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ABSTRACT

Kim, Young-Joon, Purdue University, August 2016. Low Power CMOS IC, Biosensor
and Wireless Power Transfer Techniques for Wireless Sensor Network Application.
Major Professor: Pedro P. Irazoqui.

The emerging field of wireless sensor network (WSN) is receiving great attention
due to the interest in healthcare. Traditional battery-powered devices suffer from large
size, weight and secondary replacement surgery after the battery life-time which is often
not desired, especially for an implantable application. Thus an energy harvesting method
needs to be investigated. In addition to energy harvesting, the sensor network needs to be
low power to extend the wireless power transfer distance and meet the regulation on RF
power exposed to human tissue (specific absorption ratio). Also, miniature sensor
integration is another challenge since most of the commercial sensors have rigid form or
have a bulky size. The objective of this thesis is to provide solutions to the
aforementioned challenges.

The focus of this presentation is on integration of technologies for implantable
wireless sensor network. Firstly, a low power IC for the radio, which consumes most of
the power, is fabricated using CMOS technology. This transceiver harvests energy from
915MHz RF radiation power signal. Also, the powering signal provides reference clock
to the IC for low power frequency synthesis. A simple receiver is implemented on chip
for multi-node access. Then wireless powering techniques were studied to improve the
current work. Wireless power transfer (WPT) link distance for implantable devices in
prosthetic arm application (targeted muscle reinnervation) is less than 10 cm. At this
distance, wireless power transfer using magnetic resonance coupling (MRC) can be much

more effective in power transfer efficiency. By focusing on this point, a design technique
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using band pass filter theory allows transferring power selectively to a specific target
device. Selective WPT enables multi-node access without having to use any further
techniques, greatly simplifying the system. A low power SoC is designed to comply with
the proposed WPT technique, also dedicated for glucose detection using 180nm CMOS
technology. The IC is composed of a low power transmitter based on injection locked
ring oscillator. The wireless sensor IC receives power wirelessly from MRC through 27
MHz (ISM band) and transmits in 405 MHz (MICS band). Since our glucose sensor is an
amperometric sensor, the IC detects current from the biosensor and mirrors it to an
internal ring oscillator, which presents the glucose level in frequency (I-F conversion).
Frequency variation due to temperature can be calibrated out through an internal
reference clock. Total power consumption of the system is around 20 pW. To complete
the system, a glucose sensor is designed and fabricated with graphene petals on carbon
fiber. Efforts were focused on flexible, robust and sensitive glucose sensor based on
multilayered graphene petals (GP) on thin carbon fiber (CF) tow. GP/CF electrode was
decorated with the mixture of Pt nanoparticles (PtNPs), polyaniline (PANI), glucose
oxidase (GOx), and nafion. PtNP are electrodeposited onto the graphene for its catalytic
behavior toward hydrogen peroxide, which is generated in the process of glucose oxidase
(GOx) oxidizing glucose, acting as an electron-transfer promoter. The
GOx/PANI/PtNP/GP/CF biosensor showed highly flexible characteristics with good
sensitivity and it showed more than 90% of its sensitivity after 4 weeks in phosphate

buffered saline (PBS) solution.



1. INTRODUCTION

RF power Y

Data Transmission

Wireless Sensor
Network Central Hub

Fig. 1.1 Wireless sensor network with multiple nodes

1.1. Motivation

Wireless sensor networks (WSN) are receiving a great amount of spotlight due to the
fast developing technology and focus in medical technology [1]. It is the key technology
for smart healthcare. However, in biomedical application, the sensors are required to be
compact, low power consuming and battery-less [2]. To meet the requirements,
application-specific integrated circuit (ASIC) design is necessary[3]. Therefore, the
implementation of a low power transmitter and effective wireless power transfer is
needed for wireless sensor network in biomedical application. Also, very small, highly
flexible sensor for wearable or implantable sensor application is also required.

Throughout this thesis, effective solutions to solve the challenges will be discussed.



1.2. Overview of Current Technologies and Challenges

Many prior work have demonstrated methods to scavenge ambient energy source
such as RF radiation energy, inductive energy, thermoelectric energy, solar energy and
vibration energy [4-7]. Unfortunately, RF radiation energy has low energy efficiency in
general because of the characteristics of antenna. Inductive energy has very limited link
distance (usually few cm) and other systems utilize environmental energy source which is
not controllable where in biomedical signal recording application, robustness and
reliability is critical. Trade-off among energy harvesting techniques require a thorough

investigation based on application is required.

1, "'1‘;{_'“-:: ;{- :‘.I o

Fig. 1.2 Battery takes up most of the size and weight of the system [§].
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Fig. 1.3 Power consumption of a sensor node composed of commercial components [8].

In addition to the energy harvesting problem, there is a regulation on the maximum
allowed RF power exposed to human body to prevent tissue heating [9], which indicates
that the source of energy is limited. To extend the link distance under the limited allowed
RF energy, many researchers apply aggressive duty-cycling on the system to lower the
average power consumption [7]. But this is not always possible because the sensor needs
to process high data rate signals ( >1kHz), for instance EMG or neural signals in real-
time. Thus a low power, energy efficient architecture should be used for the RF blocks.
From Fig. 1.3, you can see that radio consumes most of the power consumption in
conventional sensor node architecture due to its frequency synthesizers and excessive
power output. This strongly suggests that we should focus on designing a power efficient
radio block for sensor node network.

WSN also requires multiple sensor node operation. Conventional communication
method is robust and reliable but consumes much more power which makes it very
difficult for a battery-less operation. Because of this reason, research groups usually use
TDMA method [10] with some sort of signal receiving mechanism, which complicates

the system when sensing is the sole purpose of the device.



Lastly, research groups focus on the electronics part only and often neglect the
sensing function. In many cases, the sensor is a bottleneck of the system, especially for

wearable or implantable applications due to their size and flexibility.

1.3. Research Overview

To overcome the aforementioned challenges, battery-less low current active
transmission schemes were proposed in [7, 11]. These devices exhibit high data-rate with
low power consumption by replacing power hungry LO (local oscillator) and PLL (phase
locked loop) by providing the carrier frequency for transmission through ILRO (injection
locked ring oscillator). Nevertheless these devices are not suitable for TMR (targeted
muscle reinnervation) application due to their lack of multi-node functionality. Battery-
less low power transceivers have been proposed in [12, 13]. These devices provide higher
receiver sensitivity which allows them to communicate at a further distance but at the
cost of high overhead and complexity which requires heavy duty-cycling of the system to
operate under practical environment. Others [10] report low current consumption sensor
node with multi-node protocol. This device detects the rectified voltage with a reference
to synchronize multiple nodes, thus achieving small overhead. Despite the small
overhead, the available RF energy source is affected in multi-node functionality, which is

undesired.

v 915MHz RF Power signal and data pulses

Nodes attached or

Base-Station -'|'|'H+-'|'|'H'|- ’ Implanted to the
mounted on do2 do reinnervated muscles
2 Prosthesis noges noce s B g ¢
“x‘_ _',-"' T R I
..... Xk HH—Hi- ¥y

457 5MHz TDMA OOK Transmission

Prosthetic Arm

Fig. 1.4 Block diagram of harvesting and telemetry system of WSN



In chapter 2, main focus is on design and implementation of an ultra low power,
wirelessly-powered RF front-end for WSN using CMOS technology. A 98uW,
457.5MHz transmitter with output radiation power of -22dBm is implemented. This
transmitter uses powering RF signal. A frequency divider divides the RF signal into half
to generate the carrier frequency with low power consumption. RF energy is harvested
with a Cockcroft-Walton rectifier. Wireless powering RF signal is modulated in power
efficient method so that the receiver recovers signal in low power operation to perform
time division multiple access. A block diagram is shown in Fig. 1.2.

The communication distance for TMR and the prosthetic arm application is short (<
10cm), indicating magnetic resonance coupling (MRC) method can be more energy
efficient. Using filter design topologies [14, 15], transferring power to a designated
device by switching the operation frequency is possible. This technique can deliver
power to multiple nodes by switching the frequency and matching network for each
network. In this way, power division problem in a multi-node system can be solved with
an automated impedance tuning network.

For an MRC powered device, the previous transmitter architecture has to be changed
to convert a low frequency signal to a high frequency signal. Again, we want a
transmitter with low power consumption and a locked frequency with low phase noise.
To achieve this, an in injection locked ring oscillator with an edge combiner circuitry is
introduced, designed and demonstrated with a three electrode electrochemistry sensing
block.

Lastly, I fabricated a glucose sensor on carbon fibers with graphene petals. Wearable
and implantable applications require devices to be freely flexible and robust while
maintaining a good performance. To achieve robustness and flexibility, outer layers for
glucose detection are buried between the graphene petals to fully utilize the mechanical

robustness of the graphene petals.
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Fig. 1.5 Technology integration for wireless sensor network

To extend the application further onto more general wearable and implantable WSN,
the combination of the aforementioned technologies is necessary and it will be the
ultimate goal of this work. Each block is explored with depth in the following chapters.

We designed and implemented an IC with low power consumption that can harvest RF



energy, process sensor data and wirelessly transmit data in chapter 2 and 4. A wireless
power transfer technique for adaptive distance tuning and multiple-receiver handling is
developed using MRC in chapter 3. Lastly, a miniature sized sensor that can detect

glucose concentration using graphene has been explored in chapter 5.



2. AN ULTRA LOW POWER, RF ENERGY HARVESTING
TRANSCEIVER FOR MULTIPLE NODE SENSOR
APPLICATION

RF power / TDMA
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Fig. 2.1 Sensor network application

We designed and implemented an ultra low power, wirelessly-powered RF
transceiver for wireless sensor network using 180 nm CMOS technology. We propose a
98 uW, 457.5 MHz transmitter with output radiation power of -22 dBm. This transmitter
utilizes 915 MHz wirelessly powering RF signal by frequency division using a true-
single-phase-clock (TSPC) divider to generate the carrier frequency with very low power
consumption and small die area. The transmitter can support up to 5 Mbps data rate. The
telemetry system uses an 8-stage Cockcroft-Walton rectifier to convert RF to DC voltage
for energy harvesting. The bandgap reference and linear regulators provide stable DC
voltage throughout the system. The receiver recovers data from the modulated wireless
powering RF signal to perform time division multiple access (TMDA) for the multiple

node system. Power consumption of the TDMA receiver is less than 15 uW. Our



proposed transmitter and receiver each occupy 0.0018 mm? and 0.0135 mm? of active die

area, respectively.

2.1. Introduction

Recent advances in low-power transceiver design opened up a new generation of
biomedical wireless sensor network application for health monitoring and rehabilitation.
But challenges still remain in realizing miniature size of the device, battery-less operation
and multiple node accessibility. FCC regulation on RF exposure to human [9] places a
tight constraint on delivering energy, demanding a low power device design. Also,
multiple node system is required in applications such as targeted muscle reinnervation
(TMR) [1, 16] but it is overlooked in many prior works due to a limited power budget.

Conventionally, the TMR sensor nodes are attached to the patient's upper chest and
wired to the prosthetic arm. A major bottleneck in the current sensor technology is the
use of wired sensors [17] and batteries that limit operation time. The wired surface
electrodes suffer from low spatial resolution [18] and require frequent replacements. To
overcome these issues, implantable devices have been developed to record the
myoelectric activity [19, 20]. Since these devices are implanted, the use of batteries is not
desirable because of their bulky size, and replacing a battery leads to a surgical procedure
that can cause infections. To eliminate the use of battery, there are various techniques to
scavenge ambient energy such as electromagnetic, inductive, thermoelectric, solar and
motion energy [4-6, 19]. Unfortunately, inductive energy has very limited link distance,
and delivering uniform power to multiple nodes is still a challenge [21]. Thermoelectric,
solar and motion energy is not applicable in TMR and most medical implant application
because such energy sources are beyond user's control. Thus, the EM energy transfer is
considered in this work for its link distance and controllability.

Electromyography (EMGQG) data requires more than 2 kbps of sampling rate [1, 16],
forcing the transmitter to be active more than other high duty-cycled sensor nodes [4, 6],
which increases the required power of transmitter. To minimize the power consumption
of the transmitter, some have used the passive radio frequency identification (RFID)

technology for data transmission [22, 23]. However, the reader design becomes
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complicated because it needs to detect weak backscattered signals at the same frequency
of power transmission.

Additionally, multiple node operation is another issue that arise in EMG data
recording application. There are numerous multiple access techniques but due to the
complexity and power consumption, TDMA is considered in this application. Multiple
node operation is a problem that is overlooked in most of the literature and some
overcome this by implementing a conventional receiver [4, 12, 24] or changing the
strength of the powering signal [10], which leads to a significant overhead in power
consumption or loss in available power.

To solve the aforementioned issues, I developed an RF energy harvesting, ultra low
power, wireless telemetry system for TMR application that enables new possibilities for
the upper-limb prostheses [17]. We introduce an energy-harvesting telemetry system
utilizing an RF transceiver with ultra low power consumption. A TDMA logic circuit is
included in the design to realize multiple node synchronization with simple and robust
operation requiring very little power overhead. The proposed design also consists of an
RF rectifier, bandgap reference and regulators for energy harvesting and power

management.
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Fig. 2.2 System block diagram

2.2. Proposed architecture and circuit design

Fig. 2.2 describes the system architecture in a block diagram. The base station
delivers RF energy in the ISM band (915 MHz) to the device. The RF energy has three
purposes in this system; power, reference frequency and multiple node synchronization.

Power is distributed to the energy harvester block where it supplies stable DC supply to
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the internal device. The frequency of the powering signal is taken to the transmitter
where it is halved to avoid self jamming. The divided frequency is used as the
transmission carrier frequency and On-Off-Keying (OOK) modulation is utilized for its
simple and power efficient performance. Short off-pulses in the RF powering signal serve

as the indicator for multiple node synchronization.
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. Y Data
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Currentreuse Limiting TSPC divider Pre- PA
amplifier  amplifier amplifier

Fig. 2.3 Transmitter schematic

2.2.1. Transmitter

Fig. 2.3 shows the schematic of the proposed transmitter. The current-reused and
limiting amplifier is used to convert the incident RF signal to a rail-to-rail signal for the
frequency divider. A feedback shunt resistor Ry sustains the transistor in saturation and
the stacked transistor structure increases transconductance for the same bias current. The
size of M| and My is kept small due to limited power budget and bandwidth degradation
from Miller effect associated with (Cgsnt+Casp).

Limiting amplifier is formed with a chain of minimum sized inverters. The purpose
of this block is to ensure a digital-like signal and reduce the loading effect for the

frequency divider to increase the robustness.
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Fig. 2.4 Types of TSPC dividers (a) and simulation results of maximum achievable
frequency and power consumption of the structures at 915 MHz (b).

A TSPC divider is chosen to perform the frequency division for its low power
consumption at sub-GHz. Generally, in TSPC frequency dividers, ratioless logic has
lower power consumption compared to ratioed logic because ideally a direct path from
the supply to the ground never happens and power consumption is determined
exclusively by the dynamic switching. But at the same time, ratioed logic has faster
switching time with smaller gate capacitance (Cy) at the cost of robustness [25].

To minimize power consumption at a target frequency, combinations of ratioless and
ratioed logics are investigated. The simulation results are shown in Fig. 4. Type A has
the lowest power consumption but the speed is below our requirement under the reduced

power supply and load introduced by subsequent blocks. Thus type B is chosen for the
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lowest power consumption. High-V, devices were used for the TSPC divider to reduce
the leakage current.

A power efficient switching amplifier is used for the power amplifier (PA). For
power reduction, a DC voltage of 0.5 V supplies the amplifier. The matching network is
implemented with off-chip components. Because the capacitors have higher Q-factor

compared to inductors, a tapped-capacitor network has been used to avoid inductors.
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Fig. 2.5 Receiver schematic.

2.2.2. Receiver

The receiver (Fig. 2.5) is designed to detect very short off-pulses of the RF power
source with small power consumption because modulation in the RF power source can be
considered as an overhead in total available power. The amplifier stage is implemented
on-chip that is the same amplifier stage shared with the transmitter to reduce power
consumption. The off-pulses are demodulated by using an envelope detector which is
composed of inverters driving two different RC time constants; one serving as the

envelope detector (Veny) and the other one with a long time constant to give an average

of the envelope (Vrgr1).
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A comparator then digitizes the voltage levels of the two RC circuits for
demodulation. The comparator is formed of two differential amplifier pairs with input-
referred offset voltage simulated to be less than 10 mV. A Schmitt-trigger inverter stage
is cascaded to the comparator to ensure a reliable rail-to-rail digital signal is present at the
output.

From the demodulated data, a TDMA logic circuit performs the node
synchronization. The transient measurement shown in Fig. 10 explains the operation.
When five RF off-pulses are detected within 8 ps of time period, an 'event' is triggered.
By counting the number of 'events', a 'node enable' signal is presented when the event
counter matches a pre-programmed number in each device. Each device node also has a
pre-programmed cycle number where the 'event' counter resets. Maximum number of
nodes for synchronization is defined by the number of bits assigned for the pre-

programmed number, which is 16 in this design.
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Fig. 2.6. Schematic of the energy harvester and power management

2.2.3. Energy harvester and power management
The RF energy harvester block (Fig. 2.6) is comprised of an RF rectifier, bandgap
reference and low dropout (LDO) regulator. An 8-stage Cockcroft-Walton voltage
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multiplier rectifies and boosts the voltage to a sufficient level with low input signal [26].
Native devices were used in this design for their low voltage drop and tolerable back
leakage.

We employed two LDO regulators to supply the PA and elsewhere. An off-chip
capacitor of 4.7 uF with effective series resistance (ESR) of 1 Q is used for stability. The
line regulation is measured within 0.1% of its nominal values.

The bandgap reference generates a process, voltage and temperature independent
reference for the system [27]. The PMOS current sources of the BGR are cascoded to
improve the power-supply- rejection-ratio (PSRR).

1.2 mm

(b)

Fig. 2.7. (a) Die micrograph; (b) Chip assembled example

2.3. Experimental results

The ASIC was fabricated through 180 nm CMOS process technology (Fig. 2.7(a)).
The total area of the test-structure including the pads is 1.3 mm % 0.7 mm. The assembled
transceiver is shown in Fig. 2.7(b).

Off-chip SMD components were used to implement the matching network for the
transmitter. The power consumption for the transmitter is measured to be 98 uW while
delivering -22 dBm (Agilent E4404B) to the load (Fig. 2.8(b)) and Table I shows the
detailed power consumption breakdown. The minimum power required for the input to
generate a stable 457.5 MHz carrier is -10 dBm and the maximum data rate of the

transmitter is 5 Mbps, 15 pJ/b. The startup time of the transmitter is 60 ns, which is fast
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enough for the proposed receiver and TDMA method. The transmitter occupies die area

of 0.0018 mm?>.

Table. 2.1 Power consumption breakdown for transmitter

Transmitter Block Power .
Consumption
Curr'ent'-r'eused ampliﬁer 250W
Limiting amplifier
TSPC divider 11uW
Pre-amplifier 13uW
PA (Tx out: -22dBm) 49uW
Total power 98uW
s ||—Drain efiiciency | | - : : [——Output Power]
—T):< globaliefﬂcienicy - . . : '
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Fig. 2.8. (a) Measured transmitter efficiency; (b) Measured transmitter output spectrum
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Fig. 2.9. (a) Spectrum measured with modulated input at 1 and 5 Mbps; (b) Transient
waveform of the transmitter with pseudorandom input at 5 Mbps.

The receiver shows sensitivity of -10 dBm with power consumption less than 10 uW.
The overall power consumption of the TDMA logic circuit consumes 5 uW. The receiver
can detect pulses as short as 0.5 us in the current TDMA operation mode, giving
efficiency of 5 plJ/b. Fig. 10 displays the measured TDMA operation. A waveform
generator is used to create the trigger pulses for the RF signal generator. To make sure
the receiver and the digital block detects an "event", the input RF signal is configured to
have 7 off-pulses in 8 ps period. The measurement was taken on a four node system with
three nodes measured due to the limited number of probes in the oscilloscope. It can be
seen that the "node enable" signal rises after 5 off-pulses. In this measurement example,
the penalty on the total available power caused by modulating the RF powering signal is
less than 7% which is much lower than other reported work [10]. The entire receiver

including the logic circuits occupy 0.0135 mm? of chip area.
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Fig. 2.12. Experiment setup.

Fig. 2.11 shows voltage measurement at the rectifier under different load conditions.
External resistance represents the various loading of the system. The diode connected
transistors in the rectifier has a nonlinear behavior and it is difficult to optimize the
matching network at a wide load range. Thus, a specific load condition that would
represent a clinical application is chosen [28]. The overall energy efficiency is over 10%
throughout the input power range. The total current consumption of the bandgap
reference and voltage regulator is 3pA.

The functionality of the energy harvest, node synchronization and data transmission
was verified under the experimental setup shown in Fig. 12. The experiment was
performed in a laboratory environment.

The RF energy is delivered by using a signal generator, external PA and a horn
antenna. Commercial whip antenna (ANT-916-CW-RCS, Linx Tech) and chip antenna
(ANT1204LLOSR0915A, Yageo) were used for receiving power where the TDMA
synchronization operates flawlessly up to 2.8 m and 2.2 m, respectively. Three

transceiver nodes were used at the same time for TDMA verification. Transmitter was
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tested under the same environment with a commercial chip antenna (7488910043, Wurth
Elec). Data input pin is connected to a pseudorandom code generator to and the external
base station receives and demodulates the signal. The data rate was tested up to 1 Mbps
due to the limitation on the base station. (USRP N210, Ettus) The bit error rate (BER) is
measured to be below 0.1% up to 6 m.

For in-vivo experiments, [29] provides an estimation on how much RF energy can be
received in an implant. It is shown that when the transceiver is placed between the
adipose and muscle, the maximum achievable distance between the transceiver and the
base station can be estimated to be more than 30 cm.

Table II summarizes the performance of the proposed transceiver with few works
that have recently been published. At -10 dBm input power, the transceiver consumes

110 uW while constantly delivering Pout of -22 dBm to the transmit antenna.

Table. 2.2 Performance comparison of the proposed transceiver and current technology

Reference This work '14[1JSs]sc '14[1J‘;]SC '11[;31!"1c "0 [1254s]cc 14 ¥(5:]Asz
CMOS Technology 180 nm 65 nm 90 nm 130 nm 130 nm 180 nm
Energy Harvest v v v v v X
RX Frequency 915 MHz 904.5 MHz 915 MHz X X X
TX Frequency 457.5 MHz 402 MHz 2.44 GHz 306 MHz 2.4 GHz UWB<I1GHz
TX Pout -22 dBm -18~-16 dBm -12.5dBm -33 dBm -45 dBm 0.75Vp-p
Multi-node v v V4 X X X
E. Harvest. 3 A <1pA 100 pA N/A 21.35 pA X
é)::;: Tx (100% on) 98 uW 215 W 380 pW 50.6 pW 1.15 mW 175 pyW
Rx <15 uW 13 uW 480 W X X X

2.4. Full system

The full system that is composed of the transceiver described in this chapter is

described in a table. Also a comparison table with the state-of-the-art wireless body

sensor network (WBSN) is presented.



Table. 2.3 Measured performance summary of the full system

Supercapacitive RF

AFE (LNA, PGA,

Energy Harvesting G,-C) AFE - SAR ADC Clock TX and RX
Vs <0.8V | Supply | 1.8V Supply 1, 1.8V Supply 1.8V Supply 0.5,1,1.4V
VBoosT 1.0¢ Current | 4pA Current 0.29pA Current 4.2pA TX Current 53.6uA
Boost o . Process o TX Output
Efficiency 64% | Gain 43-58dB VRer 1V variation | 29% | power -22dBm
Switching fc (High Sampling supply & TX
Frequency 1MHz -pass) 0.65-3Hz Rate 41.6KS/s variation 0.11% Frequency 457.5MHz
lquiescent for | 0.4 fc (Low 0.69/1.14 | Core 2.02 1Mbps -
Regulators | pA -pass i ENLINL LSB Frequency | MHz Bald Rt Burst
lquiescent for : <4 uWWms 9.1bits . )
Bandgap Virn,rms (4Hz-1KHz) ENGE @ 1KHz Sensitivity 10dBm
andBias | WA THD T 56.5dB | FOM a8 Modulation | OOK
Gen. (Gm-C) has fJ/step
System Current 12.5pA (total average), 74uA (peak) RX Current | 5.3pA

RX
System Power 24uW (total average),141uW (peak) Frequency 915MHz

Table. 2.4 Performance comparison with the state-of-the-art WBSNs

This Work [71 [91 [8] [24]
1.8V, 1V - AFE
’ 1.2V - AFE
1.4V, 0.5V -TX 4 0.9V - AFE
Supply Voltage 1.4V, 1V - RX 18/53.?\6-;'} 056V - TX 1V N/A
1V — Digital, TX ’
Energy Harvesting RF Thermal, RF RF RF RF
Source
Energy Harvesting
Frequency 915MHz x 904.5MHz 915MHz 300MHz
Sensitivity -10dBm 30mV,-10dBm -20dBm -17.1dBm N/A
Sensor EMG ECG Off-chip x ECoG
bio-sensor
Multi Node v x v v x
Crystal Oscillator No Two No No No
RX Frequency 915MHz x 904.5MHz | 902-928MHz x
TX Frequency 4575MHz | 4021433MHz | 402MHz | 24052475 | gooump,
TX Pout -22dBm -18.5dBm -18~-16dBm | -12.5dBm N/A
TX Data Rate 1 Mbps 200 kbps 250 kbps 5 Mbps 1 Mbps
Uplink Modulation OOK BFSK OOK OOK Backscatter
Downlink Modulation OOK x ASK FSK x
AFE 7.5uW 4.8uW 3.6puW* x 147 2uW **
TX
(100% On) 66UW 160pW 215uW 380uW 2.4pW
Power
RX 7uwW x 13uW 480uW x
Total Power 244W 19U, N/A 960uW 225uW
397uW1
CMOS Technology 0.18um 0.13um 65nm 90nm 65nm
Chip Area 1.35x1.5mm? | 2.5x3.3mm? 1x2mm? 1.4x1.1mm? | 2.4x2.4mm?

*Off-chip bio-sensor, **64 Channels, {R-R and AFib ECG modes and TX is duty cycled at 0.013%

fTRaw data mode for continuous data acquisition

22
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2.5. Conclusion

We present a low-power wireless telemetry system, powered by an RF energy
harvester, for a multiple node targeted muscle reinnervation sensor application. The
transmitter is designed to have a low-power consumption for a battery-less sensor
application. The overall system has a stable carrier frequency, high data rate for
transmission and robust TDMA performance while consuming only 110 uW, which is the
lowest power level for an active multiple node telemetry system that has been reported to
date. Based on the proposed power transceiver, a sensor node can be designed with low
power consumption [30].

For future improvement, antenna decoupling technique [31] can be included to
reduce the system size. The sensitivity of the receiver can be improved by adding a

separate gain stage or method introduced in [23].
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3. MULTIPLE NODE WIRELESS POWER TRANSFER AND
MULTIPLE ACCESS CONTROL TECHNIQUE
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Fig. 3.1. Power distribution in multiple node system. (a) A conventional simultaneous
WPT with multiple receivers. (b) Selective WPT with multiple receivers, assuming
uniform coupling in both cases.

In a multiple-receiver wireless power transfer (WPT) system, determining the
condition for uniform power distribution at a maximum efficiency is a challenging issue.
In this paper, a selective wireless power transfer technique using magnetic resonant
coupling (MRC) is introduced for smart power delivery in a multiple-receiver system.

The proposed method selectively and exclusively delivers power to only one designated
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receiver among multiple receivers, eliminating the cross-coupling effect and unbalanced
power division problem across the receivers. This is achieved by separating the resonant
frequencies of the receivers to isolate the coupling effects between coils. The power
division ratio of the receivers is controlled by changing the duration time ratio for power
transfer. In this work, a one-transmitter, three-receiver, selective MRC system is designed
and fabricated. The power distribution is demonstrated under perfectly matched condition,
showing power transfer efficiency (PTE) of 24~29% at a very small coupling coefficient
of 0.01 with a 12 mm-diameter receiver coil. Distance compensation and a one way
communication of time-division multiple access (TDMA) is demonstrated for a multiple-

receiver system, using the proposed method.

3.1. Introduction

Portable electronic device charging via wireless power transfer is an emerging
technology that enables applications such as smart healthcare, home and office devices
[1, 32]. Based on the advances in microelectronics technology, the size of such devices is
shrinking so drastically that they are now becoming wearable and even implantable [33,
34]. At the same time, these portable devices are commonly available around everyday
life that allow the user to play music, monitor vital signals, and wirelessly communicate.
In order to deliver power to ubiquitously existent miniature devices, miniature and
multiple-receiver WPT techniques have been previously explored [3, 15, 35] using
magnetic resonance coupling [32, 36].

Current WPT techniques for multiple receivers focus on delivering power
simultaneously to all of the devices in the system [15, 37, 38] as shown in Fig. 3.1(a). But
in applications such as wearable or implantable devices, where spatial freedom is
required, simultaneous power delivery system has a problem in distributing uniform
power to the receivers. In a non-stationary environment, the receiver that has a stronger
coupling strength to the transmitter has dominant influence to the system, resulting to an
unbalanced power distribution. Power division issue was addressed in [21], but precise
control of division ratio still remains as an issue and it is not suitable for wearable or
portable application because the configuration requires a repeater to pair with any

additional receiver and a large inductance tuning is also needed in the receiver device,
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which requires considerable space. [39] makes another approach, but the system is
limited to two receivers.

Another issue in a simultaneously powered multiple-receiver system comes from the
fact that portable electronic devices often requires spatial freedom, and it is extremely
difficult to find a maximum power transfer condition for multiple receivers in an
environment with variable distance [37]. There is abundant literature on methods to
compensate for change of location in a single-receiver system [40, 41], but these
solutions cannot be applied to systems with multiple receivers under simultaneous power
transfer scenario.

To overcome the aforementioned problems in the current multiple-receiver WPT
system for miniature electronic device charging application, we propose a selective WPT
technique using bandpass filter theory and MRC (resonantly coupled filter energy
transfer) [15, 42]. The WPT system is modeled with distinct resonant frequencies for the
receivers that form passbands at separate center frequency as shown in Fig. 3.2(c). By
selecting the corresponding source frequency and impedance values for the transmitter,
only one energy link is active at a time. In other words, among multiple receivers, only
one receiver is powered at a time.

This method can resolve the power division issue by closely controlling the time
duration of the power being transferred to each receiver (Fig. 3.1(b)). Additionally, in a
battery charging application, the selectiveness presents an extra efficiency to the system
since any effort towards a fully charged device can be prevented by selectively not
transferring power to that particular receiver.

Secondly, the proposed selective WPT using filter theory is advantageous in
achieving the maximum power transfer efficiency for multiple receivers. Because the
resonant frequencies of the receivers are distinct and only one receiver is powered at a
time, at its unique frequency, the cross-coupling effect between the receiver being
powered and the others have negligible influence to the main power transfer link. This
fact implies that the impedance tuning method to compensate for change of position can
be applied in a multiple-receiver system, which ensures that maximum power transfer

efficiency can be achieved in a dynamic environment.
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Additionally, the proposed selective WPT method can be used in a TDMA, multiple-
receiver system where the power receiver acts as a node. To reduce the power
consumption and system complexity of a wireless sensor network (WSN) device, TDMA
is widely used for its simple mechanism [10, 12, 43, 44]. Since power reduction is one of
the critical requirements in biomedical sensor application, most of the state-of-the-art
sensor devices communicate at a single frequency [10, 43, 44]. But in order to implement
TDMA in a multiple-node system, a synchronization signal must be present at each node
that defines the timeslot for its data transmission. Some research groups achieve
synchronization by using a conventional RF wireless receiver, which draws significant
power [12, 43]. Others try to solve the multiple access issue by modulating the wireless
power transfer source, which depreciates the total available power [10]. In comparison
with the previously reported work, frequency-selective WPT permits maximal power
transfer to multiple loads by time multiplexing and at the same time it could be used as a
synchronization signal, defining the timeslots for each node that can enable a one-way
TDMA communication. No additional circuit is needed because the presence of the
wireless power source can be detected from the energy harvesting unit, which is an
essential part of WPT.

In this work, we present a selective WPT design using a resonator-coupled 2-pole
BPF model [45]. The center frequency is predetermined and the bandwidth is decided by
the filter theory. The passband for the selective WPT is made sure that power isolation
between the receivers is guaranteed, as shown in Fig. 3.2(c). The design starts from a
single receiver system and extends to a multiple receiver system. Relay switches were
used in the transmitter to implement the dynamic capacitance for selective power transfer
and compensation for distance variation. S-parameter measurements were taken by using
a vector network analyzer (VNA) and power measurement by a signal analyzer in a 50 Q
load. Compensation for distance variation is demonstrated by controlling the dynamic
capacitance. Then a simple passive rectifier using discrete schottky diodes is integrated
with the selective WPT system to show the power distribution in a multiple-receiver
system. Demonstration of the TDMA is performed by using three wireless transceivers

and a base station. For a biomedical application, a SAR field simulation is included.
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3.2. Design of a selective MRC system

This section covers the design of the selective MRC system in detail. It covers the
bandpass filter model used in the selective MRC design. The design starts with a 50 Q-
load MRC system with a single receiver. Then the design extends to a three-receiver

system and an adaptive distance tuning is considered for a dynamic environment.

3.2.1. MRC System Design Based on a BPF theory

The resonator-coupled 2-pole BPF is used as an equivalent circuit to model the MRC
system as shown in Fig. 3.3. In characterizing the filter model, an (n+2) coupling matrix
[M] can be used as shown in (3.5) [14, 46-48], where the elements are normalized
coupling coefficients. My;, M3, and M), represents the external coupling to the source,
external coupling to the load and inter-resonator coupling, respectively. The source and
load terminations (R, Ry) are normalized to unity impedance.

In this particular system, small and thin coils are used for the receivers. Additionally,
this work does not include any techniques to enhance the Q-factor for general
demonstration. Thus, the coils suffer from limited Q-factors that are far from being ideal.
So the effect of a non-infinite resonator unloaded Q-factor is included in the calculation
by giving an offset §; as shown in (3.6)-(3.8) [14] where Q; and Q, denote Q of L; and
L,, respectively. My, is decided by the 2nd order element values for the low-pass filter
prototypes (g,) [47], where in this example, Butterworth prototype was used for its low

insertion loss characteristic (g;= g,=1.4142).

M, = — (3.1)
o G182
k = J.Ml! FB 11"- (3 .2)
FBW =2t (3.3)
Wp
w 1 1
fD = - _ = — (34)
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Physical dimensions of the coils determine the coupling coefficient (k) which relates
to M12 and fractional bandwidth (FBW) shown in (3.2)-(3.3), where w, and w; are the
upper and lower band-edge frequencies, respectively. In this design, the dimension of the
coils is decided by considering a portable electronic device charging scenario. A 2-turn,
56 mm-diameter coil is used for the transmitter (Tx) coil and a 5-turn, 12 mm-diameter
for the receiver (Rx) coil. The vertical distance from the Tx coil to the Rx coil is set to be
40 mm so that higher power transfer is guaranteed at a closer location. The horizontal
distance from the center of the Rx coil to the center of the Tx coil is 15 mm (k=0.01). The
electrical parameters of the coils are listed in Section IIl. The center frequency (fy) of the
resonator is decided by finding the maximum Q of the coils, where in this example, 22.5
MHz is selected.

The response of the BPF is characterized by the impedance matrix, /Z/. The diagonal

entries of /R] and /U] indicate the existence of loads and resonators, respectively.

[£] = [R] + [U] + j[M] (3.5)

0 M, 0O 0 (3.6)
My, 0 My O

M=o M, 0 My,

1 0 0 0 1] ] 1] 0
3.7)

looo ol . |os+s 0 o0

[R]_ID 00 D" [U]‘ID 0 s+8, D‘

o001 0 ] 0 0
__d (w W (3.8)

S_st(w[, w)
5= (3.9)
Q.FBW

The derivation process extremely simplifies if we constrict the frequency to fj as it
would terminate (3.8) to zero. As it is shown in Fig. 3.3(b), all the voltage (v,) and

current (i,) elements in the source, load and resonators can be derived from [z] and source
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voltage, v,, by (3.10)-(3.11). The derivations are quite simplified since the source and
load are normalized to unit impedance. The reflection coefficient S;; and transmission

coefficient S,; at the center frequency can be obtained by (3.12)-(3.13) [14].

A iy (3.10)
0] _ t1
HE:
0 i

vy = 1xip = [Z]35 % y, (3.11)

S, =1-2Z7 (3.12)

5y =223 (3.13)

Similarly, the power transmission and reflection ratios are defined by #,; and #;; as
following.
7y, =15, 1% % 100 (3.14)

21 = |53 1% x 100 (3.15)

Using the impedance matrix and the power transmission ratios, we can find the
condition of MO1 and M23 that maximizes the power transfer. From the coupling values,
the impedance inverters (Ko;, K;3, K»3) in Fig. 3.3(a) can be solved by (3.16)-(3.18) [14,

47, 48]. The normalized source and load impedances are restored back to 50 Q.

Ky = My, /SOL, 2nf, FBW (3.16)
Ky3 = My [SOL,2nf, FBW (3.17)
Ky, = My, 2 f, FBW 501, L, (3.18)

The impedance inverters are realized by lumped elements C, and C,, as displayed in
Fig. 3.3(c). Capacitors are chosen for their low series resistance and easier tuning

mechanism compared to [21] where inductor is lossy and difficult to tune. The values are



calculated as (3.19)-(3.20), where Ky represents Ky, for source and K, for load.
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Based on the design method, the frequency response of the BPF model can be

obtained as Fig. 3.4. The S; at fy can represent the theoretical maximum PTE value
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because the source is matched to 50 Q and reflection power can be neglected since it is

less than 0.1%.

3.2.2. Design of a selective MRC system

Based on the previous design method on the 2-pole BPF model, the center frequency
of the passband can be controlled by changing the external coupling values, or the
capacitors. Now, we want to expand the previous network to a multiple-receiver system
(Fig. 3.5). The previous BPF design method and its frequency response shows that if the
center frequency of the receiver is separated, depending on the fractional bandwidth, the
cross-coupling effect between the receivers can be isolated up to a certain level. The

resonant frequencies of the receivers are determined by (3.21).
A= b = waen " was (3.21)

The selective WPT is designed by the method described in Section 3.2.1 for the
power transfer links between the transmitter and three receivers with 2.5 MHz frequency
separation.

Because there are multiple Rx coils within a close distance, cross-coupling exists
between the Rx coils. Since the passbands of the networks are located at different
frequencies, the cross-coupling effect has little impact on the main power transfer link.
On the other hand, conventional simultaneous powering systems [21, 38] are difficult to
decouple or remove the cross-coupling effect between the receivers which can have
significant impact on the system even at a very small change of mutual inductance.

The circuit setup and the power distribution in a three-receiver system are shown in
Fig. 3.6 and 3.7. The capacitance at the receivers has a fixed value while it is dynamic on
the transmitter. In Fig. 3.6 and 3.7, the system is tuned to Rx #2 (22.5 MHz), which is
represented as S;. The sharp dip of S;; at the resonant frequency indicates the matching
condition between Tx and Rx #2. The resonant frequencies of each receiver are 20 MHz,
22.5 MHz and 25 MHz. Although power leakage to undesired receivers and cross-
coupling between receivers exist, which are displayed by S3;; and S,;, the system

guarantees less than 2% (< -19dB) of power crosstalk respect to the main power transfer



36

link. Compared to the maximum power transmission ratio in a 2-pole network (Fig. 3.4),
the degradation is less than 0.5%. Similar results can be observed in transferring power to
Rx #1 and #3. Again, the term |S,;|* at the resonant frequency can be considered as the
PTE since the reflection power is less than 0.4%. The calculations show that the power is
exclusively delivered to the designated receiver node and power isolation is guaranteed to

a sufficient level.

3.2.3. Design of selective WPT system in a dynamic environment

Although the design is optimized at a 40 mm vertical distance, the power
transmission is not quite optimized when the coils approach each other. This is because
as the distance between the coils decreases, the coupled condition enters over coupled
region and frequency splitting occurs [49]. Since this work includes dynamic capacitor
network, an adaptive distance tuning system can be integrated without additional effort.

We will assume the capacitance on the receiver is fixed, as it is difficult to
implement a dynamic capacitance system in a miniature environment. There are many
literatures on techniques to compensate for distance variation in WPT but the methods
are based on tuning the inductance or changing the frequency of the power source which
is not desired due to increased complexity of the system and size [41, 50]. Others assume
the system with infinite Q where it is not true in miniature applications [21, 40]. In this
work, the matching condition for distance variation is obtained by fixing the external
coupling value, M>;3, to the value obtained in Section 3.2.2. This will keep the capacitors
in the receiver constant. Now M;, can be calculated for different coupling coefficients
that maximizes (13). Therefore, only the capacitance in the transmitter will change for
distance variation. If the Q-factors of the resonators are infinite, single-side tuning can
achieve perfect matching condition [40], resulting theoretical maximum power transfer
efficiency. In this miniature-sized WPT system, single-side tuning can recover over 80%
of the theoretically maximum power transfer which can be achieved by double-side

tuning at distance range from 10 to 40 mm.
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Fig. 3.8. Measurement of the Q factors for Rx and Tx coils.

Table. 3.1 Coil inductance at design frequencies
Coil 20 MHz |22.5MHz | 25 MHz
Tx Coil 491 nH 496 nH 502 nH
Rx Coil 1 358 nH 359 nH 360 nH
Rx Coil 2 351 nH 351 nH 352 nH
Rx Coil 3 363 nH 364 nH 365 nH

Table. 3.2 Optimum capacitance values for the selective mrc

Power Transfer Link Rx Tx
Rx #1 Cs1: 200.5 pF Cs: 141.7 pF
(20 MHz) Cpi: 1474.8 pF Cp: 1416.6 pF
Capacitance Rx #2 Cs: 159.7 pF Cs: 110.2 pF
values (22.5 MHz) Cpr: 1244.4 pF Cp: 1180.2 pF
Rx #3 Cs3: 123.8 pF Cs: 87.7 pF
(25 MHz) Cp3: 1043.2 pF Cp: 1000.7 pF
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3.3. Fabrication of a selective MRC system

The first step of constructing an MRC system is to fabricate and characterize the
coils. The size of the coil is selected by considering the application dimensions and the
power requirements. For a high power application, power transfer efficiency would be the
most important factor in the WPT system so a coil with high Q is favored over compact
dimension. On the other hand, in a wireless sensor network or portable device
application, maintaining the system in a compact size while keeping the power efficiency

at an acceptable level would be important. This work will demonstrate the latter case.

Tx port
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Fig. 3.9. Dynamic capacitance system for the transmitter. (a) Schematic. (b) Top picture.

(b) Bottom picture (flipped).
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Fig. 3.10. Selective MRC measurement

The Rx coils are a part of the portable device. Thus the receiver coil should be small
and the wire needs to be thin. In this demonstration, we used a standard AWG-14 wire for
the Tx and AWG-22 wire for the Rx coil. Fig. 8 illustrates the measured Q-factor for the
Tx and Rx coils respect to frequency. The operation frequency of the system is chosen by
locating the maximum frequency range of QOnOr.. Since the inductance of the coils
changes respect to frequency, the coils are characterized along the design frequency
range (Table 3.1). Little inductance variance exists within the coils due to handwork. The
displacement of the coils is shown in Fig. 3.10 where the vertical distance between Tx
and Rx is 40 mm. Then the mutual inductance between the coils can be measured by
using the VNA. Once all the coil parameters are determined, the lumped element values
and the expected performance can be calculated as Table 3.2 by the design method
presented in Section 3.2.

In this paper, relay switches (9002-05-00, Coto Tech.) were used at the transmitter to
implement dynamic capacitance (Fig. 3.9). Depending on requirements, other type of low
loss switches can be used to replace relays. The receiver side has fixed capacitance values

as previously mentioned.

3.4. Measurement and system demonstration
In this part, the frequency response of the selective WPT system is measured using a

VNA. Also the efficiency of the system is measured for both stationary and mobile cases.
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Then the power division and TDMA operation is demonstrated. Lastly, the safety issue

regards to a biomedical application is discussed.

3.4.1. Power transfer efficiency measurement results

The frequency response of the selective WPT system is measured using a 4-port
VNA (N5230C, Agilent). Fig. 3.11 shows the measured S-parameters, matched to Rx #2
(22.5 MHz), in the setup shown in Fig. 10 (k;; = 0.01). The S-parameter measurement
results show close resemblance to the simulated frequency response. As #;; is less than
1%, if we neglect the power reflection, the power transmission ratio #,; can be considered
as the PTE at the resonant frequency with the matched condition.

To measure the power transmission, a signal generator (N5172B, Agilent) with a
power amplifier (ZHL-1-2W-S+, Mini-Circuits) was used as the power source and a
signal analyzer (N9010A, Agilent) was used to measure the received power. The
measurement was performed with the source power at 2 W and all the loads terminated to
50 Q. The results are shown in Fig. 3.12, where the efficiency is 23.98~28.84%. Power
transferred to irrelevant receivers is less than 0.6%.

The differences from the calculation results are due to the losses in the relay switches
and mismatches from the optimum capacitance value. Table 3.3 compares the power
transfer efficiency with those of other works with multiple receivers. Although, no Q or
coupling enhancement techniques were used in this work, the power transfer efficiency
respect to the normalized distance is competitive compared to others.

A demonstration of the WPT under distance variation is displayed in Fig. 3.13. One
of the receivers is changing its vertical displacement and others remain stationary at its
original location (40 mm vertical distance and 15 mm misalignment). When all the
capacitance values are fixed, the power transmission ratio starts to decrease as the
receiver approaches the transmit coil beyond the critical coupling point. In a
simultaneously powered multiple-receiver system, it is difficult to cope with degradation
due to misalignment. But the selective WPT system in this work can restore the power
delivered to the load by tuning the dynamic capacitance at the transmitter and

compensate for the change of coupling strength, individually.
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Table. 3.3 PTE comparison of multiple receiver WPT systems

Adaptive
Rx coil size L Distance| Normalized | No. of ) Power division| Efficiency
Tx coil size (Tx) ) ) distance
(Rx) (d) |distance (1) |receivers control (PTE)
tune
[39] 150 mm 150 mm 130 mm| 0.867 2 No No 0.51 ~0.55
) 5 160 mm,
[37] 315 x 225 mm~ | 350 x 300 mm 0.749 2 No No 0.60
280 mm
[21] 300 mm 300 mm 160 mmf|  0.533 2 No Yes 0.87
This work 12 mm 56 mm 42 7mm| 1.647 3 Yes Yes 0.24 ~0.29

1 Includes a repeater coil located in between transmitter and receiver.

Normalized distance (r) is defined by = = @%, where d is defined as distance

between center to center of coils.
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3.4.2. Demonstration of power division

A voltage rectifier is required to demonstrate the power division control in time
domain. For the rectifier, we implemented a two stage voltage doubler using schottky
diodes (HSMS-282, Avago). A 1 kQ resistor is used as the load of the rectifier, which
can represent a typical biomedical sensor application [28]. Function generator is then
used as the power source and a microcontroller (ATmega328P, Atmel Corp.) controls the
relay switches of the dynamic capacitance. As it can be seen from Fig. 3.9(a), the
microcontroller uses 10 digital bits to control the 10 switches of the dynamic capacitance.
The switch closes when the digital bit is high and opens when low. The coils are
displaced as shown in Fig. 10 and the vertical distance between the Tx and Rx coil is 40
mm. Equal time distribution is shown in Fig. 3.14(a). A 25 mW source is used. For the
first 10 ms interval, the power source is set to 20 MHz and the dynamic capacitor is
matched to Rx #1, according to Table 3.2. The DC voltage measured in Fig. 3.14(a)

shows that power is selectively delivered to only Rx #1 during this time.



44

10008/ Stop § W 055V

& -2900r S000%S St F H VO

o
-

EEEEE—
40 ms
R
— I — — Ir— =
Ex #3 20 VI

(b)
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equal power distribution.
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After the first 10 ms interval, the power source is changed to 22.5 MHz and the
dynamic capacitor is now set to Rx #2. Similarly, all the receivers are powered for 10 ms
in a 30 ms cycle. The time interval and the period can freely be controlled.

If equal power distribution is required among multiple receivers, the time interval
can be changed as Fig. 3.14(b). In this example, Rx #1 is moved to 20 mm from the Tx
coil and other receivers remain stationary. The dynamic capacitance at the transmitter is
matched to Rx #1 by the technique demonstrated in Section 3.4.1. During the first time
interval of 20 ms, the source frequency is set to 20 MHz and the dynamic capacitance is
matched to Rx #1. The DC voltage measurement in Fig. 3.14(b) shows that power is
selectively delivered to only Rx #1. During the second time interval of 44 ms, the source
frequency is changed to 22.5 MHz and the dynamic capacitance is matched to Rx #2,
according to Table 3.2. The method is similar for Rx #3.

From (3.22), it can be shown that the DC power at each node rectifier is balanced.

2873 20ms 197 44 2.0° 40 L 1013:1.091 (3.22)
= . ®— ¥— =111 Hl W EFS
1000[] ~ 104 ms 1000 ~ 104 1000 ~ 104

3.4.3. Demonstration of TDMA

WSN and biomedical sensor devices require minimal power consumption for longer
device lifetime and WPT coverage range. Due to this reason, multiple node
synchronization in such applications is usually achieved by TDMA. Each node has its
own timeslot for data transmission and this is determined by an external signal. Selective
WPT and its power distribution can serve as synchronization signal for a one-way TDMA
communication.

The verification setup is shown in Fig. 3.15. Demonstration of the TDMA is
performed by using a commercial off-the-shelf microcontroller embedded transceiver
(nRF51822, Nordic Semiconductor) attached to the receivers, which acts as a wireless
sensor node. The selective WPT system with the rectifier supplies power to the
transceiver. The transceiver is put into idle mode (2.6 pA of current consumption) when
no power is received, and wakes up when power is present. The wake-up signal is
generated from the first stage of the voltage doubler, which has a small time constant.

The output of the first stage of the doubler is similar to Fig. 3.14(a), and the second stage
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of the voltage doubler supplies power to the transceiver. All the transceivers transmit at
the same frequency channel and transmit data only when the power is present. Since the
transceiver has an embedded microcontroller and an analog-to-digital converter (ADC),
analog signals were fed into each node for verification. A positive-ramp sawtooth,
negative-ramp sawtooth and a sine wave is introduced to the ADC of each node,
respectively. The ADC in each node digitizes the analog signal and the transceiver
transmits the corresponding information when power is present, similar to the timeslot
shown in Fig. 3.14(a). The data transmitted from three nodes is then received at the base
station in a time multiplexed manner. The transceiver does not have to be in the receive
mode for multi-node synchronization purpose and the overall multi-access
communication architecture is significantly simplified. The reconstructed waveform from
the demodulated data at the base station is shown in Fig. 3.16, which concurs with the
analog signal introduced to each node.

The minimum duration time per node in the current demonstration is mainly limited
by the transceiver’s wake-up protocol but it can be shortened by using a custom radio for

further resolution improvement.

3.4.4. Safety considerations for biomedical applications

For an implantable biomedical application, the receiver should be hermetically
sealed by a bio-compatible material. Many research groups are investigating such
technologies [51, 52] and depending on the surgical situation, an appropriate material can
be chosen.

In order to expand the application to in-vivo studies, the specific absorption rate
(SAR) should be under the safety limits. HFSS (Ansys) was used solve the
electromagnetic field effect. Blood was selected as the homogeneous phantom tissue
since it is one of the lossiest human tissues. The electrical parameters of the blood was
obtained from [53] at 20 MHz. The Tx coil is excited with a 2 W source, 5 mm away
from the phantom tissue. Fig. 3.17 shows the calculated results with peak localized SAR
of 0.46 W/kg, which is 4 times less than the 2 W/kg guideline of the International

Commission on Non-Ionizing Radiation Protection (ICNIRP).
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Fig. 3.17. Simulation result of local SAR field. Peak field is 0.46 W/kg, which is 4 times
less than the ICNIRP regulation.

3.5. Conclusion

This work demonstrated a selective WPT methodology for a multiple-receiver
system. Selective WPT can achieve high power transfer efficiency with accurate control
over power division in a dynamic environment. A demonstration of the adaptive distance
tuning and TDMA is demonstrated in a three-receiver system. The potential for in-vivo
study is verified under the ICNIRP regulations, using an electromagnetic field solver.

The proposed selective WPT is fabricated for a portable device charging application
and the PTE is mainly limited by the low Q of the receiver coils. For future
improvements, Q enhancement techniques can be employed to increase the overall
efficiency. The application can also extend to a larger and higher power system at a lower
operation frequency. The design and demonstration in this work provides a guideline for

smart, energy efficient wireless power transfer in a multiple-receiver system.
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4. LOW POWER, INJECTION LOCKED RING OSCILLATOR
BASED TRANSMITTER FOR SELECTIVE MRC SYSTEMS

4.1. Introduction

4.1.1. Motivation

Power consumption is one of the biggest concerns in the implantable wireless sensor
network (WSN) application [54]. Efforts were focused on miniaturization and as a result
many research groups have developed wirelessly powered device without the use of a
battery systems [7, 10, 30]. But obviously, wireless power transfer technique has its
limits. The coverage range is limited by the device power consumption and specific
absorption ratio (SAR) regulation. Also, implantable sensor is generally in motion, which
indicates that intermittent power outage can occur depending on the location of the
device. In order to overcome such problems, the power consumption of the device has to
be minimized. It is known that the radio consumes most of the power in a sensor node [8,
28] and many researchers have been investigating low power transceiver techniques.

In addition to minimizing the device power consumption, a robust WPT protocol has
to be developed to deliver a reliable power source to the sensor node. Wireless power
transfer can be categorized into two fields: RF radiation and inductive coupling. RF
radiation is known to have longer coverage range with low transfer efficiency as a
tradeoff. Also the radiation frequency has to be high enough so that the antenna can fit in
the device. But on the other hand, when the radiation frequency is high, medium
attenuation becomes intolerable that it is almost impossible for an implantable application.
The antenna detuning is very difficult to predict under different medium shape and type,
such as tissue, muscle, fat or bone [55, 56]. The inductive coupling or magnetic
resonance coupling method has the advantage of high power transfer efficiency at the

cost of coverage range. Although the coverage range is short, for implantable applications,
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power transfer is quite reliable since inductors are predictable under different medium
and the compensation can be made from the power transmit coil [57, 58]. In addition, the
tissue attenuation is negligible for MRC [15], whilst the RF radiation is not.

In this paper, we propose and implemented a wirelessly-powered multi-node low-
power SoC for glucose detection. The chip is wirelessly powered with a magnetic
resonance coupled link in the 27 MHz, ISM-band and the MRC signal is injected to the
internal oscillator for frequency lock. An edge combiner is then used to multiply the
oscillator frequency to a 405 MHz, MIC-band and to transmit out through an electrically
small loop antenna. Multi-node synchronization is demonstrated by the power transmit
coil and its associated network explained in [57] with a microcontroller. The glucose
detection is performed by a potentiostat and a current-to-frequency (I-F) converter where
it is internally duty cycled for minimal power consumption. A miniature glucose sensor is

fabricated on graphene petal and integrated to the SoC for demonstration.

4.1.2. Prior art overview

There has been works on multi-node energy-harvested SoCs for wireless sensor
network. Most of the cases, there are two communication channels needed. One is needed
for the data transmission and another for either energy transfer or data reception for
multi-node synchronization. In terms of data transmission, work has been focused on
minimizing the power consumption by replacing the phase lock loop (PLL) or delay lock
loop (DLL) with other low power frequency locking techniques to establish a solid
communication channel [10, 12, 59]. In extreme cases where low power is the most
important factor among design parameters, frequency locking is ignored at the cost of
carrier frequency drift so sometimes the receiver design can become challenging [60].
Either case, conventional PLL is not desired in a low power design since just by itself
usually consumes around 1 mW [61-63].

As an effort to minimize the device size and lifetime, most of the recent work has
energy harvesting function integrated on chip in various ways such as vibration, magnetic
couple, RF radiation, or small electrical potential energy[4, 30, 35, 64, 65]. Although
vibration or small electrical potentials are widely available in various ways, the foot print

of the implantable wireless sensor node application is so small that the amount of
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extractable energy is scarce, leaving the chip with very little power to spare. RF radiation
is another attractive technique for its long distance but the size of the antenna is the
bottleneck. The wavelength for 915 MHz, ISM-band is about 30 cm which is somewhat
difficult for antenna integration and if the operation frequency is increased to or beyond
2.4 GHz, the antenna suffers from various attenuations including human body and
frequency detuning. In order to obtain reliable energy source in a small footprint,
magnetic resonance coupled energy is an effective solution for its motion track
compensation techniques and high efficiency in body area application [57, 58].

Among these techniques, extensive work has been done to extract clock source from
the wireless power transfer, especially the RF radiation [10, 11, 30], which is convenient
to manipulate due to its higher frequency. There are work reported on low frequency
injection locking but ideal signal source or crystals have been used as the injection signal

[8, 66].

4.2. Ring oscillators and injection locking

Ring oscillator has attracted much attention in many communication systems
because of its integrated nature, low power. A ring oscillator is a chain of delay cells
where the output of the last stage is fed back to the input of the chain, which completes a
‘ring’ (Fig. 4.1). The oscillation period is the time it takes a transition to propagate twice
around the loop. For an N-stage ring oscillator, the oscillation frequency is approximated
as (4.1) where ¢, is the propagation delay of each delay cell.

1 4.1)

f= 2Nt
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Fig. 4.1 Ring oscillator

. —»
Jitter

Fig. 4.2 Clock jitter

Jitter is defined as “short-term variation of a signal from its ideal position in time”
and its transient characteristic is illustrated in Fig. 4.2. The frequency domain
representation of jitter is called phase noise which is characterized by single-sideband
noise spectral density (dBc/Hz).

To use the ring oscillators as the internal clock for the carrier frequency, there are
couple things to be considered a forehead. First, the clock has to be at a stable constant
frequency. Second, the phase noise has to be low enough. And lastly, the power
consumption should be significantly lower than conventional frequency synthesis
techniques.

Low phase noise clock synthesis can be achieved by injection locking the clock
frequency with environmental couplings: MRC. Injection lock was first observed by
Christiaan Huygens in 17" century, known as the pendulum synchronization
phenomenon. Injection locking can be categorized as three types: first-harmonic, sub-
harmonic and super-harmonic injection locking. First-harmonic is the most simplest

injection locking method and the injection frequency is the fundamental frequency of the
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oscillation. Sub-harmonic and super-harmonic injection locking method is injecting sub-
harmonic or harmonic of the oscillation frequency. The MRC frequency is usually in the
sub-100MHz range and wireless communication frequency is at least hundreds-of-MHz

range. So in our case, a sub-harmonic injection locking method is applicable.
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Fig. 4.3 Full IC architecture

4.3. Proposed IC architecture

The full IC architecture is shown in Fig. 4.3. It is composed of the MRC with power
management block to supply constant DC power to the entire IC. A comparator is there to
detect selective WPT so that the transmitter only transmits when there is an incoming
WPT.

Transmitter part is composed of a pulse width modulation block, injection locked
ring oscillator and an edge combiner. The injection locked ring oscillator runs at 81 MHz.
Then an edge combiner multiplies the 81 MHz to a 405 MHz, in MICS (Medical Implant
Communication Service) band.

There is a potentiostat as the analog block of the system. It is commonly used in a
three-electrode cell and the three electrodes are used for detection of glucose level and

the analog data is converted to a frequency and transmitted out.
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4.3.1. Transmitter

The transmitter is composed of an amplifier, pulse width (PW) control, injection
locked ring oscillator and edge combiner block. When the MRC injected signal enters the
IC, the initial amplifier slightly amplifies the signal so that a rail-to-rail signal is obtained.
This is described in Fig 4.5 as the digitized injected signal. Then the pulse width
controller block modifies the pulse width so that it can be used for injection in the ring
oscillator as shown in Fig. 4.5. The ring oscillator locks onto the injected signal,
maintaining at a constant frequency and suppressing its phase noise. Lastly, the edge
combiner which is commonly used in digital circuits is used to multiply the frequency at
the ring oscillator and transmits this out through an antenna.

The MRC signals can take various divisions of 81 MHz, including the ISM band, 27
MHz. The PW control block is composed of an inverter, variable capacitor, a delay cell
and a NAND gate. The incoming digitized signal goes into the inverter and by controlling
the variable capacitance, correct signal shape can be created. The PW modified signal is
then injected into the ring oscillator which locks the oscillation frequency at 81 MHz. A
simulation of phase noise comparison with free-running ring oscillator is shown in Fig.

4.6.
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Fig. 4.6 Simulated phase noise of ring oscillator oscillating at 81 MHz
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A detailed schematic of the individual blocks are displayed in Fig. 4.7-4.9.

_l

;%cap

Amplification E‘I Pulse width control

Fig. 4.7 Schematic of the amplification and pulse width control block
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Fig. 4.8 Schematic of the injection locked ring oscillator
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Fig. 4.9 Schematic of the edge combiner

The blue lines indicate high V; devices to reduce leakage current for power saving
when it is not transmitting, or it is in shutdown mode. Static asymmetry trimming
inverters are added after the multiphase outputs of the ILRO to sharpen the edges of the
waveform to make it suitable for efficient transmission at the edge combiner. The edge
combiner multiplies the frequency by five. The waveform is described in Fig. 4.10. The
drain of the edge combiner is directly connected to the matching network and the antenna

for radiation.
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Fig. 4.10 Waveform of the multiphase outputs of ILRO and edge combiner

4.3.2. Power management and MRC

The system is wirelessly powered by magnetic resonance coupling, explained in
chapter 3. As long as the frequency of the incoming powering signal is a division of a
whole number of 81 MHz, the ILRO will lock to 81MHz. A rectifier converts the high
frequency signal into a DC. Bandgap reference and low-dropout regulator conditions the
DC into a stable power source that supplies the entire IC. A comparator is present in the
power management to send the peripheral circuit into a low power sleep mode when there
is no incoming MRC power source present. Analog and digital vdds are separated to
isolate the switching noise from the digital blocks affecting the analog part. The block

diagram is shown in Fig. 4.11.



59

Linear =14 Analog Vdd
regulator L83 njgital Vdd
Rectifier
| Bandgap I
1 reference 0.1V Sleep mode
1
Rectifier Comparator
1ststage
Vout

Fig. 4.11 Block diagram of the power management system

The rectifier is shown in Fig. 4.12 where it is composed of 4 stages of voltage

doubler with schottkey diodes. A voltage multiplier composed of voltage doublers are

used because of their effective voltage boosting strength even with low input signal.

BJ RFin

Fig. 4.12 Voltage rectifier. 4-stage voltage doubler.

A low-dropout voltage regulator then conditions the rectified voltage into a constant

and stable DC voltage. Off chip capacitor-less design was chosen to minimize the size of

the final system. The schematic is shown in Fig. 4.13.
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Fig. 4.13 Schematic of the voltage regulator

A bandgap reference also delivers constant current bias and voltage references for

the blocks as shown in Fig. 4.14.
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4.3.3. Continuous glucose detection

The glucose concentration detection is basically an amperometric measurement in a
three-electrode potentiostat Details on the electrochemical reaction are explained in
chapter 5.

The current measurement is the measured data from the glucose detection and a

common way to convert this into information would be through an analog-to-digital
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converter (ADC). But an ADC is a complicated block that consumes a lot of silicon space
and power so a convenient and efficient method is chosen. The current flow is mirrored
into a ring oscillator that initially oscillates at a constant frequency. As the current flow
increases, the oscillation frequency increases. A reference oscillator is also included in
the design for calibration purposes such as temperature and corner variation.

The following figures illustrate the potentiostat. We use the 1.2V analog Vdd as the
working electrode potential. Reference and counter electrode is displayed in Fig. 4.16,
giving 0.5V difference. In order to improve the precision of the current-copying circuit, a
cascode method was used as shown in Fig. 4.16 and 4.17. Also a separate power source

was used for the potentiostat to isolate any switching noise injecting from the I-F
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Fig. 4.15 Generic equivalent circuit of the three-electrode electrochemical cell
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Fig. 4.16 Schematic of the analog potentiostat
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Fig. 4.17 Schematic of the (a) I-F converter and (b) the reference oscillator

The oscillation occurs typically around 25 kHz but we plan to use a lower frequency
for easier communication and less switching events at the edge combiners for lower
switching loss. The internal oscillator is used as the clock for duty cycling. The
frequencies of sense and reference oscillator are divided by 6 using series of D flip-flops.
Then the reference oscillator is used to generate duty cycled pulses for energy efficient

communication as shown in Fig. 4.18.
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Fig. 4.18 (a) Series of D flip-flops for frequency division. (b) Block diagram for duty

cycling (c) Waveform for duty cycling.
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4.4. Measurement

We have designed and implemented all the functional blocks described in section 3
using 180 nm CMOS technology. A micrograph of the die is shown in Fig. 4.19. Total
area of the chip is 580 uym X 720 pm and the power consumption of the system is
measured to be 4.3 uW for the analog parts, 8.2 uW for the I-F converter and 231 uW for
the transmitter when it is at on state. The leakage current for the transmitter when it is at

off state is less than 4.3 nA.

580 um

Fig. 4.19 Chip micrograph

The phase noise of the ILRO is measured as Fig. 4.21. It is shown that the ring
oscillator locks to its various sub-harmonics and the phase noise is significantly
decreased compared to free-running oscillator. The separation of the phase noise of 9™
harmonic and the first harmonic is about 20dB after 100kHz offset from the 81 MHz,
which meets the prediction of 20logN separation [66].
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Fig. 4.21 Measured phase noise of the ILRO for different injection frequencies.
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Fig. 4.22 Measured spectrum of the transmitter. Injection frequency of 27 MHz.

The output spectrum of the transmitter is shown in Fig. 4.22. The transmitter’s
output power was measured to be -22dBm with a 50 Q termination. For a demonstration
purpose, the transmitter is connected to a pseudo-random-number-generator with a bit

rate of 3Mbps and the received data is demodulated faithfully as shown in Fig. 4.23.
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Fig. 4.23 Transient measurement of the transmitter at 3 Mbps and the received data with
random numbers.
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Fig. 4.24 Transient measurement of the internal I-F converter and digital blocks
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Fig. 4.25 Various transient waveforms within the chip when it is being wirelessly
powered. The WPT is duty cycled to 33%. The V omp waveform is trigerred when the
MRC signal is present. The RF out port is terminated to 50 € and Tx out waveform
displays the I-F converter bits are being transmitted out accordingly.
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Fig. 4.26 Vomp trigger and locking time. Veomp is compared with a 100 mV reference to
trigger wake-up. The locking time and trigger time is less than 600 ns.
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Fig. 4.27 TDMA demonstration with 3 sensor nodes. Each node is wirelessly powered
selectively. Veomp displays the presence of WPT and its time multiplexed window. The
time multiplexed window indicates which node is sending the data.
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Fig. 4.28 Measured I-F converter frequency with the equivalent circuit model. Linearity
calculated from 0 to 1200 nA.
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Fig. 4.29 Measured I-F converter frequency for glucose concentration in a three-electrode
electrochemical cell setup. Linearity calculated from 0 to 15 mM.
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Fig. 4.30 Measured output frequency versus temperature

Fig. 4.24 illustrates the I-F conversion and the digital blocks for duty cycling. The
waveforms are same as described in the previous design section, transmitting only 6% of
the time. The measurement of the I-F conversion is shown in Fig. 4.28. As described in
the previous section, the frequency increases with the current and the curve is linear up to
approximately 1200 nA.

Fig. 4.29 shows the oscillation frequency of the I-F converter at a real glucose
measurement environment, with a sensor, which will be described in chapter 5, attached
to the working electrode. The linear range can be further increased with changing the
surface area of the sensor. The minimum detection limit for the sensor and the chip all
together is 30 uM and the sensitivity is 248 Hz/mM. These parameters can be modified
by changing the size of the sensors (more current will flow with a larger sample size,
hence giving higher sensitivity and more precise detection limit in sacrifice of the linear
range and vice versa). In this example, the size of the sensor was determined so that the
sensing range is linear up to 15mM, which is the glucose concentration range in human

blood. Table 4.1 lists the key features and performance of the present work.
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[7] [12] [10] [66] This work
Tx@0.5V &
Tx@0.56V Tx@0.6V Tx@1.0V
Supply voltage 1.0V v
AFE@0.9V Rx@0.8V AFE@1.2V
AFE@1.2V
EH source Thermal, RF RF RF Non-harvest Inductive
...20.25,27,
EH frequency / 915 MHz 904.5 MHz /
40.5 MHz (ISM)
Tx frequency | 402/433 MHz 2.4 GHz 402 MHz 402 MHz 405 MHz
Tx modulation BFSK OOK OOK OOK OOK
Tx Pout -18.5 dBm -12.5 dBm -18~-16 dBm -17 dBm -22 dBm
Multi-node No Yes Yes Yes Yes
Crystal oscillator Two No No One No
< 80 nA (off)
PMU 3 nA <1 puA / 1.8 nA
100 pA (on)
Power| AFE 4.8 uW / 3.6 uW / 4.3uW
Tx 160 uW 380 uW 215 pW#* 160 pW 231 uw
14.3 pW (duty cycled)
Rx / 480 uW 13 uW 180 uW /
CMOS tech. 130 nm 90 nm 65 nm 90 nm 180 nm
Chip area 2.5x33mm’ | 1.4x1.1 mm? 1x2mm* | >1.2x0.9 mm? | 0.9x0.8 mm?’

4.5. Conclusion

We have designed and demonstrated a glucose readout IC that can wirelessly send
out data, powered by magnetic resonance coupling. The injection frequency is 27 MHz,
ISM band signal, which is used for WPT to power the entire device. A small board size
of 6x15 mm” is made with a loop antenna as the final system. The system includes six
off-chip components, where five of them were used for passive matching network and

one for energy storage.
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5. HIGHLY FLEXIBLE GLUCOSE BIOSENSOR BASED ON
MULTILAYERED GRAPHENE PETALS

5.1. Introduction

Glucose is a key substance in human metabolism and glucose levels in blood or body
fluids are closely related to critical disease and organ malfunction. To get a close study
on how glucose is related to human body mechanisms, numerous efforts have been
devoted to develop continuous glucose monitor (CGM) device. Additionally, it can also
alert a patient at the moment when the blood sugar level is above certain point so that
actions can be taken. Moreover, CGM can give feedback to an insulin pump in which it
can eventually become an artificial pancreas. In order to continuously monitor glucose
level in human body, the sensor has to be consistently in contact with body fluid,
requiring the sensor to be either implantable or wearable. For implantable or wearable
applications, there are couple factors that need to be considered.

First of all, CGM device has to be highly sensitive while maintaining small form
factor and flexibility. CGM systems are mostly implantable or minimally invasive
wearable applications so the sensor has to be small enough for approaches such as contact
lens. Also, glucose level in interstitial fluid, tear or other body fluids are usually much
lower than that in blood, thus requiring higher sensitivity.

Secondly, sufficient life span has to be guaranteed. There can be various reasons for
sensor failure in vivo condition but we will focus mainly on the following two
phenomena. One is the body response to the sensor and the other is the instability of the
sensor. When a sensor is implanted, the body immediately notices awkwardness and the
host responds to the foreign subject. The biofouling effect quickly debilitates the
performance of the sensor. Also, mechanical damage caused by body movement and

enzyme leaching are the factors to the decrease of sensitivity.
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Lastly, CGM devices must be biocompatible. Either the sensor is implantable or
wearable, chances of substance transfer from the sensor to body is high. Thus no toxic
material should be used for the sensor.

There has been great amount of work put into CGM system research, especially in
increasing device life span. Most of them have focused on increasing the device life span
by applying additional polymer coating on the outer layer of the sensor surface to restrain
protein adhesion, such as epoxy-enhanced polyurethane(PU) [Yu], poly(vinyl
alcohol)/poly(lactic-co-glycolic acid) (PVA/PLGA) [67], poly(3,4-
ethylenedioxythiophene) (PEDOT) [68] and PLGA [69]. [70] reported a glucose sensor
coated with PU. The sensor was then deployed for in vivo testing which lasted more than
a month. [67]used PVA/PLGA for protective layer and life span measurement showed
above 65% of the initial performance after 30 days. Researchers of [68] electrodeposited
enzyme with PEDOT and the devices were stored dry as off-the-shelf condition in
between weekly tests. More than 75% of the initial sensitivity remained after a 5-week.
[69] showed a glucose sensor coated with layers of PU and PLGA to enhance its life
time. Results show that PLGA significantly preserved its initial performance even after
44 days in bovine serum. These researches demonstrate increased life span of glucose
sensors but most of them fail to show fully flexible, highly sensitive devices. Most of
them are fabricated in conventional rigid metal substrate and the extra layer of protective
membrane significantly reduces the sensitivity.

In this paper, we demonstrate an all-flexible, highly-sensitive glucose sensor for
miniature sized, implantable or wearable application. Most of the current biosensors are
fabricated on rigid metal substrate or require laborious thin film process techniques. Once
the sensor is made, it is sometimes very difficult to integrate with the system because of
its physical structure. To overcome the limitations and complications in the current
biosensors, we used very thin carbon fiber (CF) as the substrate material. The carbon
fibers are 5 um in diameter and these serve as the flexible base substrate for the
biosensors. Then multilayered graphene petals (MGP) are directly deposited on the CF
through a chemical vapor deposition method. The MGPs greatly enhance the surface area

and provide highly conductive template for Pt nanoparticle electrodeposition.
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Additionally, the unique shape of the MGPs minimizes enzyme leaching from the
electrode, therefore leading to increased life time of the devices. The Pt nanoparticles
(PtNP), well known for their catalytic behavior, are electrodeposited onto the edges and
planes of the graphene petals to increase the electrochemical performance. A thin
polyaniline (PANI) nanofiber polymer layer is deposited on the PtNP/MGP surface for
enzyme immobilization. Polyaniline (PANI) is chosen for the polymer material for its
high surface area, porosity and high electrical conductivity [71, 72]. The porous structure
of the PANI nanofibers favor a high density of enzyme immobilization [73] and it is
reported that excess enzyme can maintain the sensor’s sensitivity, leading to an increase
in lifetime. The PANI layer is thin enough so that the petal like structure of graphene is
preserved. The petal structure acts as an encapsulating structure to prevent enzyme
leaching. In this work, flexible CF/GP/PtNP/PANI-GOx electrodes are fabricated and its
performance was measured in PBS. The GP-PtNP glucose sensors show excellent
sensitivity and retained most of its initial sensitivity even after 5 weeks of use with
minimal effects from interfering substances. The electrode is optionally coated with

polyurethane for longer device life span.

5.2. Results

5.2.1. Multilayered graphene petals on carbon fiber

Diameter of 5 um carbon fiber tow was used as the base substrate material. A
microwave plasma chemical vapor deposition (MPCVD) process was used to grow the
graphene on the bundle of carbon fibers and the procedures are described in [74].
MPCVD was operated with 700 W at a pressure of 30 Torr under H, and CH4 maintained
at 50 and 10 scem, respectively. The petals protrude out from the surface of the carbon
fiber approximately 300 nm and the thickness of the GP plane ranges from 1 nm to 15
nm, indicating less than 50 graphene layers. Carbon and graphene are hydrophobic in
nature and to use them as electrodes, acidic treatment has been applied for
functionalization.

Raman spectroscopy is an effective method for characterizing carbon based

materials. The D band at 1350 cm™ indicates various defects and anomalies. The G peak
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at 1580 cm™ is due to the doubly degenerate zone center Es; mode [75]. It can be seen
that the D peak increased after the functionalization, indicating increased number of
defects and oxygenated species on the graphene layers [76]. The PtNP deposition does
not show significant change in Raman spectroscopy. Several new peaks appear after
PANI deposition. The peaks at 800 cm™ are assigned to the out-of-plane C-H bending of
the quinoid ring and the peaks at 1500, 1166, 1420 cm™ mainly originate from C and N
or C and H bonds [77].

As an effort to render additional electroactiveness toward H,O, oxidaiton[68, 78], Pt
nanoparticles are deposited on the surface of the GPs (Fig. 5.3). The edge-line of the
petals are almost entirely covered with Pt and the inner faces of the petals are covered
with arrays of Pt nanoparticles (<20nm). These Pt nanoparticles have significant effect on
H,0, and glucose sensing. Amperometric measurement was performed by a three

electrode electrochemical cell and the results show that electro-reactivity toward H,O,

increased approximately 100 folds after Pt nanoparticle deposition.
PANi

(a) (b)
I-
PU/Nafion (optional)

Ra.  —— GOx/GA x-link
—— MGPN
4— cCarbon fiber

Fig. 5.2 Layers of the present work



76

h , W \ CF/GPE/PtNP/PANi
2
CF/GPF
G
D

2D
A CF/GP

CF

Intensity (a.u.)

1000 1500 2000 2500 3000 3500

Raman Shift (cm™1)

Fig. 5.3 SEM images of (a) graphene petals, (b) PtNP on graphene petals, (c) PANI
electro-polymerized on GP/PtNP, (d) GOx crosslinked with glutaraldehyde on
GP/PtNP/GOx, (e) PU coated on GP/PtNP/GOx/PU and (f) Raman spectroscopy of some
of the materials.

5.2.2. Enzyme immobilization and glucose sensing

To make a glucose sensor, the GOx enzyme is immobilized onto the electrode. But
first, a thin layer of PANI is deposited on to the CF/GP/PtNP electrode. Because of
PANI’s characteristics of porous nanofiber-like structure, biocompatibility and high
conductivity [79], it serves as an adequate active-surface for enzyme immobilization. The
thickness of the PANI is made smaller than 50 nm so that the large surface of GPs is fully
utilized, thus providing a highly porous morphology (Fig. 5.3(c)) for enzyme
immobilization that ultimately leads to an increase in sensor lifetime, stability and fast
response [80]. Excess enzyme has been used to minimize the effect of enzyme activity
loss [81] and the enzyme has been cross-linked on to the PANI layer with glutaraldehyde.

The electrochemical glucose sensing is determined by measuring the anodic current

of oxidation of H,O,, produced by the enzymatic activity (5.1), (5.2).
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GO
D — glucose + 0, + H:D—x}D—gIUCDHiC acid + H,0, (5.1
H,0, — 2HY + 0, + Ze” (5.2)

The amperometric glucose sensing measurement setup is similar to the H,O; test,
described previously, and a working potential of 500mV was applied. Figure 5.4 displays
a typical amperometric response of the glucose sensor with addition of successive
aliquots of increasing concentrations of glucose in 1x PBS at room temperature. The
glucose sensor performs a rapid step response to the injections of glucose aliquots and
reaches a steady-state value within 5 seconds. The amperometric glucose calibration plot
(Fig. 5.5) exhibits linear sensing range from 0 mM to 66 mM with the correlation
coefficient R of 0.996. The sensitivity, detection limit (signal to noise ratio of 3) and the
sensing range of the glucose sensor is summarized and compared to glucose sensors
comprised of similar materials in Table 5.1.

To our knowledge, the sensing range of the CF/GP/PtNP/PANI-GOx biosensor is
wider than any biosensors reported in literature. The wide sensing range of the biosensor
enables detecting glucose level in any body fluid including blood, saliva, urine and sweat.
Together with the flexibility of the materials comprising the biosensor and robustness of
graphene, this present work it is highly suitable for wearable or implantable applications
which opens possibilities for new non-invasive glucose sensing applications where

various human serums can be continuously monitored.
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Fig. 5.4 Amperometric measurement with addition of glucose in PBS 1x solution.
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Fig. 5.5 Calibration curve.
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Base Materials Substrate | Detection | Sensing Sensitivity Reference
limit (uM)| range (mM) | (nAmM'cm™?)
GOx-PANI/PtNP/graphene | Carbon 2 0.002-66 5.67 This work
fiber
GOx-PB/PtNP/graphene- | PDMS 10 0.01-0.7 1.0 [82]
hybrid
GOx/PtNP/graphene Glass 0.5 0.05-1 580 [83]
GOx/PB Tattoo 3 0.003-0.1 23 [84]
GOx/MWCNT GCE 5 0.005-2.5 2.8 [85]
GOx- Silicon 0.3 0.01-50 0.65 [68]
PEDOT/PtNP/graphene

5.2.3. Device lifetime and flexibility

The stability of the GP/PANI/GOx structure has been validated by performing a
sensitivity test in every 3-4 days. Sensitivity of the biosensor was measured in glucose
levels between 0 mM to 10 mM. The sensors were kept in PBS (pH: 7.4) in between tests
at room temperature and the solution was renewed every day to prevent possible
contamination. The sensitivity of the GP/PtNP/PANI-GOx sensor increases initially and
then reaches a stable value which remains for over 5 weeks, showing robust enzyme
immobilization on the petal morphology.

The mechanical flexibility and robustness of the biosensor was confirmed by
performing a bend test. The CF/GP/PtNP/PANI-GOx sensor was mechanically bent and
subsequently released to its initial form while conducting an amperometric glucose
measurement. The fiber tows were bent in 90° and 30° angle while measuring the glucose
concentration of ImM (Fig 5.6). It is shown that the current decreases less than 10% of
its initial value while bent 90° and quickly goes back to its original steady-state value

when it returns to its initial form. The biosensor shows less decrease of current when it is
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bent 30°. After the biosensor returns to its original shape, the measurement went back to

its stable state. Also, the biosensor went through a series of bending test for more than

500 times and showed no noticeable decrease in sensitivity.
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Fig. 5.7 Life time and sensitivity of the biosensor
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Fig. 5.8 Sensing range of this biosensor and the glucose concentration level in various
body fluids.

5.3. Conclusion

We have demonstrated a highly flexible biosensor for implantable or wearable
application using graphene petals on a carbon fiber tow. The carbon fiber tows with
graphene petals act as the flexible substrate material for the sensor and most of the layers,
including PtNP, PANI and GOx, are buried within the graphene petals, fully utilizing the
robust mechanical nature of graphene. A factor on robustness toward flexibility has been
tested which shows reliable results over time and stress. Our work also shows long
lifetime and wide sensing range toward glucose, showing a suitable candidate for
continuous monitoring systems for various body fluids (Fig 5.8) [82, 86-89].

On a fabrication point of view, our work involves no complicated array fabrication
protocol or semiconductor process and most of the work can be done electrochemically.
Graphene can be grown on more than 6000 carbon fiber tows at a time and the high

sensitivity of the biosensor opens up a potential for mass production.
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5.4. Experimental section

Graphene petals were grown on the carbon fiber tow by microwave plasma chemical
vapor deposition (MPCVD) with a SEKI AX200S following method described in our
previous work [68, 74]. The carbon fiber tows are elevated by two ceramic stands on a
molybdenum puck inside the MPCVD chamber. The chamber is evacuated to base
pressure of 2 Torr and then while H, and CH4 were maintained at 50 and 10 sccm,
respectively, the pressure of the chamber was allowed to reach 30 Torr. The microwave
plasma at an excitation frequency of 2.45 GHz is then ignited at 700 W. The microwave
plasma was maintained for 15 minutes to permit multilayered graphene petal growth
across the entire carbon fiber tow (Figure 1). Further acidic treatment was applied to the
CF/GPs for functionalization.

A three-electrode electrochemical setup is used, similar to the previous measurement
setup where the CF/GP acts as the working electrode, Ag/AgCl as the reference electrode
and Pt gauze as the counter electrode. The electrodes were dipped in a Pt plating solution
consisting of H,PtCls-6H,O (4mM, Sigma Aldrich, 206083) and Na,SO4 (0.5M, Sigma
Aldrich, 71959) to electrodeposit the nanoparticles onto the CF/GP electrodes. 300 cycles
of voltage pulses (0.5 V, 200 ms) were applied to the CF/GP electrode. After
electrodeposition, the sample was thoroughly washed in deionized water.

Electropolymerization was conducted on the CF/GP electrode with the similar setup
as described previously but with a solution containing aniline monomers (0.05 M) and
H,SO4 (0.5 M). Constant DC voltage of 0.8 V was applied between the working electrode
and reference electrode for 5 minutes. The sharp edges of the graphene petals remained
its shape after the PANI decoration. The electropolymerizied sample was then soaked in
deionized water to remove all the debris of PANI.

Enzyme solution containing 10 mg/mL (150 unit/mL, Sigma Aldrich, G7141) was
prepared in PBS (0.01M, PH=7.4) for immobilization of glucose oxidase. The electrode
was dipped in the enzyme solution for 2 hours to let the enzyme absorb into PANI layer.
The electrode was then taken out of the solution and rinsed with PBS to remove residues.
Then the electrode was dipped vertically, in a vial containing 20 pl glutaraldehyde (0.1%,
Sigma Aldrich, 340855). The GOx were cross-linked for 3 hours and after that the
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electrode was rinsed again in PBS. The electrode is optionally coated with Nafion to
block any anion interferences such as uric acid or ascorbic acid.

All electrochemical experiments were performed in a three-electrode setup (BASi
Epsilon Three-electrode Cell) where GP/PtNP/PANI-GOx electrode acted as the working
electrode, Ag/AgCl electrode as the reference and Pt gauze as the counter electrode.
Amperometric measurement was performed in a 0.0lM PBS solution (10mL) at a
working potential of 500 mV with a stirrer spinning at 500 rpm. Around 20
CF/GP/PtNP/PANI-GOx electrodes (length 15mm) were used at a time to create a sample.
To form an electrical contact, they were connected to a copper strap with silver paste and
the interconnection part was insulated with an acid resistant lacquer and
polydimethylsiloxane (PDMS). The electrode was then submerged in the aqueous
solution for measurement. The sensitivity was calculated based on the number of fiber
electrodes and length.

S-4800 (Hitachi) was used for all the field emission scanning electron microscopy
(FESEM) micrographs. The power was set to 5.0 kV and no preparation was required
before image analysis.

Raman spectroscopy was performed using Xplora confocal Raman microscope by
Horiba Jobin Yvon. All the spectra were collected at room with laser wavelength of 532

nm. The laser power was 1.3 mW with 100x objective lens.
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6. SUMMARY AND FUTURE WORK

6.1. Summary

This thesis showed two core technologies enabling wireless implantable sensor
networks for smart healthcare in the future: low power IC and the wireless power transfer
for multiple nodes and implementation of a miniature implantable biosensor.

Two different WPT techniques using the RF radiation and inductive coupling have
been demonstrated. The most power hungry block in the wireless sensor network IC,
which is the transmitter, has been intensively studied and a low power design is
implemented to minimize the power consumption of the entire system. An automated
WPT method for dynamic environment has been proposed and demonstrated for multiple
node system. To pair with the electronics of a system, a miniature glucose sensor has
been fabricated using graphene petals on carbon fiber tow. The biosensor showed high
flexibility with good sensitivity and lifetime.

The IC, wireless power transfer technique and the biosensor together compose the

implantable wireless glucose sensor.

6.2. Future work

Based on the techniques demonstrated in this paper, future work can be done on
device packaging. Currently, the work demonstrated in this paper is presented on a PCB
level but further miniaturization is possible with flip-chip packaging and ultimately, the
final device packaging substrate should be something flexible and biocompatible, such as
parylene or PDMS.

Also, the coil for the WPT can be miniaturized using thin film process. Some of the

work has been demonstrated but a system level packaging still remains as future work.
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Fig. 6.1 Fabrication process of the WPT coil on parylene [58]. (a—h) Contact lens
platform fabrication process. (a) Deposition of sacrificial PR and parylene-C film on Si
carrier wafer. (b) Formation of first metal layer. (c) Deposition of parylene insulating
layer and formation of via-holes. (d) Deposition of seed metal layer. (¢) Thick PR
masking. (f) Electroplating of second metal layer. (g) PR strip and seed metal etching. (h)
Package releasing from carrier wafer. (i) Photo images of fabricated device before (left)
and after (right) heat molding. (j—1) Photo images of fabricated device viewed in different
magnifications
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Fig. 6.2 Measurement setup and power efficiency with a pig eye [58]. Measurement of
power transfer to parylene contact lens platform. (a) PTE measurement setup in air. (b)
PTE measurement setup on pig eye. (¢) Wireless powering demonstrated on pig eye with
red LED illumination. (d) Measured PTE results in air and on pig eye. In both cases,
measurements are performed with and without compensation for distance variation. (e)
Schematic of a rectifier and an LED integrated into the parylene contact lens platform to
demonstrate energy harvesting scenario On the electronics side, the power consumption
of the IC can be improved by using a better process technology. Also the receiver part of
the system can be miniaturized so that the user can check their biosignals from their
implant devices with a portable device.
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