Spiral Coil on FR4 Calcul...

Quter Diameter (mm)= |20

Inner Diameter {(mm) = |6.67

Track Width {um) = |50

Track Space {um)= |50

Frequency (Hz)= |2000000
Load (Ohms)= [1000

CALCULATE

DOUT [mm], DIN [mm], TW [um], TS [um]
20,6.67,50,50

Number of Turns =67.6

Total Inductance = 7.52E-5 H

Track Length =354 m

RDC =32.4 Ohms

Rs = 46.6 Ohms

Track Capacitance =2.91E-11 F

Coil Q, Unloaded = 13.3

Coil Q, loaded by 1000 Ohms =1

Coil Q, Max needed =2.3

Coil Impedance = 944.6 Ohms

Parallel C Impedance = 2736.5 Ohms

LC Tank Impedance (1) = 1513.6 Ohms
LC Tank Impedance (2) = 702.2 Ohms
Coil Self Resonance = 3.4 MHz

Parallel C for Resonance at 2 MHz = 84 pF

Figure 35: Coil Calculator VBA window screenshot
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Inputting values of the outer diameter, inner diameter, track width,
track spacing, resonant frequency, and the expected load into the coil
calculator produces computed characteristics of the designed PSC as
listed in Figure 35. The computed characteristics listed in Figure 35 are
for a 20 mm (outer) diameter circular planar spiral coil having a
resonance frequency of 2 MHz with track width and track spacing of 50
um. It can be noted that the inner diameter is a third of the outer
diameter as stipulated by Ghovanloo [357]. The computed
characteristics from the coil calculator are then inputted into the
respective RF design software — in our case, the Advanced Design

System (ADS) 2006A by Agilent Technologies [362].

The geometrical shape for PSCs used in the design of inductive links is
circular shaped and square shaped. Chen [358] showed that the circular
shaped inductor coil is more efficient and yields better performance. In
support, Burghartz [363] showed that a circular structure allows for
significant reduction in the complexity of the model compared to a

square structure whose sharp corners induce excess capacitance.

Constrained by the design requirement for low PSC conductor losses,
an operating resonance frequency of 2 MHz is selected. Additionally, at
this frequency, the carrier wavelength is significantly larger than the
cross-section of the human body being penetrated and therefore

results in low attenuation as well as optimized power transfer.

Inputting the computed characteristics from the coil calculator (Figure
35) into ADS generates the schematic and outline diagrams as shown in

Figures 36 and 37 respectively.
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Figure 36: ADS-generated 20 mm PSC schematic

In Figure 36, the ADS-generated schematic is for a 20mm (outer
diameter) circular spiral coil having an inner diameter of 6.67 mm, a
track width of 50 um (microns) and a track spacing of 50 microns with a

total of 67 turns.
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Figure 37: ADS-generated 20 mm PSC layout

Using the schematic of Figure 36, ADS generates a layout as shown in
Figure 37. A template mask is then developed by printing the layout on
transparency film [364] using a Laserlet printer. The template mask is
first exposed unto the positive photoresist top layer of an FR4 (Flame
Retardant, Class 4) printed circuit board (PCB) using an ultraviolet light
exposure unit [365] and then fabricated using a bubble etch tank [366].

Figure 38 shows some of the fabricated PSCs.
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Figure 38: Fabricated printed spiral coils on PCB

Figure 38 shows fabricated 25 mm, 20 mm and 33 mm (outer diameter)
PSCs. It can be noted that soldering pads have been included for ease
of connecting BNC/SMA connectors as well as the appropriate parallel
resonance capacitor. The left hand side unit in Figure 38 is a typical test
configuration of a single pair of coils to maintain the coils in parallel

alignment at a fixed distance apart.
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Table 9:  Comparison of theoretical and measured characteristics for
fabricated 20 mm PSC

Characteristics Theoretical values Measured values
Douter (Mm) 20
Dinner (Mm) 6.67
Track width, TW (um) 50
Track spacing, TS (um) 50
No. of turns, N 67.6
Inductance, L (uH) 75 3.1
DC Resistance, Rpc (Q) 324 4.6
Quality Factor, Qunioaded 13.3 4

A comparison of theoretical (generated from the ‘Coil Calculator’
application) and measured (actual) characteristics for the 20 mm PSC
shown in Figure 37 are tabulated in Table 9. The wide discrepancies
between the measured (actual) and theoretical values shown in Table 9
were investigated under the quality of the template mask produced

and the PCB etching process.
3.2.1.1. Template mask (transparency film) quality

The quality of the template mask affects the quality of the fabricated
PCB. The layout of Figure 37 was initially printed on transparency film
using the HP Laserlet 4250n [367]; having a maximum print resolution

of 1200 x 1200 dpi.

On the basis of the listings below of equations for inductance and
Quality factor for PSCs from [168], [174], [218], [340 - 349], [357], the

following can be deduced:
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Where: L = inductance (uH)
d, = outer diameter (mm)
d; = inner diameter (mm)

davg = (do + dl)/z (mm)
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U, = permeability of free space

¢ = fill factor

n = number of turns

Q = quality factor

Cp = parallel plate parasitic capacitance

€. and g, = relative dielectric constants of coating
and substrate materials, respectively

Rs = series resistance

R4c = DC resistance of the coil

l; = length of the gap

l. = length of conductive trace

6 = skin depth

W, = relative permeability of the conductor
w = track width

s = track spacing

p. = resistivity of conductive material

t. = thickness of conductive trace.

It can be noted from equations (6) and (7) that the inductance of a
spiral coil is dependent on the physical dimensions of the coil;
particularly the inner and outer diameter which are also dependent on
the track width and track spacing. Additionally, the Quality Factor from
equations (8) to (15) is influenced by the inductance of the spiral coil as
well as the track series resistance and track parallel capacitance. This
implies that uneven/non-uniform tracks on the mask will influence the
measured inductance and Quality Factor of the fabricated PSCs.
Consequently, to ascertain the quality of template masks produced, a

clean room talistep was used to measure the average step height of the
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tracks as well as the track width. Additionally, the quality of the mask
was observed under a clean room digital microscope as well as the
Lumenera Infinity 2 scientific camera [368]. The following deductions

were arrived at:

(a). Data from the talistep showed that the track width and
step height on the template mask are not uniform; this is
further corroborated by the image of the mask under the
digital microscope shown in Figure 39.

Figure 39: Image of transparency film under digital microscope

It can be noted from Figure 39 that the dark shade of
copper tracks and lighter shade of track spacing are not
uniform. The thin copper track has therefore resulted in a
much lower inductance and Quality factor measured. The
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(b).

black spots seen are as a result of splattering of the printer
ink during printing.

To rule out faulty transparency films, masks were produced
using the same layout in Figure 37 printed on the same
transparency film but using different ranges of printers with
varying print resolutions. The results showed that as the
print resolution of the printer increased, the quality of the
mask improved. From tests carried out, it was
discovered that to use the LaserJet HP p4515x or 4250n,
both with a maximum print resolution of 1200 x 1200 dpi,
the track width and track spacing should not be lower than
250 microns. While, to produce masks with track widths and
track spacing as low as 50 microns, the Photoplotter FP-
8000 [369], [370] is better suited. The Photoplotter has a
‘software-adjustable’ maximum print resolution of 8192 x
8000 dpi. Layout images saved as ‘.dns’ files in ADS are
first converted to ‘.gds/.cfi/.dxf’ using CleWin layout Editor
4.0.0 by Wieweb, The Netherlands [371] and then finally
converted to ‘.gerber’ files, required by the Photoplotter,
using LayoutEditor [372]. Figure 40 is a Photoplotter-
generated transparency film seen under the Infinity 2
camera for a mask containing a 10 mm PSC with track width
and track spacing of 100 micron.
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Figure 40: Photoplotter-generated transparency film for 10mm coil
with 100 micron track width and spacing

Though the edges of the darker shade copper tracks appear
jagged, the track width and spacing in Figure 40 are even
and uniform — promising better correlation between
measured and theoretical values.

3.2.1.2. FR4 PCB etching process

After ascertaining that a quality template mask has been produced in
section 3.2.1.1, we now turn our attention to the quality of the PCB wet

etching process.

A simplified block diagram of the cross-section of a single-sided FR4
printed circuit board (PCB) is as shown in Figure 41. It consists of 30 um

thickness of positive photoresistant top layer followed by 35 pm
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thickness of copper layer and finally 1.6 mm thickness of dielectric

substrate.

30 pm Positive Photoresist layer

35 pm Copper layer

1.6mm Dielectric substrate

Figure 41: Block diagram of the cross-section of FR4 PCB

In Figure 41, it can be noted that because of the thin positive
photoresist and the copper layers, over-exposure and over-etching is
common. An efficient etching process developed from numerous tests
involves warming-up the ultraviolet light exposure unit for 100 s before
placing the PCB in the exposure unit and exposing it to the mask for
another 100 s. Immerse the exposed PCB in a developer for between 20
and 40 sec. The developed PCB is then immersed in a bubble etch tank
consisting of a Ferric Chloride etchant solution [373]. The final etched
PCB is removed from the etch tank after periodic visual checks to
ensure that all the copper tracks are fully resolved. It is then washed in
acetone. The etch rate versus temperature for popular etchant

solutions is shown in Figure 42.
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Figure 42: Etching rate versus temperature for different etchant
solutions

From Figure 42, it can be noted that the ferric chloride etchant solution
displays the highest etch rate over all measured temperatures followed
by cupric chloride. Also, the etch rate of all etchant solutions shown in
Figure 42 increases linearly as the temperature of the etchant solution

increases.

Extensive tests carried out show that fabricated PCBs with well-defined
copper tracks are only possible from template masks consisting of PSCs
with track width and track spacing up to 200 um. This work is therefore
limited to the fabrication via wet-etching of PSCs with track width and

track spacing of a minimum of 200 um.

Using the Photoplotter, a mask for a Primary coil of 39 mm (outer

diameter), track width of 250 um, and track spacing of 200 um was
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produced and etched on PCB. A secondary coil of 33 mm (outer

diameter), track width of 250 um, and track spacing of 200 um was also

fabricated on PCB by the same process.

Table 10: Comparison of characteristics for 39 mm primary coil

Characteristics

Theoretical values

Measured values

Douter (MmM) 39

Dinner (Mm) 13

Track width, TW (um) 250

Track spacing, TS (um) 200

No. of turns, N 29.9

Inductance, L (uH) 28.6 17.1
DC Resistance, Rp¢ (Q) 5.4 7.8
Quality Factor, Qunioaded 447 17

Table 11: Comparison of characteristics for 33 mm secondary coil

Characteristics

Theoretical values

Measured values

Douter (MmM) 33

Dinner (Mm) 11

Track width, TW (um) 250

Track spacing, TS (um) 200

No. of turns, N 254

Inductance, L (uH) 17.5 14.8
DC Resistance, Rpc (Q) 3.9 3.5
Quality Factor, Qunioaded 39 13

A comparison of measured and theoretical values for the primary 39

mm and secondary 33 mm coils is tabulated in Tables 10 and 11

respectively. It can be noted from Tables 10 and 11 that the measured

values of inductance and DC resistance are comparable to the

theoretical for both coils. The measured (unloaded) quality factor
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values are still a bit off from the theoretical pointing to the poor
dielectric substrate of the PCB which influences the parasitic
capacitance elements of the fabricated coil, which in turn lowers the
measured Q. The coil pair configuration shown in Figure 43 - consisting
of the fabricated primary 39 mm and secondary 33 mm coils - is used in

this work to achieve the results that will be discussed in Chapter 4.

Figure 43: PCB fabrication of coil-pair configuration used in this work
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3.2.1.3. Selection of parallel resonance capacitor

From [374], the resonance frequency of a parallel LC circuit is given by:

1
F= 2++/LC (16)

From equation (16), the parallel resonance capacitor required to tune
the primary coil (L = 17.1 pH) to resonate at a frequency of 2 MHz is
370 pF (compared to the theoretical value of 221 pF). To tune the
secondary coil (L = 14.8 pH) to resonate at a frequency of 2 MHz, the
parallel resonance capacitor required is 428 pF (compared to the

theoretical value of 361 pF).

3.2.2. Primary coil driver circuit

The design requirements for a coil driver, summarised by Gutmann

[375], are as follows:

- A switch-mode amplifier having active elements
operating as a switch should be used. This will ensure
that only current is drawn without carrying voltage,
thereby minimizing dissipation

- The driver output should be pure sinusoidal as only the
fundamental component is received on the secondary
coil

- The primary inductance is tuned with a resonance
capacitor to the resonance frequency. This will cancel
out the large primary leakage inductance

A dedicated amplifier (which can be Class — C, D, or E) drives the

required high current into the primary coil in order to generate the
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magnetic fields required for power transfer. A common concept in
using Class— C, D, or E amplifiers are that the primary tank freely
resonates using the power supply and the drive transistor just to
compensate for the tank losses. Additionally, primary coil drivers are
not linear amplifiers since their output signal is not an amplified
representation of their input signal. They merely act as a DC to AC
power inverter taking up the DC energy from the supply source and
converting it, as efficiently as possible, into AC energy to power the
primary coil. The output is either a sinusoidal current into the coil or a
sinusoidal voltage across the primary coil whereas the input signals are
pulses [376]. To describe the design of the coil driver, two circuits will
be discussed — a transceiver circuit using an NMOS driver and a CMOS

logic gate IC driver circuit.
3.2.2.1. Transceiver circuit using NMOS driver

The circuit diagram of the transceiver shown in Figure 44 is reproduced
from our paper [72]. The transceiver showcases the transcutaneous
transfer of power as well as the transmission of data (in this case audio

music) using a single pair of coils.
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Figure 44: Transceiver circuit consisting of an NMOS driver

Using a regulated DC supply source of 5.6 V, power is transferred over a
5 mm air gap between a single pair of 25 mm (outer diameter) coils
(see specification in [72]). About 4 V DC (rectified) is supplied to the
secondary Microchip PIC 12F683 uC [345]. The energized secondary uC
then samples audio music from an mp3 player connected to one of its
analog inputs and converts it to a digital bit stream using its in-built
ADC. The digital bit stream amplitude modulates (ASK) the incoming
carrier signal using a 2N7000 NMOS transistor [344] situated at the
secondary coil circuit. Using the 2N2222 BJT transistors [377] in Figure
44, the modulated signal appearing on the primary coil (via mutual
inductance) is buffered, rectified and then amplified in order to
reproduce the original bit stream which is inputted into the in-built
‘software-configured” DAC of the primary Microchip PIC 16818 uC
[378]. The DAC outputs a parallel 8 bit-word which is passed through
an R2R resistor network to reconstruct the original transmitted analog
music and outputted via a loudspeaker. Taking into consideration

power consumption, the entire system draws 45 mA from the single 5.6
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V DC supply (Total power consumed = 0.25 W) of which 25 mA is drawn
by the coil drive circuitry. Signals at various points across the

transceiver system as well as the system software flow-chart are shown

in Figure 45.
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Figure 45: Transceiver outputs (a) captured signals across system (b)
system software flowchart

Figure 45a is the oscilloscope trace of captured signals across the circuit
in Figure 44. The horizontal axis in Figure 45a is propagation delay while
the vertical axis is voltage. Trace C4 (green) in Figure 45a is the
transmitted digital bit stream from the secondary pC. Trace C2 (pink) is
the modulated signal at the secondary coil, L2. Trace C3 (blue) is the
modulated signal mutually induced across the primary coil, L1. Trace C1
(brown) is the reconstructed digital bit stream fed into the primary pC.

The following can be noted from Figure 45a:
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— The reconstructed digital bit stream (Trace C1) is an
exact replica of the transmitted data bit stream
(Trace C4).

- The modulated signal on the secondary coil (Trace
C3) shows the low amplitude of the data (the ‘humps’
above the carrier signal) compared to the carrier
signal — hence the need for buffering (to prevent
loading), filtering and rectification (to remove the
negative half cycle of the -carrier signal), and
amplification (to raise the voltage level to that
acceptable by the primary uC).

3.2.2.2. Prototype CMOS logic-gate IC driver

To lower the power consumed by the driver circuit (25 mA for a 5.6 V
supply) a prototype, all-CMOS coil driver was designed, simulated
(using OrCAD PSpice) and fabricated on PCB. The prototype all-CMOS
logic gate coil driver consists of a combination of AND/XOR logic gate
buffers driving an RC network. The AND gates are formed from a single
guad dual-input CMOS 74HC08 IC chip [379] while the XOR gate is
formed from a single quad dual-input CMOS 74HC86 IC chip [380]. The

PSpice circuit simulation is shown in Figure 46.
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Figure 46: PSpice simulated prototype CMOS coil driver circuit

Clock pulses are generated at the resonant frequency of the primary
coil, i.e. 2 MHz (PER = 500 ns). The time delay created by charging this
network results in an increase in pulse transit time between AND gates.
The delayed arrival of that pulse versus the applied input clock enables
the XOR gate to produce a narrow output pulse equivalent to the
difference at its inputs every time the clock changes state. The output
of the XOR gate is then fed into another AND gate in order to clock its
output so that only one of the two changes per clock cycle remains. The
resulting narrow pulse is then fed to the gate of a 2N7000 MOSFET and
used to switch the connected supply through the primary coil. In order
to observe the circuit, voltage probes were placed at the output of the
clock pulse generator (green trace) and at the gate of the 2N7000 (red
trace). A current probe was also placed at the primary coil (blue trace).
Changing the values of R1 and C1 changes the width of the drive pulse
observed at the gate of the 2N7000 and therefore the current through
the primary coil and consequently, the consumed power. The simulated

output A/D waveform of Figure 46 is shown in Figure 47.
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Figure 47: Simulated output A/D waveform for circuit in Figure 43.

The blue trace in Figure 47 represents the current through the primary
coil L1. The red trace, on the other hand, represents the drive pulse
into the gate of transistor M1, the 2N7000 while the green trace
represents the input clock pulse. Setting R1 =5 KQ and C1 = 800 pF (in
Figure 46) produces a 0.25 ps wide pulse which drives the gate of
transistor M1 thereby switching close to 1 A, , AC current through the

primary coil.
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Figure 48: PSpice simulation of coil current with varied R1C1

On the other hand, changing R1 = 50 Q and C1 = 100 pF (in Figure 46)
switches about 100 mA through the primary coil as shown in Figure 48.

The fabricated prototype CMOS logic gate primary coil driver circuit is

shown in Figure 49.
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Figure 49: Fabricated prototype coil driver circuit
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3.2.3. Inductive sub system envelope detection
circuit
The amplitude modulated signal - mutually induced to the primary coil

(Trace C3 in Figure 45a) — is passed through the envelope detection

circuit in Figure 50 to reconstruct the transmitted data bit stream.
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Figure 50: Envelope detection circuit (a) schematic (b) PCB fabrication
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The envelope detection circuit in Figure 50a is built around the HEF
40106B Hex Inverting Schmitt Trigger IC [381]. The coupling devices in
Figure 50a (series connected 10 nF capacitor and 500 Q resistor) ensure
that the primary coil is not unnecessarily loaded during the
reconstruction of the data bit-stream. The D1N4148 high speed diode
[382] ensures that the negative half cycle of the modulated signal is
shorted to ground. Only the positive half cycle of the modulated signal
containing the data bit stream passes through to the low-pass filter
which attenuates and filters out the high frequency carrier signal. The
two Schmitt trigger ICs reconstructs the data bit-stream. Figure 51

shows the reconstructed data bit stream.

Measuwre P1:freq(C1) P2--- P3i--- P4- - - PSi- - - PG~ - -
value 10.2471 MHz

status A

5.00 Vidiv
-4.30V offset

Figure 51: Reconstructed data bit-stream at output of envelope
detection circuit
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Figure 51 is the oscilloscope trace of the reconstructed data bit stream
at the output of the envelope detection circuit. In Figure 51, the
horizontal axis is propagation delay while the vertical axis is voltage. In
Figure 51, Trace C1 (brown) in Figure 51 is the transmitted digital data
bit-stream. Trace C2 (pink) is the signal seen at the input into the first
Schmitt trigger IC (Figure 50a) but raised on a 10 V DC voltage level.
Trace C3 (blue) is the output of the second Schmitt trigger IC i.e. the
reconstructed data bit-stream which is the exact replica of the original

transmitted data bit stream of Trace C1.

To conclude, masks of the fabricated circuits were produced on
transparency film using PCB Wizard Professional Edition 3.50 from New
Wave Concepts Ltd [383]. Devices/components used on PCBs were
Surface-mount (SMD) ensuring that the finished footprint is as compact
as possible. PIC uCs used in this work were programmed and
configured using the MPLAB Integrated Development Environment
(IDE) by Microchip [384] - [385], the CCS C-compiler by Custom
Computer Services, Inc. [386], the PICkit 3 programming and debugging
interface by Microchip [387] - [388], and the Logic 8 analyser by Saleae
[389].

Propagation tank tests to determine the characteristics of the
piezoelectric immersible disc probes have been described. The results
of the propagation tests show that the optimum combination pair for
the ultrasonic sub system is Pz21 (transmitter) and Pz26 (receiver)

driven at a resonance frequency of 200 kHz and placed 7 cm apart.
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In the inductive coupling sub system discussed, the PCB fabricated
printed spiral coils (PSCs) were 39 mm (primary) and 33 mm

(secondary).
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4. EXPERIMENTAL RESULTS

In the preceding chapter, characteristics of immersible PZT disc probes
used in this research work are obtained via propagation tank tests and
discussed. Using the characteristics obtained, the ultrasonic sub system
comprises the combination pair of Pz21 (transmitter) and Pz26
(receiver) both driven at 200 kHz, 40 V supply and placed 70 mm apart.
The analysis of PCB fabricated printed spiral coils (PSCs) were also
highlighted with the inductive coupling sub-system comprising the pair

of 39 mm (primary) and 33 mm (secondary) PSCs.

In this chapter, a system test set up carried out under laboratory
conditions is discussed. The experiments highlighted verify the
performance of the combined inductive and ultrasonic sub-systems
developed in Chapter 3. Results obtained will amplify and support the
potential of this proof-of-concept, novel, and generic multi-tier power
transfer and data communication interface system for low-power,

deeply implantable analog bio-sensors.

Results detailed in this chapter have been published in [70 — 72].

The block diagram of the combined inductive and ultrasonic multi-tier

interface prototype system is shown in Figure 52.
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Figure 52: Block diagram of combined Inductive and Ultrasonic sub-
systems [Red denotes power, brown analog data and
yellow analog data]

Figure 52 is the block diagram of the combined Inductive Coupling and
Ultrasonic sub-systems developed in Chapter 3. In Figure 52, red
signifies power lines; brown indicates analog data signals; and yellow
indicates uC generated digital signals. The external devices and circuitry
are situated in the upper right hand side; the subcutaneous devices and
circuitry are placed on the left hand side, while the implant devices and
circuitry are situated in the bottom right hand side. The external DC
supply drives the primary coil via the driver circuit. This power is
transferred through the air-gap to the secondary coil via mutual
inductance. The rectified induced AC voltage on the secondary coil

powers both the subcutaneous uC and the subcutaneous piezo driver

143



circuit driving the primary piezo disc. The driven primary piezo disc
generates ultrasonic waves (via the indirect effect) which are sensed
and converted by the secondary (implant) piezo disc. The low-
amplitude ac voltage output from the secondary piezo disc is fed to the
power conditioning circuit which powers the implant uC and then the
implant bio-sensor. This is the power transfer phase. In the data
transmission phase, the powered implant uC senses analog data from
the implant bio-sensor and converts to digital using it’s in built ADC.
The generated digital bit stream is used to drive the implant piezo disc.
Ultrasonic waves generated by the implant piezo disc are converted by
the primary piezo disc (via the direct effect) to low amplitude ac
voltage output which is passed through the signal conditioning circuit
and the in-built comparator circuit of the subcutaneous uC to
reconstruct the transmitted digital bit stream. The reconstructed digital
bit stream is then amplitude modulated on the power carrier at the
secondary coil. The induced modulated power carrier sensed at the
primary coil is passed through the demodulator circuit and the in-built
comparator circuit of the external uC to reconstruct the transmitted
digital bit stream. The R2R digital to analog converter (DAC)
reconstructs the transmitted analog data. The PCB fabricated implant

circuit is shown in Figure 53.
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Figure 53: PCB fabricated implant circuit

The implant circuit in Figure 53 consists of the power conditioning
circuit, the implant puC, the bio-sensor (in this case a light sensitive
resistor), and the secondary piezo disc. Notice that the implant
secondary piezo disc in Figure 53 is covered in glue. It was observed
during tests that discs covered in glue suffered minimal degradation

due to high DC voltage switching when immersed in liquid.

4.1. System test set-up

To verify the performance of the proposed multi-tier interface system,
tests were conducted to measure power transfer (i.e. efficiency) as well
as data transmission. The overall experimental system test setup is

shown in Figure 54.
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Figure 54: Experimental system test set-up

A CircuitSpecialists CS11200K 120 V, 1 A DC regulated Power Supply
Unit (PSU) [390] is preset to supply 35 V DC. Using inductive coupling
(via mutual inductance), this voltage is transferred using a single pair of
parallel-tuned, circular, air-cored, planar printed spiral coils (PSC)
placed 10 mm apart. Human skin is between 2 mm and 5 mm thick so
an air-gap of 10 mm was used as a ‘worst case scenario’. Previous tests
carried out using meat/pork/sausages showed that attenuation is

equivalent to that of air.
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Table 12: Specifications of test primary and secondary PSCs

Outer Diameter (mm) 39 (External Primary coil) 33 (Subcutaneous Secondary
coil)
Inner diameter (mm) 13 11
Number of turns 29.9 25.4
Track width (um) 250 250
Track spacing (um) 200 200
Measured inductance (1H) 17.1 14.8
Tuning resonance capacitor 221 361
(pF)
Measured DC resistance (Q) 7.8 5.6
Measured Quality factor @ 17 13
2 MHz
LC tank impedance @ 2MHz 204 170
(Q)

The coils, specified in Table 12, were produced to the highest density
allowable using the standard FR4 chemical ‘wet’ etching techniques
detailed in Section 3.2.1.2. The Fluke PM 6303A RCL meter [391] was
used to measure the inductance, DC resistance and quality factor of the

PSCs.

The primary coil, driven by the prototype and power-efficient CMOS
logic gate circuit (Section 3.2.2.2), produces upto 80 V,, AC voltage
across the secondary coil via mutual inductance. This is full wave
rectified to provide 5 V DC for the subcutaneous pC and 40 V DC for the
subcutaneous piezo driver — switching the 40 V DC across the primary
piezo disc to excite it in its radial/planar mode. There is no additional
power source of any kind under the skin. The Microchip PIC 12F683 uC
was selected because of its inherent ability to be software configured

to operate with an input supply as low as 2 V DC, a built-in comparator
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and ADC circuitry, and a software-selected operating frequency of as

low as 31 KHz for ultra-low power consumption.

Table 13: Specifications of test primary and secondary piezo discs

Type Pz21 Primary piezo disc Pz26 Secondary piezo disc
Diameter (mm) 10 10
Thickness (mm) 1 1
Hardness Soft relaxor Hard
Relative Dielectric Constant, 3800 1300
Kas'
Coupling coefficient, k, 0.6 0.57
Coupling coefficient, ki, 0.33 0.33
Piezoelectric charge 260 130
coefficient, ds; (pC/N)
Mechanical Quality factor, 65 > 1000
Qm,p
Density, p (g/cm’) 7.8 7.7
Piezoelectric voltage 0.0074 0.0109
coefficient, g31 (Vm/N)
Measured Capacitance (F) 2.43n 850p
Measured Impedance (Q) 1K 800

Primary and secondary piezo discs, specified in Table 13, are fixed 70
mm apart, face-to-face, and immersed in the prepared homogeneous
phantom (see Section 3.1.4.1 for recipe details) contained in a tank
measuring 38 x 27 x 20 cm (L x B x H). The combination pair of Pz21-
Pz26 was chosen because of their experimentally-determined
maximum power transfer (Section 3.1.5). The radially excited primary
piezo disc generates ultrasonic energy pressure waves which are
radially propagated through the phantom. By the direct piezoelectric
effect, the secondary piezo disc on the implant circuit converts the
received ultrasonic energy into low-amplitude AC voltage which is then

boosted by the parallel LC resonator circuit in the power conditioner
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(Section 3.1.9) to ensure that 0.3 V DC is supplied to the input of the
Seiko start-up chip (Figure 30) after rectification. This turns on the
start-up chip intermittently supplying the implant uC with 2.4 vV DC
each time its load capacitor is fully charged. The implant uC is
programmed to turn on for an input supply voltage of 2 V DC. The
energised implant uC powers the implant bio-sensor and samples its
output analog sensed data converting it into a digital bit-stream using
its built in ADC and transmits the converted digital sensed data bit-
stream as a burst of ultrasonic pulses into the phantom at the moment
when the power carrier is switched off, momentarily. The implant
transmitted data bit-stream is recovered at the output of the
subcutaneous signal conditioning circuit and amplitude modulated on

the power carrier and reconstructed as described in Section 3.2.3.

In compliance with the 0.4 W/kg limit of exposure of humans to RF
electromagnetic signals as well as limits to ultrasonic signals [392]-
[400], power transfer through the skin, and thus through the body to
the implant is intermittent. According to [73], [92] - [93], [401], and
[402], a low active duty-cycle — achieved by operating the system
intermittently - ensures that system power consumption is kept to a

minimum.

Collated results will be discussed under the following headings: power
transfer efficiency and transmission signals (comprising energy transfer

signals, data transmission signals and timing signals).
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4.2. Power transfer efficiency

The power transfer efficiency results will be discussed for both the

inductive as well as the ultrasonic sub-system.

4.2.1. Inductive sub-system power transfer
efficiency

The primary and secondary tuned (inductive) circuits (Figure 52) both

form a parallel resonant LC tank. The equivalent circuit for parallel LC

circuits considers two additional resistances: R, — the series inductive

resistance and R¢ — the series capacitive resistance [403]. In this view,

the total tuned impedance can be calculated using:

(Ry, + X1)*x(Rc — X¢)
- 17
(RL + Ro)+(X, — X¢) (17)

Where: R, = series inductor resistance
Rc = series capacitor resistance
X, = inductor coil impedance @ 2 MHz
Xc = tuning capacitor impedance @ 2 MHz

Primary coil 39 mm; L=17.1 uH (measured), R, =7.8 Q
(measured); Tuning capacitor (@ 2 MHz) = 221 pF,
Rc = 2.7 KQ (measured); supply voltage, V = 35 V¢
X =2nfL=215Q; Xc =1/2nfC =360 Q
From (17), Zpsimary = 204 Q
Power, P = V?/Zpimary = 6 W

Secondary coil 33 mm; L=14.8 uH (measured);
R.=5.6 Q (measured); Rc = 1.7 KQ (measured);
Tuning capacitor (@ 2MHz) = 361 pF;
Voltage across secondary coil = 80 V_;
Vims = Vpeak/V2 = Vpo/2V2 = 28.3 V
X =2nfL=186 Q; Xc =1/2nfC=220Q
From (17), Zsecondary = 170 Q
POWEF, P= Vrmsz/ZSecondary =5W
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4.2.2. Ultrasonic sub-system power transfer
efficiency

Using the ultrasonic piezo disc equivalent circuit in [404] and [405],

_ XC * 7
ZTotaI - Xc+2Z (18)
Where: Xc = Piezo disc capacitive impedance @ 200 kHz

Z = Total parallel internal impedance

Primary piezo Pz21: C=2.43 nF; Z=1 KQ (measured)
Xc=1/2nfC =328 @ 200 kHz
From (18), Zrow = 247 Q
Effective supply voltage, V = Vs x duty cycle
= (Vpp/2V2) x 0.5 =14V
Power, IDPrimary = VZ/ZTotaI =0.8W

Secondary piezo Pz26: C=850 pF; Z = 800 Q (measured)
Xc=1/2nfC =936 Q @ 200 kHz
From (18), Z1ota =431 Q
Effective supplied voltage, V=V, ,/2v2 =1.77V
POWGF, PSecondary = V2/ZTotaI =8 mW

4.2.3. Overall system power transfer efficiency

Power transfer efficiency across the entire prototype system is shown

in the block diagram in Figure 55.
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Figure 55: Power efficiency values across the prototype system

It can be noted from Figure 55 that a single 35 V DC external source
supplies 29 uW to an implant immersed 70 mm deep inside a
homogenous liquid phantom using a multi-tier interface combining
inductive coupling and ultrasonics. Though this power supplied to the
implant is small, it is sufficient to power a 200 KQ implant circuit
causing it to sample and send sensed data as an 8-bit digital bit-stream

to the external receiver through the same multi-tier interface system.

An input supply of 35 Vpc across the primary coil (input power = 6 W)
produces 80 V,, (which is below the FCC Maximum Permissible EM
Exposure levels) across the subcutaneous secondary coil (transferred
power = 5 W) via mutual inductance giving an inductive sub system
transfer efficiency of 83%. The full wave rectified secondary coil voltage
supplies 40 Vpc (which is below the FDA limits of lspra = 720 mW/cm?®
and Mechanical Index (MI) = 1.9) which is switched across the

subcutaneous primary piezo disc (power = 0.8 W). The 5 V,, output
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voltage across the implant secondary piezo disc (transferred power = 8
mW) supplies 2.4 Vpc to the implant circuitry giving an ultrasonic sub

system efficiency of 1%.

Table 14: Summary of power transfer efficiency of prototype system

Circuit Power in (W) Power out (W) Efficiency (%)
Inductive sub system 6 5 83
Ultrasonic sub 0.8 0.008 ~1
system

The summary of the power transfer efficiency for both the Inductive
sub-system and the ultrasonic sub system is tabulated in Table 14. The
power transfer efficiency of the ultrasonic sub system is low, yet it is

corroborated by simulation results by Denisov [298].

Comparison of the prototype multi-tier interface system with single-tier
interface systems is tabulated in Tables 15 and 16 for ultrasonic

systems and inductive systems, respectively
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Table 15: Comparison of ultrasonic interface systems

Ref

Disc specification

Excitation
mode

Distance
between discs
(mm)

Power
transfer
efficiency
(%)

Power
consumption
(mWw)

[202]

Transmitter = 18mm,
3.15MHz.

Receiver =35mm,
4.2MHz

Single pair of disc both
immersed

Not included

70

03

229

[203]

Transmitter = 15mm,
673kHz.

Receiver = 15mm,
673kHz

1.3mm graphite
matching layer
Single pair of disc,
transmitter external

Thickness

40

27

260

[200]

Transmitter = 30mm,
840kHz.

Receiver = 25mm,
840kHz

Single pair of disc,
transmitter external

Thickness

98

25

1000 (max)

[72]
our
paper

Transmitter = 10mm,
200kHz

Receiver = 10mm,
200kHz

Single pair of disc, both
immersed

Radial

70

28
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Table 16: Comparison of inductive interface systems

Ref

Device specifications

Drive scheme

Distance
between coils
(mm)

Power
transfer
efficiency (%)

Power
consumption
(W)

[157] | Primary=33cm,
L=12pH, 2MHz.
Secondary=square-
angled 2cmX4cm,
L=26uH, 2MHz.
PCB printed coils

Class-E power 165 N/A 1000 (max)

amplifier

[118] | Primary=45mm,
L=26pH, 2MHz.
Secondary=10mm,
L=25uH, 2MHz.

PCB printed coils

Class-E power 20-40 75 N/A

amplifier

[158] | Primary=300mm,
L=368.7uH, 260KHz.
Secondary=10mm,
L=451.2pH, 260KHz.

Hand wound coils

Class-E power 60 1.3 30
amplifier

[70] | Primary=39mm,
our L=17.1uH, 2MHz.
paper | Secondary=33mm,
L=14.8uH, 2MHz.
PCB printed coils

CMOS logic 10 83 2.2
gates-based

It can be noted from Table 15 that even though the transducer discs
are similar in size, the power consumption for the high frequency,
thickness excited discs in [200], [202], and [203] averages between 230
— 1000 mW compared to a power consumption of just 28 mW for the
low frequency, radially excited discs of this work published in [70]. This
highlights the fact that though the thickness mode is more efficient
than the radial mode, it is achieved using much more drive and power
consumption. In Table 16, though a greater effective transfer distance
is achieved in [157] and [158], this is at the expense of a higher power
consumption (> 30 W) compared with the prototype system’s

consumption of 2.2 W.
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4.3. Transmission signals

In the experimental test set up of Figure 54, there are three
transmission signals, namely power transfer, data transmission, and

timing.
4.3.1. Power transfer transmission signals

The 35 V DC — driven external primary coil generates an 80 V,
‘inductively-coupled’ sinusoidal AC voltage across the subcutaneous
secondary coil (well below the FCC Maximum Permissible Exposure
levels [406]). Figure 56 is the power transfer transmission signal traces

across the prototype system.

L

1
50,0 Vidiv 20,0 Viciv || 1.00 Vidiy
1260 Voffset] 1000V offset| [ =2.750 Vofst

200kS

Figure 56: Power transfer transmission signal traces across the
prototype
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Figure 56 is the oscilloscope-generated trace of power transfer signals
across the prototype system. In Figure 56, the horizontal axis denotes
propagation delay while the vertical axis denotes voltage. Trace C1
(brown) in Figure 56 is the 80 V,,, inductively-coupled AC signal across
the transcutaneous secondary coil. Trace C2 (red) is the 40 V DC
rectified voltage switched across the transcutaneous primary piezo disc
Pz21 which is immersed in a homogenous liquid phantom. The
energized Pz21 primary piezo disc is radially excited and generates
ultrasonic waves which are propagated through the liquid phantom and
received by the implant Pz26 piezo disc placed 70 mm away. By the
direct piezoelectric effect, the Pz26 generates a 5 V,, sinusoidal AC
voltage — Trace C4 (green). Processing the Pz26 output voltage through
the implant power conditioning circuit, 2.4 V DC is intermittently

supplied to the implant circuitry.

4.3.2. Data transmission signals

The implant uC is intermittently powered every 800 ms - the time it
takes the Seiko startup chip to recharge its 10 pF load capacitor, C3 in
Figure 30. This reduces to ~ 25 ms after the power carrier is interrupted
by software-control. The value of 25 ms therefore represents the
effective available time window to power the implant uC, power the
implant analog bio-sensor, sample sensed analog data, convert to a
digital bit stream, and then transmit the digital bit stream as a burst of

ultrasonic pulses through the phantom.
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Table 17: Effective data transmission size based on implant operating

frequency
Implant pC operating Available implant supply Transmitted data size
frequency (kHz) window (ms)
31 ~24 2 bit
250 ~20 2 bit
500 ~18 4 bit
1000 ~16 8 bit

The data transmission time window varies according to the effective uC
load which is influenced by the software-selected operating frequency
of the uC as shown in Table 17. It can be noted that a byte of data (8
bits) can only be transmitted when the implant pC is programmed to
operate at 1 MHz which translates to a time window of 16 ms to
sample data, condition it, and then transmit. On the other hand,
operating the implant uC at 500 kHz would allow the transmission of
just a nibble (4-bits) of data within 18 ms but will require two runs to

transmit the entire byte of data.

On interrupting the power carrier, capacitor C2 in Figure 30 holds
enough charge to power the Seiko startup chip and consequently
power the implant uC between 800 ms and 1 s after power-down. This
ensures that when data transmission commences from the implant,
turbulence created within the tank by the power carrier has already
died down. Figure 57 is the 4 bits (nibble) transmitted by a
programmed 500 kHz implant pC. Tests carried out show that on power
off, Capacitor C2 (2200 uC) holds sufficient charge to activate the Seiko

startup chip three times thus ensuring that the entire byte can be
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transmitted from the implant before the recommencement of the

power carrier.
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Figure 57: Traces of the prototype system data transmission signals

Figure 57 is the oscilloscope generated traces of data transmission
signals across the prototype system. The horizontal axis in Figure 57
represents propagation delay while the vertical axis represents voltage.
Trace C3 (blue) in Figure 57 is the 2.4 V DC powered implant uC which
transmits the digitized data bit stream as a burst of ultrasonic pulses.
The low amplitude sinusoidal AC output voltage across Pz21 (by direct
piezoelectric effect) is processed by the subcutaneous signal
conditioning circuit. Trace C2 (red) is the output of the signal
conditioning circuit while trace C4 (green) is the rectified signal in trace
C2 which is fed to the built in comparator circuit of the subcutaneous
uC. Trace C1 (brown) in Figure 57 is the reconstructed data bit-stream
at the output of the comparator. The remaining nibble (of the one byte
of transmitted digital sensed data bit-stream) is transmitted at the next

power phase of the implant. It can be noted that when the input supply
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to the implant uC in trace C3 (blue) reaches 2 Vpc, the implant pC

switches off and data transmission stops.

4.3.3. Timing signals

The timing signals for the implant uC programmed to operate at an

operating frequency of 500 kHz is as shown in Figure 58.

Amplified data signal received on subcutaneous piezo
czm' I\’III — . |I .

Rectified amp. Output signal

Implant uC input DC voltage

oL O C 1)
5.00 Vidiv 1.00 Vidiv
1510 Vofst 2.980 V offset

Figure 58: Traces of timing signals across prototype system

Figure 58 is the oscilloscope generated traces of timing signals across
the prototype system. In Figure 58, the horizontal axis represents
propagation delay while the vertical axis represents voltage. Trace C3
(blue) in Figure 58 shows that the implant pC is powered every 800 ms
when the power carrier is on. It can be noted that when the power
carrier is turned off, denoted by point A in Trace C3, the implant is
powered by the Seiko startup chip for at least three times (signified by
the three spikes to the right hand side of point A in Trace C3) covering a
total time period of up to 7 s after power-off. From Trace C3 it can be
noted that power to the implant from the startup chip after power off

is not uniform. The implant is initially powered about 1 s after power
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off, then a further 2 s after that and then a further 4 s after. Because
this timing is software-controlled it can be easily adjusted to suit varied
application-specific transmission data sizes. One second after power
off, the implant uC is turned on and it transmits the first nibble of
sensed data signified by the first spike in Trace C2 (pink). In order for
this signal to be suitable for the comparator in the implant uC to
reconstruct the transmitted digital bit stream, it is first rectified
(allowing only the positive half cycle) as shown in Trace C4 (green). To
allow for the entire sensed data to be transmitted from the implant,

the power carrier is programmed to be switched off for about 1 min.
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4.4. System software flowchart

A simplified system software flowchart for the prototype multi-tier

interface system discussed is offered for reference in Figure 59.
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Figure 59: Prototype system software flow chart
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In this chapter, the complete system, combining the inductive and

ultrasonic sub systems, is set-up for testing in the Ilaboratory.

Measurements of both inductive sub system power transfer efficiency

and ultrasonic sub system power transfer efficiency are collated and

compared with single tier systems. Details of transmission signals

within the prototype system — power transfer transmission signals, data
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transmission signals and timing signals — are also discussed. Results
show that the inductive sub system has a power transfer efficiency of
83 % while the ultrasonic sub system has a power transfer efficiency of

1%.
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5. CONCLUSIONS

This work has addressed the urgent requirement for a reliable
communications platform that is capable of continuously monitoring

deeply implantable biomedical devices.

Traditional battery-powered IMDs are now becoming an expensive,
risky and therefore uncomfortable option because of the required risky
scheduled replacements over the lifetime of the patient. Low power
alternatives currently been globally researched and published include
RF, inductive coupling, ultrasonics, energy harvesting, magnetic
resonance, volume conduction, witricity, permanent magnet, bone
conduction, and microbial fuel cells to mention but a few. In
conjunction with the global drive to create novel power and data
communication platform alternatives for IMDs, this work offers a proof-
of-concept, multi-tier interface system that is based on the publically
accepted advantages of inductive coupling and ‘human-friendly’
ultrasonics. To reiterate, the research contributions from this work

include the following:

- the design, fabrication on PCB, and evaluation of circular,
planar printed spiral coils (PSCs) for power transfer and data
communication — discussed in Chapter 3

- the demonstration and evaluation of the feasibility of PZT
piezo transducer discs, driven in their low frequency,
radial/planar excitation (-31) mode, to transfer power and
transmit data within a homogenous liquid medium (phantom)
— detailed in Chapter 3
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- Demonstration and evaluation of a prototype CMOS logic gates
based primary coil driver circuit, discussed in Chapter 3

- Evaluation, by experimental verification, of a novel, generic,
low power, wireless multi-tier interface platform system for
IMDs combining inductive coupling and ultrasonics — detailed

in Chapter 4
The design, simulation, and fabrication (on PCB) of a multi-tier power
transfer and data communication interface has been described in this
work and published in [70]. The prototype platform uses a single 35 V
DC external supply source that drives a 39 mm primary (PCB fabricated)
PSC via the prototype CMOS logic gates based driver. This inductively
couples 80 V., across a 33 mm secondary (PCB fabricated) PSC placed
10 mm apart (air gap) with a measured power transfer efficiency of
83%. The mutually-induced ac voltage across the secondary coil is full -
wave rectified to power the subcutaneous circuitry (as published in
[71]), switching 40 Vpc across the subcutaneous primary Pz21
transducer disc immersed within a (homogenous) liquid phantom. This
drives the Pz21 disc in its 200 kHz, radially - excited (- 31) mode instead
of the more conventionally used thickness — excited (- 33) mode. By the
reverse piezoelectric effect, the Pz21 produces (radial) ultrasonic waves
which are propagated through the homogeneous home-made liquid
phantom and received by the implant secondary Pz26 transducer disc,
situated 70 mm deep within the phantom. By the direct piezoelectric
effect, the Pz26 generates a 5 V,, sinusoidal ac voltage signal which is
passed through an implant power conditioning circuit that
intermittently supplys 2.4 Vpc to the implant circuitry. The powered
implant Microchip 12F683uC powers the implant bio-sensor, samples

its analog sensed data, converts the sensed data to digital using its

165



built-in ADC, and then transmits the resulting digital bit-stream as a
burst of ultrasonic pulses through the phantom. Measured power
transfer efficiency for the ultrasonic sub-system is ~ 1%; which

compares favourably to simulations published by Denisov [298].

The digitized bit-stream, transmitted as a burst of ultrasonic pulses
from the implant, creates up to 4 mV,, ac voltage signal across the
primary Pz21 disc via the direct piezoelectric effect. This low-amplitude
data signal is then passed through the subcutaneous signal conditioning
circuit, the output of which is applied to the built-in comparator of the
subcutaneous Microchip 12F683 pC to reconstruct the transmitted
sensed data bit-stream. The reconstructed data bit-stream is then
amplitude modulated (ASK) onto the power carrier at the secondary
coil. The modulated signal seen on the primary coil is passed through
an envelope detection circuit, the output of which is applied to the
built-in comparator of the external Microchip 16F818 uC where the
transmitted digital data bit-stream is reconstructed. The comparator
output is passed through the in-built DAC of the external Microchip
16818 uC to produce an 8-bit parallel output which when passed
through an R2R network reconstructs the actual transmitted analog

sensed data as published in [72].

5.1. Future work

Denser printed spiral coils could be produced using clean-room
lithography technology which, as cited in literature, can produce
minimum feature lengths of nano meters when fabricated on thin

silicon wafers. These would result in a further degree of miniaturisation
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and will produce coils having quality factor and inductance figures that
correlate with theory. Investigation into inductive driver circuits with
high power transfer efficiency coupled with low power consumption

would be crucial.

Investigations could be made to develop a more efficient driver circuit
to ensure maximum propagation of ultrasonic waves through the
phantom. Additionally, the design of application specific piezoelectric
transducer discs in a clean room environment to meet the peculiar
requirements of the prototype multi-tier interface platform system

would be useful.

With additional funding; animal and then human trials can be carried
out which will provide an avenue to determine the characteristics and
properties of this prototype interface within real life biomedical

applications.

Despite the biomedical background of this work, future work can cover
the use of this prototype interface system in sonar, industrial, and NDT

applications.

Finally, as ultra-low power consumption is a critical requirement for
IMDs, it would be advantageous to look into developing application
specific uCs that have only essential hardware functions for the
purpose e.g. low power clock/oscillator, integrated ADC, comparator,

PWM, and DAC.
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