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Abstract

Circuits and Systems for Low-Power Miniaturized Wireless Sensors

Manohar Nagaraju

Chair of the Supervisory Committee:
Associate Professor Brian P. Otis

Department of Electrical Engineering

The field of electronic sensors has witnessed a tremendous growth over the last decade par-
ticularly with the proliferation of mobile devices. New applications in Internet of Things
(IoT), wearable technology, are further expected to fuel the demand for sensors from cur-
rent numbers in the range of billions to trillions in the next decade. The main challenges
for a trillion sensors are continued miniaturization, low-cost and large-scale manufacturing
process, and low power consumption. Traditional integration and circuit design techniques

in sensor systems are not suitable for applications in smart dust, IoT etc.

The first part of this thesis demonstrates an example sensor system for biosignal record-
ing and illustrates the tradeoffs in the design of low-power miniaturized sensors. The dif-
ferent components of the sensor system are integrated at the board level. The second part
of the thesis demonstrates fully integrated sensors that enable extreme miniaturization of
a sensing system with the sensor element, processing circuitry, a frequency reference for
communication and the communication circuitry in a single hermetically sealed die. Design
techniques to reduce the power consumption of the sensor interface circuitry at the archi-
tecture and circuit level are demonstrated. The principles are used to design sensors for
two of the most common physical variables, mass and pressure. A low-power wireless mass
and pressure sensor suitable for a wide variety of biological/chemical sensing applications
and Tire Pressure Monitoring Systems (TPMS) respectively are demonstrated. Further,

the idea of using high-Q resonators for a Voltage Controlled Oscillator (VCO) is proposed



and a low-noise, wide bandwidth FBAR-based VCO is presented.
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Chapter 1

INTRODUCTION TO SENSOR SYSTEMS

The quest to make human life safer and comfortable by studying the environment around
us has led to rapid advances in technology. Electronic sensors have empowered us in this
quest to study the environment. A sensor is a device that detects changes in a physical
variable, such as pressure, temperature and provides a detectable electrical /optical signal.
For example, a thermocouple converts a temperature difference at two points to an output

voltage.

The advancement in the sensing and processing technology has enabled new areas of
study in medical research, automotive engineering, agriculture, consumer applications to
name a few. For example, modern medical care routinely involves monitoring vital physio-
logical signals, like the electrical activity along the scalp (EEG) to diagnose brain disorders.
Automobiles of today are equipped with hundreds of sensors to enhance the safety and
comfort of our journey. Cellphones today have numerous sensors embedded inside to enable
ease of use and improve the quality of life. In the past decade, both industrial and academic
interest in the development of fully autonomous sensor nodes has seen rapid growth. The
number of sensors, in just the mobile market consisting of cell phones, tablets, cameras etc,
increased from 10 million units in 2007 to about 3.5 billion units in 2012. They mainly con-
sist of four sensors: microphones, gyroscope, accelerometer and compass. Moving forward,
sensors will be deployed in a diverse array of fields and point to a market of trillion sensors
by 2022 [48].

The primary enabler for the popularity of sensors has been the miniaturization in the
sensing technology possible due to the advancement in the field of electronics. Future
emerging applications of sensors demand further miniaturization along with a near com-
plete energy autonomy and low cost processing. In this work, we present innovation in

processing technology to enable miniaturization, and reduce manufacturing cost of the sen-
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Figure 1.1: Sensor Actuator Interface

sor, architecture and circuit innovations to enable low energy consumption of the sensor

interface readout circuitry.

1.1 Sensor Fundamentals

A sensor is a device that detects changes in a physical variable, such as pressure, temperature
and provides a detectable electrical/optical signal. The detected electrical signal is then
stored and processed in a sensor readout /interface circuitry to extract the useful information.
This information could then be used to control an actuator or transmitted to an off-shelf

control unit. Figure 1.1 shows a block diagram of a sensor actuator interface.

1.2 Requirement of Sensor Systems

We first outline the requirements of a sensor system in this section.

1.2.1 Measurement properties:

A sensor should satisfy certain measurement properties for its usefulness in everyday appli-

cations. Listed below are the typical specifications of a sensor system

e Resolution (R): Resolution of a sensor is defined as the smallest change in the input
variable that can be detected by the sensor. A high resolution sensor is able to detect
very small changes in the input variable. The resolution of a sensor is limited by the
noise in the sensor and the interface circuitry. Noise is undesirable fluctuations in a
device that affects the output signal not caused by the input variable. Sensor noise
is typically caused by internal thermal and electrical vibrations and is a completely

random process.



e Sensitivity (S): Sensitivity is defined as the ratio of the change in output variable per
unit of the input variable. It is given by the slope of the calibration curve at a given

value of the input.

e Accuracy (A): Accuracy characterizes the sensor measurement in an absolute sense. It
is equal to the maximum difference that will exist between the actual value (measured
by a primary standard) and the indicated value at the output of the sensor. Ideally,

this value should be zero.

e Drift (D): Drift is the low-frequency change in a sensor with time. It is often associ-
ated with electronic aging of components or reference standards in the sensor. Drift
generally decreases with the age of a sensor as the component parts mature. Ideally,

this value should be zero.

e Hysteresis (H): A transducer should be capable of following the changes in the input
parameter regardless of which direction the change is made; hysteresis is the measure

of this property.

e Response Time (T): Response time is a simple estimate of the frequency response of
a sensor assuming an exponential behavior. It characterizes the ability of a sensor to

respond to fast changing inputs.

e Dynamic Range (Ra): The range of the sensor is the maximum and minimum values
of applied parameter that can be measured. For example, a given pressure sensor may

have a range of 0 psi to 100 psi.

1.2.2  Size/Form Factor

Miniaturized sensor systems enable new applications and allow us to deploy a large num-
ber of sensors in a small area. Emerging applications in healthcare, for example, DNA-
sequencing demand extreme miniaturization and an array of sensors in a small footprint.

Sensor systems typically contain a transducer, interface circuity, and a control or a transmit
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Figure 1.2: Architecture of a Typical Sensor System

unit. Figure 1.2 shows a typical modern sensor system. The sensor/transducer provides an
electrical signal processed by an Integrated Circuit (IC) consisting of an Analog front-end
to amplify the signal of interest, Analog-to-Digital Converter (ADC) to digitize the analog
signal, and a processor to extract the information. This information is then transmitted
wirelessly to an external control unit to provide the necessary actuation. Sensor systems
also integrate a receiver to receive command signals in order to be able to deploy the sensor
in remote environments.

Advancements in processing technology have reduced the size of the interface circuitry
drastically. Current research has also focused on integrating the sensor interface circuitry
and the wireless transceiver on a single die. However, the sensor, frequency reference and the
antenna for wireless transmission are off-chip components which limit the miniaturization

of sensors.

1.2.3 Operating Life

Sensing systems are typically deployed in remote environments without a constant energy
source. Emnergy harvesting from solar, wind etc can provide a limited amount of energy
considering the small footprint of a sensor system. Sensing systems demand a low power
consumption to enable continuous operation for a long time with limited battery power.

Advancements in energy harvesting and low power electronics will go hand-in-hand to solve



the problem of complete energy autonomy. This allows us to deploy the sensors in remote

areas and also in battery constrained applications like cellphones.

1.2.4 Cost and Manufacturability

The growth of the sensor market is primarily determined by the cost or the selling price.
According to the trillion sensor roadmap, the selling price of each sensor needs to be under
$0.13 [48]. The sensor system itself should have a low cost of manufacturability, thus
enabling large scale adaption in the consumer market. Advancements in the Complementary
Metal-Oxide Semiconductor (CMOS) processing technology has reduced the cost of the
integrated circuits and hence the processing unit in a sensor system. However, a sensor
system has other off-chip components (sensor, battery, frequency reference etc) which are
integrated at the board level. Methods leveraging the capabilities of the existing fabs to
integrate the different components greatly reduces the system cost. This requires close

co-operation between the MEMS processing and the existing CMOS fabs.

1.2.5 Wireless Capability

The sensor system should also provide means of transmitting the sensed information to
an external control unit or an actuator. A wireless transmission provides mobility and
enables the sensor to be deployed in hard-to-reach areas. A wireless transmitter requires a
stable frequency reference, such as quartz, to be incorporated in the sensor system. Suitable
security protocols also need to be established between the sensor and the actuator to prevent

false actuation.

1.3 Contributions of this work

The following chapters generally explore two main areas:

1. Integration: Techniques for achieving a monolithic integration of news MEMS tech-
nology with the CMOS circuitry are explored. This work demonstrates fully integrated

sensor systems, with the sensor, interface circuitry, a frequency reference and a wireless



transmitter in a single die. The process flow uses standard micromachining process

throughout, making it commercially viable in mass production.

2. Low Power Consumption: Techniques to reduce the power consumption of the
interface circuitry of the sensor are proposed. Designs exploring high data rate trans-
mitters required for the integration of multiple sensors while maintaining a low power

consumption are demonstrated.

The rest of the thesis is organized as follows. Chapter 2 demonstrates an example sensor
system useful for biosignal recording. The sensor system is suitable for EEG/ECG or neural
signal recording for mainstream healthcare applications. The various factors influencing the
overall form factor, ease of usability, power consumption and hence the operating life are
analyzed. The limitations with respect to integrating the different components of the sensor
system are outlined.

Chapter 3 presents the design of a fully integrated mass sensor suitable for a wide variety
of chemical and biological sensing applications. Initially, we introduce the Thin Film Bulk
Acoustic Wave Resonator (FBAR) and propose the use of an FBAR as the mass sensor. We
also demonstrate a wafer-scale fabrication process to integrate the sensor, processing unit
and a frequency reference in a single die.

In Chapter 4 we demonstrate the idea of a differential pressure sensor using a piezoelec-
tric device like FBAR as the sensing element. We explore the processing methodology for
the fabrication of a pressure sensor and demonstrate a fully integrated sub-mm?® pressure
sensor suitable for TPMS applications.

Chapter 5 presents the design of a low power digital interface IC suitable for FBAR-
based sensors. The instantaneous power consumption of the sensor interface presented in
earlier chapters is prohibitively high to be used with standard coin-cell batteries, considering
that a Tire Pressure Monitoring System (TPMS) would include an additional accelerometer,
memory and an on-chip controller. In this work, we propose to reduce the instantaneous
power consumption by processing the sensor information in the digital domain.

Chapter 6 demonstrates a wide band VCO suitable for high data rate transmitters.

Future sensor applications in ’smart dust’, multichannel biosignal recording etc. require



the integration of numerous sensors (> 1000) in close proximity. This requires a high data
rate transmitter while also maintaining a low power consumption. We propose a coupled-
FBAR VCO which provides a high-Q (> 700) wideband resonator characteristic, enabling
the design of high data rate transmitters.

Chapter 7 draws the conclusion of the research with a summary and a discussion of

directions for future work.



Chapter 2

BIOSIGNAL SENSOR SYSTEM

In this chapter, a typical sensor system mirroring the architecture outlined in Figure 1.2
for biosignal recording is proposed. The tradeoffs in the design of sensor system are analyzed.
Factors relating to miniaturization, ease of use, application scenarios, operating life are

considered.

There is a tremendous emerging need for small, wireless, high-performance biosignal
(EEG, ECG and neural) monitoring devices. There are existing devices that are currently
deployed in relatively small numbers in animal research laboratories and serving as chronic
implants. Researchers are also working on devices for clinical use and specialty athletic
purposes. However, there are still barriers preventing widespread deployment of wireless
devices in mainstream medical monitoring. Each application has specific challenges unique
to its implementation as outlined in Chapter 1. The challenges can be addressed with
a hardware approach on the device, but such a device becomes more application specific
with these additions. The goal of this design is to propose a generic device that is useful
in a wide swath of applications, dealing with many of these application specific problems
with either device programmability or digital signal conditioning off-chip to demonstrate a

typical wireless sensor node.

2.1 Specification of a Generic Biosignal Sensor

The specification of the sensor was guided to have a device that worked over ECG, EMG,
and spike-based neural recording paradigms, while also meeting the requirements outlined in
chapter 1. To define the needed technical requirements, two distinctly different applications
were chosen that bookend the envisioned range of uses this device will be well suited for:

human ECG and small animal (such as a mouse) extracellular single unit neuron recording.



2.1.1 Measurement properties:

Human ECG exhibits fairly large voltage amplitudes (mVs) and low frequency content
(150Hz minimum). Single unit neuron recording voltage amplitudes can vary widely, from
10 s of ©Vs to mVs depending on electrode placement and low frequency potentials (LFP).
Frequency content here is much higher (over 1kHz). Additionally, the signal chain in the
system should have low input referred noise (a few pVrms) and sufficient dynamic range to
accommodate the recording of different signal modalities (single unit recording, electrocar-

diography (ECG), electromyography (EMG)).

2.1.2 Size:

Device weight is not a realistic limiting factor for a human, the device should be small
enough and have a long enough wireless range to allow the subject freedom of movement.
Conversely, weight and size are key constraints for applications on small animals such as
a mouse. The device must be small enough for the animal to comfortably carry without

affecting its normal behavior.

2.1.8 Operating Life:

Both human ECG and small animal extracellular single unit recording would benefit from a
long lifetime running from a single battery; while in the ECG case its reasonable to extend
the lifetime with a larger battery the small animal case requires a low-power design to
maximize lifetime from a small battery due to the size constraint. The main challenge lies
in integrating the entire system in a small form factor of < lcm?, with a weight of <lg and

low-power consumption (<10mW) making them suitable for mass deployment.

2.1.4 Wireless Link:

The device needs to have a reliable, low-power communication interface to transmit the
digitized biosignal to an external receiver. This necessitates the integration of a low-power
transmitter that is capable of communicating reliably within an existing wireless infrastruc-

ture. The requirements of a wireless transmitter for a biosignal monitoring device include
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low power consumption, stable frequency generation, fast start-up time and compatibility
with relevant frequency bands. The telemetry link could be established using an inductive
link [19] or through RF communication. The range of inductive links is limited. Ultra-
wideband (UWB) is an attractive option, particularly for massively parallel multichannel
systems where the data rate requirements are high [5]. However, this requires complex
synchronization [15] and is susceptible to jamming due to the wide-open receiver RF front-
end. Low power open-loop transmitters [11] experience drift as they are not locked to any
reference signal using a crystal and hence their use in mainstream healthcare devices that
require manufacturability and high yield/reliability is difficult. Therefore, a narrowband
transmitter with a stable frequency generation scheme and low power consumption is a

prudent choice for a wireless biosignal monitoring device.

2.1.5 Device Programmability:

Depending on the recording site location and condition the biosignal amplitude can vary
widely, thus the gain and bandwidth of the amplifier front-end should be programmable
on-the-fly to compensate. The monitoring device should also suppress motion artifacts to

achieve long term portable biosignal monitoring.

2.2 Biosignal Sensor System Description

The overall architecture of a four channel biosignal monitor is shown in Figure 2.1. The
analog front-end comprises of four low noise, fully differential amplifiers designed to inter-
face directly with electrodes connected to tissue, followed by a variable gain amplifier to
accommodate different signal modalities. One amplified channel is selected and digitized
using an on-chip 8-bit successive approximation register (SAR) ADC. The digitized data
is buffered, appended with a programmable header, and tagged with cyclical redundancy
check (CRC) information to detect communication errors. Finally, the digital bits are trans-
mitted using a sub-mW frequency-multiplying transmitter. A programmable system clock
is derived from the radios 48 MHz crystal reference. To enable on-the-fly programming of
the chip, an infrared (IR) phototransistor interface is integrated into the system. The IR

interface, tuned to 935nm, allows wireless programming of the gain/bandwidth settings of
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Figure 2.1: Block diagram of the wireless biosignal interface 1C
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each variable gain amplifier (VGA) independently and selects the active channel for trans-
mission. All of these settings changes can be made on-the-fly using an infrared programmer

to fine-tune the device for optimal recording during use.

2.2.1 Analog Front End

The analog front end (Figure 2.2) consists of four low-noise amplifiers whose inputs are
AC coupled using on-chip 20 pF capacitors. High-resistance MOS-bipolar pseudo resistors
enable a sub-Hz high pass cut-off frequency [10]. A complementary input stage in which
both the n- and pFETs of the input stage contribute to the effective transconductance
[11] reduces the input-referred noise voltage by a factor of two for the same bias current
[12]. A fully differential closed-loop architecture provides sufficient linearity and supply
rejection. Thick oxide MOS transistors are used at the input to minimize the 1/f noise
and reduce gate leakage. The VGA consists of a complementary rail-to-rail folded-cascode
core with programmable capacitive feedback. Six-level variable gain is set by selecting the
feedback capacitors while the seven variable high pass corners are set by programming the
feedback transconductor bias current. Each of the four channels is individually configurable
for different gain and bandwidth settings. This is useful in single channel deployments to
select the best channel and then optimizing the AFE for the recording site characteristics.
Table 2.1 illustrates the available gains and their high pass cut-off frequency range covered
by the seven filter settings. Four complete analog front ends were included to allow fast
switching between channels, not possible by muxing four inputs to a single AFE due to the

long settling time of the amplifiers compared to the sampling rate of the device.

2.2.2 ADC and Packetizer

An analog mux selects the amplified signal from one of the four input channels, which is
digitized using a low power 8-bit SAR ADC, designed to operate at sample rates from 10
to 100 kS/s. The SAR topology was chosen for the ADC to minimize power consumption
[35]. Since the AFE settings are wirelessly programmable during operation the user can

adjust the gain/bandwidth to provide a close to full swing signal to the ADC, allowing an
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Figure 2.2: Architecture of the fully differential analog front end

8-bit ADC to provide suitable dynamic range for various recording scenarios. The digital
ADC output is read serially from the comparator output. A synchronization signal, which
is used internally to purge the DAC capacitor array and SAR logic after each conversion,
also synchronizes the serial output. A divider provides the baseband clock for the system
from the 48 MHz clock generated in the local oscillator of the transmitter. The divide
ratio is programmable to enable different sampling rates depending on the application. A
packet generator block (Figure 2.3) samples the output of this ADC and prepares the data
for transmission. The serial output data from the ADC is buffered in a first-in, first-out
(FIFO) memory structure. Data is pulled out of the FIFO by the packetizer block, which
inserts this data into a standard packet structure and delivers this packet to the transmitter.
The packet header consists of 32 bits of alternating 1 — 0 s, then 32 bits of a constant sync
code to identify the beginning of a packet, followed by 16 bits of system state data (current

active channel number, gain and bandwidth setting), 256 bits of sample data and finally a
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Figure 2.3: Block diagram of packet synthesizer with state diagram of the packetizer blocks
for the biosignal interface 1C

16 bit CRC. This packet structure was designed to be compatible with standard commercial
ISM band receivers. The state data and sample data is run through a 16 bit CRC generator
concurrently as the packetizer is outputting these bits. This synthesized digital logic block

uses 2848 gates and takes approximately 0.018mm? of area.

2.2.8 MICS/ISM-Compliant Transmitter

The RF transmitter is typically the most power hungry block in wireless bio-interface sys-
tems [42]. We address this by employing a low-power synthesizer architecture that operates
entirely at the crystal reference of 48 MHz and drives a 9 frequency multiplying power am-
plifier, eliminating the need for a PLL/DLL at the carrier frequency [35]. The baseband

FSK data directly modulates the reference oscillator using capacitor pulling, allowing a 22
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kHz frequency deviation. The reference clock drives a 9-stage DLL, thus the frequency
deviation at the carrier frequency of 432 MHz is 198 kHz. This technique can be general-
ized to other multiplication factors, determined by the number of stages in the DLL and
switching legs in the edge-combiner. Matching between the delay stages is ensured by bal-
ancing the delay-stage loads, symmetric layout and dual-edge locking to minimize reference
spurs. The edge-combiner behaves like a high-efficiency, non-linear power amplifier, and
produces pulses of current based on overlap of separate delay cells in the DLL. This current
is absorbed by a tapped capacitor LC matching network, which transforms the TX source
impedance to match a 50€) antenna and attenuates out-of-band spurs. A return loss of less

than 10 dB is achieved over the required bandwidth.

2.2.4  Programming/Control Interface

A biosignal monitor often requires on-the-fly changes in gain and bandwidth to accommo-
date different recording site conditions and provide the ability to switch channels to target
specific electrodes. A continuously running RF receiver would dissipate a significant amount
of power, we instead propose a low power wireless infrared interface using an off-chip IR
phototransistor sensitive to 935 nm wavelength light. The incident IR signal is detected,
amplified and limited rail-to-rail using an integrated comparator. A synthesized frequency
detector block then measures the modulated frequency of the received IR signal. An IR
remote control transmits the IR signal of a particular frequency for a fixed duration of 1
second. The digital frequency detector uses a divided version of the system clock and con-
tinuously counts the number of clock edges in a pre-programmed 333 ms time window to
estimate the received signal frequency. If the determined frequencies of two successive time

windows correspond to the same instruction then the signal is considered a valid instruction.

Once a valid instruction is detected the control block takes a corresponding action to
change the state of the biosignal monitoring device as illustrated in Table 2.1. A frequency-
based encoding scheme was used to avoid the need for complex clock and data recovery to
save power. Thus, this technique is limited to a relatively small number of commands; to

mitigate this fact the number of programming commands was greatly reduced by imple-
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Table 2.1: Gain and high pass cut-off frequency options of the AFE

Gain (dB) Filter ~Corner
Range (Hz)

43 < 0.1 -230

47 < 0.1 —506

95 < 0.1 -—1100

64 < 0.1 -1370

72 < 0.1 —1600

80 < 0.1 —2000

menting a control scheme where commands instruct the device to cycle between different
settings as opposed to having many different commands that instruct the device to change
to a particular setting. A frequency of 36 kHz increments the mux to select the next record-
ing channel front end for digitization and transmission. Similarly, frequencies of 38 kHz and
40 kHz are used to cycle through the available gain and bandwidth settings. The sensor
initially defaults into a reset state (with default gain and bandwidth settings hardwired
through external switches) to suit the type of recording desired (neural, ECG, EMG, etc.).
Current gain, filter and active channel settings are transmitted with each packet of sam-
ple data from the biosignal monitoring device so the user can confirm the device has been

programmed as desired.

2.3 System Characterization and Measurement Results

This IC was implemented in a 0.13um CMOS process, measuring (2 * 2) mm? . Initial
testing was performed on a large printed circuit board (PCB) to verify functionality. The die
bonded to this test PCB can be seen in Figure 2.4. The system is intended to accommodate
two different battery chemistries: one with a nominal voltage around 1.2 V and another
around 1.45 V. With this in mind, the chip was tested with both supplies. Running on a

1.2 V supply, 1.07 mW of power is dissipated by the chip, of which —15.1 dBm (30.9uW)
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#

Figure 2.4: Die photo of (2 * 2) mm? IC fabricated in 0.13um CMOS noting the analog
front end (AFE), ADC, transmitter and digital logic blocks.

is transmitted as RF power. With a 1.45 V supply, 1.73 mW of power is dissipated (RF

output power of —11 dBm).

2.3.1 CMOS SOoC

Rebooting into a relevant default state is key to this system’s ease of use. The IC restarts
into a default running state; seven binary inputs are used to set the chips default AFE gain,
bandwidth, and ADC sample rate. These settings are selected through a switch matrix of

small SMT pull-up/down resistors on board allowing the same IC to default into appropriate
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AFE and sample rate states for different recording uses simply by changing these binary
inputs. Of course, the chip parameters can be subsequently adjusted using the IR interface

described in Section 2.2.4. All settings function as expected.

2.8.2 Deployable System

Figure 2.5: Deployable 0.8 cm? system and flexible PCB configured for four single ended
analog inputs.

After benchtop verification, a small, lightweight PCB was designed to facilitate in vivo
deployment of the system. The biosignal monitor was implemented on a four layer, 500um

thick FR4 PCB measuring (8.6 * 9.7) mm?, seen in Figure 2.5. The top side of the PCB
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integrates the custom IC, seven 0201 pull-up/down resistor footprints to set different gain,
bandwidth and clock speed options for the default state, a reset button, a 48 MHz quartz
crystal, an RF matching network, a 17.4 cm long, No. 32 AWG insulated wire serving
as a monopole antenna and an eight pin connector to mate external probes to the inputs
of the device. Probes connect to this connector via a small flexible PCB that can be
custom designed for the given experiments needs (i.e., single ended or fully differential,
extra attenuation for large amplitude signals, integrated RC filter, etc.), allowing greater
flexibility without requiring a re-spin of the biosignal monitor PCB. On the reverse side are
either a 4.8 or 5.8 mm diameter battery holder and an infrared phototransistor. The total
mass of the device is dependent on which battery is used; loaded with the silver-oxide 337
battery the total system weighs 522 mg including battery and antenna, with the zinc-air

size 5 battery and a slightly larger battery holder the system weighs 612 mg.

The seven pull-up/down resistors could be removed to save area at the expense of fix-
ing the default state of the device to only one option. Future versions could integrate
non-volatile memory (NVM) to allow for different default states in the single design by
programming the desired state into memory without requiring a reprogramming after every
power-on. Likewise, future versions of this device could integrate a power-on reset block
within the IC, eliminating the need for the external reset switch and reducing total de-
ployable size and weight. The board area of the device is truly limited by the size of the
battery and its holder; measuring for the zinc-air size 5 battery holder. Reducing the size
any further would require the use of a different battery or an innovative mounting technique

requiring a smaller footprint.

2.3.8 System Characterization

For system deployment, battery choice represents a critical tradeoff between size/weight and
energy storage. The IC is capable of operating from a battery voltage anywhere between 0.9
V to 1.55 V. A variety of small coin cell type batteries are commercially available that could
power this device, a selection of which can be seen in Table 2.2. Of these, two batteries were

chosen that best meet our needs of high energy storage density and a small form factor /low
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Figure 2.6: Power discharge curve of the biosignal monitoring system for the zinc-air size 5
battery.

Table 2.2: Small Coin Cell Battery Comparison

Battery Size Chemistry Voltage (V) | Diameter Weight Capacity
(mm) (gm) (mAb)
337 Silver Oxide 1.55 4.8 0.13 8.3
10 Zinc Air 1.4 4.8 0.32 91
5 Zinc Air 14 5.8 0.17 33
CR1025 Lithium 3 5.8 0.7 30
191 Manganese 1.5 10 0.8 49
dioxide
164 Mercuric oxide | 1.4 11.6 0.36 24

weight, the Zinc-Air Size 5 and the Silver-Oxide Size 337. In both cases the wireless sensor
draws more current than these batteries were intended to supply, which limits the amount of
energy the system can actually extract from either battery and slightly reduces the nominal

voltages from their rated values. Figure 2.6 shows the battery discharge curve for the Zinc-
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Air Size 5 battery as well as the received signal strength (RSSI) measured at our receiver
board. This battery will power the device for over 22 hours with a fairly consistent voltage
of approximately 1.2 V. Over the entire 22 hours of transmission there were 0 packet errors

until the final few minutes of operation when the battery was almost completely exhausted.

1.2 V Supply 1.45 V Supply

0.122 0.089 0.218 0.172

“AFE (mW)
B Tx and Digital
(mW)

Diagnostic Supply
(mW)

Figure 2.7: Power consumption breakdown of the biosignal monitor using 1.2 V and 1.45 V
supplies.

The total power consumed by the sensor device is 1.07 mW using a 1.2 V supply (nominal
voltage for Zinc-Air 5 battery) and 1.73mW using a 1.45 V battery (nominal voltage for
Silver-Oxide 337 battery). A key digital buffer on the IC was mistakenly powered from a
diagnostic supply intended only for debug purposes. It was thus necessary to power this
auxiliary supply continuously. This easily fixable design error contributes approximately
12% to the total power consumed by the device. Figure 2.7 shows a breakdown of power
consumption from the different blocks of the IC, including the auxiliary supply pin.

While it is possible to reduce the sampling rate of this device, the transmitter is in a
fixed on-state, meaning a reduction in sampling rate will also reduce the baud rate of the
transmitter to ensure a 100% duty cycle. Future versions could reduce the sampling rate
while keeping the transmitter data rate at a maximum (200 kbps in this implementation),
duty-cycling the transmitter as needed, which would greatly reduce power consumption
for low sample rate applications. In this version, however, power consumption is fairly
independent of sampling rate. Reducing the sampling rate in the current device mainly

serves to reduce the total amount of data the receiver/PC would need to process.
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Another important metric of any wireless system is the maximum acceptable range for
data recovery. Commonly, this distance is defined as the point where the Bit Error Rate
(BER, P,) is 1073, Packet Error Rate (PER, P,) can be defined in terms of BER since
the PER is simply the sum of probabilities of every possible packet error permutation for a

given BER. This is shown in equations 2.1 & 2.2, where n is the number of bits in a packet.

n

Po(Py) =3 [0 PE(L— Ry (2.1)
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100% -
) 80% T
©
o
5 60% -
w
g 40% 1 BER = 103
% f==] -_— fo==) =] ——1 T =0} L—] -_—— [——=:) -— -_— -— a—
o 20% -
0% 4= G S=pts
0 5 10 15 20 25 30

Distance (meters)

Figure 2.8: Packet error rate of the system versus distance between transmitter and receiver.

Our packets are 352 bits long; using equation 2.1 we see a PER of 29.7% represents a
BER of 1073. Figure 2.8 shows the recorded PER of the system powered by the 337 Silver-
Oxide battery at different distances from the receiver compared to the 29.7% PER point,
giving a range of 24 m for this experiment. In a practical situation the acceptable amount
of packet/data loss can be quite application dependent. Error detection is done solely by
checking the CRC code so one cannot determine which bit(s) is/are in error in this system
and thus must throw out the entire packet which makes the data loss in the received data

'blocky’. Figure 2.8 can be used to decide the acceptable operating range of the system for
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a given application where practical range is decided by how many gaps in the recorded data
is acceptable (likely over 20 m). The total input referred noise of the chip was measured
through the entire system shorting the analog inputs to ground and setting the AFE at the
maximum gain (78 dB) and widest bandwidth (9.2 kHz) setting (Table 2.1). The received
data was then analyzed in Matlab to calculate input-referred noise. The wireless receiver
recovered a signal with an RMS value of 1.73V and no packet errors. This RMS noise
value was computed at the receiver and includes all noise sources, including amplifier noise,

VGA noise, ADC quantization noise, aliasing, supply noise, substrate coupling, etc.

2.4 In Vivo Testing

2.4.1 Human ECG Recording

A key attribute of this system is its long lifetime (22 hours at 100% duty cycle) and ease of
use. Operation requires only inserting a battery and pressing the reset button. This allows
it to be easily deployed in a home setting that lacks any support equipment or technical

staff commonly available in a laboratory setting that a less refined device might require.

i

0.5 mV/major grid

0.2 sec/major grid

Figure 2.9: Human ECG recording over a short interval.

To demonstrate this functionality, the sensor was attached to a freely moving human
subject at home over the course of a day, recording the electrical activity of the heart (ECG).
Two Ag/AgCl conductive adhesive electrodes were connected in a single-ended configuration

to the wireless sensor and attached to the subject’s chest who was then left to go about his
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day while staying within range of the receiver. Figure 2.9 presents a short length of this
ECG data presented on a standard clinical ECG grid showing the expected healthy sinus
rhythm. The signal was post-processed with a high order digital 1 Hz high pass filter to
eliminate a wandering baseline, a changing dc level common in ECG monitoring likely due

to patient movement.

Figure 2.10: Human ECG recording over one hour overlaid.

An hour section of this recorded data was further processed, lining up each detected
heartbeat with its central spike, known as the QRS complex. 4110 heartbeats were recorded
in this hour, which can be seen overlaid in Figure 2.10. The figure is in a heat-map format,
allowing easy visualization of artifacts and heartbeat waveform morphology. The ECG data
recorded from a freely moving subject is quite consistent over the length of the experiment,
showing only modest changes in the t-wave, the later part of the ECG waveform, which is

due to changing heart rhythm as opposed to corrupted recordings.
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Figure 2.11: Recorded heart rate of human subject over 2 hours of normal activity.

Lastly, the recorded ECG data was used to determine the subjects heart rate over two
hours of normal activity, as seen in Figure 2.11. There are minor variations in heart rate
from beat to beat and over the two hour recording period. Here, 60 heartbeats were averaged
together to calculate a mean heart rate for the subject and displayed in a more readable

format.

2.4.2 Mouse Single Unit Recording

To demonstrate wireless neural recording from freely moving small animals, extracellular
neural recordings from an awake, ambulatory mouse were performed. All surgical procedures
were carried out in accordance with the Allen Institute for Brain Sciences Institutional
Animal Care and Use Committee regulations using sterile techniques. Briefly, the cerebral
cortex of anesthetized adult mice (C57/BI6,25¢g) was implanted with a microwire electrode
array, consisting of (4) 50pum diameter polyimide-coated tungsten wires, [38], [39] coupled
to the monitor via a custom flex board (Figure 2.5). Electrical reference was attached using
uninsulated tungsten wire connected to a bone screw in the left hemisphere. FElectrodes
were implanted into vibrissal somatosensory cortex, which can provide immediate spiking
information to researchers via manual whisker deflection [22]. The mouse was allowed to

recover from anesthetization before recording response from whisker stimulation, examples
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Whisker Stimulus

0.5 sec

Figure 2.12: Spike recording stimulated in response to whisker deflection in mouse.

of which are shown in Figure 2.12. Using the IR programmer the one electrode of four
implanted closest to the cells of interest was exercised post-surgery by cycling through all
four channels and recording from channels with active spiking. Likewise, the IR programmer
was used to set the gain of this channel to utilize as much of the dynamic range of the ADC
as possible without clipping the signal. This method of fine-tuning the recording session
would be much more difficult with a wired or near-field communications system since the
test subject is freely moving and is not easily held still to keep wires (or inductive coupler,

etc.) attached.

With antenna and battery, the entire neural recording system weighed only 612 mg,
and continuously streamed neuronal spiking data from freely moving mice for up to 22
hours. Such a system is capable of replacing large and complicated recording equipment,
placing the technique of extracellular electrophysiological recordings into a wider variety of
laboratories with limited space or resources. Data transmission was recorded at distances
over 10 m with a USB-PC receiver interface. Sensory-evoked neural spiking data recorded
wirelessly were found to be qualitatively comparable to data recorded in a conventional

wire-tethered recording system. At least two individual firing neurons could be identified
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from recordings in the somatosensory cortex of a freely moving, awake mouse, when this
spike data was processed with sorting software [34]. These two spike waveforms, shown in
Figure 2.13, are displayed in a similar heat-map plotting technique to Figure 2.10. Since
these two neurons were firing at approximately equivalent intervals their waveforms interact
and corrupt a single spike waveform. When we overlay all the spikes in this heat-map format

however, the spike shape is clearly visible.
2.5 Conclusion

This work demonstrates a low-power wireless biomedical sensor suitable for large-scale de-
ployment in mainstream as well as experimental medical applications. The system requires
minimal human calibration, in the form of a reset switch to start the recording, and operates
continuously for 22 hours from a single zinc-air battery. A receiver comprised of off-the-shelf
components records the transmitted digitized data from distances of over 20 m. A simple
IR wireless programmer allows amplifier settings to be changed during recording if needed
to further fine-tune the setup. The entire biomedical wireless sensor consumes 1.07 mW
from a 1.2 V supply.

While the system is easy to use outside of a laboratory setting, the device size is limited
by the sensor, in this case the microwire electrode array and the crystal for frequency
reference as shown in Figure 2.5. The device size grows with the number of sensors and
integration of numerous (> 1000) sensors becomes prohibitively difficult to interface with
the processing IC in such a system. In the next few chapters, we explore techniques to
integrate the sensor for physical variables (mass and pressure) and a frequency reference

with the processing IC in a single die.
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Figure 2.13: (a) and (b) Overlaid spike recordings of at least two firing neurons.
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Chapter 3

A sub-mm?® FULLY INTEGRATED MASS SENSOR

Mass sensitive sensors are increasingly finding applications in chemical and biological
applications [4][57]. Quartz Crystal Microbalance (QCM) is the dominant technology cur-
rently in the market as a mass sensor. However, quartz crystals present a huge overhead
to system miniaturization and cost reduction. Newer applications demand extreme minia-
turization (< Imm?) and a tighter integration of the sensor and the interface circuitry. In

3 mass sensor with an FBAR as

this chapter, we will demonstrate a fully integrated sub-mm
the sensing element, processing IC, frequency reference for communication and a wireless

interface in a single hermetically sealed die.

3.1 Introduction to FBAR

This section gives a brief overview of FBAR technology. A more detailed tutorial can
be found at [41]. FBAR (Film Bulk Acoustic wave Resonator) is a miniaturized acoustic
resonator with a metal-piezo-metal structure. It is fabricated in a planar silicon process with
a layer of piezoelectric material (AIN) sandwiched between two electrodes (Figure 3.1). The
piezoelectric layer converts electrical energy to acoustic energy and vice versa, through the
piezoelectric effect. The typical size of an FBAR device is around 100 * 100xm? about 100
times smaller than quartz crystals. Figure 3.2a shows a plot of frequency vs impedance
of an FBAR resonator. There are two resonant frequencies: Series (fs) and Parallel (f,).
Figure 3.2b shows the electrical equivalent model for an FBAR

FBAR’s provide a very high quality factors of the order of a few thousand. The com-
munication industry has used the high quality factor and the small footprint (< 1 mm?) of
FBAR’s to its advantage, mainly in front-end filters and duplexers. The {-Q product - a res-
onator performance metric - is 10'3 which is comparable to quartz crystals. This enables the

design of ultra low power oscillators [26], frequency synthesizers [52] and transceivers [29].
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Figure 3.1: FBAR die and cross-section
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Figure 3.2: Measured Impedance characteristics of a typical FBAR and the electrical equiv-
alent model

New applications in wireless sensor nodes, ’smart dust’ can benefit greatly due to a minia-

turized, low-power solution for frequency generation using FBAR-based oscillators [30].
3.2 Principle of FBAR Mass Sensor

The resonant frequency of an FBAR is dependent on the thickness of the piezoelectric layer
and the acoustic phase velocity. This property could be utilized to sense any added mass

or pressure on the FBAR, providing means to further miniaturize the sensing element in a
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wireless sensor system. Hence, FBAR’s have been explored for their usefulness as a mass
sensor due to their high mass sensitivity [56] in a diverse array of fields from healthcare
to environmental applications. Some of the medical applications include use in diagnostic
tools, detecting protein binding and DNA sequencing [58]. FBAR mass sensors have also
shown to be effective in particulate and gas sensing [33]. Recent literature has demonstrated
the usefulness of FBAR mass sensors in a multitude of applications, however, none of
them demonstrate a miniaturized fully integrated solution using the current manufacturing
capabilities of FBAR and circuit fabs available. Additionally, the issue of frequency drift
due to the use of the sensor in a real, everyday scenario is not addressed. In this chapter,
we report on a miniaturized (< Imm?®) FBAR-based mass sensor in a commercially viable
process suitable for a wide variety of chemical and biological sensing applications. We also
propose a temperature and drift compensation scheme to enable operation of FBAR sensors
in a real time application.

The operating principle of a FBAR-based Mass Sensor is very similar to that of a Quartz
Crystal Microbalance (QCM). Piezoelectric thin films convert electrical energy into acoustic
energy and vice versa. A resonance condition occurs if the thickness of piezoelectric thin film
(d) is equal to an integer multiple of half the wavelength (\). Any deposition of a foreign
material on the FBAR, adds mass and changes the resonant frequency of the FBAR. The
mass sensitivity of a piezoelectric resonator is defined as the ratio of the fractional change
in resonant frequency to the added mass as below:

Sm = lim Lof

= m Fom (3.1)

The mass sensitivity for an FBAR could be derived starting with the equation of the

resonant frequency of an FBAR expressed as:

- (3.2)

where f is the resonant frequency of the FBAR membrane, v is the acoustic velocity and
tp is the thickness of the FBAR membrane. Additional of a foreign material changes the
effective thickness of the FBAR membrane.
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df —v
u % (3.3)
df dt
4 _ 3.4
7 . (3.4)
0 0
or jjf = _Hm (3.5)
where m is the mass per unit area, and p is the density of the added material.
This is expressed by the well-known Sauerbrey equation as
2f2
of = — 1) .
f=-% 1,0 (3.6)

The negative sign in the above equations indicate that the resonant frequency of the
FBAR resonator reduces with mass deposition. The sensitivity of a single material resonator
like a QCM is defined by the Sauerbrey equation (3.6). However, a FBAR resonator cannot
be considered a single material resonator as the thickness of the layers other than the
piezoelectric membrane, electrodes and the deposited mass, make up a significant portion
of the acoustic path. The sensitivity also depends on the surface amplitude normalized to
the total acoustic energy in the composite structure. Hence the acoustic properties and the
order of the deposited layers influences the sensitivity of the FBAR mass sensor [53]. The
elastic properties of the added material itself has a comparable effect as due to mass loading
when the thickness of the deposition exceeds roughly 2% of the thickness of the piezoelectric
film [56]. However, equation 3.6 could be used to illustrate the first-order behavior of FBAR

mass Sensors.

3.3 Advantages of FBAR Mass Sensor over QCM

Compared to a QCM, a FBAR-based mass sensor offers some significant advantages. Due
to the higher resonant frequency (in the range of a few GHz), the sensitivity of a FBAR-
based mass sensor is orders of magnitude higher than a QCM (typical resonant frequencies
of a few MHz). Mass sensitivities of FBAR are in the range of 0.37ppm.cm?/ng [20] while
QCM’s have a mass sensitivity of 0.018ppm.cm?/ng [25]. Additionally, FBAR’s are smaller
in size and the manufacturing process is IC-compatible, which would enable integration of

dense sensor arrays enabling low-cost miniaturized sensor systems.
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FBAR
Circuit Die

Figure 3.3: FBAR wirebonded to a CMOS oscillator circuit die [26]

3.4 Issues in FBAR-based Sensor

FBAR provides high sensitivity to any added mass, however there are practical limitations
in using an FBAR sensor in a everyday environment. The two main issues are integrating
the FBAR sensor with the appropriate interface circuitry and isolating the effect of the

sensing variable in the output signal from the FBAR sensor.

3.4.1 Integration of FBAR and interface circuitry

Mass sensing based on a FBAR-based mass sensor relies on monitoring the resonant fre-
quency change of the FBAR. Some of the earliest sensors used a Network Analyzer to
monitor the frequency changes of the FBAR [56]. Oscillator-based circuits enable moni-
toring the resonant frequency as well as providing a means of integrating the subsequent
interface and signal processing circuitry, enabling the design of a miniaturized sensor sys-
tem. FBAR-based oscillators have been explored in RF transceiver systems [32] due to their
high performance and low power consumption. FBAR oscillators are typically assembled by
wirebonding the FBAR to CMOS circuits [36][26]. Figure 3.3 shows a typical arrangement
in which an FBAR die is wirebonded to an interface circuit die as demonstrated in [26].
However, such an integration is not feasible for sensor based applications due to the

following reasons

e [t creates difficult in integrating an array of sensors in close proximity. Applications

like DNA sequencing typically require integrating numerous sensors in close proxim-
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ity [8].

e Temperature offsets between the sensor and the interface circuitry could result in

inaccurate detection.

e Additionally, such an interconnect is open to the environment and monitoring fre-

quency changes due to the sensing variable alone becomes difficult.

Monolithic integration of the MEMS device (FBAR) and the interface circuitry is an
active area of research, with attempts to combine the two on a single substrate. The two
main approaches for integrating the MEMS device and the interface circuitry depending on

the order of integration are

e Pre-CMOS: The MEMS structure is processed first followed by the fabrication of
the interface circuitry. The embedded polysilicon structures based on the iMEMS

technology proposed by Sandia National Laboratories is such an example [47]

e Post-CMOS: FBAR structures are built on top of the CMOS dice, acting as the
substrate [20]. A Bragg reflector type FBAR is built using layers of alternating high
and low acoustic impedance. The addition of the Bragg reflector degrades the effective

coupling coefficient and the quality factor of the FBAR’s

The above methods enable monolithic integration of the FBAR and the interface circuitry
reducing the form factor of the sensor system. However, the process requires modification
of the existing manufacturing processes for the CMOS circuit or the FBAR fabs. In this
work, we propose a monolithic integration technique which utilizes the existing CMOS and
FBAR fabs. This greatly reduces the manufacturing cost. Additionally, the FBAR and

interface circuitry can be optimized separately depending on the application.

3.4.2 Resonant frequency drift

As we discussed in section 3.3, FBAR is a very good sensor, however this is also a problem

in the design of FBAR sensor systems, since FBAR is sensitive to a host of environment
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Figure 3.4: Resonant frequency drift of a native FBAR with temperature

variables and isolating the effect of only the required variable is an issue. The resonant
frequency of the FBAR is sensitive to environmental variables like humidity, temperature,
stress etc. Figure 3.4 shows the dependance of the resonant frequency of the FBAR to
temperature. The linear temperature coefficient of a native FBAR is close to —30ppm/°C,
degrading the SNR of the sensor. A thin-oxide layer, with an inverse temperature coefficient
compared to the piezoelectric membrane, is typically added in the FBAR stack to cancel
the first order temperature dependance of the resonant frequency. The thickness of the
oxide layer controls the cancellation and turn-over temperature of the resonant frequency
drift over temperature. The second order temperature coefficient still results in a resonant
frequency drift of close to 200ppm over a temperature range of —20°C to 70°C as shown in
Figure 3.5.

The FBAR resonant frequency is also sensitive to environmental variables like humidity,
stress and natural aging of the resonator. Highly Accelerated Stress Test (HAST), in which
the FBAR is exposed to 110°C and 85% relative humidity for a long time (> 100hours)show

frequency drifts of the order of 80ppm [9]. The dependance of the resonant frequency on
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Figure 3.5: Resonant frequency drift of a temperature compensated FBAR with temperature

temperature and enviormental variables severely limits the SNR and the accuracy of FBAR
sensors, with the signal being in the range of a few ppm for < Ing mass detection. In the
next couple of sections, we present the design of an FBAR based mass sensor to address

the issues highlighted in this section.

3.5 FBAR Mass Sensor Design

A technique for integrating active circuitry into the lid of the wafer-scale hermetic FBAR
package was demonstrated in [46]. The process involves fabricating the FBAR and the
circuit wafer separately using the conventional process. The cavity under the FBAR is
defined and filled with a sacrificial oxide, the resonator is then processed, followed by the
patterning of the Au interconnect and sealing material and finally, removing the sacrificial
oxide. The circuit wafer is manufactured using standard micromachining process with
through-wafer vias, Au pads, sealing structures, and a recessed air cavity above the FBAR.
The Si micro-cap lid is then Au-diffusion bonded to the FBAR wafer and pads patterned

on top.

A wafer-scale integration process enables use of existing processes for the FBAR and the
circuit wafer fabrication, maintaining native device performance and the ability to quickly
optimize the sensor depending on the application. Integration of the active circuitry in the

lid eliminates external connections between the FBAR and the interface circuitry resulting
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in a miniaturized hermetic package. More importantly, it leverages the high-volume man-

ufacturing capability of the existing CMOS and the FBAR fabs, drastically reducing the

development cost.

As discussed in the previous section, the FBAR resonant frequency is sensitive to changes

in temperature, humidity, stress and other environmental variables. A frequency drift can-

cellation scheme encompassing the above variables is essential. In this work, we propose

to use a second FBAR (reference FBAR) in close proximity to sense the changes in the

environmental variables and cancel the frequency drift. The sensing variable (mass) is ap-

plied to only the sensor FBAR while the environmental variables affect both the sensor and

the reference FBAR and a differential measurement of the frequencies of the two FBAR’s

provides an accurate representation of the mass.
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Figure 3.6: Cross-section of the Proposed FBAR/IC process

Figure 3.6 shows a 3D view of the sensor with the interface circuitry in a single hermetic

package. Two FBAR dies are integrated within a distance of several microns and the lid

houses the active interface circuitry. For this demonstration, a 1.5GHz FBAR stack and the

Avago HP25 silicon bipolar process was used for the lid wafer. The total size of the FBAR
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sensor together with the sensor interface circuitry is (0.85 * 1 * 0.4)mm?

3.5.1 DRIFE Processing

A wafer-scale integration method provides a hermetically sealed FBAR sensor along-with
the interface circuitry and is immune to any sensor inputs. However, the FBAR sensor
resonator needs to be exposed to the outside world for mass deposition. A Deep Reactive-
Ion Etching (DRIE) process is used to expose the FBAR sensor ensuring the application of
the sensor variable (mass) on the sensor FBAR alone. The standard Bosch DRIE process,
which incorporates a time-multiplexed etching and passivation layer deposition is adapted
to suit our needs. The requirements with regards to the aspect ratio are fairly relaxed in
this context.

The 6inch bonded FBAR-CMOS wafers were diced into sections (4cm * 6cm) and then
bonded to glass wafers using a temporary water soluble adhesive to allow for back-to-front
alignment. A 7um film of photoresist was spun on the wafer opposite the contact pads and
was exposed using a contact aligner. Next, holes were etched using an inductively coupled
plasma (ICP) etcher with a time-multiplexed SF6,C4F'8 process. The bottom electrode for
the 1.5GHz stack is typically 200nm thick and due to the absence of a stop layer, frequent
monitoring of the etch depth is mandatory. The etch depth was monitored using optical
profilometry. This process creates etch holes roughly 80um in diameter and 250um deep,
allowing access to the FBAR membrane. Figure 3.7 shows the SEM of the etch hole on the

sensor and Figure 3.8 shows the final cross-section of the FBAR mass sensor.

3.6 Sensor Interface Circuitry Design

The change in the resonant frequency of the FBAR is monitored by interfacing with an
FBAR-based oscillator. The noise performance of the interface circuitry directly impacts
the resolution of the sensor. Since we are interested in monitoring frequency changes, the
resolution (or minimum detectable frequency change) of the sensor would be set by the
frequency change due to the noise sources. We look at understanding and characterizing

the noise performance of the oscillator to determine the resolution of a FBAR-mass sensor.
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3.6.1 Resolution of the FBAR Mass Sensor

Oscillator performance is typically characterized by the phase noise behavior in wireless
communication systems. However, characterizing sensor performance requires the integra-
tion of the phase noise over different sampling intervals (depending on the application) and
the drift performance of the oscillator. This would require integration of the noise over the
sampling time over which the frequency changes of the sensor is monitored. The drift of the
oscillator over the sampling time also adds to the uncertainty in the frequency and hence

degrades the resolution.

3.6.2 Sensor Interface Circuitry Details

Figure 3.9 shows the system block diagram of the wireless sensor with the oscillator circuitry.
A low noise Pierce oscillator monitors the resonant frequency of the FBAR. The resolution
of the sensor is limited by the integrated phase noise and the frequency drift. The far-off
phase noise in an FBAR oscillator is very low due to the high quality factor of the FBAR and
hence does not limit the resolution of the FBAR sensor. A bipolar transistor for the gain
transistor helps to reduce the flicker noise to improve the resolution. The sensor oscillator

was intentionally pulled by a few ppm to prevent any injection locking of the two oscillators.

The output from the oscillator is AC-coupled to an RF buffer able to drive the antenna.
The finite base current in bipolar transistors shunts the R, of the FBAR and de-Q’s the
resonator. Loading on the FBAR oscillator tank must be minimized to maintain jitter
performance, placing tough design constraints on the bipolar buffer amp. A self-biased
Darlington pair (Q4, Q5) is used to reduce de-Qing and load pulling on the FBAR. A resistor,
R5 provides a low-impedance discharge path for the charge accumulated on the emitter-base
junction, allowing a faster transistor turn-off, suitable for high frequency amplifiers. The
two output tones are combined in a tapped capacitor transformer and transmitted wirelessly

to a receiver. The bias circuitry is fully integrated and derived internally.
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Figure 3.9: FBAR-Mass Sensor Interface Circuit

3.7 Experimental Results

3.7.1 Mass Sensing

A thin film metal deposition experiment was carried out at the wafer level to verify the
effectiveness of the chemical etching process. A mixture of gold and palladium (60%Au,
40%Pd) was deposited across the entire wafer. The thickness of the deposition itself was
monitored by means of the instrument, using a QCM. The average value of the thickness
of the metal deposited was 10 — 40nm across different samples. A mean frequency shift
of 1.3MHz and 2.3MHz were recorded after the first and second deposition accordingly
(Figure 3.10). The diced sensors were then flip-chipped on a FR4 2-layer PCB. A thin
film SiO sputtering experiment was done to characterize the sensitivity of the sensor. The
thickness of the deposition was estimated from the QCM-based instrument and a SEM
across multiple dies. Using a conservative estimate of the film thickness and knowing the
diameter of the etched hole, the mass of the deposited SiOs is 0.29ng. A frequency deviation
of 0.75MHz was measured across two sensor oscillators. The sensitivity is calculated to be

2.54 kHz/pg or 0.45 kHz.cm? /ng (normalizing to the area of the FBAR).
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Figure 3.10: Thin-Film metal deposition experiment at the wafer level. A mixture of
(60%Au, 40%Pd) was sputtered on the sensor wafer (and then repeated).

3.7.2  Frequency Drift Cancellation/Accuracy

Figure 3.11 shows the change in frequency of the two oscillators over a temperature variation
of —20 to 70°C. The frequency change due to temperature variation for a single oscillator
is 205ppm. The two resonators experience the same temperature drift due to their close
proximity. By monitoring the difference frequency, the frequency change due to temperature
variation over —20 to 70°C is reduced to 19ppm, reducing the inaccuracy from 120.5pg to

11.1pg.

3.7.8 Resolution of the mass sensor

The resolution of the mass sensor is determined by the minimum detectable frequency shift.
Averaging the frequency measurement over time improves the resolution since the thermal
noise is averaged out. However, flicker noise dominates and increasing the integration time
beyond a point degrades the frequency measurement. The minimum frequency drift that
can be detected is thus a measure of the stability or the Allan deviation of the FBAR

oscillator. Figure 3.12 shows the Allan deviation measurement of the mass sensor. The
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Figure 3.12: Allan Deviation Measurement to characterize the resolution of the mass sensor

minimum detectable frequency shift is 24.2 ppb at an integration time of 12 ms.

translates to a mass sensor resolution of 70 fg.

This
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Figure 3.13: Wireless spectrum showing the received signal from the sensor before and after
various amounts of mass loading with TPA.

3.7.4 FEzample Application: Humidity Sensing Experiment

To demonstrate operation in wireless over-the-air scenarios, an example mass sensing experi-
ment was carried out using isopropyl alcohol (IPA). Figure 3.13 shows the received spectrum
at a range of 2m. Varying amounts of IPA were pipetted onto the chip, resulting in a fre-
quency shift of the sensor oscillator up to 910 kHz. The frequency of the hermetically-sealed

reference oscillator was unchanged.

A subsequent experiment to measure the relative humidity (RH) was carried out. Ad-
sorption of water molecules on the sensor changes the resonant frequency. Figure 3.14 shows
the measured data of the sensor over two sweeps of RH from 15 — 70%. The hermetically
sealed reference shows little variation while the sensor oscillator frequency varies by 0.7MHz.
The response time of the sensor for increasing humidity was about 1 minute. However, the
reverse process of losing the water molecules from the surface of the sensor has a longer

response time of about 15 minutes due to the small dimensions of the etch hole.
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Figure 3.14: Relative humidity (RH) was swept from 15 — 70% and repeated.

3.8 Conclusion

We have taken the first steps towards the design of a fully integrated FBAR-based mass
sensor. Table 3.1 compares state of the art FBAR mass sensors with our work. Compared
to other FBAR mass sensors, we have for the first time proposed an extremely miniaturized
sensor with a reference FBAR, that is hermetically sealed to cancel the temperature and
drift component. We achieve this in a commercial process which involves sealing the FBAR
and the circuit lids together to form a hermetic package. For this experiment, we have used
an Avago silicon bipolar process, but the process remains same for any commercial CMOS

process.
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Table 3.1: Performance Summary and Comparison of Mass Sensors

This work [20] [27] [21]
Sensor Type FBAR, mass | FBAR, mass | FBAR, mass | FBAR, mass
sensor sensor sensor sensor
Processing Wafer scale | FBAR + pro- | CMOS + back | No circuitry,
Comments bonding of IC | cessing to build | end processing | measures reso-
and FBAR CMOS on top | of FBAR nant frequency
on Network
Analyzer
Sensitivity 0.45 0.328 5.704 3.65
(kHz.cm? /ng)
Power Con- | 14.7mW Not reported Not reported Passive
sumption
Size 0.02mm? 15mm? (24 sen- | 100mm?(64 Bench top
(0.34mm?) sor array) sensor array)
Temperature Yes No No No
and Drift
compensation
Wireless Con- | Yes No No No

nectivity
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Chapter 4
A sub-mm?® FULLY INTEGRATED PRESSURE SENSOR

Silicon micro machining has enabled the design of miniaturized sensors useful in a diverse
array of fields. We studied the feasibility of one such sensor (mass sensor) in the previous
chapter. Another important physical variable to be monitored is pressure. Pressure sensors
are increasingly being used in automotive applications (TPMS), smart phones, tablets and
wearable technology. Miniaturized fully integrated pressure sensors enable new applications
in healthcare, indoor navigation etc and helps to reduce cost in established application
scenarios. In this chapter, we explore the feasibility of fully integrated FBAR-based pres-
sure sensor. FBAR-based sensors provide the following advantages compared to traditional

voltage-output sensors as listed below:

e The output variable from an FBAR-based sensor is in the form of a frequency value
providing a digital ready value without the need for an explicit analog-to-digital con-

verter (ADC).

e The frequency output from an FBAR-based sensor is amenable for wireless trans-
mission, providing a very mobile and convenient sensor. It also offers deployment in

tough-to-reach environment.

e The interface circuitry could be designed in modern CMOS technologies and thereby

provide a low-cost solution.

In this work, we target a pressure sensor suitable for tire pressure monitoring in auto-
mobiles. Tire Pressure Monitoring Systems (TPMS) provide real-time monitoring of tire
pressure when the vehicle is in either in motion or stationary. The dynamic behavior and
safety of an automobile tire is closely dependent on its inflation pressure and the primary

benefits of maintaining the manufacturer-recommended pressure are as follows:
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e Safety: Under-inflated tires increases the peak stress leading to tread separation
and risk of catastrophic tire failure. It also reduces stability of the vehicle, reduces

handling and the the vehicle’s safe linear stopping distance [49].

e Fuel Savings: Under-inflated tires experience more friction and hence a reduction in
the fuel efficiency of the vehicle. Statistics indicate, for every 10% of under inflation,
the fuel economy of the vehicle reduces by 1%. The Department of Transportation
in the USA estimates that under-inflated tires waste 2 billion US gallons of fuel each

year.

e Extended Tire Life: NHTSA estimates maintaining proper tire pressure as specified
by the 25% compliance option required by the Tread-Act, average tread life of the tire

increases by 1150 miles [49].

e Greenhouse gas emission reductions: Maintaining manufacturer recommended

tire pressure helps reduce unnecessary CO2 emissions and decreases tire waste.

Thus, Tire-Pressure Monitoring Systems (TPMS) have become an essential component
in modern vehicles as stipulated by the National Highway Traffic Safety Administration
(NHTSA) in 2006 in the United States. The European Union made the adaption of TPMS
mandatory for new vehicles in November, 2012. This was followed by other countries like
South Korea, Russia, Indonesia, Phillipines, Israel, Malaysia and Turkey. Following the
legislation, the global demand for TPMS is expected to be 54.77 million sets in 2017 with
an average annual growth rate of 16.83%.

State-of-the-art TPMS systems currently require a pressure sensor, multiple ICs, sev-
eral external components, and a crystal on a PCB allowing wireless transmission of tire
pressure [7] [14]. In this work, we describe a sub-mm?® fully-integrated wireless pressure
sensor including a pressure transducer, interface circuitry, integrated timing reference, and

a wireless transmitter integrated into a single die.
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Figure 4.1: Cross-Section of an FBAR

4.1 Principle of FBAR Pressure Sensor

The structure of a FBAR is shown in the Figure 4.1. The piezoelectric thin film converts
electrical energy into acoustic energy and vice versa. A resonance condition occurs in the
FBAR when the thickness of the piezoelectric thin film (d) is equal to an integer multiple
of a half wavelength. The acoustic wave propogation is along the thickness of the film
(longitudinal). The fundamental frequency of the FBAR in this case is a function of the
phase velocity of the acoustic wave and the thickness of the piezoelectric film and is given

by

V.
fresonant = 272 (41)
The phase velocity of the acoustic wave propagating in the piezoelectric membrane is
related to the stiffness matrix, c.rs and the mass density p of the membrane as:

Ceff
Vo = 4.2
P (4.2)

According to Hooke’s law, the deformation/strain (S) of an elastic object/piezoelectric
membrane is proportional to the Stress (T) applied to it. Some of the strain also changes
the electric field (E) across the membrane. This behavior is summarized in the following
equation:

T=cFS—¢eE (4.3)

where 'c is the stiffness co-efficient matrix at constant electric field and "¢’ is the piezoelec-

tric stiffness. Equation 4.3 provides the first-order behavior of the FBAR. Recent studies
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Figure 4.2: Stress diagram of FBAR with pressure input

have proposed a non-linear model to model the second harmonic (H2) and intermodulation

distortion (IMD3) data simultaneously [45]

T=cPS—eE+AT (4.4)
52€SE2 + 530ES2

AT = *(51€SE + 5 7

(4.5)

By providing a sealed cavity on one side of an FBAR, application of pressure on the other
side introduces a bending stress on the membrane, as depicted in the figure 4.2. A tensile
and a compressive stress appear on either side of the neutral axis, along the z-direction. We

now proceed to analyze the effect of the bending stress on the FBAR membrane.

4.1.1 Effect of Stress on the stiffness coefficient, c

We first consider the effect of stress on the stiffness coefficient and confine the effects only
up to the 2" order in the equation defined in 4.5 and simplify equation 4.5 using stiffness
coefficient matrices ¢; and co for the first and the second order effects. The equation 4.4

could then be rewritten as below:

T =c¢18 — 252 (4.6)

The piezoelectric membrane has an initial stress, Spc, developed by the manufacturing

process. By providing a sealed cavity on one side of an FBAR, application of pressure on the
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other side introduces a bending stress on the membrane. We then consider this additional

stress, S4¢ and rewrite the equation 4.6 as
T = c¢1(Spc + Sac) — c2(Spe + Sac)? (4.7)

Spc could be thought of as an operating point and Sac as a small signal input on the

FBAR membrane. Expanding and rearranging equation 4.7, we get,
T = (c1 + 2¢254¢)Spe + 025%0 +c1Sa0 + 0251240 (4.8)

Considering the first part of the equation 4.8, we see that the effective stiffness matrix

is now
Ceff =C1+ 2¢0S5 A0 (4.9)

From 4.2, the phase velocity of the acoustic wave and hence the resonant frequency of
the FBAR is dependent on the effective stiffness coefficient. The effective stiffness coefficient
is dependent on the additional stress, Sac for a buckling piezoelectric membrane due to a

pressure input. This creates a pressure-to-frequency transducer.

4.1.2  Effect of Stress on the FElectric Field, E

A stress along the z-axis of the FBAR, results in a strain in the x and the y direction.

Writing the equation for the stress in the z-direction from equation 4.3, we have
T, = 3,5, + €3Sy — eE (4.10)

The pressure input on the FBAR, produces a buckling stress on the FBAR as illustrated
in the Figure 4.2. The piezoelectric material experiences a Tensile and a Compressive stress

above and below the neutral axis along the z-axis. Hence we can write,

ZTZ =0 (4.11)

The strain and the electric field are inter-related and we would need two more equations for
solving the 3 variables. Instead, we simulate the effect of the pressure input in a computer-

aided simulation program (COMSOL) and figure out the strains, S, and S,. We assume a
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Figure 4.3: COMSOL Simulation of FBAR Pressure Sensor

Aluminium Nitride (AIN) piezoelectric membrane, with a thickness of 1.35um. Appropriate
thickness for the top and the bottom electrodes and the passivation were assumed. Figure 4.3
shows the 3D model of the FBAR with a pressure input of 30psi. A strain in the x-direction,
S, = 36.4um/,, and in the z-direction, S, = 31.4um/,, was measured with simulation.
Knowing the constant c,, and c¢,, for AIN, we calculate the electric field generated due to
the applied pressure is 1.02V/um. Typical measurements have indicated a frequency shift

of close to 26ppm with an electric field of 1V/um across the AIN FBAR.

4.2 FBAR Pressure Sensor Design

Figure 4.4 describes the process flow for fabricating an FBAR-pressure sensor. A common
scheme for fabricating FBAR filter membranes is to deposit a sacrificial oxide under an
active FBAR membrane that is later removed using wet chemical etching through small
release holes [46]. However, this process cannot be used to create a sealed cavity because

the release holes directly connect two sides of the membrane making the differential pressure
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zero. Instead, we create a true sealed cavity by forming a hole using an anisotropic silicon
etch and then removing the sacrificial oxide via a second wet etch. The closed cavity
for pressure sensing is inherently provided by the hermetically-sealed lid which, in our case,
houses the active interface circuitry. The FBAR wafer is fabricated with and without release
holes for the reference resonator (left FBAR) and the sensor resonator (right FBAR). The
FBAR wafer is then bonded to a Si micro-cap lid wafer that consists of the CMOS circuitry
to obtain a hermetically-sealed FBAR-CMOS die. Deep-Reactive-lon-Etching (DRIE) is
used to release the right FBAR membrane and provide a channel for the pressure to access
the membrane. The channel diameter is 80um. After DRIE, the entire wafer is placed
in 10 : 1 deionized water to 49% hydrofluoric acid to remove the sacrificial oxide and
release the sensor FBAR (2"¢ etch). The process flow uses standard micromachining process
throughout, making it commercially viable in mass production.

Both FBAR resonator frequencies are also sensitive to temperature, board/package
stress, aging etc. To cancel these effects to first order, we use two FBARs (reference and
sensor FBAR) in the same die. They are in close proximity (10s of microns), allowing pre-
cise matching of frequency drift. The reference FBAR also provides a frequency reference

for wireless communication.
4.3 Sensor Interface Circuitry Design

The design goal of the interface circuitry is to monitor the resonant frequency of the FBAR
while also maintain a good accuracy in the presence of temperature drift and external stress
on the package. The output from the FBAR pressure sensor is an RF frequency which
can be transmitted wirelessly to an off-chip receiver. Hence, the raw frequency data is
transmitter to an off-chip receiver while doing as little processing as required in the sensor
chip to reduce power consumption. Figure 4.5 shows the architecture of the sensor interface.

An oscillator circuit monitors the resonant frequency of the FBAR. A matched FBAR
in close proximity acts as a reference to cancel out the frequency drift due to unwanted
variables. A differential measurement of the frequencies provides an output proportional
to the sensor variable (pressure). The output from the two oscillators are combined in

a multiplexer and transmitted wirelessly in a pseudo-FSK modulation scheme. 628 MHz
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Figure 4.4: Process flow for reference and pressure sensor FBAR and final cross section of
the FBAR/IC pressure sensor

FBAR’s were chosen to provide a frequency output compatible with the standard for short
range wireless links at 314MHz.

The symbol rate for the FSK transmission is a divided down version of the reference fre-
quency, while the frequency deviation provides a measure of the sensor frequency/pressure

input. The division ratio dictates the time over which the sensor frequency can be pro-
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cessed /integrated at the receiver. This integration time is fully programmable to trade
noise for power consumption (active duty cycle). Typically, integration time for minimum
Allan deviation is in the range of 10 — 100ms for FBAR oscillators. The start-up time of a
FBAR oscillator (< 10us) is negligible compared to the time required for minimum Allan

deviation.

An FSK receiver providing the value of frequency deviation could be used to estimate the
sensor variable (pressure). More information could be obtained from the received signal by

calculating the individual frequencies. The data rate of the transmission is a measure of the
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reference frequency and the frequency deviation value then provides the sensor frequency.

Design of the Sensor Interface Oscillator The oscillator interface with the FBAR, res-
onator directly impacts the resolution of the sensor. The FBAR resonant frequency was
monitored with a pierce oscillator structure. The design goal of the oscillator design is
to reduce the integrated jitter to improve the sensitivity of the sensor. Thermal noise is
typically not a concern in sensor systems since the frequency measurement is averaged over
a sampling time range of ms to s. The high-Q of the FBAR resonator further helps in the
reduction of the thermal/far-off noise. The thermal noise floor is limited by the on-chip
buffers following the oscillator. The sizing of the buffers was carefully chosen for minimum
integrated jitter.

Flicker/Close-in phase noise is more of a concern in FBAR-based sensor interface. The
flicker noise in high-Q oscillators is dominated by the amplitude modulation to phase noise
conversion as demonstrated in [44]. A compensation capacitor providing an inverse voltage
transfer function compared to the parasitic capacitance at the node was used. The mean
value of the compensation capacitor used is 100fF. Figure 4.6 shows the circuit diagram
of one pierce oscillator.

The interface circuitry was fabricated using the Avago 0.6um CMOS process. The IC
wafer was subsequently bonded with the FBAR wafer to obtain a fully integrated wireless
pressure sensor. Figure 4.7 shows the die photo of the FBAR die and the circuit die before
the wafer scale bonding process. The total size of the die, including the sensor, reference
FBAR and the interface circuitry, is (2.20.90.4) mm3. Figure 4.8 shows the SEM of the die
and the etch hole with the FBAR base die (wafer) and the circuit die (wafer) annotated.
The sensor FBAR was released (dissolution of the sacrificial oxide) through a wet etch by
dipping the entire wafer in HF after the DRIE process.

4.4 Experimental Results

The pressure sensor was soldered on a FR4 PCB measuring 1 * 2mm?. The sensor output
was monitored on a spectrum analyzer. A custom pressure chamber which could handle
pressures upto 300psi was designed to test the pressure sensor. The complete setup is shown

in Figure 4.9. The setup consists of a pressure regulator to control the pressure inside the
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Figure 4.6: Circuit diagram of the Oscillator for the sensor interface

chamber, and hermetically sealed connectors to provide the electrical feed-throughs and
maintain the pressure. A safety valve was included and the pressure sensor was mounted
inside the chamber. Figure 4.10 shows the output (with the max hold function) at a distance
of 2m. The pressure sensor performance was characterized for typical sensor metrics.

Figure 4.11 shows the response of the sensor to a pressure input. The sensor FBAR
frequency reduces with increased pressure with a sensitivity of 2.2ppm/psi. The reference
FBAR frequency stays constant due to the hermetic seal. The dynamic range of the sensor
is 20 — 70psi. The FBAR sensor can buckle in both directions. Hence there is a crossover
point at Opsi for the frequency shift over pressure. The relative frequency shift was mapped
to pressure changes using a linear fit. Figure 4.12 shows the final pressure readings from
the sensor and the actual pressure values. The performance of the oscillator was observed
at different pressure conditions and the noise performance did not show any observable
degradation in the phase noise.

The pressure resolution is primarily limited by the minimum detectable frequency shift in

the oscillator. The minimum detectable frequency shift is determined by the Allan deviation
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Figure 4.7: Die photo of the IC and FBAR wafers before hermetic bonding and etching

measurement for an oscillator, which characterizes the stability in frequency references.
Averaging of the frequency measurements improves the minimum detectable frequency shift.
However, at higher sampling intervals, the measurement is limited by the flicker noise of the
oscillator. Figure 4.13 shows the Allan deviation measurement of the sensor. The minimum
Allan deviation was measured as 1.6 ppb at an integration time of 12 ms. This is equivalent
to a pressure resolution of 0.72 mpsi

The sensor system consumes 4.7 mA from a 2.7 V supply. The sensor could be operated

either in a duty-cycled mode where the system transmits the pressure (frequency) infor-
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mation of the sensor FBAR and the frequency FBAR once in every refresh cycle or in a
continuous mode. The duty cycle could be adjusted to get the best resolution for which
each of the sensor and the reference frequency should be transmitted for a duration equal
to the minimum Allan deviation integration time (12 ms) as illustrated in Figure 4.13. For
a refresh rate of transmitting the pressure information every 10 s, the average power con-
sumption is around 30uW. With a battery capacity of 500mAh available from most-common
TPMS batteries, this translates to a lifetime of > 5.5 years. Continuous reporting of tire
pressure requires instantaneous tracking of the frequency shift of the sensor. A measure-
ment to characterize the time domain response was carried out. The wide bandwidth of
the sensor enables tracking of a sudden drop in pressure of 30 psi in the pressure chamber,

simulating a tire blowout condition, as illustrated in the Figure 4.14

FBAR base
wafer

Lid with WD ‘ det | HV ’ mag | it
circuit wafer 16.9 mm|ETD |10.00 kV|100 x| 15 ° COEMT362

Sacrificial oxide
release through HF dip

Figure 4.8: SEM image of the Pressure Sensor die showing the channel for pressure input
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Figure 4.9: Test setup for the pressure sensor characterization

The accuracy of the pressure sensor was characterized over a temperature range of —20
to 70°C. Figure 4.15 shows the effectiveness of the differential frequency measurement tech-

nique. The reference and the sensor FBAR frequency track each other and a differential
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Figure 4.10: Pressure sensor output monitored on Spectrum Analyzer
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Figure 4.12: FBAR Pressure Sensor characterization

measurement results in a maximum error of 3.1 ppm. This translates to a maximum error
over temperature of +0.7 psi in the sensor output over the total 90 °C range. The effective-
ness of the temperature drift cancellation was measured across multiple dies and a worst
case cancellation of 5.5 ppm or a pressure uncertainty of +1.3 psi. Table 4.1 summarizes
the performance summary of the pressure sensor

The sensor performance was characterized over multiple dies. The sensitivity of the



Table 4.1: Performance Summary of the FBAR Pressure Sensor

Performance metric

Value

Process Technology

FBAR-CMOS 0.6pm

Processing Comments

Integrates sensor, processing IC, tim-
ing reference and transmitter in a sin-
gle hermetic die using a batch fabrica-

tion process

Sensitivity (ppm/psi)

2.2

Resolution (mpsi)

0.72

Temperature stability

+0.7psi (—20 to 70°C),
£0.59psi (70 to 125°C)

Dynamic Range (psi) 20-70
Instantaneous power consumption | 12.69
(mW)

Duty-cycled power consumption (best | 30uW

resolution at a 10s refresh rate)

N
[$)]
T

(3]
T

@~ 12ms

Minimum Detectable
frequency shift (ppb)

A.fmin = 1~6ppb

-3 2

107 . 10
Integration time (sec)

? 10°

Figure 4.13: Allan Deviation Measurement of the Pressure Sensor
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Figure 4.14: Time domain response of sensor simulating a tire blowout (pressure drop of 30
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Figure 4.15: Accuracy measurement over temperature variation of 90°C for the pressure
sensor

sensor varied between 2 to 2.2ppm/psi. The common mode frequency drift cancellation
depends on the perfect matching of the two FBAR’s. Figure 4.16 shows the difference

frequency measurement over 4 dies.
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Figure 4.16: Accuracy measurement over multiple dies

4.5 Conclusion

We have demonstrated a fully integrated acoustic wave pressure sensor using FBAR as the
sensing element. The sensing information is encoded in a frequency (time) domain and
hence is not limited in resolution as compared to voltage output sensors. The resolution
of the sensor could be further improved by increasing the native resonant frequency of the
FBAR. We also propose and demonstrate a sub-mm?® fully integrated solution with the
sensor, processing IC, a frequency reference and the transmitter in a single hermetically
sealed die. Table 4.2 compares the state-of-the-art pressure sensors published and available
on the market. Compared to existing solutions, we demonstrate a fully integrated wireless
miniaturized pressure sensor chip (for TPMS). The manufacturing process for the sensor
is compatible with modern manufacturing fabs. The resolution of the sensor is 10x better
compared to voltage output sensors. The system uses a 0.6um CMOS process, but the
process remains the same for any commercial CMOS process. The power consumption of

the sensor could be further reduced in an advanced node.



Table 4.2: Comparison of Pressure Sensors (TPMS)
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This work [7] Infineon SP37]1] [51]
Size (mm?) 0.8 998 257 1.92
Integration Com- | Integrates sensor, | Sensor, processing | Sensor, IC , | Piezoresistive
ments processing IC, | IC , transceiver | transceiver & res- | pressure  sensor
timing reference | & BAW resonator | onator integrated | with no interface
and transmitter in | are integrated | with flip-chip & | circuitry
a single hermetic | through a combi- | wire-bonding
die nation of flip-chip
& wire-bonding
Power Consump- | 30uW ouw N/A Passive
tion (10s refresh
rate)
Resolution (mpsi) | 0.72 No Sensor Mea- | 9 20
surement Re-
ported
Error/Accuracy +0.7 (—-20 to +1.01 (0 to 50°C) | N/A
(psi) 70°C)
Range (psi) 20— 170 14.5 — 65.26 0—108
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Chapter 5
LOW POWER DIGITAL INTERFACE IC FOR FBAR SENSORS

5.1 Introduction

We have demonstrated fully-integrated FBAR-based mass and pressure sensors in the pre-
vious chapters. The idea of wafer scale integration of the sensor and interface circuitry was
proposed. The sensor information was transmitted wirelessly with minimal on-chip pro-
cessing to reduce the power consumption of the system. However, the instantaneous power
consumption of the interface circuitry, 12.69 mW, is still prohibitively high to be used with
standard coin-cell batteries or to operate entirely off harvested energy. The circuit process
node used (0.6pm) limited the further reduction of the power consumption and any ad-
ditional signal processing in the sensor system. Further, the architecture proposed in the
previous chapter does not provide a true differential measurement of the frequencies

In this work, we demonstrate a low power digital interface IC for a FBAR based sensor
system. The sensor signal is processed on-chip and a digital number representing the sensor
information is transmitted out. A digital interface also benefits from scaling to advanced

nodes and is easily reconfigurable.
5.2 Architecture of the FBAR Sensor Interface

The following are the design goals for the FBAR Sensor Interface I1C

1. Differential Measurement: As illustrated in the earlier chapters, the FBAR reso-
nant frequency is sensitive to temperature and package level stress which corrupts the
frequency shift due to the sensing variable (mass and pressure). Two FBAR’s in close
proximity experience similar environmental conditions and a differential frequency

measurement cancels the unwanted frequency drift to first order.

2. Low Power Consumption: A low power processing interface is desired while ex-



67

VBATTERY

A 4

Regulator

Programmable
frequency divider
(27(12-26))

*Counter Clk
I (Test point)
|

=

Clk

26-bit Freq * | 4| Parallelto —ﬂ;SR_DATA
Counter g 7q Serial [ ISR _CLK

Sensor Oscillator
(~628MHz) Controller

Figure 5.1: Digital Sensor Interface Architecture for FBAR Sensors

tracting the useful information from the sensor.

3. Communication Interface: A simple 2-wire communication interface is demon-

strated to extract the useful information.

Figure 5.1 shows the architecture of the FBAR sensor interface. At the core of this
architecture is the presence of a reference and a sensor FBAR to perform a differential
frequency measurement and cancel out any measurement inaccuracies due to temperature,
package stress etc. The two FBAR’s are chosen to be 628 MHz FBAR’s.

The oscillator interface with the FBAR resonator directly impacts the resolution of the
sensor. The FBAR resonant frequency is monitored with a pierce oscillator structure as
shown in the Figure 4.6. The design goal of the oscillator is to reduce the integrated jitter
to improve the sensitivity of the sensor. The far-off phase noise in an FBAR-based sensor

is not a concern due to the high-Q of the resonator and the relatively long sampling time
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in a sensor measurement of the order of ms. However, close-in phase noise performance
dominates the total integrated noise in the system and sets the resolution of the sensor.
AM-PM (amplitude modulation to phase modulation) conversion arising from non-linear
device parasitic dominates the close-in phase noise generation in an FBAR oscillator. A

non-linear compensation capacitor was added to reduce the close-in phase noise [44].

Frequency Estimation: The sensor oscillator frequency is estimated using counter
based logic. The number of edges in the sensor oscillator is counted for a fixed duration.
This duration is defined by counting a set number of edges from the reference oscillator. Any
common mode change results in a drift of both the sensor and the reference oscillator. The
output of the counter thus remains constant. However, a differential input resulting from a
sensor variable (mass or pressure) change affects only the sensor oscillator and changes the
counter output. Thus a change in the output of the counter directly provides the sensor

response.

The measurement window for the counting operation is fully programmable through a
serial interface. The integration time trades power consumption (active duty cycle) for the
minimum noise (hence resolution) in the measurement of the sensor. Typically, integration
time for minimum Allan deviation is in the range of 10 — 100 ms for FBAR oscillators.
The start-up time of a FBAR oscillator (10us) is negligible compared to the time required
for minimum Allan deviation. The counting operation is run for 1/2 cycle of the counter
(reference) clock and the counter output is transmitted serially for the other 1/2 cycle of
the reference clock. A sync-code (EB90) is used at the beginning of the serial transmission

for synchronization at the receiver.

Counting operation: The differential frequency measurement translates to a multiple
clock domain operation. A signal crossing a clock domain, appears to the circuitry in
the new clock domain as an asynchronous signal. This results in a metastable state in
the first storage element (flip-flop) in the new clock domain. Systems with multiple clock
domains handle this with specialized synchronization circuits that greatly increases the
power consumption of the system [2]. In the proposed sensor system, the total duty-cycled

power consumption is of the order of a few puW.
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Figure 5.2: Operation of the Digital Counting Scheme

An asynchronous counting scheme is employed to save power without synchronizing the
two clocks. The sensor oscillator is followed by a chain of dividers (divide by 2) and the
output of the dividers is latched as a count value at the positive and negative edge of the
divided reference clock. The difference between the latched counts provides an estimate
of the number of edges in the given time period from which the sensor frequency could
be estimated. Figure 5.2 shows the block diagram of the counting operation. The design
of the first divider is critical since the input frequency is high (628MHz). A True Single
Phase Clock (TSPC) flip flop based divider which incorporates high speed and low power
consumption is used for the first divider. The power consumption of the subsequent dividers
is negligible and standard static CMOS based circuits are used.

Quantization Error: A digital counting scheme inherently results in a quantization
error in the frequency measurement. The division ratio or the counting period dictates
the quantization error. The minimum quantization error with a modulo-N programmable
frequency divider in the current architecture is given by equation 5.1. For a 628MHz FBAR,
a divide ratio of 226 translates to a resolution of 0.05ppm with a 53ms interval between
successive measurements. The resolution is limited by the divide ratio rather than by the

minimum noise (Allan deviation based noise) from the oscillator in the proposed system

Qe — fsensm‘ (51)

2]\[—1
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Figure 5.3: Illustration of the quantization error

5.3 Experimental Results

The proposed sensor interface architecture was fabricated in a IBM 130nm CMOS process.
A dual FBAR pressure sensor was fabricated and wire bonded to the interface IC. The
pressure sensor was processed as outlined in chapter 4 without the lid circuitry. Figure 5.4
shows the CMOS chip wire bonded to the FBAR sensor resonator.

Figure 5.5 shows the serial output from the sensor interface IC. The serial output data
consists of a 16-bit frame sync code £ B90 after which a 29-bit digital value representation
of the sensor frequency is transmitted. The clock for the serial transmission is set to 50
times that of the counting clock. The serial data was then processed on a FPGA to extract
the digital output code from the sensor. The sensor interface IC consumes 530pA from a
0.75V supply with the digital processing consuming 120pA. For one cycle of measurement
and transmission (100ms), with a duty cycle ratio of 1%, the average power consumption
of the IC is 4uW.

Pressure sensor response: The response of the pressure sensor was characterized by
mounting the chip on a measurement PCB. The PCB was placed in a pressure chamber
controlled by a pressure regulator. Figure 5.6 shows the digital output code as the pressure
inside was increased. The programmable divider was programmed for a counting clock
frequency of close to 10Hz.

The digital output code was then mapped to pressure values using the slope of the
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Figure 5.4: Die photo of the digital sensor interface

transfer function. Figure 5.7 shows the measured pressure as a function of the pressure

input. The maximum error in the pressure measurement is 1.06 psi.

Resolution: The resolution of a FBAR sensor is determined by the minimum detectable
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Figure 5.6: Transfer function (digital code vs pressure input) for the sensor interface IC

frequency shift, which is specified by an Allan deviation measurement. Figure 5.8 shows
the Allan deviation measurement. The minimum detectable frequency shift is 3.9ppb at
an integration time of 100ms. However, the quantization error also limits the resolution in
the proposed digital sensor interface. With a maximum divide ratio of 226 and a 628MHz
FBAR, the minimum achievable resolution is 60ppb. This translates to a resolution of

0.037psi and sets the minimum resolution in the sensor system.
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Figure 5.8: Allan Deviation measurement from the 130nm FBAR Sensor interface

Accuracy: The accuracy of the pressure sensor interface IC was characterized over a
temperature range of —20 to 80 °C. Figure 5.9 shows the digital output code as a function of
temperature. The reference and the sensor FBAR track each other and hence the resulting
change in the output code is a maximum of 160. This translates to a frequency measure-

ment error of 6.5ppm or an accuracy of £2.08psi for the pressure measurement. Table 5.1
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Table 5.1: Performance Summary of the Digital Sensor Interface for a pressure sensor

Performance metric Value

Process Technology FBAR-CMOS 130nm

Processing Comments FBAR wire bonded to a CMOS die
Supply Voltage 0.75V

Power Consumption 400uW

Power Consumption (best resolution | 4uW

at a 10s refresh rate)

Sensitivity (ppm/psi) 1.6

Resolution (psi) 0.037

Temperature stability +2.08psi (—20 to 80°C)
Dynamic Range (psi) 15-85

summarizes the performance summary of the sensor.
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5.4 Conclusion

This chapter demonstrated a low power digital interface circuit for operation with FBAR-
based sensors. The instantaneous current consumption of the interface circuit is 530uA
and operates off a 0.75V supply. The low supply voltage and the low instantaneous power
consumption makes it feasible to operate the system with standard coin-cell batteries. The
architecture is scalable to advanced process nodes and will benefit from process scaling. The

digital output from the sensor interface IC is compatible for further digital signal processing.
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Chapter 6

A 3.75% TUNING RANGE WIDEBAND FBAR OSCILLATOR

FBAR-based oscillators have drawn significant attention since their first demonstration
in [32]. They offer a high quality factor in a small form factor providing new applications in
wireless sensor nodes [30][7] and offer a compelling alternative to replace quartz as the fre-
quency reference. FBAR-based VCO’s have also been attempted to demonstrate low-power
and low noise RF frequency synthesizers[18] useful for applications in high performance
ADC’s, high speed serial data links, and low power radios. Direct-modulation transmitters
using FBAR’s provide a very attractive solution for low-power, small form factor transmitter
in a wireless sensor [6]. However, FBAR oscillators have a notoriously poor tuning range,
typically less than 0.7% [17] limiting their use as VCO in wireless and spread spectrum
applications.

In contrast, LC oscillators can be tuned over a frequency range in excess of 20%. Hence,
LC oscillators are commonly used in commercial applications to cover the entire tuning
range of common wireless standards. However, due to the low-Q of L.C oscillators, the phase
noise is worse compared to FBAR oscillators. Typically, the tuning range required for many
government mandated frequency bands is between 3—3.5%, necessitating a tradeoff between
FBAR and LC oscillators. In this chapter, we propose a wide-tuning range FBAR-based

oscillator suitable for VCO applications.

6.1 Understanding tuning range of FBAR

The resonance condition in the FBAR is based on exchange of acoustic and electrical energy.
The voltage across the FBAR induces acoustic waves in the bulk of the resonator, which
in turn induces an electric field, creating a resonant condition at one frequency. This
behavior can be modeled by the Modified Butterworth-Van Dyke (mBVD) model, which is
useful in circuit design. Figure 6.1 shows the mBVD model of an FBAR. C),, L, and R,
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Figure 6.1: mBVD model for the FBAR resonator

represent the motional impedances, C), represents the parallel plate capacitance between
the two electrodes, and R, represents the serial resistance of the electrodes. The resonant
frequency is tuned by a shunt capacitor, Cyyne across the FBAR. Cp,, represents the parasitic
capacitance across the FBAR arising from the interconnect and the oscillator circuit.

The tuning range of an FBAR is limited by the piezoelectric couping coefficient, K? of
the piezoelectric material which defines the frequency separation between the series (fs) and
the parallel (f,) resonant frequency of the FBAR. The frequency tuning sensitivity of an
FBAR is given by equation 6.1, indicating it falls quadratically with Cyyne. The frequency
tuning sensitivity of an FBAR is over 100 less sensitive to capacitive tuning compared to an
LC tank. Careful design to minimize the initial capacitive loading maximizes the available
tuning range and a 0.7% tuning range has been demonstrated for a FBAR oscillator [17].

Most government mandated frequency bands require a tuning range in excess of 3.5%

Ofy _ fs  Cm
6Ctune 2 Cp + Ctune2

(6.1)

Reducing the C), by the addition of a negative capacitance [50] or indirect phase tuning
by adding a series resistance [28], increases the tuning range. However, this degrades the

’Q’ of the FBAR, which increases the phase noise and also results in a frequency dependent
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phase noise performance. In this work, we propose to increase the tuning range of FBAR

oscillators without significantly reducing the ’Q’ of the resonator.

6.2 Coupled FBAR Resonator

Magnetically coupling multiple LC tanks offers large improvements in the tuning range of
LC oscillators [43]. In this work, we extend this technique to acoustically couple FBAR
resonators to enhance tuning range. Figure 6.2 shows the cross-section of a Coupled FBAR
Filter (CRF). The CRF comprises of two stacked FBAR resonators, separated by a low
impedance, quarter wave acoustic de-coupling medium. A single layer of the dielectric
material, SIOCH, is tailored to exhibit the low acoustic impedance needed. The coupled
FBAR filter exhibits a low-loss wide frequency region, enabling the design of a wide tuning
range oscillator.

The CRF is suspended above an air cavity etched into the Si substrate, similar to an
FBAR. In Figure 6.2, the bottom resonator consists of Electrode 1, the first Aluminum
Nitride (AIN) piezoelectric layer, and Electrode 2. The top resonator is nearly identical
to the bottom, and is composed of Electrode 3, a second AIN layer, and Electrode 4.
Molybdenum (Mo) electrodes are employed throughout. The de-coupling layer is situated

directly between Electrodes 2 and 3 and provides the impedance discontinuity needed to
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tune the coupling between the top and bottom resonators.

The CRF stack used in this work provides a 2dB bandwidth of 3.5%. The 2dB loss
in the resonator is compensated by adding a gain element from the circuit. The tuning
bandwidth is determined by the separation between the even and odd modes of the CRF.
This bandwidth can be increased by changing the strength of the coupling, i.e increasing
the impedance of the de-coupling layer. However, this would increase the insertion loss in
the center of the pass band. The topology shown represents a single-ended to single-ended
two port filter. After hermetically sealing the filter within a wafer level chipscale package,

the die has an area of 0.54 * 0.5mm? and a height of 0.2mm.

6.3 mBVD model of Coupled FBAR Resonator

To facilitate the co-design of the CRF and RFICs, we introduce an electrical equivalent
model of the CRF shown in Figure 6.3. Each subsection of the model represents the Modified
Butterworth-Van Dyke (MBVD) model of an FBAR proposed in [1]. Additionally, this
model utilizes inductive coupling that accurately captures the acoustic coupling of the two
FBAR devices. Measured S-parameters from the CRF (Figure 6.3) filter were fit to the
model, providing less than 0.4 dB error in |S21| compared to the measured results. The

model is highly useful for the design and simulation of CRF-based RFICs.
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6.4 Coupled-FBAR Oscillator Design

LC oscillators use the high impedance of a tank circuit as the load for the active element to
achieve a greater than unity gain. Hence a parallel oscillator structure is a natural choice
for an on-chip LC resonant tank. However, a CRF has a wide bandwidth low-loss |521]
characteristic. This necessitates a series oscillator topology where the resonator is driven
with a voltage and a current is sensed. The conceptual block diagram of the proposed series
oscillator is shown in Figure 6.4. The coupled FBAR filter (CRF) is matched to a common
gate amplifier, which injects RF current from the filter into a high impedance on-chip LC
tank (phase shifter). The resulting phase-shifted signal is applied to a source follower driver
amplifier (also matched to the filter) thus completing the positive feedback loop. The total

gain around the loop is given by:

(gml * Zl) * 521
2

G(s) = (6.2)

The wideband characteristic of the CRF device is maintained if it is terminated with
the characteristic impedance of the device, in this case 50€). A common-gate amplifier is
used to match to the 50€) impedance of the coupled FBAR filter. The input impedance of
the common-gate amplifier is given by:

1 Zr,

Zin = +
Gm1 + gmvt  (Gm1 + gmb1) * (Gm2 + Gmp2) * Tds2Tds2

(6.3)

The bias current determines the g,, and hence the input impedance of the common
gate amplifier. A cascode structure provides isolation from load and maintains the input
impedance at 50€2. Figure 6.5 shows the schematic of the oscillator.

Tuning of the oscillator is accomplished by changing the phase of the signal around
the loop. The CRF provides a 0° phase shift at the center frequency and a finite phase
shift at delta values around this frequency (Figure 6.6). A phase shifter which cancels
this phase shift enables to satisfy the oscillation condition at the delta frequencies, thus
allowing tuning of the oscillation frequency across the passband of the filter. A external
phase shifting circuit would result in attenuation of the signal in the loop [3]. However, in

the proposed oscillator topology, the on-chip resonant load of the common-gate acts as a
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Figure 6.4: Conceptual block diagram of the Series Oscillator.

wide-tuning, fully integrated L.C phase shifter and thus eliminates the need for a separate
phase shifting circuit. The LC phase shifter allows a +45° phase shift. By tuning the

LC tank, the oscillator is tuned to different frequencies, resulting in simple control of the

oscillation frequency. The total phase change (%) around the loop is now given by

d¢ d¢crf d¢circuit
o 4
dw dw * dw (6:4)
W, do
Q= 5 |70 (6.5)

The dﬁ%f term dominates in equation 6.4 and determines the Q of the oscillator resulting

in a good phase noise performance. A source follower is essential to prevent loading of the
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Figure 6.5: Circuit Diagram of the CRF based Oscillator.

tank by the 502 input impedance of the CRF.

6.5 Measured Results

The series oscillator circuit was fabricated in a 0.13pum CMOS process. The coupled FBAR
filter was wirebonded to the chip (Figure 6.7). As a control experiment, the same circuit
was assembled with a DC blocking capacitor in place of the coupled filter, creating an LC
oscillator. Both oscillators consume 9.75mA from a 1.1V supply.

Fig. 6.8 shows the output spectrum of the coupled FBAR oscillator overlaid on the
spectrum of the LC oscillator, showing a significantly cleaner spectrum. A tuning range of

43.3MHz (1.569 GHz to 1.613 GHz) was achieved in the analog varactor tuned version of
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Figure 6.6: Phase characteristics of the CRF.

the oscillator. The digital varactor based version demonstrated a tuning range of 56MHz
(1.527 GHz to 1.583 GHz) or 3.75% as illustrated in Figure 6.9.

A best-case phase noise of —144.35dBc/Hz at an offset of 1 MHz is measured as il-
lustrated in Figure 6.10. In comparison, the LC oscillator achieved a phase noise of
—110.7dBc/Hz @Q1MHz offset with the same power consumption. This clearly shows the
dominating characteristics of the high Q coupled FBAR in the oscillator loop response. The
VCO provides a phase noise between —144.35dBc/Hz and —135.7dBc/Hz across the entire
tuning range (at an offset of 1MHz) as illustrated in the phase noise vs frequency curve in
Figure 6.11.

In order to compare VCOs, the Figure of Merit (FOM) below is used [37]. Here L(Af)
is the phase noise, f, is the operating frequency, Af is the offset frequency, and P, is the

power dissipation.

fo Pdc
Af) + 10 * log(lmW) (6.6)

The oscillator achieves an FOM of —197.5dB with a tuning range of 37,500 ppm. A
comparison with recently-published FBAR and LC VCOs [28][50][55][24][13] is given in

FOM = L(Af) —20 xlog(

Table. 6.1. The proposed oscillator achieves the best phase noise over the entire tuning

range compared to previously published ’de-Q’ed FBAR VCOs [28][50] and superior tuning
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Figure 6.7: Chip micrograph of the coupled FBAR oscillator.

range compared to high performance FBAR VCOs [37][17][55].

6.6 Conclusion

This work presents the first IC oscillator using coupled FBARs. The measured tuning
range of 3.75% is sufficient for ISM band applications. The phase noise performance is
superior to on-chip LC oscillators and presents a compelling alternative in the design of

high-performance VCO'’s.
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Table 6.1: Performance summary and comparison of Wideband Oscillators
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Center Tech. Node Power| Tuning | Best  case | Phase = Noise | FOM
freq. (mW)| Range | Phase Noise | (1IMHz offset) | (dB)
(GHz) (ppm) | (IMHz across the
offset) tuning  range
(-dBc/Hz) (-dBc/Hz)
[37] | 2.1 0.13um  CMOS | 0.6 715 -143.5 constant -212.1
BAW 1/Q VCO
[28] | 2.2 0.25pum BiCMOS | 58.32 | 18000 | -144 -122 to -144 -192.7
BAW VCO
[50] | 2.1 0.13pm  CMOS | 6 100,000| -135.7 Not reported -194.7
BAW VCO
[55] | 1.7 Bipolar BAW | 4.95 | <1000 | -149.9 constant -207
VCO
[17] | 1.5 0.18um  CMOS | 4 7000 -142 constant -199.5
BAW VCO
[24] | 5 0.13pm  CMOS | 1.4 172,000| -130 @ | Not reported -192
LC VCO 3MHz
[13] | 1.86 0.18um  CMOS | 1.6 81000 | -128 Not reported -191.3
LC VCO
This | 1.55 0.13ym CMOS, | 7.9 28,000 | -140.5 -133.64 to - | -
work Coupled 140.5 195.56
FBAR, ana-
log varactor
This | 1.55 0.13pm CMOS, | 11.3 | 37,500 | -144.35 -135.7 to - |-
work Coupled 144.35 197.5
FBAR, digi-

tal cap bank
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Chapter 7
CONCLUSION

Sensors have greatly revolutionized human life and are becoming ubiquitous in our every-
day life. Miniaturization and cost reduction of sensor systems is an active area of research
to enable new applications. This thesis illustrated the integration of the sensing element,
processing circuitry, a frequency reference for communication and the communication in-
terface in a single hermetically sealed die. This was enabled by the use of Thin Film Bulk
Acoustic Wave Resonators (FBAR) as the sensing element and the frequency reference.
Further, fully integrated sub-mm?® FBAR based wireless mass and pressure sensors were
demonstrated. The sensor systems have a 100x smaller form factor compared to existing
state-of-the-art solutions.

The manufacturing process involved standard wafer scale fabrication IC process that
greatly reduces the manufacturing cost of these sensors. Low-power circuit architectures for
extracting the sensing information from a resonant frequency sensor were demonstrated.

The last part of this thesis demonstrated a wide-band FBAR-based oscillator with a
tuning range of 3.75%. The phase noise performance was superior to an LC oscillator. A
high Q, wide tuning voltage controlled oscillator enables design of high performance, low
power transceivers.

In summary, the main contributions of this work are listed below:

1. The idea of fully integrated sub-mm?

is highlighted.

sensors using wafer-scale integration techniques

2. A fully integrated 0.34mm? fully integrated mass sensor suitable for a wide variety of

chemical and biological applications was demonstrated.

3. An FBAR based pressure sensor was proposed and a 0.8mm? fully integrated wireless

pressure sensor was demonstrated
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4. A low power digital architecture suitable for resonant frequency based sensors was

implemented and its usefulness in a FBAR based pressure sensor was illustrated

5. A low-noise 1.5GHz VCO with a 3.75% tuning range using Coupled FBAR filters was
illustrated.

Miniaturized low-cost sensors have far reaching implications in solving global issues like
reduction of global warming, development of clean water, reduced medical care cost to
name a few [48]. Hence there needs to be a concerted effort to meet the growing demand for
sensors which is expected to reach trillions in the next decade. Such high demand requires

low-cost, mass producible sensing technologies as illustrated in this thesis.
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