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SUMMARY

The objective of this work is to enhance and advance sensing technologies with
the design and development of novel radio frequéRé&y) sensors based on faeld and
nearfield principles of he electromagneti¢€EM) resonancesln the first part of this
thesis, original design and development of a passive RF temperature sensor, a passive RF
strain sensor, and a passive RF pressure sensor are presented. The RF temperature sensor
is presented irChapter 3. It is based on split ring resonators loaded titnorph
cantilevers. Its operating principles and equivalent circuits are discussed in Chapter 4,
where the design concept is illustrated to be robust and highly adaptable to different
sensing rages, environments, and applicabte other type of sensingeyond
temperature The passive RF strain sensor, based on a patch antenna loaded with a
cantileverintegated open loop, is presented in Chapter 5, where it is demonstrated to
have the highestrain sensitivity inthe same remote and passive class of seriadise
stateof-the-art Chapter 6 describes the passive RF pressure sensor, which is based on a
duatband stackeghatch antennahat allows both identification and sensing to be
embedded in its unique dual resonant responses.

In the second part of this thesis, an original and-fifsts-kind RF transducer is
presented thaénablesnontouch sensing of human fingers withithcm of proximity
(based on one unitessor cell). The RF transducer is based on a slotted microstrip patch
coupled to a haltvavelength paralletoupled microstrip filter operating in thieequency
range of 61 8 GHz. The sensing mechanism is basedhen EM nearfield coupling

between the sonator and the human finger. Fundamentally different from the electric
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field capacitive sensing, this new method of sensing, the first of its kind, based on near
field interference that produces a myriad of nonlinearities in the sensing response, can
introduce new capabilities for the interface of electronic disp(dnes detection is based
on pattern recognition)What set this sensor and its platform apart from previous
proximity sensors and microwave sensing platforms idaiveprofile planar structuref
the systemandits compatiliity with mobile applications.

The thesis provides both breadth and depth in the proposed dasdn

developmenand thus presenting a complete research in its contributions to RF sensing.
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Chapter 1.

| ntroducti on

1.1. Conceptof Radio Frequency Transduction

Sensingtechnologies are criticahcrossdifferent industries andeveryday life
aspects of consumerSensing devices are widely exploited in many domdnosn
micro-machined silicon devices to the wireless integrated nsersors such as wireless
capacitive devices hermetically sealed at wafer leVdley transform mechanical,
chemical or thermal events into electrical signals,. Sensing is partycunmportant to
robot control, machinéo-machine networkshumancomputerinterface forubigutous
computing, mobile devices, and medical systeif@day, substantial development of
microwave circuits allows the integration of sensot® ivireless devices thdtrther
advance sensing applications.

Radio frequency (RR)robing, or microwave remote sensing, has been around as
early as 100 years ago when radar was invented [1.2]. The development of radar in
the early days focused on detection and measurements of RF reflective objects (by means
of backscattered sigrglto extract information such as the presence of the objects, their
locations, their velocity, and their material properties including surface roughness.
Synthetic aperture radar (SAR), microwave scatterometers, and radar altimeters are
examples of classimicrowave remote sensors. Those applications use antennas whose
sources are in the far field, defined aaspatialregionthat is further tham distance of
2D% away from the radiating source where D is the aperture

freeespace wavelength [1.3]. Thus, sensing mechanism is based ofieldar
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characteristics of the electromagnetic (EM) radiation. Thoséeldr probing techniques
provide sensing signals with low spatial resolution and lack detail physical properties.
Later inthe 1970s, microwave sensing techniques based offiekehfthe region whose
radius smaller thareD¥ Yowere developed such as microwave radiometry [1.4], or
microwave imaging in the past two decades [156]. Microwave radiometry refers to
the detecbn of the emittedmicrowave radiation of the objects in proximity. The
detection is performed by means of the antennas based on thefielteaadiation
patterns according to the reciprocal principle [L.B.4, 1.7]. Microwave imaging relies
on the peniation of theelectromagnetic (EMWwaves in the objects (such as human
tissues in the case of breast cancer screening), and the imagesarstinected based on
the reflected and transmitted waves of the probing antennas (300 N&i£5Hz) [1.5].
Thesenearfield sensing platforms operate in short range (less than 10@ramhjequire
heavy signal processing. Theye large in physical size (usually consisting of large
arrays)applicable to clinical setting only (in the case of medical applications)nand
applicable to low cost or ubiquitous applications.

Due to the continuing advances in radar and RF communications, wireless data
capturing techniques such as RF identification (RFID) systems were developed also in
the 1970s mostly emerged from the cheé tracking and inventory of industries [1.8]. A
typical RFID platform consists of a reader (similar to a radar), and a transponder (in the
form of a tag with minimal electronics) that has the capacity to perform data transmission
with the reader througlthe wireless RF channel. Therefore, this platform can be
considered as a hybrid of thenventionakadar probing platform (a single transceiver on

one end of the data channel) and the telecommunication platform (two transceivers on



two ends of the datahannel). The advantages of RFID systems include mobile,
ubiquitous, and low cost tags that can be identified at a distance from the reader in non
line-of-sight operations.

In recent decades, demands for low cost and ubiquitous sensing platforms have
stimulated the transformation of the RFID tags into sensors that are automatically
inherent of the same advantages. In an RFID sensing platform, the tags have the capacity
to monitor certain physical parametsuch as temperature, pressure, or stress/strés o
surrounding environmenTheyencode the change ofetbephysical parametsiinto their
backscattered signals that are receivedtliny reader. At the center of the sensing
mechanism is the sensing element, i.e. the transducer, which transformgya chan
physical quantity into a change in the electric signal (such as a change in resistance,
capacitance, or induced voltage). In active RFID tags, a power sourb®doh battery
or scavenging electronics) is required to operate the transducersatsacthermistor),
and to enable the tags to transmit sensing data back to the reader. In passive RFID tags,
the RF transduction is performed with@dditional electronic medium.e. to transform
the physical quantity into the backscattered signal by mme&arEM principles without
active componentsSuch transducers are defined here as RF transducers. ThuRFsuch
transducerswhich are constructedased on th&M resonatorsdistinctively depart from
conventional transducerén general,passiveEM sensing devices or RF transducers,
convert the variation of a physical quantity (such as, e.g., pressure, temperature or gas
concentration) into a known/specific variation of a giVeM wave descriptorFor
example, an RF pressure transdumanverts the varteon of an applied pressure into a

variation ofthe resonant frequency of itssonatorUnlike surface acoustic wave (SAW)



sensors, RF transducersdo not require EM-to-acoustic wave conversion and
consequently avoid high lossdsie tothis conversionespecially in long rang remote
probingl n t his thesis, the term ORF sensingbd
RF transducerwithout active circuitelements I n t hi s thesis, the t

always refers to chiplesensorainless nted otherwise.

1.2. Background and Motivations

The innovation of RF transducers from tt@ventionalmicrowave sensors is the
integration of the sensing element together with the resonators (usually antennas) in the
form of mobile and ubiquitous tags/cells. At the same time, their operating prsciple
should be compatible with low cost and ubiquitousssenplatforms. Constructed based
on EM resonators, RF transducers can utilize botHidlt and neaffield resonant

behaviors to acquire unique sensing capabilities.

1.2.1.Far-Field based RF Sensing

In general, multhode wireless remote sensing in RFID matis can be
classified into active and passigategoriedased on the construction of the sensor tags.
Active sensors require@C power source and an integrated circuit (IC) on board. Active
sensors platforms, such as Berkeley Motes [1.9] or BTnode8][have been well
developed with features like time history of data,-teaé updates, and alarm triggering.
They are power intensive, require sophisticated electronics, have high cost and low
service life. Some other seractive sensing platformsuch g Intel WISP [1.11] allow
the RF signals to be harvestaad converted to DC power ftre orboard electronicto

operate thus they eliminaie the need for battery and increathe unit life time.



Meanwhile, passive sensamsquire no DC poweor IC and hey are operated entirely
based on the incident EM waves and EM backscattering. Recently, a large demand for
wireless and passive sensors has grown significantly due to their attractive capabilities.
Those capabilities include operations in harsh envirognsuch as in extremely high
temperature andigh radiation, havingow-cost fabrication and lonterm measurement
stability.

In long range remote sensing, there are two essential factors that are required for
any interrogation platform: a detectable sag signal, and an ID for each sensor node.
These factors are especially challenging in passive sensing, where both ID and sensing
signals must be encoded and decoded omdythe backscattered signals. The signal
interrogation of a passive sensing platfois illustrated inFigure 1.1. [1.12]. Existing
wireless passive sensors can be classified into two groups based on the resposse signal
receivedfrom the sensor: time domain signature, and frequency domain signature. Time
domain signature refers to sensors whose respamsdifferentiated from other signals
by a separation in timsuchas the signals are received at the reader such as the one in
Figure 1.1c. Frequency domain signature refers to sensors whose resparese
differentiated from other signals by their distinct frequency band such as the one in
Figure 1.1b, which can be identified after a Fourier transform performed at the reader.
Ead signature response then has three main modulation schemes that include amplitude,
frequency, and phase modulation. For example, SAW based RFID sensors operate with
time domain signature and have their ID encoded in the unique reflected pulse pattern
like a bar codeThen the sensing signal is encoded in either the chaihtges signal

levels of the different pulses (amplitude modulation), or in the relative position of the



pulses (phase modulation) (see Section 2.2 of Chapter 2). Another example of a
frequency domain signature passive sensor is an Hjegtted RFID tag for gas sensing
[1.13]. It is based on a bowtie antenna loaded withjetkprinted carbon nanotubes
(CNTs) | oaded at t he a rsttleengasa (asmortiag comdentratibns .
surroundng the CNTs changabenthe load impedance is modified, thus tieflected

power level is modulatedn this case, if the reader monitors the response signal of the
tag by its backscattered power in a narrow frequency band, then it is implementing
amplitutde modulation. If the readescansthe response signal of the tag in a wide
frequency band, then the notch frequency of the received power can be tracked, i.e.

frequency modulation for the sensing signal.

(a) RV
’/‘r‘\‘:‘T ,_,.' i (b)
k \.."'-.\ i w L
<<<( )>>>> .\..\.\

reader interrogation

(c)

Figure 1.1 Frequency and timdomain data enabing/transfer principle of
passive chipless wireless tags with a) System overview, b) example freglgmain

coding scheme, and c) example tid@main coding schemfl.12]



Among many advantages of remote passive sensing, one major advantage is the
promise of their implementation in harsh environments where-lohged feferring to
semiconductor elementsr wired sensors have failed. Recent developments of remote
passive sensors such as temperature, stress/strain, gas sensors have demonstrated and
capured many such advantages [1.12, 1i13l.16]. However, whether based on
conventional RFID, SAW, or the newly emerging RF transducers, the existing designs
yield limited sensitivity and limited capacity to operate in extremely high temperature
environments(above 1000°C). The reasons arasually due to limitations of their
operating principles and their material requirements. Therefore, the objectives of this
thesis are the design and developmentioplessRF sensors, which not only embrace
the advantage of remote passive sensing but also enable sensing to be performed in
extremely high temperature environments (not limited by their operation principles or

material requirements) by means of original and novel design concepts.

1.2.2.Near-Field based RF Sensing

As discussed in Section 1.1, ndi@td sensing is essentially baseal the response
of the radiatingEM resonators in the neé@ield region. Usually, rearfield sensing
operates in short range (less than 100 ¢hgrefore the need for identification of the
sensor node is not applicable. Different from thenwentional nearfield sensing
techniques such as microwave radiometry or microwave imaging, both of which usually
employ ultra wideband (UWB) antennas, theaspt of neafield RF sensing means that
the change of the surroundimg proximity (for example, an approaching object) alters
the radiation pattern of the resonators in their Hfieéd region of their operationsuch

that their resonant behavior is aéid (usually in the form of a resonant frequency shift).
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Consequently, the RF transducers employed here should have narrow bandwidth and thus
are highquality factorresonators. The sensing mechanism is essentially based on the
nontlinearity of the neafield radiation of the transducers. In a rieald RF sensing
platform, passive sensing is defined by a condition in which the objects under sensing is
not instrumentedHowever, to stay coherent with the development for RFID systems
driven by the demand fdow cost, mobile, and ubiquitous sensing, the platform for-near
field RF sensing should also be made low cost, mobile, and ubiquitous. To pioneer such
development along this direction, where no other work has been seen in literature, an

original proximity RF sensor is presented in the second part of this thesis.
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Chapter 2.
Overview on RF Sensing Pl

In the current statef-the-art remote passive sensing, there are three major
platforms that have been introduced. Radio frequency identification (RFID) platform
have been maturely developed for decadesurface acoustic wave (SAW) platform is
actually a subcategory tfie RFID platform However it emplog a completely distinct
sensing mechanism at the tags. Bdad#rchnologies have been made available
commercialy. Another platform, operated based on frequency modulation continuous
wave (FMCW) radar and the generated beat frequemag,proposed only in recent
years. This chapter gives an overview on all thi@ehnologies However, the RF
transducers developed tinis thesiswhich can be employed and incorporated into RFID
and SAW based systems, are tested mositih the FMCW systento embrace the

advantages that set it apart from the RFID systems.

2.1. Remote Sensing based on RFID

RFID first appeared in the 194098y with the development of radio technology
and radar systems [2.1]. Then in the 1970s, RFID technology was utilized in industry for
tracking and inventory. A typical RFID system consists of a reader or interrogator, an
RFID tag or transponder, and anedlonic interface to encode and decode the
identification data from the reader [2.2]. Based on the information encoded in the tags,
RFID systems can be classified into two major groups based on the data transfer between

the reader and the tags. The fggsbup comprises-bit transponders which indicate only

t wo states: Otransponders in interrogatior
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zoneo. The s ec o rbdtragspooders whicto atiqavrmiars/ distinguishable
tags in the same interrogat zone.A summary on different RFID systenss given in

Figure 2.1, where different operation principles are listed (more details can be found in
Chapter 3 of [2.2])In multi-node sensing networks, different tags should be identified so
only n-bit tagsareappropriate for these networksurthermore, RFID tags can be broadly
classified as either active or passive. The active RFID tags are comprised of an antenna
and an integrated circuit (ICyvhich requires an otboard DC power supply (from the
battery)to process the data and communicate with the re&desemiactive tage|Cs

collect power from the interrogation signal emitted by the readérrectify it into a DC
power sourceln passive tags, there is no DC power.general, active tags can allow
reading ranges up to 100 m while passive tags offer ranges up to 10 pai@l3emi

active tags operate with ranges somewhere in betw&éhin the passive tag category,
surface acoustic wave (SAW) devices are RFID tags that can operate without ICs or
chipless. Those SAW devices are the onkpitnand chipless RFID tags currently
available commercially [2.4].

Based on the operating frequency of the tags, passive RFID systems can be
summarized into the following four categories: low frequency (LF) {1234 kHz), high
frequency (HF) (13.56 MHz), ultra high frequency (UHF) (433 MHz and B8@&56
MHz), and microvave frequencies (2.455.8 GHz) [2.2, 2.5]. Both LF and HF systems
operate based on either inductive coupling or capacitive coupling with large size tags and
they are limited to small range (less than 1 m). Systems of UHF and microwave
frequencies operatbased on electromagnetic (EM) backscattering. A schematic of an

EM backscattering RFID system is shown Rigure 2.2, where the chip is powered

12



remotely from the RF signal transmitted by the RFID reader. The reader sends signals
that alternate betweencantinuous wave (CW) and modulated transmissions. The input
impedance of the tag is modulated by the chip, thus the backscattered signal is modulated
to encode the data. The tag sends back data during one of the CW periods. The difference
in the backscatted signal is represented by a certain radar cross section (RCS). Typical
received signal at the reader is shownFigure 2.3 to illustrate the data exchange
between an RFID reader and a tag [2.6]. The modulation scheme often used here is
amplitude shiftkeying (ASK) in which the IC impedance switches between the matched

state and the mismatched state.

RFID Systems

|
I )

1 bit (EAS) n-bit (unique ID)
Radio frequency Inductive Coupling
Microwaves Electromagnetic
backscatter
Frequency Divider Close Coupling
Electromagnetic Electrical Coupling
Acoustomagnetic SAW

Figure 2.1 Summary of different RFID systems based on their operating

principles.
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backscatter RFID tag
Figure2.2. RFID system overview. [2.6]
] Reader transmission

- —"/\“'— ~
®w | 7 \
_% CW  Query _—RCS,
w
pe]
g 1 ;T
3 \ — - RCS,
é | Tag response

Time

Figure2.3.Data exchange between an RFID reader and §2&j.

The schematic of the RFID tag and its equivalent circuit is shovirigimre 2.4.

The power reflection coefficient, of the RFID antenna can be calculated to evaluate the

reflected wave strength agding to (2.1), whereZ, and Z, represent the complex

impedance of the load and the antenna terminals, respectively, with its complex conjugate

Zx [2.7].

14



Tag
antenna

Load
Z=R +jX,

Z, =R,

(a) Schematic of
the transponder

Antenna
impedance

Z, =R,

(b) Equivalent circuit of
the transponder

Load impedance
Z =R +]X,

Figure2.4. The tag with its a) schematic and b) equivalent circuit.

The same mechanism can be used to realize fR#bled sensor modules. When
the power level changes, it means that there is variation in the load impedance.
Consequently, when the load impedance is dependent on certain physical quantity in the
environment such as temperature, pressure, or strain, then the variation in the load
impedance indicates the change in that physical quantity.

The expected power levels of the received signal at the load of the RFID antenna,
Piag, Ccan be calculated usingetlirriis freespace transmission formula, as in (2.2), where
Pt is the power fed into the reader anten@aand G, is the gain of the reader antenna

and tag antenna, respectivedyis the wavelength of the carrier frequency, dnd the

distance between the reader and the tag.

15
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0 000 — (2.2)

Due to the change in the mismatch level between the load and the tag antenna, a
changeable portion of the received power would be reflected back, denoRed ias
(2.3). And a4 varies to indicate the change in the physical quantity under sensing, the
received powerPg, at the reader also varies, as in (2.4), assuming no polarization loss

and all other values remain constant during the sensing interrogation time.

Ca
Ca
|

(2.3)

0 0 "00- — 00 0 - — (2.4)

Radar cross section (RC3), can also be calculated from the reflected power,
Prer, as defined in (2.5), where S is the power density of the EM wave incident on the
RFID tag. Thus, RCS of an RFID tag can be written as if),(2&howing its dependence

on the load impedance of the td), (s the real part oZ,) [2.8].

. — (2.5)
Y — (2.6)

y — 2.7)
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Consequently, the RCS can also be written in ternteexfeturn lossS; 1, where

the magnitude 0%, is estimated as in (2.8.6]. ThenRCS can be expressed as in 2.9

Y s — (2.8)

s SYS— (2.9

In passive remote sensing, identification of the sensor can be constructed in either
time domain signature or in frequency domain signature (refers to Chapter 1). In the time
domain signature, identifitian is constructed with delay lines for both amplitude
modulation [2.9, 2.10] or for phase modulation [2.11]. The delay lines were constructed
with metamateriabased transmission lines to reduce the size of the tag. Those in [2.9
2.10] operate at 3.4l and 4.2 GHz, while the one in [2.11] operates at 2.2 GHz as
shown inFigure2.5. For frequency domain signature, interrogation is possible only if the
reflections from the environment are negligible and not mixed with the signals from the
sensors. Congeently, applications that require sensors positioned next to large metallic
surfaces cannot utiliza frequency domain signature platform. In this platform, the
sensors are identified based on their operating frequencies. For amplitude modulation,
sensingis based on the RCS variation of the RFID tags as reported in [2.12]. For
frequency modulation, sensing is based on tracking the resonant frequency shift of the
RFID tags as in [2.7]. Note that if the sensing element is not integrated with a high gain
anenna in this platform, the interrogation range is highly limited because path loss as

reflected in (2.4) would apply.
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Figure 2.5. Phase modulation of digital ID of an RFID tag using metamaterial

delay lines[2.11]
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Figure2.6. RCS of resonators based on microstrip patch antenna (finite ground)

measured in free space and on top of a carton[pd2]
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2.2. Passive Remote Sensing based on SAW

A major advantage of SAW RFID tags is that they are chipless and operating in
long range (up to 20 m) [2.13]. SAW devices are based on the piezoelectric effect and on
the surfacaelated dispersion of elastic waves at low speed [2.2]. The substrate ased is
piezoelectric single crystal, which generates surface charges when it is elastically
deformed in certain direction. The effect is also reversible, where the surface waves are
generated when there are charges accumul&igdre 2.7 shows the schematid a
passive SAW RFID tag. In an RFID system, a high frequency EM wave emitted from the
interrogation unit is received by the antenna of the SAW transponder. The interdigital
transducer (IDT) that is connected to the tag antenna transforms the RF signal (RF
pulses) into a SAW by the inverse piezoelectric effect. The SAW then propagates on the
crystal toward the reflectors. The reflectors are positioned in certain pattern such that they
reflect the SAW back to the IDT in a series of echoes like bar codalsiginese echoes
are converted back into EM waves at the IDT by the piezoelectric effect and transmitted
back to the RFID reader through the tag antenna. The echo pulses received at the reader
are delayed from the interrogation pulse and the pulse dolieallows for identification

of the tag.
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High frequency Antenna
interrogation
pulse
i Interdigital transducer
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HF response

/N7,

Reflectors

W

—

~ Piezoelectric monocrystal
Figure2.7. Diagram of a SAW transponder under interrogaf®2)

The interrogation ranged, of the SAW system can be determinieg (2.10),
which can be derived frorthe radar equati@in Section 2.11t includesthe integration
time, t;, noise figureF, signatto-noise ratio, SNR(typically required to be 10 dB), and

insertion losslL. [2.2, 2.14]

Q — (2.10)

In SAW based RFID sensors, the physical quantityetanonitored has to act on
the path of the SAW. For example, the change in temperature, pressure, or stress/strain
alters the length of the acoustic path and the elastic constants of the substrate material,
thus changing the velocity of the SAW. There &rar main types of passive SAW
sensors: SAW delay lines, SAW dispersive lines;jpome SAW resonators, and twimrt

SAW load impedanse[2.2, 2.14, 2.15]. Sensing in SAW delay lines is based on the
20



phase change (due to, for example, the temperaturss/strain effects on the substrate)

in the SAW propagation tim&p = L/vsaw the ratio of acoustical length and SAW
velocity. In dispersive SAW sensors, dispersive properties of the substrate depend on the
physical quantity under sensincausing a Doppleshift that yields a time shift of the
compressed impulse similar to the Doppler shiftroFBMCW radar system [2.142.15].

A one-port resonator SAW tag consists of acoustic resonators (constructed by finger
electrodes as shown figure 2.8), where redeed energy is stored in the resonators,
delayed and then reflected back to the tag antenna [2.2]. Multiple reflections due to the
resonators yieldh longer acoustic path therefoeelonger delay time. To eliminate the
interrogation signal and echoes frahe environment, the first 1 toex of the reflected
signals are gated ithe time domain. In tweport impedance SAW sensofSiqure 2.9),

an IDT is used as a reflector that is loaded by a varying impedance element, which can be
a switch or an external isgor. The variation of the load impedance (dependent on a
physical quantity) changes the acoustic transmission and reflection properties of the IDT

[2.2, 2.14].

Interdigital transducer
RF interrogation Antenna 9

signal / i/
Y &V 4

Mﬁﬁ/ﬂ

RF response / I

1

Reflector
Piezoelectric crystal

Figure2.8 Oneport resonator SAW sensg2.2]
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Figure2.9 Twoport impedance SAW sensd2.2]

In general, the Umk and downlink (transmitted and echoed signals respectively)
have to be separated. In passive SAW RFID sensors, a separation in time, i.e. time
domain division (TDD) is necessary. Then the interrogation is based on either time
domain sampling (TDS) as iadar or frequency domain sampling (FDS) as in vector
network analyzer (VNA). In TDS, the transmitted signals from the reader cover the total
system bandwidth at once (wideband sampling). The whole sensor response can be
recorced in one single scan of the interrogation cycle. A diagram of the TDS system is
shown inFigure2.10 [2.15]. This system gives fast access to the sensor information and
requires low energy contents with fast switching in the transmitter and fast data
acqusition in the receiver. In FDS, the interrogation is performed by scanninggtep
step small intervals of frequency (the resolution bandwidth) in the frequency domain to
cover the total bandwidth (narrowband sampling). The sensor response is measared for
certain total number of scans at the center frequency, and the fast Fourier transform
algorithms are performed at the receiver. A schematic of this system is shévguia
211 Therefore, interrogation in a SAW system can be performed with pulses or
continuous waves (with wideband chirps especially for dispersive SAW sensors) [2.15].
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Figure2.11. Frequency domain sampling transmitter and receiver prinidpléd]

These devices operate at 2.45 GHz, which is known as IMS band (allocated for
industrial, medical and scientific use). Due to the damping factor of the acoustic wave on
the piezoelectric materials, the SAW RFID sensors cannot operate at higher frequencies
suchas those in millimeter waves. Most common materials that enable SAW devices are
quari (SiOy), lithium-niobate (LINbQ@), and lithiumtantalate (LiTag). Recently, high
temperature materials applicable up to 168G0have been introduced such as berlinite
(AIPQy), lithium tetraborate (LB4O;), langasit (LaGaSiOis), and gallium
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orthophosphate (GaR}JJ[2.15]. Those substrates potentially enable SAW based sensors
to be deployed in harsh environments such as aircraft engines, space shuttles, and space

applications.

2.3. Passive Remote Sensing based thre Beat Frequency ofan FMCW

Radar

Recently, a new andriginal wireless sensing platform was introduced in which
the identification is constructed in the beat frequency of the FMCW radari[21&7],
in which different sensors give different time arrivals of multiple echoes due to delay
lines @time domainsignature platform). The load (the sensor element) is connected to a
high gain antenna with a delay line. Fundamentally, delay lines are utilized to separate
the structural mode from the antenna mode in the backscattered signals. Sensing is
achieved withthe variation in RCS level from the target (amplitude modulation) due to
the variation in the load impedance. Note that the system parameters here can be
estimated by the same set of equations as in (2.1) to (2.7). The advantage of this platform
is the elmination of ultrawideband (UWB) reader utilized in the conventional RFID
systems. It was demonstrated for passive sensors in long range (up to 30 m) for carrier
frequency at 30 GHz [2.12.19], although potentially platforms based on work in 2.9
2.12] may achieve similar range in theory. Furthermore, because the identification is
based on beat frequency, it may tolerate lower SNR especially in long range
interrogation. Low power on the receive channel of the reader with less signal processing
also allavs for better SNR. The FMCW radar offers advantages of lower power output

and ease of implementation compared to the pulse radar.
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2.3.1.Frequency Modulation

In an FMCW radar system, the frequency of the transmitted signal is modulated
as a function of time (lire sawtooth or triangular signal modulation). In the triangular
modulation, moving targets are easier to be detected based on double Doppler
measurement that gives both velocity and range information [3.20]. The reflected signals
consist of a replica of thtransmitted waveform, delayed by the iway propagation
delay, U = , @hkre d is the distance and c is the propagation velocity. The beat
frequency,f,, is calculated as in (21) and illustrated inFigure 2.12a, where the
transmitted signal is thsolid black line and the received signal is the dotted black line
for stationary targets. In the case of moving targets, the received signal suffers a Doppler
frequency shift,fooppier @s illustrated in the blue line dfigure 2.12a and can be
calculatedas in (2.2). Depending on the direction of the movem@vtiether the target is
moving toward or away from the radiathe beat frequency becomes eithéror f, as in
(2.13) and (2.1), respectively. The effects of the Doppler shifts on the beat frequency are
illustrated inFigure2.12b. In sensing applications, to isolate the Doppler effects from the
beat frequencywhich carrieghe ID of the sensor, is to have a reference (EM) ctifie
node that is immune to the change in the physical quantity under sensing and undergoing
the same frequency variations due to Doppler effects [2.16]. Therefore, Doppler effects
can be derived and accounted for when calculating the ID beat frequetiwy sénsor

situated on the moving target.
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Figure 2.12. Signals obtained at the FMCW radar with a) the transmitted and

received signal and b) the beat frequency sigfals6]
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Sensing here relies on the resonant frequency shift of the load, from which shift
the RCS variation is detected in certain bandwiéigyre2.13). Note that the scattering
parameterS, s, is equals to the reflection coefficierdt, that depends on the antenna and

the load impedance as in (2.13) (re€adjure2.4).
©w — (2.13)

Bandwidth of
511 (dli) the radar

——

511

= >

Antenn Sensor

=
r

Frequency

Bandwidth of the
sensor

Figure2.13. Interrogation bandwidth of the radar relative to the sejst6]

The inerrogation bandwidth generated by the radar should cover the operation
bandwidth of the sensor. There are two methods of modulation to cover the operating
bandwidth of the sensor. In the first method, the modulation frequency bandwidth can be
varied fromg#1, topF andmpF @ith the center frequendyO fixed (Figure2.14). This
method applies to monitoring the RCS level of the sensor at a fixed center frequency
(direct amplitude readi ng) . The smaller

accuracy provided by the high sensitivity of the sensor, while increasingr large
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modulation bandwidth can accommodate large sensing dynamic range of the sensor. In
the second method, the modulation frequency bandwidth is offset in fixed intervals across
the operating bandwidth of the sensor in order to track the resonant frequethey of

sensor, i.e. the RCS notch in the frequency dontagu(e2.15).
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Figure2.14. Modulation with variable frequency bandwidth16]
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> | —— >
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Figure2.15. Modulation with stepped frequency bandwihl 6]
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2.3.2.Detection and Sensitivity of RCS

Simulations and measurements to estimate the level of threshold power for the
maximum range of the FMCW radar system were investigated by F. Chebila in [2.16] for
a system at 3 GHz and another at 30 GHz. The bistatic radar transmitting and receiving
antemas, each withl4 dBi gain. The output power is 13 dBm for a target of gain O dBi.
The plot of the threshold power is shownFigure2.16.Here, threshold power refets
the received powawith the threshold SNR of 10 dBonsequently, as the tag antemna
implemented, for example with a 15 dBi gain, it allowsSNR of about 10 dB at 20 m
for the 30 GHz system in an outdoor environment (the noise floor is akgutdBm).
Sensitivity of the RCS in this platform can be estimated as i6)(2wihich isderived
based on (2.7andFigure 2.4. Equation (2.1prelatesthe change in the load impedance

(sensitivity with respect to the physical quantity) to the change in RCS [2.16].
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Figure2.16. Threshold power depending on the dista2c&6]
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— (2.16)

2.3.3.Problems and Solutions of the Delay Lines

As discussed in Section 2.1, the delay lines are important when the sensor (refers
to both the sensor element and the communicatirgnaa) is placed on a large metallic
surface,a situation common in aircraft and space applications. This problem is common
to both conventional RFID systems and the {esjuency detection radar system in
passive remote sensing, and is further discuseesl Mhe problem that necessitates and
is solved by the delay lines is illustrated kiigure 2.17. The structural mode and the
antenna mode signal (in terms of RCS) are overlapped at the same beat frequency, while

the two modes are separated into diffetesdt frequencies with the use of the delay line.

Communicating Antenna

Delay line
Sensor

Input impedance of  Input impedance of } Antenna mode

the sensor node the sensor element
RCS RCS Delay line
1 T

— H
Al
Beat " Beat
frequency -"' frequency
Structural Structural Sensor
and Sensor mode (antenna)
mode mode

Figure2.17 Structural mode and the sensor (antenna) mode in the beat frequency

domain.[2.16]
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The presence of the delay lines introduces loss and large area to the sensor
element, but they can be mitigated with several techniques. The size of the delay lines
can be minimized with techniques such as microstrip meanderline topology [2.23].

An example of such a line is shown kigure 2.18. The loss of the delay lines can be
minimized with the use of metamaterial resonat@41, 2.24], which also shortehe
physical length of the line due to the slow wave behavior in the resonant frequency band

of the resonators while keep the electrical length the same.

Antenna  Transmission
Delay Line

Place for
Sensor
Integration

Figure2.18. Chipless RFID tag with patch antenna and delay[Rr23]

2.3.4.Multi -node Passive Seinrsy Networks

With the delay lines, each sensor node can be identified in the beat frequency

domain with their own frequency peak assodaigth their own delay line (electrical)
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length. An example of suchnetwork applicable t@an aircraft wing is shownn Figure

2.19 [2.16], where different sensors give different distinct beat frequencies. The different
changes in the level of the radar signal at these beat frequencies indicate different
changes due to the physical quantity odogr at different sensorglistributed on the

wing. The capacity of the radar to differentiate between several sensors in this network
relies on the minimum delay between different sensor mode signals. This minimum
delay, pd is the same as the depth resolution of the radar, aocdnitbe estimated
according to (2.7), whereg Hs the modulation bandwidth amds the velocity of light.
Consequently, the beat frequency separatipfican be estimated according to .1
[2.17], whereT is the modulation period (chirp signal) afids the relative permittivity

of the transmission line.
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Figure 2.19. Example of passive sensor network based on beat frequency

implemented on an aircraft wing.

wQ — (2.17)

®Q 1 ——1 (2.18)

A proof-of-concept measuremeat this network was demonstrated for a system

at 30 GHz ¢pF= 700 MHz, T = 1 ms)by Chebila[2.17, 2.24]. The experiment setup is
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shown inFigure2.20, where two horn antennas were positioned at dist&i¢gsn) and

R; (2.5 m) away from the radar. Thelalg linesL; (30 cm),L, (75 cm), and_3 (75 cm)

are based on ded.X)iwihl2 dB/m of ss.(TBeGthreg different loads

Z,, Z,, andZ; are arranged according to the sketchrigure 2.20. Four different load
configurations ofZ;,2,,Z3) wer e t est ed: (b, b, b), (50 q, b,
50 q) . Depending on different l oad conf i ¢
scatterers are shown figure2.21 in the beat frequency domain [2.17, 2.24], where five

distinct echoes were tieted. This experiment is to demonstrate the feasibility of the
passive sensor network based on beat frequency identification, not to include the signal

variation based on the small variation of the load impedance. Here, the minimal physical

length ofLin = 50 cm (propagation delay BP'_ & ¢ ¢ 1 is required for neighborg

nontoverlapping distinct echos. Correspondingly, the depth resolution in terms of beat

frequency separation can be estimated according t8) (®.be 6 kHz [2.17].

- Antenna 1 Antenna2
FMCW |‘
RADAR L,
R
1 z, L
R;
Splitter

Ll| &

Z

Figure 2.20. Sketch of the proaff-concept experiment for multiode passive

sensing network based on beat frequency identificg2oh?]
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Chapter 3.

Radi o Frequency Temperatur e

3.1. Introduction

A wireless, passive temperature transducer is a device without internal power
placed at the monitored site that can transform the local temperature into an output signal
that can be read wirelessly by a control system located remotely from the monitered si
Some techniques for temperature measurements include those based on thermoelectricity,
temperature dependent variation of the resistance of electrical conductors, fluorescence
and spectral characteristics [3.1]. However, most existing temperaturessesgpare a
power source, and those with high sensitivity suffer from performance degradation above
130 °C [3.27 3.5]. In the class of passive RF sensors, a capaciivatied MEMS
(micro-electromechanical systems) slot element feireless temperaturesensing
demonstratedip to 300°C was introduced [3.5] but had a low sensitivity of about 580
kHz/°C (operatingaround 19.4 GHg i.e. 0.003 % of frequency shift p&. This sensor
operates based on multimorph cantilevers where the deflection of thke\canstialtes
the slot capacitance, thhifting the slot resonant frequency. The sensitivity here is
inherently limited by the resonant principle of the sensor design.

The work in this chapter introduced a new wireless, passive, and ulit@gens
tempeature transduceil he following discussions and results are based on [3.6]RFhe
transducer consists of split ring resonators (SRRs) integrated withydsi micre
cantilevers. The bimorph cantilevers consist of layers of different thermal expansive

coeficients that cause them to bend as temperature changes. Utilizing MEMS allows

38



devices to have low costs, small form factors, and ease of fabrication and integration. The
SRRs can potentially operate up to millimetave frequencies above 30 GHz. The
micro-cantilevers are placed over split gaps of the SRRs. As the cantilevers deflect in
response to temperature changes, the resonant frequencies of the SRR are shifted. The
bimorph material choices can be varied and adapted for various temperature ranges
desred for different applications while requiring little design modification; thus it allows

for sensing inan extreme temperature environment potentially up to 1€D0Further
illustration of suchanapplication with respect to staté-the-art sensors wilbe discussed

later in this chapter. Without loss of generality, a prototype scaled up in size with
operating frequency of 4.7 GHz is presented in this chapter to demonstrate thefproof
concept. To perform remote interrogation on the sensor, the esttaridque discussed in
Section 2.3 of Chapter 2 was utilized to perform measurements on the temperature
prototypes. The radar system was developed by Herve Aubert, Franck Chebila; and co
authors [3.7 3.11]. The communication is based on the reading/mang®f theRCS

level of loaded multband scatterers gn FMCW radaras discussed in Chapter Phe

RCS measurements of the temperature protstyyreperformed to illustrate a possible
implementation of the transducer in passive, wireless sensing imodesiote sensing
networks. A more detat evaluation 6 the performance of this sensor design and its
remote interrogation compared to other erigtiremote sensors and systems are

discussed at the end of this chapter.
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3.2. Designs and Simulations

3.2.1. Designs

The transducer consists of double split rings positioned on a dielectric substrate.
The slits of the rings are covered with bimorph micamtilevers whose layers are made
from two different materials, gold (Au) witathermal coefficient of 4.1 (10° K™) and
silicon (Si) with a thermal coefficient in the range of 4.7.6 (10° K™) [3.12]. The
design of the SRRs integrated with cantilevers is shoviaigare3.1. The dimensions of
the split rings are as followsj;y= 23 0c=¢ m,20d=¢ B,0 egn, 4adbndk m. The
substrate is made of glass with dielectric consfant 4 . 8 2, and a thickn
The cantilevers have a lengltcant of 130 € m dcapia a variable parameter that
symbolizes the air gap between the cantileyematid the ring surface which is the same
as the anchorés thickness in simulations.

eEm.

Si layer of Au layer of
cantilever cantilever

cant
_ "\ e / Au anchor
ring deap | — ring

glass substrate

Figure3.1. Topology of the SRRs and bimorph cantilevers.
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The SRRs of the sensor can be excited by two distinct methods. In the first
method, a plane wave is incident on the face of the SRRs as illustrateglire3.2. It
should be noted that an incident fi@t¥ wave must excite the magnetic resonance of the
SRR through magnetic coupling in which the external magnetic fieltiefH) should be
polarized perpendicular to the SRR plane, i.e. the direction of propagation should be
parallel to the SRR. However, if the direction of propagation is normal to the BR& p
and the incident electric field {feld) is parallel to an imaginary line crossing the slits
(Figure 3.2), the Efield coupling can induce the magnetic resonance of the SRR [3.13].
In the second approach, a coplanar waveguide (CPW) is placed othé¢neside of the
substrate, and the slits of the SRR, denoteq, laye aligned to a gap between the signal
line and the ground plane as illustratedrigure 3.3. Thus, the SRRs can be excited by

the fringing field that travels along the CPW, whicls laaimpedance of 5.

Zmin port

Zmax port

Figure3.2. The setp of the first approach to excite the SRRs.
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W =300

(a) (b)

Figure3.3.The setup of the second approach to excite the SRRs with (a) the three
dimension view and (b) the top view of the circuit with substrate not shown and

dimensions indicated in micron.

3.2.2. Simulation Results

Since the EM fields of the cantilevers are mostiyicentrated in the air region
sandwiched between the cantilevers and the metal rings, the deflection of the micro
cantilevers is approximated with a uniform deflection across the whole length of the
cantilevers in simulations and measurements. The oe&dtip between the deflection of
the cantilever tip and temperature is shown in (3.1) (see [3.12] for details), Where
denot es t hea nddaléhbtethermalexpansidn coefficients of the two layers,
t; andt, denote the thicknessof the two layers ando Tdenotes the temperature change.
From (3.1), the design of cantilevers presentedrigure 3.1 is estimated to have a

sensitivifCy of 0.19 &gm/
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1 (3.1

The simulation results of the ftrexcitation approach, as presentedrigure3.2,
are shown inFigure 3.4. In this model, only one cantilever is implemented per SRR,
which is positioned over the split of the inner rings. The two resonance modes observed
in this frequency range (betwe@® i 40 GHz) are excited by the two rings in this
structure. Observed frofigure3 . 4, t he highest sensitivity

corresponding to 268 MHZAZ using AuSi bimorph cantilevers.

174 Sl T e—dcap=3um N\
' —dcap = 5um e
SAFSATOGHz oo
L i i Af=282GHz
28 30 32 34 36 38 40
Frequency (GHz)

Figure 3.4. Magnitude of transmission coefficieBf; of the sensor in the first

excitation configuratiorwith incident plane waves

The simulation results of the second excitation approach, as preserfiggiria
3.3, are shown ifrigure 3.5. In this model, two cantilevers are implemented per SRR,
one is positioned over the inner ring split, and the other is placed over the outer ring split.

The resonances irigure 3.4 are different from those observedrigure 3.3 because the
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effectiveimpedance in this structure is different from that presentédguare 3.2. From

Figure3 . 5,

the sensitivity is recordedieas 2.

1.6% frequency shift péiC, more than 2 ordsiof magnitude higher than the senats

reported in [3.5]. In [3.5], the cantilevep§the slotantennd e f | e c t

position, corresponding to a temperature range % 28 306C.

1521
(dB)

.............................................................................................

— dcab = 3ulm
—dcap = 5um

fffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffff

Af=5.24GHz ||

20 22 24 26 28 30 32

Frequency (GHz)

from 200

Figure3.5. Magnitude of transmission coefficie®t of the sensor in the second

excitation configuration with CPW coupling

3.3. Principles of Operation

The temperature sensing mechanism of the transducer is based on two uncoupled

principles: 1) deflection of bimorph cantilevers in response to temperature change, and 2)

resonant frequencghifts in response to deflection of cantilevers. Since they are two

independent physical phenomena, they can be optimized separately.
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3.3.1.Mechanical Response- Cantilever Deflection versus
Temperature

The deflection is caused by the difference in themwmahnsion coefficients of the
two materials that constitute the two different layers of the cantilevers. This mechanism is
well-known and has been utilized widely in numerous applications [3.12, 3.14]. As
temperature changes the length of each cantilayer expands at different rates. Since
the two layers are bonded together, the cantilevers are bent in order to accommodate the
different rates of change in the length of their layers. The defitecan be estimated
utilizing (3.1). The bimorph cantileve can realize various operating ranges depending
on the material choices given that they provide the linear mechanical deflection within
the temperature range of intere®espite extended thermal cycling, the bimorph
cantilevers are robust, and they ably return to the same position at a given temperature
as long as they are operated within the range limits for a particular material choice [3.12].
In the fabrication of bimorph microantilevers, the tips of the cantilevers are usually
deflected, refeed to as initial deflection, which is due to the stress and strain during
different MEMS processes. The initial deflection is in equilibrium at room temperature;
then, it changes in response to temperature change. As a result, this initial deflection
detemines the resonances of the sensor at room temperature, which can be controlled to
within an acceptable tolerance. The discussion of this tolerance limit is not within the

scope of this thesis.
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3.3.2.RF Response- Resonant Frequency shift ersusCantilever
Deflection

The split ring structure became wkhown from [3.15] and has attracted a
growing interest since then. Many variations of SRRs have been proposed to realize
materials with negative values of magnetic permeability also known as metamaterials.
The metamaterials based on SRRs are highly frequency selective suggesting the SRR
elements have a very high quality factor (Q > 600) [3.1%17]. When the SRRs are
excited, an electromotive force is induced around the rings. However, due to the slits on
each ring, displacement currents flow from one ring to another across the slot between
them, thus the SRRs effectively inherit a distributed capacitance. As a result, the field at
the slit on each ring has high intensity, which suggests that for any natidifiof the
capacitance of these slots, the currents on the rings can be influenced significantly.
Therefore, such change in the currents may induce a significant shift in the resonant
frequencies. In the design proposed-igure 3.1, the metal layerAu) of the cantilever
constitutes the lower layer of the bimorph cantilever, which is supported by a gold anchor
that shorts the bimorph cantilever to one end of the split ring. The free end of the bimorph
cantilever effectively forms a parallel plate capauce with the other end of the split
ring, making the split gap capacitance sensitive to the deflection of the bimorph
cantilever. Note that the split gap capacitance also influences the distributed capacitance
formed by the two concentric split rings.

In most applications of the SRRs, the split capacitances are relatively small and
can be neglected. However, in the temperature sensor proposed here, where the splits are

loaded with cantilevers, the significant values of the split gap capacitances amese |
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shifts of the resonant frequencies as the displaceduapichanges due to the deflection

of the bimorph cantilevers. This is because these capacitances can be estimated
approximately as- & wxX ¢ wwherec is the width of the ring strip and the cantilever,

g xis the overlap length of the cantilevers and the rings,dmaghis the height of the
cantilevers with respect to the ring surface. Thereforecap increases, the effective
capacitance of the resdnadecreases, thus the resonant frequencies increase according
to (3.2). To further understand how the frequency shift of the SRRs corresponds to the
deflection of the cantilevers, a thorough study on the equivalent circuits of the split rings

loaded withcantilevers is discussed in Chapter 4.

N — (3.2)

Observe that the rate of change of capacitance is proportiong@f@® o & 1

which would give a higher sensitivity afcap decreases. On the other hand, if the
cantilever gapl decreases below certain limit, the circuit would appear as a short circuit
to the operating frequency. Therefore, to give the sensor a good dynamic range for a
given sensitivity, the initial gap should be chosen appropriately given the limitations of
the fabrication technology. Once the applications specify the temperature operating
range, the choice of the materials, which is limited by the working environment, should
produce the largest difference between the thermal expansion coefficients of the two

layers that constitute the bimorph cantilevers. Next, the desired sensing range (deflection
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induced by temperature change) should operate in the linear range of the EM response of

the sensor, which is a strong dependence on the choice of the initial deflectio

3.4. Fabrications and Measurements of Progbf-concept Prototypes

As discussed earlier, the operation of the first principle is independent from that
of the second principle; hence, these two uncoupled mechanisms can be optimized
separately. As a resulhie sensitivity and the upper and lower limits of the temperature
sensing range are determined mostly by the choice of materials utilized in the bimorph
cantilevers. To demonstrate the pradfconcept of the proposed temperature transducer,
lower frequeng prototypes were constructédr use at3 i 5 GHz due to fabrication
limitations. The size of the cantilevers was scaled up so they could be fabricated with
quick and manual processes. Prototypes of both excitation methods (Fig8.3) 2vere
constructed. It should be noted that in the fpsitotype designHigure 3.2), only one
cantilever is loaded, while two cantilevers are loaded on the second prototype design

(Figure3.3).

3.4.1.Fabrication and Characterization of Cantilevers

In the low frequency prototypes, the cantilevers were maded&roml1 00 e m t hi
Al sheet (thermal coefficient of 22.2 X1 and a 50 em thick PE

terephthalate, thermal coefficient of 59.4 XK0") sheet [3.12]. The anchor of the

cantil ever is also made of PET WiThéeh di ff
cantilevers were fabricated in the foll owi
l aminated to one side of t he Al sheet . A s
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thickness, which is the anchor layer, is laminated onto the other sithe &l sheet.
Then, the three laminated sheets (PHIPET) were diced to leave 1mm x 1mm on the
area of PEJAI-PET formation and 1.5 mm x 1 mm on the area oPAIT formation to
produce cantilevers with attached anchor. The results were 2.5 mm lonigveasti
assembled with PET anchors that had preset thickneSgpeg3.6). The cantilevers
were then stamped onto the SRR, over the splits, and mechanically stabilized with
conductive epoxy at one end. The conductive epoxy also serves to short theerartile

the rings Figure 3.6). The air gaps between cantilevers and rings, denotddagsn
Figurel, were measured with an optical scanner (a profilometer) after the assembly. Two
samples with different anchor heights were fabricated to emulate teenardeflection

of the cantilevers. When SRRs are loaded with these cantilevers, without inducing
temperature change, the frequency measurements on these samples could validly
demonstrate the second operation principle (the EM responses for a givenatgflect

the sensor. Note that although this formation of the cantilevers for prototypes opierating
the4 7 6 GHz range utilizes different materials from the cantilever formation shown in
Figure 3.1 (PET and aluminum instead of silver and silicon in #éspective order),
loading the split ring structures Figure3.21 3.3 with the bimorph cantilevers of Al

PET does not alter their circuit operation. Recall that the operation of the sensor is based
on two independent operating principles (Sect. 3.3which the mechanical principle
(deflection versus temperature) is wietlown. Thus, the proedf-concept prototypes
presented in the subsections 3.4.24.3 seek to validate the EM principles, from which
the frequency shifts occur as observed in thenthdly static RF simulations. The order

of the bimorph cantilever layers would only affect the deflection direction of the
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cantilevers (up or down) for a given temperature change (increased or decreased) but not
the range of the deflection. In all the thailiy static RF simulations presented in this
chapter, the deflection direction of the cantilevers does not influence the frequency shifts
i only the range of the deflection does. An optical measurement capture is shown in
Figure3.7 where the surface heigh coded in color. Different reflecting points along the

red line inFigure3.7 are plotted ifrigure3.8, where the cantilever in the measurement is

shown to slightly deflect upwards after the assembly and annealing processes.

$ l'(.]UHI'I_l_.
I 50pm

Figure 3.6. An AIPETbimorph cantilever under microscope with PET anchor.
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0.0 0.5 1.0 1.5 20 24

Figure3.7. Top view capture of a cantilever from optical scan.

#21.044 mm
mm ~ w
10— ~
3 A1.204 mm o |-
03 Y -0.066 mm —_— I T
- T e
— L Tl
-um_: o S .an "".T'”ﬁf =
0103
112 =
5 =
.14 —
E B
015
= =
0183 =
- W 2.248 mm
00— D2
= Yo -0227 mm
22— '““;—1 5 hat
2 L L L L Pq L DL AL L IR L L !‘ I o
000 020 040 06D &0 400 20 140 160 10 200 2200 240

Figure 3.8. Optical surface scan along the laengscenter of the cantilever and

ring.

51



3.4.2.Fabrication and Measurements of the Sensoitncident

Wave Excitation

Four SRRs, each loaded with one cantilever, were fabricatedhi@i® array
configuration as shown iRigure 3.9 without a ground plane. The substrate was RT5870
by Rogers Corporation [3] ({ = 2.33, substrate thickness7=8 7 e m) . The di me

of the SRRs are as follows;: = 3.5 mmc=1.0 mm,d=0.5 mm, and= 1.0 mm.

Figure3.9. Array of 4 SRRs loaded with bimorph cantilevers.

The measurements were performed with a horn antenna and a vector network
analyzer YNA). Reflectionronly calibration was performed using short, open, and load
standards. To obtain temperature measurements, a horn antenna was directed at the
sample as shown in the setdpigure 3.10). The sample was attached onto a foam mat,
and the temperature probe was placed next to the sample. The horn antenna was
connected to the VNA for a-gort measurement an&; was recorded. At first, the
temperature surrounding the sample was hegpeth @bout 100C with a lamp. Since

this was an open environmest the heated air was diffused quickly away from the
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heated sampleConsequently, it was difficult to obtain a thernsedady state for each
temperature point. Therefqorihe temperature waslowed to cool down until the reading

on the thermometer became relatively stable. Alegause of the open environment and
limitations in the test catitions, an array of 4 ring setgas chosen in this test to achieve
relatively uniform temperature inded by the lamp. Then the temperature &ndesult

could be recorded. With such a measurement setup, only two data sets corresponding to
two temperature points of 68C and 32°C could be validly recorded in which the
temperature appeared to be reldfhatable with a tolerance of about &°C. However,

in this demonstration only the difference in temperature is important. The plot of this
measurement is shown Figure 3.11, which shows a resonant frequency shift of 70
MHz, from 4.77 GHz to 4.70 GHzcorresponding to a sensitivity of 2.5 MPZ2/ i.e.

0.05 % of frequency shift per degree based on the center operating frequency of 4.735
GHz . In comparison to the sensitivity of 580 kHz/°C as reported in, [£5]0.003 % of
frequency shift per degeebased om center operating frequency of 19.36 GHrgre

3.7 in [3.5]), the transducer prototypat 4.7 GHzreported here is 17 times more
sensitive. The sensitivity achieved on this prototype is not proportional to that reported in
the millimeter wae model in terms of dimension ratio because it is largely limited by the
thermalmechanicatesponse of APET bimorph cantilevers to temperature change. Note
that tre fabricated AIPET bimorphswere st i mat ed t o have’C.m defl e
this setup, the positionef the cantilevers cannot be recorded during sussments, so

the sensitivity in terms ofrequency shift per deflection unit is no#ported. Due to
limitations infabrication and measurements, the linearity & sensorprototypeis not

addressed In order to investigate the linearity of the sensor, a better controlled

53



environment for temperature measurements was constructed faciecprototypethat

is excited bythe CPWcoupling

._ﬂ'—_'ﬂ T

Thermometer

'\ Sensor -
prototype”
,.r.;-v—-ﬂ’ Horn antenina
etwork ana

Figure3.10. The temperature measuremenifset
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Figure3.11. Frequency response for two different temperatures of the prototype
with four SRR array loaded with cantilevers.
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3.4.3.Fabrication and Measurements of the Sensor: CPW

Coupling Excitation

In this configuration, the SRRs are loaded witlo bimorph cantilevers and are
excited by the traveling field of the CPW printed on the other side of the subBigatee(
3.12). The prototype was realized on Neltec N9217 substtate .17, substrate
thickness = 787 ¢&m). dthiemodel areeas fellowsins2.50f t he
mm,c= 1.0 mm,d = 0.5 mm, ang = 1.0 mm. The width of the signal line is 4 mm (50
Y of the impedance) and the growsdi g n a | separation is 150 ¢
control over this process of fabrication @issed in Section 3.4.1), the cantilevers
assembled on the sarpeototype have different initial deflection§wo prototypes were
built, and the averageeights(dcapof t he cantil evers are appr
e m(relative to the top surface ol ring) for each pair of the cantilevetbat were

assembled on the two prototypes.

Figure3.12. Sensor prototype with CPW excitation

A. Frequency response at room temperature for the thermally static

cantilevers

55



The measurements for two prototypes Fifjure 3.12 were performeth a
thermally staticsettingwith a VNA at room temperaturé’he simulaéd and measured
results for the prototypesre shown inFigure 3.13. The €nsor prototype witldcap of
101 e m i sSl0lewhile the ahe vatimicapof 128 e m iS428dkeenot e d
simulations presented figure3.13 were setip with the same configuration, materials,
and dimensions of the prototype shown Rigure 3.12. Note that after the optical
characterization step was performéa evaluate theheights of the cantileversghe
measured height values (measuledp were appliedn the simulationsThe simulations
were performed with the actuaticap values obtained from the profilometer
measurementd={gure3.8) of the sensor prototypeAs a resit, the simulated parameters
correspondedloselyto those ofthe physical prototypesThe plots inFigure3.13 show
good correlation between simulats and measurements for thesonant frequency
peaks.This consistencyalidates the EM principles behintle frequency shiftef the
SRRs that correlate to the deflection of the cantilevers. Here, the thermal respodse
the uniform deflectionsof the bimorph cantileverare assumedi.e. constant and
thermally staticdcap values of the two separate projgies representedifferent
deflectiors of the cantileversFurthermore, because the prototypes at low frequencies
(Figure 3.12) share the same electromagnetic circuit topology with the high frequency
designs in the Section 3.%he resultsin Firgure 3.13also indiectly validate the EM

simulations shown ifigure3.47 3.5

On the other handhe low value of5; in the measuremengeen in Figure 3.13
reflects a high insertion loss due to the transition between CPW and coaxial cable.

Unfortunately, due to limitatiaof fabrication,errors were introduced here were gaps
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between the SMA connectors and the CPW signal line, and the SMA outer radius was
also slidgntly smaller than the width of the CPW signal line that caused reflection as the
signal was launched into the CPW. However the negative effect has little significance
concerning the proedf-concept. A frequency shift @bout 800 MHzs observedor the
prototypes S101 and S128 (from 4 GHz to approximate8yGHz respectively). This

shift givesa sensitr i t y of a b o uappro¥@ntatelyMHarders wf, magnitude
higher than thesensitivity of 7 0 0  k Has feponted in [3.5]b@ased on a 19 GHz
resonatig slo). Note tha this comparison refers to the RF transduction principles, i.e.
how well the resonator is designed to transforime temperature changeto the

frequency shift, whereahermalmechanical response arotherindependent principle.

-10
|s21]

{dB) 15

-20

-25

1 2 3 4 5 6
Frequency {GHz)

Figure 3.13. Magnitude ofS;; for the CPW SRR sensor prototype with the
simulated results d8101in solid black and5128in solid greenthe measured results of

S101in dashred andS128in dash blue.
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B. Frequency response measurements correspondirtg different

temperatures

In this measurement, a close environment surrounding the transducer prototype
was constructed. The prototype wasused in a plastic enclosure having teaaxial
cables connected to th@PW device through the sides of the box as showfigure
3.14. The openingsyhere the cables access the devigere shieldedwith rubber to
isolate the deviceThe referencetemperature probwas inserted next to the SRR®
tempeature monitoring. The ptotypeand the aiinside the box wer@eated to 106C
with a lamp and then allowed to cool down. It should be noted that the lamp was kept at a
constant distancd from the plastic containeio maintain constant illumination dhe
thermal flux as illugated inFigure 3.15. Thus at any given temperature, distange
could be adjustedosthe temperature inside the containeuld be brought into thermal
equilibrium with the outside region illuminated by the lamp. This configuration also
allowed for theprofilometer measurementd the cantilevergtheir tip positions relative
to the ring) while the prototypes were kept inside the transparent confBigecaptured
image shown inFigure 3.16 presents the actual setup showing YH¢A and SMA
connectors. e lamp was removed after heating to avoid interference with the RF
reading during the cool down process. The temperature readings froefettenceprobe
decreased at a much slawate because they reflectdte heat diffusion instead of the
air diffusion. As a result, the temperature reading was obtained in the rang&Cofo54
20°C with a smaller temperature ermi about +/ 1°C. Notethat it took about 10 15
minutes for each temperatypeintin this measurement, and about an hour and a half for

temperature to be heated up to 1 and then cooled down to about X2. The
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prototype was allowed to cool dowwernight, and the measurement at room temperature
(recorded to be 20C) wasperformed approximately 24 hours latdihe measurement
results are shown irFigure 3.17, where sixdifferent temperature responses were
recorded.Figure 3.18shows the resonant frequency plotted against the temperature,
wherea relatively linear response thfe frequency shiftss observed,.e.from 4.85 GHz

at 47°C to about 4.80 GHz at 28 with a sensitivity of 1.85 MHZC or 0.04 %
frequency shift pePC. This sensitivity is slightly lowethan the prototype reported in
Section 3.4.2vith 0.05 % of frequency shift p€€. The responsed 84 °C appeato be
nonlinear reflectinghe limit of the linear region of operation. pmactice to identify the
linear operation limits of the sensor, each operating principle, mechanicaEM
response and ththermalmechanicalresponseshould be haracterized to obtain the
overall linear response for theensorin terms of frequency shift versus temperature

change.

Figure 3.14. Plastic enclosure fodirect temperature measuremeafsthe CPW

SRR sensor prototype.
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Profilometer Port 1 DUT
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Figure3.15. Temperaturmeasurement setup.

Figure3.16. The émperature measurement sewith VNA (the blue cables) and

the reference temperature prabgerted inside the plastic contairfdre brown wire).
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Figure3.17.Frequency response of the temperature sensor prototype excited with

CPW at different temperatures.
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prototype.
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3.5. Remote Sensing Implementation

As demonstrated in Section 3.4tBe sensor array of four elemenss ([designed
in Figure 3.2) was interrogated remotely by incident waves in short rangé 820cm).
However, to enable long range interrogation, the surrounding envénat of the sensor
has to be considereth applicatons where the sensor is not placed on metallic surfaces
or surrounded closely by metallic objects, CPW excitation destgyuie 3.3) can be
integrated, as a load, with a typical RFID tag antenna.,Tihean be interrogated by an
UWB (ultra wideband) reder, which can track the resonant frequency of the sensor tag.
However, in applications where the sensor is required to be surroundecttblfiam
objects,the FMCW radarsystem as discussed in Chaptera@viding the beat frequency
to decode both identifation and sensing signad$ the sensois required This platform
allows a ground planto be in the proximity or as part of the sensor, and the ground plane
helps to reduce interferences frahe half space surrounding the sensor. This section
investigaes the performance of the sensor implemented in the beat frequency based

platform for long range interrogation.

3.5.1.Beat Frequency Interrogation System

A. The Radar and the Reading Platform

An FMCW radar with carrier frequency operating around 3 GHz was utilized as
an interrogation device in the communication system illustratdeigare 3.19 i 3.20.
The radar system utilized in this measurement was built and operated by Franck Chebila

[3.11]. Eachof the two sensor prototypes bigure3.12 (measurement resultskigure
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3.13) was terminated with a 50 q |l oad on o
referred to as communication antenna) on the other end via a long coaxial cable
(characterist | mpedance of 50 q) . I n this techni
acquisition [3.71 3.11] (see Section 2.3 of Chapter 2), the transmitted signal has a linear
sawtooth variation of frequency with time, i.e. chirp tuned linearly by a voltage
controled oscillator (VCO). As the chirp signal is emitted from the radar antenna, it is
backscattered by objects and received at the radar as an attenuated replica of the chirp
delayed by the twavay propagation time apt =, whdReR s the range betweehd

radar antenna and the sensor loaded antenna, and c is the speed of light. The

instantaneous frequency difference between the chirp and its delayed replica is given by

¢—w owhereFis the bandwidth of the chirp (2.85 GHz3.1 GHz) with the ceter

frequency,f., of 2.975 GHz, andR is the sawtooth modulation period of 1 ms. The
echoed signal is then mixed with the transmitted chirp to produce the beat frequency.
Here, the radar has two identical horn antennas, one of which is the transiitlittgaivw

Gr and the other is the receiver with gaip. Ghe radar block diagram is shownFigure

3.21[3.11].
~3m .
y g 24m
‘ ) ’
Radar ‘ _ - W
Radar Loaded caple with S04 l
antenna antenna adjysted length
FMCW radar at 3 GHz Horn
Gain G,/Gg = 15 dBi 1.8 -3.4 GHz
Gain G, = 15 dBi

Figure3.19. RCS measurement system for remote sensing and identification
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Figure3.20. Captured image of RCS measurement system.

, Transmitting
Generator Amplifier Coupler Transmitter || antenna
Signal processing Receiver
Oscilloscope Filter  Mixer .  LNA Recelving

Figure3.21 Block diagram of the interrogation rad§s.11]

There are two important beat frequencies to be observed in the sdtigu
3.197 3.20. The backscattered signal by the sedsaded antenna, with gai@a, gives
the first beat frequency, which can be estimated from (3.3), i.e. the structural mode. The

second important beat frequency to be identified is the backscattered signal that travel
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alongthedelayc abl e t o the | oadi ng s eisrflested.(Thiser mi n a
beat frequency can be estimated from (3.4), whésethe cable length ardis the cable

dielectric constant [39.

Q ¢—— (3.3)

Q ——74 (3.4)

There are advantages and disadvantages for different frequency ranges of the
carrier frequency of the FMCW radar. Higher frequencies such as millmvater
frequencies allow miniaturization of the antennas and the sensorgdimgantennas and
beamsteering capability. In high frequencies, the physical distance becomes longer
electrically and thus the noise level caused reflection and multipaths due to nearby
objects is reduced. Furthermore, the antenna impedance matchisg lesal influenced
by the surrounding. However, the signals attenuated by a factd®jc2 for the high
frequencyfy, compared to the lower frequendy, In terms of detection range, given the
same transmitted effective isotropic radiated powéRFE, the same receiving antenna
gain Gg, andthe same received back scattered pqviRe for both frequencyy andf,
when interrogating a scatterer of a given effective,dethe detection rangeRy, at fy

andR_ atf,, are the sameSuch conclusionsan be inspected {{3.57 3.8) [319].

Ca

, ——O"0YD (3.5)

; - — (3.6)
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and " T — (3.7)

" T — (3.8)

The output power of the VCO (Hittite HMC416LP4) around the cefmeguency
is between D dBm and 2.4 dBm [3.11], witla voltage tuning response reportied
Figure3.22 [3.11]. The VCO response shows a potential for a radar bandwidth from 2.7
GHz to 3.2 GHz, however the frequency band of 2.85 GH&10 GHz was chosen
because it covers the frequency shifts of the first resonant frequency of the two samples
under test. The loaded horn antenna, located 3 m away from the terminal of radar system,
operates in the band of 1.8 GHz to 3.4 GHz withain, Gp, of 15 dBi. The sensor
prototype is treated as a loaflthe targethorn antennaf the system and is terminated
with a 50V load when connected to th€.4 m long cableBased on the total travel
distance of the signals, each load targéh their correponding range gives a different
beat frequency with a different received power level, thus a different RCS value3Table

1 gives a summary of different parameters.
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Figure3.22. Output signals of the VCO.

TABLE 3-1

Summary ofthe RadaiSystem Rrameters

@F 250 MHz
Tr 1ms
fc 2975 GHz
VCO at £ 2.3dBm
R 3m
L 24m
CableU 2.25
Gr 15 dBi
Gy 15dBi
GL 15dBi

Assuming no significant loss due to the attenuation of the signal in the delay line
cable Figure3.19), the power received at the radar can be estimated according to (3.9)

(see Section 2.3 of Chapter 2 for derivations), whgrand Py are the transmitted and
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received power at the radar respectivelis the wavelength of the signdaR is the

distance beveen thehornantennas of the radar to the load®detantenna (connected to

the sensor)Gt andGg are the gain of the transmitting and received horn antennas of the

radar respectivelyGa is the gain of the loaded horn antenRa,is the resistance dhe

loaded horn antenna (its reactance is zen)Rs andXs are the resistance and reactance

of the sensor seen by the | oaded horn ante

the delay line cable is not accounted for.

C
C
—~

I

(3.9)

B. The Interrogated Sensor Samples

To estimate the received powPk, resulted fronthe two prototypes illustrated in
Figure3.12 prototypesS101andS128with two averagelcapvaluesoft 01 e m and 12
€ mrespectively, thar input impedances Rs and Xs) were extracted from the
measurements of the® parametersising ADS simulations(Figure 3.23). Note thatthe
measurement sgb here is thermally static, because the analysis in this section
investigats the feasibility of remote sensing based on the EM responses of the sensor.
Recall that the thermahechanicalesponse is an independent and skalbwn principle
in the operating principles of the proposed sensor. The resistance and reactance of the
two samples from ADS simulations are shown kigure 3.24. Assuming transmitted

power,Pr, to be 0 dBm, then the received powes, in (3.9) can be estimated f8401
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and S128(based on the plots iRigure 3.24) and shown inFigure 3.25. The power

difference br the two prototypes is shown kigure3.26.

Al

Zin

Zin
Zin’ gﬁg S-PARAMETERS
Zin1=zin(822 PortZ2)
S_Param
3P1
+ ¥ Term ' : *1  Term Start=2 GHz
Term1 Term2 Stop=3.5 GHz
Num=1 Num=2 Step=9.375 MHz
% Z=50 Ohm s2P % Z=50 Ohm
__+_ Sensor -

Figure3.23. ADS simulations of the sensor impedance

Resistance of S101
Reactance of S101
Resistance of 5128
Reactance of 5128

Impedance (Ohm)

-100 T ] T ] T I T [ [“[ T | T
20 22 24 26 28 30 32 34

Frequency (GHz)

Figure3.24. Impedance of samp&l10landS128obtained from ADS

simulations

69



-38 -38
-40 P
= -40 Ve
g 4 Pt /
E’ / \ // % -42
2 44 @
m -
o \ / \ / 7] 44
2 46 - /'
& / 2 46 -
48 ~ 5 -
-50 -48
20 22 24 26 28 30 32 34 20 22 24 26 28 30 32 34
Frequency (GHz) Frequency (GHz)
(a) (b)

Figure3.25. Calculated received power fprototypesa) S101 andb) S128
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Figure3.26. The variation in the received power betwgeatotypesS101 and

S128

3.5.2.Radar Echo Measurement Results

Thebeat frequency power receivedtié radar ofFigure3.19 was measured and

plotted against the beat frequendgmain in Figure 3.27. The corresponding beat
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frequency for the sensor prototypese&timated to be 22 kHz froif3.4) based on the
signal path lengthwhile the beat frequency of the structural mode of the lotalget
antenna is about 9 kHz. Other detecteckpdretween 9 kHz and 22 kHz are contributed

by the reflectios from the room wallsbecausethe roomis approximately5 x 10 nf
(Figure3.20). The firstpower peak at 10 kHz is approximately2. dBm corresponding to

the structural mode, and the power level of the antenna mode at the peak of 22 kHz is
approximately-35 dBm and-32 dBm corresponding terototypesS101 and S128
respectively. The output powepy, is about 10 dBnafter amplification Consequently,

the variation of the power level at theeat frequencyetween the two thermal static
prototypes S101 and S1#83 dBgiven adifferenceof 1 2 7 between their cantilever

tip gaps €cap, i.e. 0.024d B / ofmsensitivity for the mechanic&8M response of the
sensor designNote that this RF response can be improved further when operating at
higher frequency such as 30 GHz to give a larger dB per micron of the cantilever
deflection. Given thefabricatel AI-PET bimorph canlivers having athermal
mechanical response 6f. 8 °Cg the/ tempeature sensitivity of the prototypéere can

be estimated to be 0.03 dB/ Recall that the thermal response can be improved with a
different set of bimorph cantilex® without altering the RF responses of the sensor. For
exampl e, i f 10 em thick Pt (pl ati num) | aye
PET | ayer replaces 50 em PET | ayer, and tF
length of 3.5 mm instead & with the anchor base of 0.5 mm), then the thermal
mechanicalr e s p o n s e °Cj i.s. 0.240dBI@ for/the sensor in the beat frequency

domain
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Meanwhile, in the frequencband of 2.85 GHz 2.90 GHz of the plot irFigure
3.26, the calculated receivedwer variation (implying the RCS variation) between the
two sensor prototype§101andS12§ is approximately 2 dB, while the power difference
observed in measurements is approximately 3rigufe3.27). Furthermore, note that in
calculationghe peak othe power difference is also around 3 dB in the frequency band of
2.617 2.8 GHz.The observed discrepancy between the calculated and measured values of
the power variation with its corresponding frequency baray be attributed to the
absence of the cabile calculations. With its negero inductance anthpacitancéacting
as an impedance transformethe cable can altethe impedance seen by the target
antennglooking toward the loading sensprgsulting in lower Rand X or equivalently
a higher back scattered power according to (3.9). On the other imandl|culations
(Figure 3.26) the largest power fluctuation of about 8 dBobservedaround 2.5 GHz
This result is consistent with the plots of Figure 3.13, where the largest vaoaten|
between two sample§10land S128 also occurs around 2.5 GHRotentially, with a
different radar system optimized for the 2.5 GHz frequency band, the power fluctuation

(thus RCS sensitivity) can be as high as 8 dB givesdheesensor prototyes built here.

In Figure3.27, the pealpowerlevel of the echoed sigrsdirom the sensois close
to -35 dBm, while the noise level is arour85 dBm, i.e. &SNR of 20 dB. This SNR
reflects all the noiss in the system and from thenvironment.Although multipath
reflections are possibleheir signal level is negligibly low (close to noise level).
Furthermore, the measurements were performed indoor, thereforeige level and
multipath signalsfor outdoor environmenare expected to be lessan themeasured

results observed frorthis experimentThe measrement variation (3 data poihtsor
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each prototypés shown inFigure 3.28, illustratingan error margin ofpproximately 0.7

dB at around34.5 dBm forthe prototypes10land 0.25 dB at atmd-31.5 dBm forthe

prototypeS128
0
Echo of the
structural
-10 A scattering mode
=20 {l\ Echo of antenna

Azt

scattering mode
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Figure 3.27. Beat frequency power level for the two low frequency prototypes
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Figure 3.28 Measurement variation for the beat frequency level of sample S101

and S128

3.5.3.Performance Analysis of the Sensor Design

The maximum potential of the sensor design, based on the same interrogation
platform described ifrigure 3.19, is further investigatecdithis section. Simulations of
the design irFigure 3.3 were performed with a slightly different set of parametefs=
2.5 mm,c =1 mm,d = 0.5 mm, ancs = 0.5 mm (sed-igure 3.1). The substrate was
RT5870 ()= 2. 33, subst r at Ehe diffierencekimtiissssidy is that h@ € m)
cantilever is made of only 1 metallic layer that forms a parallel plate capacitance with the
ring with the overlap area of 1 mm x 1 mm. The cantilever in this study is not bimorph
because the dielectric layer in thielayer cantilever has little influence on the frequency
response of the sensor with respect to the cantilever deflection (refers to Chapter 4 for the
operating principles). The simulations were performed with different dcap values ranging
from 2Q208memo Mesgof the sersa is ehbwn Figure3.29 for dcap

from 20 em to 100 em with steps of 10 &m.
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frequency band (3.5 GHz5 GHz) presents a best sensitivity givedcap variation, i.e.
the cantileer deflection, hence this upper resonant frequency is chosen as an example for

the best performance evaluation.

y — dcap =20 um

dcap =30 um
—— dcap =40 um
—— dcap=50um
—— dcap =60 um
—— dcap=70um
—— dcap=80um

—— dcap=90um

[S21] (dB)

—— dcap =100 um

1.5 2 2.5 3 3.5 4 4.5 5 5.5
Frequency (GHz)

Figure 3.29. Magnitude 06521 of the simulated sensor desigith CPW

coupling

Using ADS simulationsas inFigure 3.23) to extract the amplex impedance of
the CPW SRR sensor models simulated in Figure 329 received power level (withy
set to 0 dBm) is plotted iRigure 3.30 based on (3.9or differentdcapvalues from 20
em 200 em with steps of sntalervariations fdedbaré r esp
shown in Figure 3.31. Note thatif a Pr of 10 dBmis assumedtiie same as the

calculations performeth the previous section the received power iRigure3.307 3.31
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would be raised by 10 dB. Therefore, it would result in a SNRbotut 15 dBgivenan
outdoor noise level of approximatel§0 dB [3.11] (although the power level discussed
here is applied t@ carrier frequency around 3155 GHz, it shares similar system
parameters with the 3 GHz banadardiscussed earlier). Obse that the frequency

shift of the sensor is not linear across the large randeay The shifts of the frequency

at the notch powefcorresponding to the resonant frequency of the seaserghown in

Figure 3.3, where two linearegions can be idefied (two different slopes, i.etwo
different sensitivities Recall that there are two methods to interrogate the sensor with
the FMCW as suggested in Figure 2.15 of Section 2.3.1. One approach is to sweep the
chirp in a narrow bandwidth and read the poWuctuation at a constant beat frequency.
The second approach is to sweep the chirp in adjacent intervals of a frequency band such
that different beat frequencies can be used to track the frequency shift of the notch power
received at the radafhe frequencyshft of the notch powercan be tracked with a
sufficiently small bandwidth of the chimpodulation although the processing time would

take longer. However, the more dominant limiting factor in the detectable spectral
resolution is the minimundetectable power changé the radar Results inFigure 3.28
suggests that a minimum detectable powd#ferenceis 1 dB, therefore a spectral
resolution of 25 MHz (the bandwidth of 1 dB above the notch poesel) can be
applied to trackhe notch powesuch as the variations seenFigure 3.31. The phase

noise of theadar system (Figure 3.215 below-100 dBc/Hz for both the VCO and the
oscillator [3.11], which is sufficient to accommodatés tepectral resolution. Fatcap

variatiorsf r om 1000e mmmt oa2spectr al resol ution
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Figure 3.30. Received power estimated for tBemulatedsensormodels with
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Figure 3.31. Received power estimatddr the simulated sensor modeisth

di fferent dcap values from 20 em to 30 &m
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Figure 3.32. The frequency of the notch power in the signals of the sensor as

received by the radar

Taking thepower level obtained from the simulation icapof 20 e m t o be
reference, the power fluctuation fdhe received power oflifferent dcap values
compared to the refereneee shown irFigure 3.33. Considering the power leve &t6
GHz, there exista relatively linear response fahe power ofdcapv al ues from 20
(the zero levein Figure 3.33 t o 140 & m. | n ptsweepsin acharow |, a s
frequency band can be used to réael reeived power fluctuation corresponding to the
cantileverdeflection. AgainFigure 3.28 suggests a mimum detectable power level to
be 0.7 dB. Table3-2 gives a summary of the gsated performance parameters foe
sensorThe column ARCSO indicates performance
band and the column AFrequency Scano indi
multiple adjacent frequency bandéote that %f is calculated as a ratio of the frequency

shift over te carrier frequencyfat e m of t he cantil ever defl €
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here is the ratio between the deflection limtdecibes$ (the upper and lower limits in

the linear range)
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Figure 3.33. The estimated power fluctuation of the sensor wlenldd in the

radar interrogation system with dcap of

TABLE 3-2.

Summary of the Estimated Performance Parameters of the SeasignD

Interrogation RCS Frequency Scan
Output power Py) 10 dBm 10 dBm

SNR 15 dB 15dB

Sensitivity 0.035dBém | 1.2 %fem 0.07 %f Em
Reference carrier frequenc] 5.6 GHz 3.45 GHz 5 GHz
Detection resolution 0.5dB 25 MHz 100 MHz
Linear range 20-140em| 20-30em 100- 200em
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The substrate used in this study, RT5870 by Rogers Corpof&itfj, has a
coefficient of thermal expansion of 40 pg@/from 0°C to 150°C [3.20], which is
negligible to circuit dimensions at 3 GHz. Its dielectric constant increases less than 0.5 %
from -50 °C to 150°C [3.20]. Therefore, it can be consideredtttie frequency response
of the sensor is independent from the temperature effects applied to the substrate within
50°C and 150°C. Consequently, the frequency response of the sensor is only influenced
by the construction of the bimorph cantilevers. Torrespond the performance
parameters in Tabl8-2 to the thermal responses of the sensor, two different material
pairs (AFPET and T4PET) are used in the calculations. Each material pair gives a
different deflectionsensitivity for a given temperature ahge according to (3.1). The
temperature sengy performance of the SR&ensor utilizing the two material pairs are
estimated and summarized in Talde€ and Table3-4 (%f refers to percent of the
frequency shift with respect to the reference operatinguénecy). The estimations are
based on cantilevers of 3 mm | ong and 50 ¢
PET gives a t her maa,whiecTitagiint andvPET gives@mbensdtivitg & m
of 4 °G Table3/3 and Table3-4 show that theperformance of the sensor can be
optimized for different desired temperature accuracy and dynamic range and easily
adapted to different applications.

In an outdoor environment, the radar interrogation system at 3 GHz was estimated
to give a beafrequeng signal of the structural mode €80 dBm for a range of 30 m
with a noise floor level 080 dBm [3.11]. The beat frequency of the sendwdntenna
mode) with loss due to the delay line was estimated to be arddndBm to-50 dBm

resulting ina NR above 20 dB. As long as the SMRd the read power resolution are
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maintained, the performance parameters of the sensor estimated in3TAl8e3, 3-4
would apply. Chebila also demonstrated a radar system of 30 BxHz 13 dBm, and a
bandwidth of 700MHz) in the same remote interrogation method for a taegea
distanceup to 30 m At 30 GHz, theantenna gamof the transmitter and receiver 88

dBi and 14 dBi forrespectively [3.11]. The read power thresh(tlte radar sensitivity)
was reorted b bei77 dBm. The beat frequency signals for both the structural and
scattering modewere in the rangel0 dBm to-50 dBm with a noise level of abot60
dBm (he delay line used was 1 m). A resolution obabl dB was achieved. Here, the
implication isthatsucha system allows thehiplesssensor design proposed in Sect 3.2 to
be implemented in a remote sensing platforma@yng rangepotentiallyup to several

decameters.

TABLE 3-3.

Estimated Performance Parameters fo/PAT Bimorph @ntilevers

Material Un =24 (10°K™), pe=59.4 1P K™
Interrogation RCS Frequency Scan
Output power ®r) 10 dBm 10 dBm

SNR 15dB 15 dB
Sensitivity 0.064 dB7C 3.84 %fPC | 0.22 %f PC
Reference carrier frequeng 5.6 GHz 3.45 GHz 5 GHz
Temperature accuracy 8°C 0.2°C 8°C
Maximum Inear range 380°C 30°C 320°C
Linear d/namic range depends on initial cantilever position
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TABLE 3-4.

EstimatedPerformanceParameters folli-PET Bimorph Cantilevers

Material Ur =8.9(10°K™), peh=59.4 (1K™
Interrogation RCS Frequency Scan
Output power Py) 10 dBm 10 dBm

SNR 15dB 15 dB
Sensitivity 0.09 dBfC 5.4 %f/°C | 0.315 %f PC
Reference carrier frequeng 5.6 GHz 3.45 GHz 5 GHz
Temperature accuracy 6°C 0.1°C 6°C
Maximum Inear range 540°C 45°C 450°C
Linear d/namic range depends on initial cantilever position

3.5.4.Extreme Temperature Applications

In harsh environments with extremely high temperature {80t 1500°C) that
typical occurin the space shuttle, rotating bearingsaofaircraft engine, disc brakesr
jet engines, existing temperature sensors have been very limited in their performance.
Some thermocouple sensors can measure up to°230@h high accuracy (0.9C). They
are based on Seebeck effect of a pair of mekatsekample, platinum and rhodium)uB
they are easy to be contaminated, the wire is rated for operation at much lower
temperature (contact with the targetfle signal output is weak, easily affected by
common mode noises [3.21)ptical fiber based tharal probes haveperation range up
to 1400°C with high accuracy (0.2C) but also requireslirect contactwith the target
[3.227 3.23. Non-contact thermal platforms such ggtioal thermometry can measure
high temperature by detecting the thermal raaliaémitted by the objecandthe change

in the optical path length of objects made of material whose thermal expansion
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coefficient and refractive index change as a function of temperature up to°@500
However, these optical based sensors are limiedensitivity, accuracy, and range
(about 2001 300 mm) and they require lirgd-sight in measurements [3.2 3.25].
SomeSAW sensors have been shown to operate up to 40(Q8.26 i 3.29]. Although
SAW tagscan be interrogated up to several metersg|3faut for very high temperature
SAW sensors, the system is limited to 15 cm [3.26] and the senshastyowaccuracy

of around 40°C (due to the constraint byhe pulse width and the measurable
temperaturaependentlelay, 10 dBm power outpuind aSNR of 10 dB). SAW based
sensors operate based on the reflective acoustical delay line which is modified by the
physical quantity under sensing. The major limitations of SAW in high temperature
sensing are the piezoelectric substrate materials that areecttibe stable up to 1000

°C or above. The temperature influences the acoustic path of the substrate together with
the elastic constant of the substrate mateHahce the velocity of the surface waves is
altered results in a change in the delayed cedtd signals. Consequently, the newly
developed Pt/Rh/ZrOthin-film electrodes and langasite substrate ;G@aSiO,) can
enable SAW sensors up to 10 but the sensitivity based on SAW operating principles
is inherently limited [26 i 3.29]. Furthermore SAW based sensors are limited to low
frequency (around 3 GHzZjue to the fabrication difficultiesn shrinking the electrode
fingers of the IDT. Given the samealimensions and output power, the antenna gain is
limited at low frequenciegherefore therange is limited.On the contrary, at high
frequenciesespecially in millimeter wavesupported by the operation of the EM sensors,

the interrogation range for the EM sensors camxtiended by the high gasmall size

83



antenna (for example, dish antennagith 20 i 30 cm in diameter) and the data
bandwidth is also larger.

Beside thebimorph microcantilever integrated slot reported in [3.5] as discussed
earlier in this chapter, recently another wireless passive sensor based on a slot resonator
(operating awvund 5 GHz) was reported that can perform temperature sensing up to 1000
°C utilizing temperaturedependent dielectric constant of aluminz8(B. However, both
designs in [3.5, 30] have very low sensitivity, 0.008 % C in [3.29] and 0.003 %IC
in [3.5] and the accuracy of both is above®80 Detection is performed with incident
waves emitted by a transmitting antenna, and the reflected signals from the slots are
directly detected with a time gating windoeader This interrogation method is therse
as reported in [3.5] and also investigated in i8acB.5.2 of this chapter for the SRR
sensor design reported in this thesis. Recall that in this direct incident and reflected wave
interrogation method, the SRR based design presented in this tHessaadensitivity of
0.05 %fPC with anestimatedaccuracyof 10°C. Note that this method of interrogation is
itself very limited in range. As seen in [3.5, 3.29] and Figure 3.11, the reading range is
less than half a meteAlthough the materials utilizkin the proofof-concept prototypes
(Figure 3.9) cannot operate up to 106Q, the materials can be replaced by aluniora
the substrate and platinum (R9r theelectrodes. The main advantage of the SRR design
is that its operating principles are inbetly not limited to materials and the design can
be easily adapted to differefrequencies The high sensitivity is achieved through the
efficient conversion ofthe gap capacitance intthe frequency shifts, where the gap

capacitance is modified by the temperatdependent cantilever displacement.
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In terms of remote long range interrogation based on an FMCW radar(as
described in Section 3.5,2recently two new passive remote temperat@msgrs were
also reported [317 3.32). The sensor in [31] utilizes liquid metal (Galinstan) housed
in a microfluidic channel across a gap positioned at the middle of the dipole aritkeana.
dipole is open at the reference temperature and is closéé asltme of the Galinstan
expands across the dipole gdfhe sensor comprises of a number of such antenna
elements operating close to 30 GHhe temperaturdependent volume of the liquid
metal would alter the linear array, which results in a chang@enRICS level of the
backscattered signal§.he temperature range is probed at discrete levdthough
potentially this sensor can be used in extreme temperature environment because
Galinstan (Ga/In/Sn) exists in liquid form fror0 °C to 1300°C, the sasor has a
limited tunable temperature range (20). This is becauserobing temperature in
discrete intervals witla resolution of about 4C corresponslto a change of 1.8 dBsm in
theRCS of the array. The temperature resolution potentially can be snaalker but the
number of antenna elements woulded toincrease to maintain the same temperature
sensing range, thus also limits the special resolution. The sensd@dhytdlizes a water
micro-fluidic channel situated between capacitive planar plates 2port transmission
line operating around 30 GHz. The capacitance of the gap changebhewtimperature
as the water level moves across the plates, thus altering the characteristics of the
transmission line. The sensitivity was shown to be 0.4 88ri a limited measurable
range of 10°C. It demonstrated a long range cost effective design but it cannot be applied

to extreme temperature environments.
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To enable sensing above 100D for the SRR CPW sensor desidgfigure 3.3),
alumina (aghedielectic material) and Pt (athe metal) can be used to fabricate the split
rings as well as the bimorph cantilevers. Alumina has a melting point of°2)Ghd Pt
has a melting point of 176%. In fact, alumina (AlOs) was identifiedto bea robust
material br harsh environment applications by NASA Glen Research Cen8d).[8s
dielectric constant properties were reported iB3Band are shown ifigure3.341 3.35.
The SRR resonatatesigncan be easily scaled for the alumina substrate. The monotonic
and linear change of the dielectric constant of the aluminasbt#h the resonant
frequency of the SRR resonator but the shift is much lower than the shifting effect caused
by the gap capacmae change due to the cantilevers of the design. For examifilea w
thickness of 50 em for each |l ayer and a ca
deflection sensitivity of alumina witthermal coefficient of 5.410° K™*) and Pt with
thermalcoefficient of 9(10°K™),i s 0 °C3Singenttie mechanical strength (based on
Youngds modul us) of alumina is about 10
mechanical strength of Pt is twice that of Al3&81 3.35], the bimorph cantilevercan be
mde 5 mm | ong and the Pt | ayer can be mad
stable. And it gives a°tfrenmyhiehtha pedfarneance & s pon s
the sensor can be estimated from Tabh#e Note that the length of the cantilevelbes
not necessdy influence the parallel plate overlap atestweenthe cantileves and the
rings. This overlap are&s the key parameter ithe RF responses of the SRR sensor.
Consequently, in theory, as opposedthe existing sensors limitetly their operating

principles, the robust design of the SRR based sensor illustrated in this chapter can allow
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high sensitive and long range passive wireless sensing for tempstgtute 1600°C

using the beat frequency detection radar system for interrogation
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[3.33]

In harsh environments such as aircraft engittesnechanical vibration woulde
a major perturbation to the operation of the sensor. The mechanical stability of the Pt
Al,O3 bimorph cantileverin the examplalescribedearliercan be evaluated in terms of
their naturalmechanicaresonant frequencies. The fundamental natural fremé,, is
given in (3.10) below [36], wheren denotes the order of the mechanical resonant mode,
Eis the Young®6s moldsuhe memerd 6f inértta of the eettangulara |
cross section of the cantileven is the total uniformly distributed mass, ahds the
cantilever length. For a cantileveith one end clamped and the other end fodeas the
following values:b,L = 1.8751p,L =4.6941p3L. =7.8548[336) . The Youngbés m

(or tensile modulus) ahe bilayer cantilever can be estimated according to (3.11), where
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t; andt, denote the thickness of each material layer,lBnandE,d e not es t he
modulus of each material B7. The moment of inertial, is calculated according to
(3.12), wherew denotes the width of the cantilever ahds total thickness of the
cantilever [336]. Table 3-5 gives a summary of the calculations. The first mechanical
resonant frequency of the bimorph cantilever ofus® thick alumina and 2Qm thick Pt

is 1.3 kHz,which is an order of magnitude above the vibration frequency of the typical
aircraft engine[3.38] (Figure 3.36). Table 3-5 also illustrates how the tip deflection
sensitivity of the cantilever can be improved while keeping the natural vibrational

frequerties of the cantilevers well above the harsh environment mechanical noise.

Q — — (3.10)
0O —_— (3.11)
‘O —00 (3.12)
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TABLE 3-5.

Natural oscillation frequencies of the cantilevers

taumina (€M) 50 150

tre(em) 10 10

Lcant (mm) 5 7

w (mm) 1 1

f1 (kHz) 1.3 1.58

f, (kHz) 8.1 9.9

f3 (kHZ) 22.7 27.7

Tip deflection ¢m F°C) 4.5 8.8
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Figure3.36. Typical internal cabin (measured data) noise spectrum of an aircraft

with fuselage mounted enging3.38
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3.6. Limitations and Future Work

The operation of the proposed SRR based sensor relies on the operation of the
bimorph cantilevers. In this thesis, thediability of the AFPET cantilevers in the proof
of-concept prototypes has not been investigated. Nevertheless, the thermal response of
the bimorph cantilevers has been studied extensivehgeiliterature. RF switches of Au
SiN bimorphs have been tedtap to 1 billion thermal actuation cycles39]. Bimorphs
madeof Al-SiO, were demonstrated to work after 10 million thermal actuation cycles at
3 kHz [340]. The AI-SiO, bimorphs of the slot based temperature sensor in [3.5] were
shown to function withnegligible fatigue past a billion thermal cycles4B. Future
work of this thesis should consist of fabrication and tests on different bimorph forsation
integrated with the split ring circuit.

The suspended cantilevers of the design can impose a drawback to the
performance of the sensor in harsh environments where not only high temperature above
1000 °C occurs but also strong vibrational noises are present. However, as Chapter 4
illustrates, the operating principles of the sensor are not linitelet use of cantilevers
but any temperaturdependent capacitance change at the SRRwapkl allow a large
frequency shift. Potentially, temperatidependent capacitive microfluidic channels
similar to the one proposed in 82 may replace the cantileers in te SRRdesign
utilizing Galinstaninstead ofvater forextremetemperature applications.

To enablemulti-node sensing networkdifferent lengths of the delay lines
connecting between the sensor nottethe targetantenna (the loaded antenmayy be
used.Different sensor nodesiay be identified by different beat frequencieand their

sensing informatiormay be encoded in the received power fluctuation at the beat
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frequencieqor RCS levels). Note thah the proofof-concept measuremenin Section
3.5.2 the horn antennaasconveniently used as thargetantenna. In practi¢et could
be replaced by low profile highly directive antenna arrays suelh@ghly compact Yagi
type array of patch antennas43i 3.43].

In the interrogation metd of the FMCW radarthe required delay lines present a
challenge in the layout of a mutiode sensor network. As seen kigure 3.27, the
antenna mode is only required to be separated from the structural mtueviogith of
the peak (where 1 dB diffenee in power level can be read between peales)a spacing
of about 2 kHz inthe beat frequency domain. This minimum spacing corresponds to
about two freespace wavelengths of the carrier frequency at 3 ,GMzich is a
determining factor on the lengtl the delay linesThis same limit can also be used as a
reference to separate different sensor nodes in a network (see Section 2.3). Potentially,
this sensor operating based on load impedance modulation can be integrate8Awth
sensor architecture su@sthe two-port impedance SAW sensofsigure2.9), where the
slow travelling acoustic wave can act asiaiaturizeddelay line (refers to Section 2.3).
Future work of the RF SRR sensor should include a complete integration of the sensor,
the delay ling and the loaded antenna fabricated an alumina substrate withPt

electrodes antb be tested for operation above 1600
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Chapter 4.

Equiewmal CGisr odi -bhse8RREor s

4.1. Introduction

A new ultrasensitive RF temperature sena@s proposed in Chapter Jhe
sensor is based on split ring resonators loaded with cantilevers, where the sensing
mechanism is based on a resonant frequency shifeddnysthe deflection of the bimorph
cantilevers as they respond to a temperature change. The operation of the sensor was
investigated with a brief introduction on an equivalent circuit, yet a design circuit model
was not includedThis chapteraims in presenting a methodology to extract an equivalent
circuit model for the design and optimization of such structures for different applications.

Since their first introduction in 1999 [1], SRRshave been extensively studied in
terms of both theiphysics and equivalent circuit mode&.J 7 4.13. There are two
major approaches in modeling the SRRs. The first approach derives analytical
expressions for the SRRs and their variations based on polarizability and magnetic
dipoles (current and field aulations), and then an expression for the resonant frequency
[4.17 4.10. The second approach is based on a transmission line model with distributed
circuit elements to calculate the SR&sonant frequency[11i 4.17. Those approaches
derive the indatance and capacitance values from the physical dimensions of the SRRs.
Although they could predict the resonant behavior of the SRRs well and they could offer
valuable insight into the physics of the SRRs, such approaches are based on lengthy
calculationswith multiple parameters before deriving a simpled effective LC circuit

(an inductorcapacitor tankjand consequently, they are ineffective in driving the designs
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and in directly assisting optimization. Most of the electrical circuit models are also
limited to only the lowest (or fundamental) resonant mode of the SRRs. A compact
circuit model was introduced iM[1(J but the capacitive circuit elements were not
estimated in a systematic way. A circuit extraction based on scattering parameters was
introduced in f.13 but the method was applied to a network of SRRs coupled to planar
transmission lines rather than the SRRs themselves, which were also represented by the
complex analytical method. All previous works including1ld could not provide a
straghtforward connection between the resonant behavior of the SRRs and the circuit
view of only two equivalent lumped elemehtsindC. If the mode of a resonator can be
described with an effective inductor and an effective capacitor that correspond to certai
desired physical parameters of the resonator, then designers have direct access to its
inductive and capacitive behavior to intuitively manipulate and optimize sensors operated
based on the resonant frequency of the resonator. Furthermore, the citagtiax
method presented in thikaptercan model a large resonant frequency shift of up to 25 %

of the operating frequency; at the same time, it can produce circuits that capt@e 2
resonant modes spanning a large range of frequency @D GHz) malng it highly
adaptable to wideband applications. In general, circuits accounting for higher modes of a
resonator can enhance the accuracy in modeling the lower modes. In particular, the first
two modes (slightly coupled since both are influenced by thiegsps) of a double split

ring resonator are highly sensitive to its split gap capacitances, which are the critical
factors in sensing. Therefore, it is important in the perspective of design to separate those
modes and capture their changing behavidtk the inclusion of the next higher mode,

the third mode, for high accuracy. On the other hand, while most of the proposed models

98



were concerned with metamaterial applications, the tuning range limits of the resonant
frequencies of individual SRRs in tesrof their split gap capacitance were not addressed.
Such sensitivity and their dynamic range in terms of frequency shifts present a great
potential in sensing applications. To assist the optimization and the derivation of
automated design rules for semgiapplications, specifically applied to the sensing
principles of the SRR based RF temperatyseoposed inChapter 3 this chapter
introduces a simple and systematic approach to extract lumped circuit elements modeling
different resonant modes of the spiitgs loaded with cantilever$his workpresents the

first effort to model the variation of the resonant frequencies of the split rings in terms of
the variation of the split gap capacitance based on a simple circuit extraction method in a
comprehensivetudy. Each resonant mode is modeled iy @ pair in series in which

the capacitance is shown to correspond directly to the split gap capacitance made tunable
by the embedded cantilevers. In particular, rather than concerning with the quality factor
of the resonator or the physical basis of the effective lumped circuit elements, the scope
of the method focuses on the relationship between the split gap capacitance and the
resonant frequencies and their shifts in the operation of the SsesoChapter 3)The

study of the double split rings loaded with cantilevers (DSRRC) proceeds from the study
of double closedoop rings (DCRR), which is built upon the investigation of a single
closedloop ring and a single open ring. The discussion of mode modeling bashe

series circuit topology of a closédop ring (CRR) and an open ring loaded with a
cantilever (ORRC) are provided in Sect 4.2 which also illustrates the circuit

extraction method. It is followed by the investigation on the DCRR and the DSRRC in

99



Secton 4.3 Finally, discussion on the inductance variations and conclusions are

presented in Seion 4.4and Secgbn 4.5, respectively.

4.2. Single Split Ring loaded with a Cantilever

4.2.1.Mode Analysis

As the first step for the derivation of an equivaleintuit model, fulwave CST
electromagnetic simulationd.[L4 are set up for a typical CRIRigure4.1a) centered on
top of a substrate backed by a ground plane. It is excited by a normally incident plane
wave with onlyan x-component of the electric fek (E-field) anda y-component of the
magnetic field (Hfield). The complete schematic diagram of the problem geometry is
shown inFigure4.2, and its dimensions are provided in Tadl& (consistent with the
dimensions reported i€hapter 3. Note that dlthe ring widths and split gaps of the
resonators ifFigure4.1 are identical. To remain consistent with the designs proposed in
the previous chapteglass is utilized athe substrate (dielectric constati, of 4.82). The
backside of this substrate nsetallized. Without loss of generality, and for the proof of
concept, all metallic objects are considered to be perfect electric conductors with
thickness, t. The waveguide, extended continuously from the plane wave port to the
ground plane, with a squaceoss section with a side dimensitg,, is constructed with
perfect electric walls (PEC) on thefaces (Engent= 0), and perfect magnetic walls
(PMC) on the yfaces (Hingent= 0). The waveguide is thus equivalent to a parallel plate
waveguide with no cutoff frequency for the Transverse ElectroMagnetic (TEM)
fundamental mode & 0 and H = 0) and with cutoff frequencies (determined L)

for nonTEM modes. The air region has the lendth,and the substrate region has the
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length, h. Then the GRis replaced by an open ring with a split gagre4.1b) loaded

with a cantileverKigure4.3). Note that the cantilever used here is slightly different from
what was presented in [14] because the support in a conventional cantilever is replaced
by a bonding wire. The replacement allows the parallel plate capacitance of the cantilever
to be isoléed from the fringing effect of the anchor support. The reference plane for the
input impedance evaluation is set to the same plane as that of the ring resonator.
Theoretically, the input impedance is purely imaginary because the system is assumed
completdy lossless. Note that the polarization of the incidetfiell is tangential to the

ring at its split gapRing resonators can be excited by either normdield (to induce a
magnetic dipoldience an electromotive force voltage atangential Efield (to induce a
curren). In the case of ORRC and DSRRC (discussed ini@edt3), the appropriate
polarization (tangential) of the incidentfield relative to their split gaps excites the

fundamental mode of the open/split rings, which is the mode of sttere

o0Cc 00

w

-=k %

a) Closed-loop (b} Open ring loaded c) Double closed- d) Double split rings
ring (CRR) with cantilever Ioop rings (DCRR) loaded with
(ORRC) cantilevers (DSRRC)

Figure4.1. Different topologies of closedop and split ring resonators where the

loaded cantilevers at the split gaps are not shown.
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z

Figure4.2. CST simulation setup for the closed rings and split rings resanators

TABLE 4-1
Dimensions of théroblemGeometry

Full-wave electromagnetic
simulation parameters
r 230em

c 120em

S 45em

d 50em

Lx 5000em

Lsub 1400em

h 150em

t lem

U 4.82
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Figure4.3. Diagram of the parallel plate cantilever loaded on the split rings.

The input impedance (imaginary partreactancg of the CRR and the ORRC is
shown inFigure 44. The reactance of the ORRC is presentedLfgs of 80 € mand
differenthcap values (6, 10, and 18l M (seeFigure4.3). In the efforts of building circuit
models for the sensor designs propose@liapter 3 the same dimensions are utilized
here for the rings and their cantilevers. While all resonators share the same mode at 86
GHz, observe that the resonant mode arount 80 GHz is not present in the CRR. Due
to the rotational symmetry of the ORRC, the current distribution at the lowest resonant
mode must represent one wavelength. More specifically, the free space waveld@tgth at
GHz is 348& mThe effective dielectric constant, , is in the range of 2.914.82 (the

lower limit comes from the mean dielectric constant of air and glass), which results in an

effective TEM guidedvavelength, —), of 1589 2045¢ mapproximately whereqc

denotes the vacuunrelocity of light. Meanwhile, the mean circumference of the ring is
1822 ¢ mwhich is within the estimation of one full guidadvelength at the resonant
frequency of the CRR. Furthermore, observe that ti@yfirst resonant frequency of the
ORRC shifts asap varies (e.g., as the split capacitance is varied), because the second

mode resembles the fundamental mode of the CRR and thus is not influenced by the split
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gap capacitance. The patterns of the aledield distribution Figure4.5) of the CRR at

its fundamental mode and the ORRC at its first and second modes confirm such effect.
Figure4.5a and4.5b illustrate the same-field distribution pattern except that the axis of

the minima of the ORRC iotated due to the slight asymmetry of the cantilever position
relative to the split of the ring. Thefield pattern of the first mode of the ORREdure

45c) resembles that of a halfavelength dipole, where the two ends are brought into
close proximity with each other fictitiously. However, the resonant frequency is
significantly lower than half the resonant frequency of the second mode due to the
additional capacitance brought to the resonator by the cantilever. The mode patterns
suggest that the equlent LC circuit at 86 GHz extracted from the CRR can also

describe the same mode observed in the ORRC.

—— CST ORRC Lcap=80um hcap=10um

-600 —— CST ORRC Leap=80um hcap=14um

sm T T T T ' |
E . 1y
5 «o ﬂ Fo
¥ jt
£ 400 !
[} [
'E CRR ORRC 'r!
£ e
= - [
3 0
c |
= - |
® 200 CST CRR :
- ——— CST ORRC Leap=80um hcap=6um !
g
=
m
t
1]
L]
o

|
[
[
!
1
I
[

500 N I
20 25 30 35 40 45 50 55 60 €5 70 75 80 85 90
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Figure4.4. Reactance of the CRR and the ORRC.
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(a) 86 GHz of CRR (b) 86 GHz of ORRC (c) 36 GHz of ORRC

Figure 4 5. Electric field distribution at the reference plane of the CRR at its
fundamentalresonant mode (86 GHz) and the ORRC at its first mode (36 GHz) and

second mode (86 GHz).

4.2.2.Equivalent Circuit Extraction for the CRR

The geometry irFigure 4.2 consists of a transmission line with only the TEM
mode (below the cutoff frequency of the first ADBM mode) incident upon the
resonator, continued through the very short transmission line characterized by the
substrate and its thickness, finally terated by the ground plane. Because the
waveguide (both air and dielectric regions) and the resonator are excitethevitEM
modeonly, the physical problem @figure4.2 can be approximated with the transmission
line circuit shown inFigure4.6, where thenductancel;, and the capacitanc€;, model
the fundamental mode of the CRR and h is the thickness of the substrate. Therefore, the
input impedance obtained from CST simulatioRgyre4.7), where the reference plane
is moved to the resonator surfacmrresponds to the input impedanc, of the
transmission line circuit oFigure 4.6. Note that the glass substrate is modeled by a

transmission line with length..p, and characteristic impedance as the ratio of the air
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impedancalivided by, tha is o x FIt& ¢ The input admittanceyf, = 1/Z;, after de
embedding out the air region) is expressed in terms of the transmission line elements
(4.1), whereYy = (a/b) x 1/377Sis the characteristic admittance of the transmission line
[4.19, a andb denote respectively the width and the height of the TEM waveguide (here
a = b = Lgyp). Theinput admittancas observed talepend on three unknown variables,
L1, Ci1, and, the radial frequency. The fuave simulations of the closédop ring
give af equencypy (§0dHn)t af which the input impedance is infinite, and
another,y, (97 GHz), at which the input impedance is zero, ¥&.,(L1, Ci, inf¥=
1/Zn(L1, G, inp¥= 0 and,Zi, (L1, Ci, ) ¥ 0. Thereforel; andC; can be found to be
0.76 nH and 3.5 fFrespectively using thenonlinear Levenberg Marquarahethodin
MathCad #.16. The ADS plot of the input reactance of the solution circuit is also shown
in Figure4.7, which appears to match extremely well with the CSTvialle simulated
reactance.

Only the appropriate choice of the circuit topology (choice betweérCaank in

series or in parallel configurations) would guarantee the existence of a solutios. In th

series topology, the reactance@f Q approaches| 0 as] © Hb, while in

the parallel topology, the reactancedf Q approaches— as] © Ho. It

can be observed iRigure4.7 that as the frequency increases rigctance approaches a
positive value. Therefore, iiiamdtahliCparmx t r act
parallel would not yield solutions.

Based on the parameters of Ta#id, the waveguide has the cutoff frequency,

0

= for the first noATEM mode at 107 GHz in the air region and at 48.8 GHz

in the substrate (glass) region. This indicates that the transmission line méaiglref
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4.6 is accurate below 48.8 GHz (Note that at frequencies higher than 48.8 GHz but lower
than the atoff frequency of the second ndiEM mode in the substrate region, this
model should incorporate an additional skortuited transmission line for modeling the
standing wave generated by the first fidtM mode in this region). The inclusion of the
substate is to support the resonances of the rings in the operating frequencies of interests.
On a closer look, total attenuation for 48.8 GHz in both air and glass regiofs is

p 1, where the attenuation and the coefficient are calculated as and

| —_ - — [4.15]. Consequently, neREM modes below 48.8 GHz are

negligible. Attenuation for 86 GHz in the air region is 0.0014, and this energy portion of
the mode continues to propagate through the thin glass layer without further attenuation.
Therefore, the res@nt frequency found from CST simulations has a certain small error
Y@ Y GHz. However, this mode is not the shifting mode but rather is included as the
higher order factor in the input impedance responses to provide better accuracy in
modeling the loweshifting modes. As it will be clarified further in the subsequent sub
sections, such error does not influence the accuracy of the circuit model for the shifting

modes (corresponding to the split gap capacitance) that occur below 48.8 GHz.
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Figure4.6. Grcuit topology of the CRR.
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Figure4.7. Reactance of the CRR.
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4.2.3.Split Ring loaded with Discrete Capacitors and Circuit

Extraction for the ORRC

To model the lowest resonant mode of thRR® that does not appear in the
CRR, another set df-C componentsn series is added to the abederived circuit
(Figure 4.8). The input mpedance becomes (4.2), whéfg depends on,, C,, and¥
only since the componenits andC; that were calculated earlier represent an orthogonal
ORRC mode to this one. However, the input reactance responses of the ORRC (with
different positions of the cantilever) Figure4.4 suggest that the frequency point about
the first resonant mode, whelfge input impedance vanishes, cannot be located reliably
unlike how the zero impedance frequency can be located in Figurdécduse the
bandwidth of the resonant frequeranpund 30i 40 GHzis much smaller thathe one
around 80i 90 GHz, the zero immkance frequency point at the lower mode is largely
subjected to phase errors in simulatiBather, only the frequency point where the input
admittance vanishes (e.g. infinite or large input impedance) can be identified accurately
based on its phase chanfgeg. the first derivative of theeactancen the frequency
domainis large when approaching from the left and right surrounding the resonant
frequency. Thereforel, andC, cannot be solved using the same approach applied to
andC;. On the other hat) when the split gap exists, the split gap modes are mostly due
to the gap capacitancd.bi 4.17, and other capacitances, such as-saffacitance or
distributed capacitance of the ring.§|, of the ring resonators become negligible.
Therefore, the qaacitanceC,, of the ORRC can be approximated by the parallel plate
capacitance Cyp,, Of the cantilever(see Table4-1 and Figure 4.3), which canbe

estimated according to (4.3 wi,tam d BrdJthe free space permittivity and the
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dielectric constandf glass, respectivelyl o estimate the applicability dhis assumption,
the cantilever of the ORRC is replaced by discrete lumped capacitors (the sp8f gap,
remains unaltered) and simulated with 40 values covering the rangeiofl O®fF.It is
thencompared with the parallel plate capacitance formed by the cantilever. The lumped
capacitors and the parallel plate capacitance are plotted versus the fundamental frequency
of the ORRC irFigure4.9. Itshows that the dependence of the resonant frequenthe
split gap capacitance is almost the same for the lumped capacitors acahtiever
parallel plae capacitance

Based on the responses of the fundamental resonant frequency of the ORRC
(denoted agesy) to the lumped capacitors (green curveFifure4.9), a fitting 4" order
polynomial is found with MathCad fdZ, as a function ofes2as shown in4.4). Thus,C;
is easily determined faveryf.s2located from the CST fullvave simulations, theb, is

SO'VEd frOmYm (LZ, CZ, fresz) = 1/Z|n(L2, Cz, fresg = O

—— ——

Q_: o—[ 15
e =
L r
1 substrate
dielectric Short-
Cl circuit
\_JI_.

constant

J -

I_Zl.n Zin de-embedded
{input impedance
looking from the source)

O

Figure4.8. Circuit topology of the ORRC
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To test the accuracy of the above solutions, vargtuscturesof ORRC are
simulated with CST for different cantilever conditions, thahig, values of 4, 6, 8, 10,
12, and 14 mand for four differentc,, values of 20, 40, 60, and 8 m (seeFigure
4.13). The capacito€C, obtainedfrom (4.4) based on those simulations istped also in
Figure4.9 and is close to the lumped capacitor curve, as expected. Solutibpsref
plotted versus the resonant frequerfgy, in Figure4.10. ADS simulations of the circuit
in Figure 4.8 using the derived solutiorfer L, and C, are plotted and compared with
CST fullwave simulations irFigure4.117 4.12, where the ADS and CST responses
appear to overlap. It can be observed that for various combinatiomg,@nd Lcap
values, resulting in different split gap capacitances,rés®nant frequency shifts are
modeled by the simple lumped circuits with high accuracy (within 1% of error). The

solutions ofL, andC, for ADS plots inFigure4.117 4.12 are reported in Table2.
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26 —
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L2 Mathcad Impedance solved (nH)

Figure4.10. Variation of the resonant frequencytltid ORRC with respect to L2

solution
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TABLE 4-2
Analytical Solutions ofCircuit Model of the ORRC

hcapé m | Lcape | Cp(fF) | La(nH)
14 20 2.54 5.70
14 40 4.38 3.47
14 60 6.36 2.52
14 80 8.33 2.03
12 80 9.50 1.83
10 80 11.15 1.63
80 13.98 1.40

80 17.85 1.21

80 25.74 1.01
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4.3. Circuit Extraction of Double Split Rings Loaded with Cantilevers

4.3.1.Mode Analysis

Similar to Section I, the circuit extraction of a DSRREidure4.1d) starts with
the analysis of a DCRHRF{gure4.1c). All simulation setups remain the same as described
in Section4.2 The impedance response of the DCRR follows the same pattern observed
with the CRR with the exception of a frequency shift. Therefore, the same circuit
topology and solving procedure Bection4.2.2 can be applied to the DCRR. Hig
413 illustrates the behavior of the DCRR with the results from CST and ADS
simulations. The resonafrequency observed at 86 GHzHRigure4.7 is shifted to 54.7
GHz inFigure4.13. Note that the inner ring of the DCRR has the same dimensions as the
CRR, and the outer ring is slightly largé&iidure4.1, Table4-1). ADS results inFigure
4.13 are simlated utilizing thel.; andC; solutions for the DCRR (0.5 nH and 12.2 fF in
the same circuit aSigure4.6). The Efield distribution at 54.7 GHz of the DCRR (also in
Figure4.13) shows that the two rings have the same mode pattern as that observed at the
fundamental mode of the ORR. At the resonant frequency, the two rings are in phase and

the effective current path is longer, shifting the resonant frequency down.
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Figure 4.13. Reactance of the DCRR and the electric field distribution at the

lowest resonat frequency (54.7 GHz)

On the other hand, the input impedance of the DSRRC deviated significantly from
that of the ORRC topology, featuring two shifting modes (instead of one in the ORRC)
below the norshifting mode, which identifies with the fundamdnteode of the DCRR.
Figure 4.14 shows the CST results of the DSRRC for different cantilever positiefs (
of 6, 10, and 14 M Note that the same cantilever setting is applied to both inner and
outer rings of the DSRRC. It can be observed that thedwedt modes (at 2025 GHz
and 35/ 40 GHz) are shifting as a result of the variation of the-gjalit capacitance due
to differenthcsp values. Meanwhile, the third mode around 58 GHz is the same for all
three curves. The outer ring with an integratettitaver (cap= 80€ mandhep= 14
at the split gap is individually simulated by itself and presentddgare4.14. It can be

seenthat the mode around 35 GHz is in a similar frequency band with the first mode of
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the ORRC shown ifrigure4 .4, while the mode around 20 GHz is close to the first mode

of the outer ORRC. The observation suggests that the first mode of the DSRRC is mostly
due to the outer ring and the second mode is mostly due to the inner ring. However, for
the same cantilever settinc{p = 80 mheap = 14€ ) the resonant frequencies of the
first and second modes of the DSRRC are 23 GHz and 40 GHz respediiglye (

4.14), while the first resonant frequencies of the ORRC with the outer ring radius and the
ORRC with the inner ringadius are 24 GHz and 37 GHz respectivéliggre4.14 and
Figure4.11). The shifts of 1 GHz and 3 GHz between the modes of the DSRRC and their
corresponding ORRC are due to the coupling between the individual split rings in the
DSRRC. The Hield distribuions of those modes also support this observation.
Furthermore, the mode pattern of the 1shiifting mode (at 56.5 GHz) is the same as the

one of the nosshifting mode at the resonant frequency of the ORR.
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4.3.2.Split Ring loaded with Discrete Capacitors and Circuit

Extraction for the DSRRC

As a result of the accurate performance of the previously developed equivalent
circuit, the cantilevers can be replaced by lumped capa@icaad Co on the inner and
outer ring, respectivelyHgure4.16). VariousCi andCo values & simulated and shown
in Figs.4.177 4.18. WhenCo is constant, the frequency shift occurs at the second mode
for differentCi values Figure4.17), while the reverse is observed wt@ns fixed and
Co varies Figure 4.18). Such observation is consistent with the suggested
correspondence between the two modes of the DSRRC and those of its individual
resonators as discussedSection4.2.1 Furthermore, the shift of the second resonant
frequency is larger aSi varies (omparison of the frequency shifts betwdagure4.17
and 4.18). This is because the second mode is mostly influenced by the inner ring
capacitor Figure4.15b) and its effective capacitance comes mostly from the split gap of
the inner ring. In the first ode Figure4.15a), the uniform Hield distributed across the
ring separation (quastatic) and the equal field intensity of the two split gaps indicate
that this mode depends relatively uniformly on the capacitance of both the split gaps and

also the mg separation.
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Since the 3 first resonant modes of DSRRC are orthogonal, 2 more sets of series
L-C componentsare added to the ADS circuit solution presented inSbetion4.3.1to
model the two associated shifting resonant frequencies of the DSHIR{Tise(4.19).
Becauisethe loaded cantilevers of the DSRRE presenteh Chapter 3vere constructed
identically (with the same dimensions) and the same variations (in terms of their lengths
and heights) were applied to botle. Ci andCo are set to be the same, denote€a In
practice, it means that the outer and inner cantilevers are assumed to have the same initial
conditions and they undergo the same thermal mechanical respdldesthat all
capacitance oéachindividual ring isaccounted for in the circustolely by the split gap,
e.g. the parallel plate capacitance of the cantilevee.rélevance of this simplification
was validated irSection 4.2(Figure 4.9) within the scope of the circuit modéfience

similar to (4.2)the inputadmittance for the DSRREan be writteras in(4.5) with thel
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andC; values calculated previously Bection 4.3.1The pairL,-C, models the second
mode around 30 40 GHz (denoted afs.sy), while the pairlLz-C3; models the first mode
around 20i 25 GHz (denoted afesy. Equivalently, C, and C; representCi and Co,
respectively, and both are also denotecCasn the circuit modelProceeding with the
method presented iBection 4.2 15 different values o€, in the range 0.2 40 fF are
simulated in CST. The variation of thenped capacitor values is plotted ver§us and

fres3in Figure4.20, where the parallel plate capacitance of the cantilevers is also plotted.
The lumped capacitance and the parallel plate capacitance values are in good agreement.
This graph containsalues ofC_ corresponding to two resonant frequenciks.(and

fes9. Therefore, a multivariablé™order polynomialvas found in (4.6Jo describeC, as

a function off.esp andfiess With coefficientssolved forby thelinear regression method in
MathCad(reported in Table-3). This formula allows easy calculat®af the C; values

after locating the resonant frequendies andf.es3 of the DSRRC from CST simulations.

The values ofC, (e.g.C; or C3), are also plaed inFigure4.20 displaying close patterns

to the parallel plate capacitance and the lumped capacitors. For each CST simulation of
DSRRC with the calculate@, value,L, andL3 can be solved simultaneously with the
following conditionsl/Zn(L,, G, frew) = 0 and1/Z;, (L3, G, fres9 = O utilizing the non

linear Levenberg Marquardimethod in MathCad in a way similar to the ORRC
calculations discussed iBection 4.2 Figure 421 1 422 show theCST and ADS
simulation results for different cantilever positions, ihgsp values of 4, 6, 8, 10, 12, and

14 ¢ mand for four different_cqp values of 20, 40, 60, and & m (corresponding to
Figure4.117 41 2 ) . The equi val ents (regoned miTabld-4|1 e men't

appear to model accurately the resonant frequency and their shifts (again within 1% of
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error) corresponding to various cantilever conditions when compared with tiveaftdl
electromagnetic simulations. fige 423 shows the calt¢ated values fok, andLs versus

fres2 @and fresg @and the circuit extraction method is summarized in a diagram shown in

Figure4.24.
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TABLE 4-3

Coefficients of théPolynomial of C_

Indexi | Termorder k| Term order k | Coefficient c
1 1 3 2.46E+02
2 0 4 -1.35E+02
3 0 3 2.64E+03
4 0 2 -1.83E+04
5 1 2 -3.67E+03
6 2 2 -1.68E+02
7 0 1 5.43E+04
8 1 1 1.71E+04
9 2 1 1.69E+03
10 3 1 5.07E+01
11 0 0 -5.81E+04
12 1 0 -2.55E+04
13 2 0 -3.97E+03
14 3 0 -2.59E+02
15 4 0 -5.72E+00
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TABLE 4-4
The Analytical Solutions for theCircuit Model of the DSRRC

hcap€ M| Lcap € m| C (fF) L2 (nH) L3 (nH)
14 20 5.78 2.00 6.84
14 40 6.44 1.94 6.53
14 60 7.54 1.73 5.82
14 80 13.51 0.95 3.27
12 80 12.73 1.08 3.63
10 80 16.40 0.84 2.86
80 21.67 0.66 2.25
80 24.42 0.66 2.18
80 30.95 0.64 2.00
45
Pl
40 —— ® L2 solutions | — [
—_ , [ ] (f_res2)
T & ® .
(0] L3 solutions
E s ___:_. (f_res3) I ]
g DSRRC
% 30 fo
'TE- .
§ 25 ; ,
T alla T ® -
o e -
20 _.f -
L
15
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Inductance (nH)

Figure4.23. Inductance solutions L2 and L3 corresponding with fres2 and fres3

respectively of the DSRRC
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Figure4.24. Summary of the circuit extraction for the DSRRC

4.4. Discussiors

As shown in previous sections, the proposed equivalent circuits simplified the
representation of each resonant mode of the split ring resonator configurations into a
series topology of a single lumped inductor and a single lumped capacitor with the
capad o r only accounting for the fAdominanto
respect to the accurate calculation of the resonant frequency shifts, which is the most

critical factor for the accurate utilization of these structures as wireless sensors. In
general, a particular resonant frequency of any resonator can be represemgdby,
whereL and C represent all the effective capacitance and inductance appearing in the
resonator. Therefore, with thed s @bdnsd f o the&ealuivalemt circuitshere the
resonant frequencies are expected to be linearly proportional to the faitr 6, as it
can be clearly seen Figure4.25 for an ORRC structure (based on F§9.i 4.10). The

line is not perfectly linear but slightly curved due to the presencehef short
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transmission line representing the substrate used in the model as reflected by the last term
in (4.1), @.2) and 4.4). Since beside the gap capacitance, there exist other capacitance
sources, such as surface and stray capacitance (capacitareratepernby charges
separated at the surface of the same conductor and fringe capacitance generated by
charges appear on different conductors), the values of the lumped induettectively
account for these capacitance soureeS, @.18. Figure 426 slows the values df, of

the ORRC versus the effective wavelength, which is approximated forof 4.82
(dielectric constant of glass) as in Sext4.2.1 Apparently, this inductance variation
(inversely proportional to the effective wavelength) dones directly correspond to the
current path, which is proportional to the effective wavelength. As the gap capacitance
increases, the resonant frequency decreabBeguré 4.9) with a rather nofinear
distribution of the current due to the strong fumiform perturbation of the loaded
cantilever on the Held. Furthermore, the physical inductance of the ORRC can be
approximated withtexpression4.7) (applied to low frequency ranged.1g, wheredis

the physical length of the split ring and other parameters as indicated in4¥hbkeor

the designed ORRC in Samt 4.2 expression4.7) gives a value of 5.5 nH, which is the
same with thd., value at the high frequency limiEigure4.10). At low frequencies, the
mutual inductance between the cursam the ring and the curresn the ground plane
increases. As a result, the sielfluctance of the ring is reduced, which also partly
contributes to the variation af, observed irFigure 4.26. The nductance variations of

the DSRRC irFigure4.23 hare a similar profile withFigure4.10 although it features a

higher dispersion and a lower coherence due to the fact that the element values were
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calculated based on the polynomial found4rb), wheremultivariable approximation is

less accurate than the single variable one.
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0 —0ae— - 4.7)

It has to be stressed that the proposed circuits include a short transmission line to
account for the effect of the substrate region represented by the last terf),if4(2),
and @.5). A plot of the reactance of the input impedance of this term is showigume
427, where 4y is the inverse of the transmission line term. The highly linear (relatively
constant slope) and positive impedance respons€igare 4.27 swggests that the
transmission line element can be replaced with a lumped inductance element that can be
calculated from the slope of the curve (equivalerg“td). Therefore, over the operating
bandwidth of 28/ 88 GHz of the circuit for the ORRC, the imtance value can be
approximated by 0.25 nH.

Although the CST simulated geometries of the split ring resonators are
completely Ohmidossless (conductors are modeled by PEC and dielectric by lossless
glass), in practice the resonators carry Ohmic lossdsoih conductive and dielectric
parts. To account for those losses, a resistance in series can be addedlG sech
modeling each individual mode. Note that in a RLC resonant circuit, the resonant
frequency is independent of the resistance and detedniiy the factor of pIVID 6.
Furthermore, the circuit extraction proposed here is based entirely on the reactance and
neglecs the resistance of the input impedance. Therefore, it is possible to obtain the
equivalent circuits based on lossless assumptidoowing the proposed circuit
extraction method), then add the series resistance afterwards based on the resistance
response of the input impedance. Further investigation of the additional resistance is not
within the scope of this work, where the mainjeative is limited to modeling the
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resonant frequencies that are the most important parameters for -itatsat
applications. Accounting for the loss effects in the straightforward extracted equivalent
circuit thatwasintroduced from the CRR to the ®® (Figure4.lai 4.1b respectively)
extended to the DCRR and DSRREigure 4.1c i 4.1d respectively) as illustrated in
Secton 4.27 4.3 the proposed stdpy-step procedure using the circuit topology here
can be applied to model resonators of multigtesed rings and split rings loaded with
arbitrary lumped devices such as resistors, thermistors, or RF switch8shased on

their surface impedance.
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Figure 4.27. Equivalent reactance of the input impedance Zsub of the- short

circuited transmissionrie included in the proposed circuit topology

4.5. Conclusiors

A new equivalent circuit extraction method was introduced and applied
successfully to a single closed ring, double closed rings, a single split ring and double

split rings both loaded with cantilevers. A thorough study and mode analysis of their
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resonant bhaviors were also presented. The extracted circuits are composed only of
lumped elements of inductors and capacitors except from achuited transmission

line representing the wave propagation in the substrate, all derived using a systematic
procedue. The circuits are simple utilizing only a series combination of one inductor and
one capacitor for each individual resonant mode of the resonators. Although not all
lumped elements carry a clear physical significance, the circuits accurately model the
resonant frequency shifts corresponding to the loaded capacitance by the cantilevers.
Such frequency shifts are crucial to the RF sensor designed introdudthjmer 3
where the models can be utilized to optimize the sensor design and accuratelytipeedict
sensing performance. As an example, the RF temperature se@wagter 3essentially
utilized the change in the parallel plate capacitance of the bimorph cantilevers as it
responds to the temperature change to induce measureable resonant freqfientieh
circuit models here suggest that sensors for other parameters, sucmidgy, gas or
temperaturean be designed based on the saaresingprinciplesproposedn Chapter 3
Specifically, the bimorph cantilevers can be replaced with fixedleasts sandwiching

a substrate material whose dielectric constant changes with humidity, @rdhey can

be replaced bytemperaturalependent capacitive microfluidic channelsat were
developed in [4.20]The resonant frequency shifts can be estimited the change of

the dielectric constantonsequently the capacitance of the gesmg the circuit models.

The versatility of the extraction method allows circuits to be derived for wide frequency
bands. For the cases reported in tthiaptey resonahfrequency shifts of up to 2% of

the operating frequency (2817 36 GHz) are accurately represented by the inductance

and capacitance equivalent circuit found in the hereby introduced systematic and
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straightforward extraction method. The derived eqemtlcircuits also showed the
capability to model up to 3 resonant modes of the split rings covering a wideband from
about20 GHz t0 90 GHz.Potentidly, the proposed approach can be extended to model
many more resonant modes beyond the scope ofthiesEs The fitting polynomials
provided in ths work can assist in various designs of split rings topologies with similar
dimensions operating in the same frequency range. The simple topology of the proposed
circuits modeling the split ring sensors allows easggration of the models into larger
systems, such as radars or RFID systems having different circuit blocks, remaining valid
even for loaded double (or multiple) split rings with resistors, thermistors afdHERF

switches 4.19.
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Chapter 5.

RF Steaspr S

5.1. Introduction

A crucial factor in many industries rangingoffin civil infrastructure and
mechanical equipment to aerospace and various medical applications is structural health.
In measuring the structural health, strain sensing has been the key parameter to monitor
civil structures and to address the safety asserasf roads, bridges, and building
supports in order to avoid unexpected collap8eld.[Strain is a parameter that indicates
a physical deformation and mechanical loading. In manufacturing processes and
constructions, strain sensing allows the monitoofgibration, excessive loading, and
crack developments to be detected eabl2 [ 5.3]. In medical uses, strain sensing also
include implantable sensors for bone, joint healing processes, and bone fracture
monitoring b4 1 5.5]. In aerospace, strain igspecially sensitive for operations of
aircraft, including the conditions of wings and blades, and the fatigue of the aircraft body
[5.6]. Therefore, strain sensing needs to be accurate, quick, and efficient to allow long
term monitoring with little mair@nance for public safety and economic and industrial
prosperity. However, uses of sensors embedded in structures and machines remain
limited.

Strain sensors have been widely developed utilizing different techniques; the most
common types are resistive acapacitive gage. Because those sensors typically require
wiring and/or complex circuitthat expose them to higher chance of faillg&], which

is highly undesirable, especially for the implementation on aircraft wings or helicopter
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blades. Besides theswired sensors, some wireless sensors have been redm8dd [
5.9]. They usually include an embedded microprocessor and a radio frequency (RF)
module, which is integrated with the transducer. Such a circuit requires battery(power
equivalently harvesg energy modulejo operatghas a limited lifetime, and requires
more frequent maintenance and replacement. Thus, they are unsuitable for long term
monitoring and harsh environment applications such as aircraft engdtber sensing
techniques basednooptical fibers are compact, lightweight, and capable to be sensed
remotely, but expensivend cannot enable remote long range interrogdd@) 5.10].
Therefore, wireless passive strain sensors that can addres®ra@mentionegroblems
are highly desirable.

The existing designs of remote sensing chipless strain gauges have been limited.
In the past, rectangular and circular patch antennas have been wizB& strain
transducerghat operate based wasonantfrequency shift corresponding to the strain
induced dimensional changes of the antennas [53.13]. Otherreported desighwere
metamateriabased structures that constitutesonant scatterger whose resonant
frequencies aralso directly dependent on the straiduced changes in dimensiofs14
i 5.19. Although those developments showed the feasibility for wireless and chipless
strain sensors, they suffer low sensitivity in terms of resonant frequency shifts for a given
strain The designs in [5.14 5.15] are als easily influenced by different application
surfaces and the interrogation is limited in range (less than 0.5 m). This chapter
introduces a new RF strain transducer that is completely passive and chipless that can
enable high sensitivity and long rangéeimmogation. It is based on a patch antenna loaded

with open loops integrated with cantilevers. The work in this chapter presents a design
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concept that allows very small strain of any surface to be monitored remotely and
operation in harsh environment ofteemely high temperature. The design was developed
from single dimensional sensing to midtmensional sensing. The following discussions
and results are based on [5.175.20]. Section5.2 discusses the designs andhe
principles of operationSimulatims and modeling are shown $ection5.3 illustratng

how the sensor designgere modeled withrespectto the inducedstrain. Sectiorb.4
shows benchmarking prototypes and the strain measuretieergingle dimensional and
multi-dimensional sensing. It iellowed by Sectiorb.5, whichillustrates a example of
remote interrogatiomased orthe FWCW radarplatform as discussed in Section 2.3 of

Chapter 2 and Section 3.5 of Chapter 3

5.2. Designs and Principles of Operation

Strain is measured by the defation of the material volume along the strain

direction. It is denoted aLi = @@L/ Thestirzair mlyin theestregcheld direction

is deformed intoL as in (5.1) Strain is uniless, and usually measured in (%?) or
micros t r ai n ( QGP)f cpikH Theréfore, any resonant structure attempting to
transform this change directly into a detectable RF signal is inherently limited as the
existing designs have showB.I17 5.16. To resolvethis problem,the work in this
chapter utilizesa cantilever implemented on each open loop loaded on a patch antenna
instead of the patch itself solely ppoposedn [5.117 5.14. The patch can have one

such loop or two loops positioned on its orthogonal sides.

0 p - 0 (5.1)

140



Single loop structure of the neRF strain sensor in 3iew is shown inFigure
5.1, while the two dimensional (2D) sensingesignwith orthogonal loops is showin
Figure 5.2 with a top view (over the plane of the applied straim) the 2D design, a
rectangular patch is loaded with two stubs, eawh locatedn the radiating edge of the
corresponding resonant mode, i.e. two dominant orthogonal modes, induced by
orthogonal excitations thatpply totwo different sides of the pdtcEach stub in turn is
connected to an open loop whose resonant frequency depends on the open gap
capacitance. Specifically, an open loop is loaded along x in order to modify the dominant
resonant mode that is induced by thpatarization excitation. Siitarly, another open
loop is loaded along y in order to modify the dominant resonant mode that is induced by
the ypolarization excitation. The lowest resonant frequency of the open loop, determined
by the length of the loop and the gap capacitance, igriEsto be close to the dominant
resonant frequency of the patch along the x or y direciogufe5.2). As a result, for
each orthogonal mode of the patch, the structure generates a dual frequency response in
which thecoupling between the correspondilogp and the patcts strongly influenced
by the capacitance of the open ring. T¢mupling implies that the resonant peaks,
especially the onenfluenced stronglyby the open loop, are very sensitive to the
capacitance value of the gap for each polaoramode. This is the first of the two

operational principles of the new ZRF strainsensomproposed in this work.
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Figure5.1. 3Dview of the single loop loaded patch RF strain transducer
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Figure 5.2. Top view of the new design of the RF strain semscluding the

zoomin view of the capacitance gap on the open.ring

Each cantilever is shorted electrically and fixed mechanically at one end of the
corresponding open loop, while the free end of the cantilever and the other end of the
open loop form garallel plate capacitor. Thus, the split gap between the two ends of the

traditional open ringKigure 5.3a) is transformed into the separation gap of a parallel
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plate capacitorKigure5.3b andFigure5.4). The transformation from the configuration
of Figure 5.3a into that ofFigure 5.3b allows the capacitance to be tuned-hoearly
with respect to the surface stran the following mechanism. Suppose thatertaink%
strain is induced on the substrate altingx-direction Figure5.4), Lgap is increased by
o lgap, Which equals t&% x Lgap Because the cantilever is fixed to the surface only at
one endand the other end is freés dimensiorremains unaffected by this strain, and
thus, its length,L., is constant. Therefore, the entire ldngleformation gy is
transferred to the change ibcp (Figure 5.4), which is independent fromgap
Consequently, the capacitance is modifiedkty x Lyap instead ofk% x Lcap in which
Lyap can bemadesignificantly larger tharlcp as illustratedn Figure 5.2. The use of
triangular tips at the loop gafurther increases the rate of change of the capacitanee

givenrate of change df¢,p,that isinduced by a given strain.

(a) Traditional open loop (b) Modified open loop

Figure5.3. Top viewof the traditional and modified loops
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Figure5.4. Cross section view of a cantilever integrated with an tmqmgnloaded

on a patch for the proposed RF strain sensor

The two inherent independent polarizations of a patch resonator allow
independeninterrogation of strain in two orthogonal directions, and the strain sensing in
one direction is not influenced by the stram the other. This characteristic of the 2D
strain sensorHigure 5.2) is clarified in Section 5.3. This operating principle ldys
foundation for strain sensing in arbitrary directions because of the shear force (applied on
the material surface andsponsible for the surface deformation) can be decomposed into
two orthogonal componentd=igure 5.5). This is the second of the twaperational

principles of the new 2D RF strain sensor proposed in this work.

Fx

Figure5.5. lllustration of a force in an arbitrary direction decomposed into

orthogonal components
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5.3. Modeling and Simulations

5.3.1.Modeling

As a proofof-concept,RF strain sensorstilizing one loop and two orthogonal
loops weredesigned and simulatexh a Kapton substrate of 100 pm thicknesswith a
dielectric constant of 3.@bperating around 3 GHzAnN increase of 1% is applied to the
length of each parametadong the xdiredion only, and RF responses for each
polarization of the patecbasedsensorwere analyzedo show the capability of 2D
sensing of th designconcept The applied strain in thedirection increases the length of
the parameterkp, Ls, andLigop. Note that Ligop: is increased by 1% while remains
constant Consequently, the dimensitg.px decreases by 1% af,o. Additionally, the
substrate under strain also experiences the Poisson effect, which essentially causes a
contraction in the direction tramerse to theapplied strain. Thus, the dimensiow,
effectively decreases. The Poisson effect is the ratio of this cootractthe orthogonal
expansiorcaused by thappliedstrain. The Poisson effect can be calculated as shown in
(5.2), in which w denotes the width of the dimension that is transverse to the strain
direction, g, i S Poi ssonds r at iJois thef apptied estraif @Dthéro n |
parameters along thedirection, such aSVi,opy, andthose under the Poisson effscich
as the thickass of the substrate and the width of the open loop, are negligible to the RF
responsgof thesensoy hence, they are not accounted for. This simplification is justified
in the measurement results shown in Sedidnin addition, within a few percent b i
5%) of the loop widthWep, the resonant frequency of the open loop is found to be only

negligibly influenced.
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O p 0- 0 (5.2)

5.3.2.Analysis of the OpenLoop Cantilever Capacitance

Different L« values are simulated on the singpep path structure Figure5.1)
to investigate theinfluence of the loop gap capacitance relative tise resonant
frequencies of the loefmaded patch. For simplicity and without loss of accuracy, the
second loop, which is loaded along tzdirection, was noincludedin the investigation
of the loop gap capacitance. In this study, the first operating principle of the RF strain
sensor is analyzed with respect to only thgolarization mode of the patch. It will be
illustrated later that this approach is su#it to address the frequency shifts that occur in
the 2D structure in practical measuremenigre 5.2). OnlyL was varied in those
simulations while keeping other values the same for égachkalue, in both norstrain
and straidoadng condition. Dfferent L. values effectively yield differentca, values
as illustrated irFigure5.6. Scattering parametfs;;| simulations results are presented in
Figure5.7 forLc = 9500 pm, 9750 pm, and 10000 pum. Eaghvalue with eiber zero or
1% strain conttion is simulated based dhe paramets provided in Tabl&-1. Notethat
the gap between the two parallel surfaces, the lower face of the cantilever free end and
the upper face of the op@mded loop, is set to 10 um. This parameter is highly critical t
the sensitivity of the strain transducer because it determines the initial gap capacitance as

well as the value dfjoop.
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TABLE 5-1

Summary of Simulation Parameters

Dimensions (um) No strain Strain 1%
Lo 26000 26260
W, 25000 24925
L« 2000 2020
Lioopx 13000 13130
Wioopx 5000 5000
L 2000 2000
Lioopy 13000 13000
Wioopy 5000 5000
¢ (width of stub and loop) 1000 1000
hsub (SUbStrate thickness) 100 100
heap (gap between the cantilever and loop) 10 10

It is observed froniS; 4| results inFigure5.7 that each model has a dual frequency
response with two resonant frequenaiésse to each otheihe sensitivity of theRF
transducer depends on the valud_gf which determines the initial capacitance &mel
rate of change of the capacitarasi .o decrease Here, the highest sensitivity that can
be achieved is foundith L., = 9750 um, which induces a frequency shift of 125 MHz at
2.72 GHz, or 4.6% frequency shift per 1% strain. This sensitivity is more than 4 times the
sensitivity achieed bythe rectangular and circular fzl antennas previously introduced
in the literature wherethe change in the dimensions of the patdmeesea sensitivity of
about0.97 1.0% frequency shift per 1% straif.117 5.13. It is observed that as the
strain is applied, # resonant frequencies increaslee to the resulting decreasethe

overall capacitance. Such responses are consistent in all three simulated configurations
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(Figure5.7). Here, the strain is investigated up to 1% because it is piealkyevel of
detection in industrial structures such as bridges and aircrafts. It should be noticed that
each set othe curves (blue, black, and red) Figure 5.7 reflectslifferent L.« values

only, while within each set, the difference between thiel soid dash line curves reflect

the strain simulations in which, is constant and the parametéps Wy, Lsy, and Lioopx

are changed according to Talld. It can be observed that the resonator has the largest
response for the changes in the set ofpatars {,, W, Lsyx Lioopt When L is around

9750 um and this response is altered not in a monotasigfor other values of.. This
indicates that the two resonant frequencies are responsible by the two impedances
coupled through the short stubs), one from the loop and another from the patch,

generating a nehinear response as the capacitance of the loop impedance changes.

Lcap = 500 pm Lcap =750um Lcap = 1000 pm
< o] fe—}
o o i i
[ 11 .
Thd Ti<d >
e — —
L 1 ' (|
s X
Lc=9500pHmM Lc=9750 1M Le=10000 pm

Figure 5.6. Different configuations of the tip capacitance corresponding to

differentL. values
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Figure 5.7. Different configurations of the tip capacitance as differentalues
are implemented. The solid lines represent-sibain conditions, and the slash lines

represent 1% strain conditians

In this design, the loop can be considered to be a modified stulctsas a load
of the patch. Based on the stub loading technique, tunable dual and triple resonant
frequency patch antennas have been achiev2di[5.22]. The design of the loop here is
an effective method to maximize the capacitive change of the iledtie openloop, in
response to thappliedstrain. Figires5.8 and5.9 show the surface current distributions
of the single loop desigfasin Figure5.1) with parametet .« of 9750 umfor the case of
zero strainand 1% strain respectively (the black curvesFigure 5.7). Note that the
standing waves that aggeneratedn the loop influence the fundamental mode of the
patch, which causes the frequency shift. The pktop structure can be considered to

have two centers of resonant or standing wave regions, but the patch is still the
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effectively dominant radiator from which most radiation occurs. Sisgg¢ can be
written as|Zioop I ZpateH / |Zioop + Zpatctl, WhereZigop and Zpaeh denote the impedance of

the loop and the patch respectively, the rate of changfs.gf with respect t0|Zioop|,

which contains a term dfcapy iS observed to bat least a second order dependence.
Therefore, such rate of change would have at least a local maximum that is reflected i
the nonmonotonic sensitivity of different., curves. On the other hanfh | levels in
Figure 5.7 appear to be high indicating an impedance mismatch. Furthermore, from
Figure5.7 the reflection level imbserved to beompromised by the sensor semsyi

For example, the lower resonant frequency of the blue cuky¢gs 9500 um) has lower

|S11] than that of the other curves, but the sensitivity in terms of frequency shift per 1%
strain (26MHz) is lower than otherswvhich yield frequencyshifts of66 MHz and 125
MHz. To reduce the mismatch, additional matching elements can be added. However, to
maintain the sensitivity at the same time would require further investigation and
optimization of the desigi.he scope of this thesis was limiteddemonstte the newly
proposed principle of the cantilever integrated with a loop and a patch that can

significantly improve the frequency shift with respect to the applied strain.
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Figure5.8. Surface current intensity of siedbop model with..x of 9750 um for

the nonstrain case at different resonant frequencies (solid black cuRigune5.7).

.l

ool

(a) 2.839 GHz (b) 3.273 GHz

=40 =30 -0 -10 ]
Surface Current (dB)

Figure5.9. Surface current intensity of single loop model Wwighof 9750um for

the 1% strain case at different resonant frequencies (dash black ckigargb.7).

5.3.3.Resonant Frequency Shifts in Multidimensional Sensing

Two different configurations of the structure Figure 5.2 are set up in order to
investigate the responses of RE strain sensan different direction/polarization modes.

The simulated models are shownHigure 5.10, where the strain is applied ihe x-
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direction, while the feadg currentof each configurgon is orthogonal to each other. The
dimensions of the resonasounder nomstrain and 1% strain conditions are shown in
Table5-1, corresponding to parameters indicatedrigure5.2. The simulation results of
this study are shown iRigure5.11 with L, = 9750 pm, in which the solid lines represent
the response of thepolarization excitation and the dashed lines represent the response
of the ypolarization excitation. Figre 5.11 shows that around 2.8 GHz when there is
strainappliedin the x-direction a significant frequency shift is observed only for the x
polarization mode, while the response in thpojarization mode stays relatively the
same. Consequently, the strain time x-direction does not influence the frequency
response of the-golarizaton excitation. Note that the resonant frequency is shifted by
110 MHz (2.751 2.86 GHz), similar to the one observed for the simplified single loop
structure of Sectio®.3.2(the black curve irFigure5.7), i.e. the sensitivity remains the
same when anoéh loop is orthogonallgdded Therefore, the frequency shift observed in
the xpolarization excitation can be attributed to the straithex-direction only. Since

the dimensiong, andW, of the patch are slightly different, it can be identified that
polarization response has @1}peak around 3.3 GHz andpyplarization response has
one around 3.4 GHz. These peaks have almost no shift in strain response since they are
due to the patch; therefore, they can be used to correspond the frequenty gtef
strain direction, i.e. the frequency shift around 2.8 GHz can be identifiedriduredby

the appliedstrain inthe x-direction if the shift occurs in the curve containing the 3.3 GHz
peak orthe y-direction if the shift occurs in the curve containing the 3.4 GHz peak. As a
result, the strain in x and y can be detected independently with thisRfamansducer.

Once the strain in x anddirectiors are obtained, the final strain in an arbitramedtion
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can be deved by superposition of these two orthogonal strain responses bdbause
strain parameteris essentially the shear force applied on the surface combining

vectorially the two strain componentSigure 5.5). Therefore, this mechanismiaals

sensingstrain in an arbitrary direction.

(a) xpolarization excitation. (b) y-polarization excitation.
Figure5.10. Two configurations to simulate the two orthogonal modes of the ring

loaded patchiRF transducer
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E Shift occurs only for
53 configuration (a)

|S11| (dB)
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Figure5.11. Frequencyesponse of the transducer in the two configurations when

exciting in two different polarizations under stain and 1% straim the x-direction

Note that the resonant frequency of the ring is not only highly sensitive to the
capacitance ared&igure5.6) but alsoto the separation distandeetween the cantilever
and the otheend of thering (heap in Figure 5.4). Results fromFigure 5.7 show that
mostly the capacitance area determines the sensitivity oRth&ransducer in terms of
frequency shift fo a given strain. To show that the second principle still holds valid
regardless of the gap capacitance arémufe 5.6 illustrated the overlap) or the
separation distandgcap in Figure5.4), the width of the cantilever is changed to 800 pm
instead of D00 pm, andhe,pis changed to 15 pm instead of 10 um (compared to Table
1). The simulation results are shownhkigure5.12 for the sam@arameters modeling

strainas illustrated inrable5-1. Although the resonant frequency of the loop is relocated
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to around 3.6 GHz instead of 2.8 GHzRigure5.7, the same behavior is observed, i.e. a
significant shift of about 120 MHz (3.67 3.55 GHz), i.e. 3.3%, occurs only the x-
polarization excitation. Observe from Figsll thatthere exists a small shift af about

20 MHz inthe y-polarization excitation (3.61 3.63 GHz), i.e. 0.55%. In principle, this

small shift can be dembeddedluringsignalprocessing.
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Figure5.12. Frequency responses of the radiltnensional strain transducer for
heap Of 15 pm and cantilever width of 800 ponder no strain and 1% strain in the x

direction for (a) xpolarization excitation and (b}polarization excitation
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5.4. Prototypes and Measurements

Proofof-concept prototypes are presented in this section to dhestine operating
principles discussed in Section 5.3.2 and 5.3.3. First, the patch antenna loaded with a
single loop is built and measured with different strain loads to demonstrate the resonant
frequency shifts. Then, the prototype of the patch antemeded with two orthogonal

loops is presented to illustrate the mudlitnensional sensing capability.

5.4.1.0ne Dimensional Sensing with a Single Loop

The circuit was fabricatemh two separate portions as showrFigure5.13. The
first portion, consist of the patch and the planar open loop (without the cantilever), was
fabricatedon Kaptonsubstrate witha thickness 0100e n(Figure5.133. The cantilever
was fabricated on a separate substrate of Kaptith a thicknessof 50 € m(Figure
5.13). Then the cantilevevasmanually assembled onto tleop. In the first portion of
the circuit Figure5.13), the surface at the tipascleaned and applied a small amount
of transparent adhesive glue spread as thin as possibledi® a 10 15 ¢ mnsulating
layer, however not well controlled. As this glue layasdry, the cantilevepatternedn
the5 0 & m Kdptonwaskoldered to the other end of the open ldeigre5.14) with
the copper layer faced down. Thém ensue the cantilever tip copper faeasin contact
with the glue layer irthe normal direction but freely to move the elongae direction, a
buffer]l ayer of 1Kapion waspladed onddp of the cantilever and pressed
down by Scotch tape. The tapencalso prevent the motion in a random arbitrary
direction due to mechanical noise. The exerting force can move the cantilever only in the

direction of the applied straimn this configuration, as the open loa@asstretched, the
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cantilever ould still move freely as the solder end of the cantilevergzutn it. This
assembling is illustrated fRigure5.14

The measurement setuyas alsoillustratedin Figure 5.14,in which the strain
was increased as the loadas added. Measurements of tiRF strain traisducer are
shown inFigure 5.15 with Figure5.15a showing two resonant peaks #&iglure 5.15b
showing more details around 2.9 GHz (a zoom view ffagure5.15a) Note that the
loadwasadded with irregular intervals due ttee limited availability of load. Because of
such manual process,vtasdifficult to accurately control the initial gap capacitance of
the circuit since the actualll.., could be easily varied between 7501000 € m
Therefore, itwas difficult to tune the reponseof the circuitto the highest sensitivity
operation pointin fabrication (see plots inFigure 5.7). The resulting strain can be
estimated according t®.3), wherePistheloadEi s t he Youngds tmodul u
is the thickness of Kapton, ami is the total width of the Kapton substrate whighs

150n. ¢

Figure 5.13. Two different fabricated portions of the single loop loaded patch

prototype
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Cantilever on Kapton

Free end of
cantilever

Fixed end of can
(solderedto loo

Buffer Kapton layer pressed
down on the much thinner
cantilever

Adhesive gel to insulate th
tip of the open loop from
the tip of the cantilever

Figure5.14. The assembled prototype and measurement setup for the single loop

loaded patch straisensor
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Figure 5.1%. Measurements of |S11| of the fabricated single loop loaded patch

prototype subjected to different weights attached
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Figure 5.15b. Measurements of |S11| of the fabricated single loop loaded patch

prototype subjected to differemeights attached around 2.9 GHz

- 5 p TP (5.3)

Under no load,he two resonant frequencies appegm Figure5.15are 2.9 GHz
and 3.4 GHz, which is in excellent agreement with the simulation resutsmparison
with the blue curve irFigure 5.7 ( corresponding to the responselgf= 9500& m)
Furthermorea shift of 24 MHz iobservedfrom 2.914 GHz with no load to 2.938 GHz
with 22.5 kg of load, corresponding to 0.645% strain, i.e. 1.26% frequency shift per 1%
stran. The plotof thefrequency shif{in percent)versusthe applied strair(in percent)s

shown in Figure 5.15, which indicaies an excellent linear response for this strain
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transducer prototype withia range of strairof %i 0.7% Although the prototypevas
not operating at the most sensitive frequency point as indicated by the black curve in
Figure 5.7, the measurements have successfully validated the mstkah sensing

concept introduceah this work.
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0.8 /.4

0.7 y = 1.2608x% 0.0208 /"
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Frequency shift (%)

Figure 5.16. Measurements of the preaaffconept single loop loaded patch

prototype

5.4.2.Two Dimensional Sensing with a Orthogonal Loops

To verify the multidimensional sensing capabilityywo prototypes of the
proposed design ifrigure 5.2 were fabricated with two different feed positiotheit
excite two orthogonal modes of the patch. The fabrication process was similar to the one

described irthe previous sectiorThe patch and the flat open ring portion of the circuit
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(without the cantilevgrwere fabricated on Kapton with 100 pum thickness, whike th
cantilevers were fabricated separately from a 100 pm thick aluminum &hgeteb.17).
Then, the cantilever was manually assembled onto the patch cixaintilar fabrication
process performedor the single loop loaded patch was also applied to pieh
prototype loaded with orthogonal loops in this sectidine assembly details are
illustrated inFigure 5.18 and the completed protpgs of the two different excitation

polarizations are shown Figure5.19.

Figure5.17. The aluminum cantileves fabricated separately from the 100 pum

thick aluminum sheet

Scotch tape
Aluminum

cantilever tip

A thin [ﬁ
of insills FAluminum

manually’ = “&antilever fixed

applied end soldered to
here the ring circuit

Figure5.18. The assembly of the aluminum cantilevers onto the patch circuit
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The measurement setup is showirigure5.2Q In this figure, the substratd the
modified patchhad its top elge mounted to a fixed location on a ladder. The bottom edge
of the Kapton substrateas attached to a variable load below. As the load increase
when more weightsvere added, its gravity would pull on the substrated thus
stretching its body in the vertical direction. As the substratestretched, the stramas
induced on the substrate surface. The sem&s connected to the vector network
analyzer (VNA) with a coaxial connector shown near the top lefigure 5.20 The
VNA was calibrated withithe standard TRL (thrueflectline) procedure. Therefore, the
frequency responses of the antenmald be monitored in real timeand they were
corresponding to the strain level induced by different lo&dusilar to single loopoaded
patch measurementsnly irregularload increments were implemented. Note thajure
5.20illustrates the measurement setup only. The sample that appears in thevéigno
a part of the measurements reportethanext sectioninstead, eachample presented in

Figure5.19was subjected to the measurement setup showigime5.20
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(a) (b)
Figure5.19 The assembled prototypés the multidimensional strain sensing

(a) xpolarization excitation and (b}polarization excitation.

Figure 5.20. Measurement setup for the muditinensional strain sensor

protaypes
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The measurement results of the two prototypdsgnre5.19are shown irFFigure
5.2171 5.22for different loads corresponding to different stri@vels Figure5.21shows
the frequency responses of thpolarization excitation prototype under different loads in
x-direction On the other handfigure 5.22 shows the frequency responses of the y
polarization excitation prototype under different loads alsodrection. Note that thse
frequency responseappear to resembkhe simulationresultsshown inFigure5.12, in
which alargerhcapvalue was simulated he correspondence indicatisit the adhesive
insulator gel layer applied in this assemblef the multidimensional strain sensor
prototypes was thicker than thegel layer applied to the single loop prototype.
Nonethelessit can be observed that the frequency shaftly occur in the ¥polarization
excitation prototype, thus validating theulti-dimensional sesing principles as

discussed in Sdoin 5.2

O T Bl f 0 kIA\J\ I
1 ,‘—— ‘ —1.5kg
5 I 6.1kg
=3 —15.3kg
% ) —19.9kg
% —24.5kg
5 27.5kg
-6 30.5kg
7 . 33.5kg
-8

25 27 29 31 33 35 37 _39 41 43 45
Frequency (GHz)

Figure 5.21. MeasuredS;;| of the fabricated prototype with-polarization

excitation subjected to various attached weights
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Figure 5.22. MeasuredS;;| of the fabricated prototype with-pgolarization

excitation subjected to various attached weights

A frequency shift of about 70 MHz (3.623.69 GHz) can be observedHigure
5.23,where the magnitude &;; of the xpolarization excitation prototype is plotteda
small frequency bandwidth &67 3.7 GHz. This shift occurs fdhe strain of 0.04%
0.88% calculated based 05.3). The sensitivity in terms of frequency skifersus the
applied strain is plotted iRigure5.24 The slope of the best fit curve gives a sensitivity
of 2.35% frequency tsft per 1% strain. This is more than 2 times higher than the
sensitivity of the existingpassive and chipless Rétrain transducersApart from the
challenges encountered in fabrication, aaddal on the same desigoncepthe highest
sensitivity observe in simulationgsee the black curve iRigure5.7) was shown to be

about 4 times higher than existipgssive and chipless stramansducers thajive about
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a 1% frequency shift per 1% strain. Although the prototyas not operating at the
highest sensitive frequency point, these measurements have successfully validated the
multi-dimensional sensing concdptroduced in this work. The resolution |& 4| value,

i.e. minimum detectable change, of the curveSigure5.23 depends on thiaterrogation
method, which is discussed in the next sectidfigure 5.24also indicatesexcellent
linearity of the proposed patdoop RF strain senson the measuredange of strain, i.e.

up to 0.88%of strain. A typical strain levelot be monitored in infrastructure and

aerospace is up to 1% for structures such as buildings, bridges, and aircrafts.

0.0
0.5 ﬁ —1.5ke
“ i ! —6.1kg
. -1.0 N «Pﬁé——— —15.3ke
8 s \\\\///;L—l —10.9kg
E 2.0 X 24.5kk§
— 27.5
23 30.5kg
-3.0 33.5kg

3.50 3.55 3.60 3.65 3.70 3.75 3.80

Frequency (GHz)

Figure5.23. MeasuredS,;;| around 3.6 GHz of the fabricated prototype with x

polarization excitation subjected to various attached htgig
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Figure5.24. Plot othe frequency shift versus the applied strain

5.5. Remote Sensing Implementation

The passive and chipled’F strain transducer can berrogated remotely in a
long range by mFMCW radar based on the beat frequency level similar to the system
demonstrated in Section 3.5 of ChaptelfBe scatterers here are the patches loaded with
the open loop rings, i.e. tlmmeport RFstrain transducers. To illustrate the interrogation
method tlat can exploit the frequency shift behavior of the proposed transducer, the
single loop loaded patathesign(as illustratedn Figure5.1) is assumed to be integrated
in a network configuration like the one shownn Figure 5.25, where a dipole is
terminatel by the oneport sensor. In this section, no measurements are presented but
theoretical calculations are demonstrated for the remote sensing implementation.

Therefore, the choice of the dipole as the communication antenna allows higher accuracy
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in the andytical estimations due to its simplicityhe weltknown expressiofor the RCS

of the loading configurationin Figure 5.25is shown in(5.4), which is close to the
expression (2.7) in Chapter 2 but applied specifically to a dipak8][S-ere, at a give
operating frequencf/(a =), Ga Is the linear gain of the dipole antenRais the real

part of the complex input impedangg of the dipole, an&, oap = Rioap + JXLoap IS the
complex input impedance of the pafclop strain sensoifhus, thevariation in RCS of

the dipole is dependent on the variation of the load impedance, i.e. the impedance of the
sensor. In this studys parameters of the single loop loaded patch sensor as analyzed in
Section 5.3.2 is employed for the impedance -calculati@ecifically, the input
impedancecorresponding to no strain and 1% streamditiors is derived from the same
simulation datsset that was shown iRigure 5.7 for Ly of 9759 um i.ethe solid and

dash black curve§he calculatednput impedanceZ, oap, Of the sensois then presented

in Figure5.26 Additionally, adipole antennavasdesigned to resonate at 2.72 GHz (52
mm in length), which is the resonant peak of the lower resonant frequency observed in
the solid black curve dfigure5.7. With the simulated values @, Za, andZ oap, RCS
responses of the network configurationFigure 5.25 can be estimated and plotted in
Figure5.27.The responseshow a RCS variation of about 0.73 dB corresponding to the

appliedstrainof 1%.

Thin dipole

Patch
Sensor

Figure5.25. Passive sensing network configuration for RCS variation reading
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Figure 5.26 Input impedance 4ap Of the patcHoop strain sensor when no

strain (blue lines) and 1% strain (red lines) are applied.
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Figure5.27. RCS variatiomue to the loading effect of the RF strain transducer

(without an impedance transformer)

In order to increase the RCS variation observe&igure 5.27, an impedance
transformemasdesigned and presentedhkigure5.28, usng Advanced Design System
(ADS) by Agilent. Theresultinginput impedanc&y = Ry + j Xy of the patcHoop
strain sensoafter applying the impedance transformer is showRigure 5.29 At the
system level, theapacitor inFigure5.28 is equivalentlplacedat pointT in Figure5.25,
where port 1 looks into the thin dipole while port 2 looks into the plakgh sensor feed
point. Thereforethe newtransformednput impedanceZy, of the load (the pateloop
sensor) is scaled by a complex factor due tatidedparallel impedanc&capa=1/ j,¥ C
wherey = 2~ &nd C=113 fF And the scaling factor itself is alsoonlinearly

proportional to the variations of the load as illustrate(bi5). The resulting RCS of the
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thin dipolewasthen recalculated and shown inFigure5.30yielding an RCS variation

of about 3.8 dB, a detectable levet the radar system in long range interrogation (see
Section 3.5.2 of Chapter.3Jonsequently e readingesolution can be improved further

with impedance transformers as shown and/or by scaling the design to the milimeter
wave frequency range in which the noise level and thus the minimum detectable level of
the FMCW radar can be smaller. In piple, the final sensitivity resolution also depends

on the surface deformation of the substrate, i.e. Kapton, for a @ppled strain.
However, the elasticity of Kapton is much larger thzat ofthe surface materials such as
steel and concretef the monitored structuresconsequently, the sensitivity of the
transducer is only limited by the frequency shift for a given deformaiarthermore

such fluctuation othe RCS level can be potentially applied tpassive sensaretwork
asillustrated inFigure5.31 utilizing delay linessuch as those discussed in Section 2.3.4

of Chapter 2Note that since the design concept employs a ground plane, the sensors can
be implemented on any surface without affecting the performance. All sensor nodes can
be plaed in obscure space and connected to a single communicating high gain planar

antenna situated in an open (noetallic) space for the remote interrogation.

Z: Z;

in dipole | | in patch sensor

7. T— C=113fF

Vv

Figure5.28. An impedance transformer consists airgle parallel capacito€.
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5.6. Conclusions, Limitations, and Future Work

In general, chipless wireless strain sensors have much lower resolution and
sensitivity compared to chipased strairsensors Those utilizing MEMS have been
shown to have very high precision on the order of nanostrain, i®[51%4 i 5.25).
However, the major advantage of chipless and wireless strain sensors is their possible
operation in harsh environmeardf extremdy high temperature applications where ehip
based sensors would faiFurthermore, wireless sensors should enable long range
measurement (more than 1 m) and operate independently from the applied surface. As
discussed in Section 3.5.4 of Chapter 3, chipkgsain sensors based alsAW-based
platform can meet those requirement2bi 5.27], but their operation temperature is
also limitedup to 1000°C due to the limitations of the piezoelectric substrates. Other
designs based on radiagiresonators yiél rather low sensitivity as discussed in Section
5.1. The RF strain sensor design concept introduced in this work provides high sensitivity
in long rang remote sensing, operation independent from the applied surface because of
the ground plane, and the padility to function in extremely high temperature
environmerg (above 1000°C using alumina and platinum). In fact, temperature and
strain are dependent physical parameters and usuedigto be monitored at the same
time. The RF temperature sensor idiwoed in Chapter 3 can be integrated with the RF
strain sensor discussed in this chapter on the same substrate and fabrication process. In
theory, they can also be built in the same sensing network with a single wideband high
gain communication antenna.

To further compare the performance of the chipless wireless strain sensors, a

definition of sensitivity,s; was proposed in [88]. It is reported again herm (5.6),
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wheremis the resonant frequency shiftjs the operating frequency, akllis the aplied
strain. The quality factoiQ, is also defined in (5.7), whei@is the 3dB bandwidth of

the peaks or notches.

i —- (5.6)

0o - (5.7)

The performance evaluation of six different strain sensors, five of which were
reported in [5.14 5.16] andis the sixth one beinthe design introduced in this chapter
(referred to as [Thai]), were reported ind8. and reproduced here Figure5.327 5.33.

The sensitivity comparison for different sensor designs is showgimre 5.32, where

the strain sensitivities are plotted versus the maximum strain measured in the linear range
of gpf /. Ndte that the RF strain sensor design of this thesis chetpiers a sensitivity

25 times higher than the least sensitive ond=igure5.33, the maximum and minimum
quality factor,Q, is given for the six sensors. The preser@@edalues are mostly close to

each other, except for the sensor in 5.14a wl@salue 5 highly dependent on the
environment reflections and the applied calibration. Note that the performance of the RF
strain sensor proposed here shows a large dynamic range in linear response from zero
strain to 1 % (1®microstrain) as seen fRigure’5.23i 5.24 with respect to not only the
resonant frequency shift but also the reflection power level. The precision of strain

measurement in this case would depend on the modulation scheme. If the notch
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frequency and its backscattering power level are trackitdamwide band scanning from

the readergn FMCW radar), then it is possible to read a strain precision of 0.1 %.

06 @ [Thai
o [5.14a]
£ I [5.15]
1077 o [5.14¢] [5.16]
® [5.14b] I
10! 10 103

€max/ Mstrain

Figure5.32. Sensitivity comparison between six RF strain sengo2s)]
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Figure5.33. Q factor comparison between six RF strain sen&o28]
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The major limitation of the design concept here is the construction of the
cantilever. The fabrication of the cantilever introduces extra cost and mechanical
instability. However, the cantilevers are not free standing and they can be made
mechanically stable by packaging a second layer on top of the patch to form an enclosure
for the cantilevers. They should only move freely in therxy-direction and groves can
be utilized for such motion constraints. This design concept also sharesarties
limitations of delay lines with the RF temperature sensor as discussed in Chapter 3.
Future work includes the integration of the RF strain sensor into a sensing network and
measurements of the remote interrogation. Additional developments shouldeirtick
adaptation of alumina and platinum as materials for the sensor and its integration with the

temperature sensor for passive chipless long range-naglé multiphysics sensing.
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Chapter 6.

RF Presessoe S

6.1. Introduction

Presste sensors are essential for controlling and monitoring thousands of
everyday applications, such as in medical technologies (for physiological monitoring),
industrial uses (e.g., automotive control with measurements on fluid flow, acceleration,
and displaement), and various military applications. Pressure transducers refer to
devices that can transform the pressure change in the monitored environment into a
change in the properties of an electrical signal. Pressure range varies widely ffom 10
100 mbar fo blood pressure and biomedical application$, 20 barsfor car industry,
hydraulics and pneumatics applications, and Ba@sfor deep sea level applications.
Atmosphere has pressure of 1 bar. Common pressure transducer classes include resistive,
piezoesistive, and capacitive based sensors, while others are based on inductive
capacitive circuit{LC tanks)whose detection relies on resonant frequency gléftsi
6.6]. Many of tlose pressure sensdasses utilize a diaphragm that deflects in response
to pressure change, and can be used to measure a wide range of parameters, such as air
liquid pressurend alsaemperaturevhose change induces a changeressure. Mosbf
those require physical wires (to connect to an electronic device for recording and
processing information) and/or an antenna (in wireless applications to transmit or receive
data).Sensors that were developed for implantable devices such asg@}are capdb
of wireless passive sensing but they are not suitable for long range interrogation because

their operation is based on inductive coupling. Pressure sensors based on SAW have been
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developed with high accuracy of pressure measurements 8], and inprinciple can

be interrogated from a distance but they cannot be applied to extreme temperature
environments (1008C and above) due to the material limitations even with Langasite (as
discussed in previous chapters). Passive and chipless RF pressure based on EM
resonators have also been proposed [6.16.12]. The design in [6.10] utilizes a
membrane integrated with a slot antenna so the slot resonant frequency is modified by the
pressure. However, because the slot is inherently a low gain antearRE transducer
cannot be implemented in long range. The design cannot be adapted to the impedance
load architecture to act as a load to a high gain antenna either. The sensor proposed in
[6.117 6.12] is based on a dielectric membrane and avlelength resonator (similar

to a twaport coplanar filter) situated in a dielectric cavity (Pyrex was used in the design).
EM coupling occurs between the resonant mode in the resonator and the transverse
stationary waves in the dielectric membrane. As the mamebdeflects due to the applied
pressure, the air slab thickness is modified and consequently the EM coupling is altered.
This device can be interrogated from a long distance when integrated with a high gain
antenna [6.12].

This chapter introduced an elhative RF pressure sensor design that has similar
advantages to the design in [6.015.12] such as capacity for long range interrogation.
The design presented here is based on a stgaktet resonator, in which the upper patch
is part of the presswd@ependent membrane, designed for millimeter wave frequencies.
The resonator operates in two distinct bands betweeh 80 GHz Both this sensor
design and the design in [6.116.12] can be adapted to extremely high temperature

applications if constructedith alumina and platinum. However, a unique feature of this
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design distinctive from the design in [6.116.12] is the dual frequency response in
which one resonae is independent from the membrane deflection (or the pressure
change) and the other is pseiredependent. The advantages of this property are
discussed further in later sections. The following discussion is based on [6.13]. In Section
6.2, the design topology and simulations are presented. Its operating principles are
discussed in Section 6.3Vithout loss of generality,proof-of-concept prototypes
operatingin the range of 5 8 GHz were fabricatedto experimentally verify the
principles of operation, specifically the correspondence between the membrane position
and the frequency shift¥he pototypes and measurements are shown in Section 6.4. To
illustrate the robust and adaptable characteristics of the design cotheepesign is
scaled down in size to operate in the frequency baie® 6f95 GHzin Section 6.5. The
membrane design in thigxample corresponds to a much lower pressure level.

Limitations and future work are discussed in Section 6.6.

6.2. Sensor Design and Simulations

6.2.1.Design Topology

The top view of the new RF pressuransducer, shown iRigure 6.1, features a
stackedpatch respator with a pressurgensitive variable vertical dimension. The top
square patch is mounted to the bottom of a deformdiblectric membrang(silicon is
utilized here),and positioned right above a second fixesition square patch; the two
patches arecentered on top and bottom, respectively, of a rectangular grounded air
cavity. The side view of the RF sensor showing clearly the Si membrane is given in

Figure 6.2 The cavity is surrounded by metalized walls that are grounded. The lower
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patch is placedn top of the first layer of the LTCC substrate using GL3%6-(5.6) by

Kyocera Corp. The second LTCC layer, with an identical thickness to the first one, is
placed underneath the ground plane to support a microstrip ling )(50at feeds the

lower patch through a via that passes through a hole with length, g, in the ground plane.
In fabrication, the metalized walls can be realized by using via arrays to minimize metal
loss, and the Si membrane may be supported by additionr@CLIayers as a more
mechanically stable frame for the air cavity. Depending on the amplitude of the pressure
under observation, the top membrane gets deformed modifying the vertical spacing h
thus affecting the resonant frequencies of some cavity mtdssgirectly translates to

the shift of the radiation frequency of the stackatch antenna configuration.

Lt
Lp
. L N
Signal via ry e Lower Patch
L] Upper Patch
hole} Wp Wt
wi ! N | W | Ground
1
Y ¥
X fL

Figure6.1. Top view of the RF pressure transducer
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Figure6.2. Side view of the RF pressure transducer

6.2.2.Frequency Shift Sensitivity for a301 50 GHz
Benchmarking Model

To verify the correlation of the sensed pressure (top membrane deflection) and the
resulant frequency shift, various numerical simulations are performed for an RF
transducer operating in the B®5 GHz range. The optimizezhrameters of thstacked
patch sensoare as followsL; = W = 3340em (length and width of the groupd., =
W, = 1800¢ n{length and width of the upper patch)z W= 1670¢ n{length and width
of the lower patch)y; = 82¢ nthickness of LTCC substrate), ahgl= 407 100¢ m(air
gap). The thickness of the membramas chosen to be 400 mand it has the same
lateral dimensions as the ground. Observe that the membrane idanatimes thicker
than the air cavity for two esons. Firstly, the membrane is also acting as superstrate of
the upper patch, so it influences the radiation efficiency of the upper patch at the
operating frequency range of 83665 GHz. Thus, the thicknesgaschosen for the best

performance. Secondlyhe membrane of 400 mallows lower cost of fabrication as
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opposed to 10@ nchoice in the design of 6595 GHz fora different application in a
different pressure range

The stackegbatch resonatowas simulatedin CST Microstripes [6.14]and S;;
resuts are shown irFigure 6.3. Here, a duaband resonant response is observed. Only
the resonant frequency in the higher band shifts from 47.6 to 54.6 GHzais glag h,,
between the two patches decreases fromel@fo 40 min this work, the deflectio is
varied from 10% to 25% of the membrane thickness in order to investigate the
relationship between the deflection and the frequency shift, to adequately identify and
demonstrate the linear variation regions of deflection versus pressure and deflection
versus frequency shift. The lower resonant frequency remains almost constant during this
range of displacement. It should be noticed that this range of displacement is significantly
smaller than the elastic deformation limit of the membrane material, whsditon (Si)
presented here, and also valid for many other materials when the small deflection
approximation can be used. As a result, the RF transducer design shows a high sensitivity
of about116 MHz£E mlt is important to note that although the hegihesonant frequency
shifts as h changes, the lower resonant frequency (32 GHz) is unaffected by the change.
If the sensor is treated as a gut device, i.e. an impedance load, then the fixed
frequency can be used for identification and calibratioqp@ses when it is connected to
a high gain antenna in a passive sensing network interrogated babedbeat frequency
of an FMCW radar similar to the one discussed in Section 3.5 of Chapter 3. The
calibration is particularly useful when this sensorintegrated together with the RF
temperature sensor of Chapter 3 and/or the RF strain sensor of Chapter 5 on the same

substrate layer.
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Figure 6.3. SimulatedS;4| results of LTCC based RF pressure transduceii (30

55GHz range) witln, = 40- 100¢ nwith steps of 15 m

The plot of frequency versus deflection is shownFigure 6.4, where the
response is shown to be only slightly Aorear over a large range of deflectidnhshould
be noticed that the neseflected membrane corresponds to khevalue of 100 € m
Therefore, as the deflection increases, the value, afebreases corresponding to an
increase in the resonant frequenEyg(re 6.3). It can be observed froiigure 6.4 that
the linearity assumption is valid up to 80mn deflection with a slopef 0.1, i.e. the
frequency is increased by 0.1 GHz for every frof deflection. The frequency response

starts to deviate from linearity for larger deflection.
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Figure 6.4. Plot of frequency versus deflection for the RF pressure transducer

design of 30 55 GHz range

Typically, the small deflection of a square thin plate with both edges clamped can
be calculated within an acceptable accuracy according.19, (vheredmnax denotes the

maximum deflection of the plate (deflection of tbenterof the diapnragm), g is the

Poisson ratioP is the applied pressure,i s t he pl at eBiss side ¥Yowmeag

modul us of t he hilsattenGes prhaBBbisalt ,hiarkdh ess |

Q mipuL e — (6.1)
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Based on the sensitivity obtained frdagure 6.4 and (6.1) with theYoun g 6 s
modulus ofSi equal t0150 GPa antheP o i s on 6 s 644, thefrequéncy®hiftl 7 [
percentage versus applied pressure is plottédguare6.5. It should be noticed that with
an applied pressure of 15@@rs the deflection is 28 mwhich is within the linearity
range shown ifrigure6.4. With the narrow band respondegh Q)as seen ifrigure6.3,

a readable range of 0.1%6% frequency shiffrom aradarallows for thedetected
pressure from values as small aski2Bsup to values around 150fars i.e. the design
enables a highly largelynamic range of pressure sensing utilizing only a single
transducer. The plot ifigure 6.5 shows a theotial sensitivity of 0.004 % frequency

shift per bar for this 3D 55 GHz design

6.0 | /
5.0 y = 0.004x

4.0

3.0

2.0

0.0

Frequency shift (%)

0 250 500 750 1000 1250 1500

Applied pressure (bar)

Figure6.5. Plot of frequency shift percentage versus applied pressure for the RF

pressure transducer design ofi380 GHz range
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6.2.3.Radiation Patterns of the Pressurdndependent Frequency

The simulated radiation patterns of the dual band stapgltith RF sensor at 32
GHz is shownin Figure 6.6. The radiation pattern illustratése capability of thesensor
to providean effectivecalibration signaht the pressursndependentesonant frequency.
In applications not limited to passive chipless requiremémitsresonant peak can serves
as acommunication linkwhichmay be utilized to send wakg signal when sensors are
in power saving mode, or to send other comadsafor more complex tasks and retrieve
additional information from the sensor nodes. The radiation patterns are similar to that of
a single regular patch antenfeaturing a gain of 6.1 dBi, which allows for a solid and
directive link for the communicatiohannel between the sensing device and the
monitoring site. As indicated iRigure 6.3, the worst case of deflectiohy(= 40€ mstill

provides a value df5;;| lower than-10 dB in the 50 GHz band.

dB

-10
204
30

40
301
20/
10/

180

co-pol at 32 GHz for E-plane
co-pol at 32 GHz for H-plane

Figure 6.6. Simulated radiation patterns orplane(j = 0° in red), and on H
plane { =90°in blue) at 32 GHz (the constant resonant frequency)

190



6.3. Principles of Operation

The operation of the RF pressure sensor is based on two uncoupled principles.
The first principle is the mechanical deflection of tmembrane as it responses to a
pressure change. The second principle is the EM response of the giattedesonator,
in which the membrane deflection is transformed into a resonant frequency shift. The
clear advantage of the two uncoupled principles hat teach can be optimized
independently depending on the required pressure range and the fabrication constraints.
The EM principles are discussed in Section 6.3.1 and 6.3.2, which are followed by the

discussion on the mechanical response of the membr&eziion 6.3.3.

6.3.1.Lumped Element Circuit Model

The stackegbatch architecture was originally proposed in [6.17] to provide a
wideband patch antenna. In the design of the RF pressure sensor, the-stacked
antenna was engineered to separate the two resonant frequéheidsialbandresponse
is dueto the presence of the two close resonant frequencies introduced by the two
patches. Theesonance of thepper patch isnfluencedby the coupling between the
upper and lower patches through the air depwhich can be modeled lay/simplified
equivalentcircuit topology asshown inFigure6.7 as proposed if6.17. The two patches
are modeled as two parallel resonant circuits wWig, L, C) and (R, L, C,)
representing the radiation resistances and the equivalent inductances and capacitances of
the two patches, respectively, whil¢ and C are the mutual inductance and coupling
capacitance, respectively. Subscriptand 2 refer to the lower and upper patch,

respectivelylt can be seen from this circuit théte higher frequency resonance shift is a
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function of coupling parameteM and C with lumped elementsL,, C;, and L,, C,

remainng the same.

L L3 = R;_.[]

Figure6.7. Simplified equivalent circuit of the stackpdtd transducer[6.17]

One of the drawbacks of using this circuit representation is the inaccuracy and
uncertainties associated with determining the true values of the p&al&kircuits
(resistorinductorcapacitor) A more accurate alternate circuitpapach can be taken
from the singleresonance equivalent circuit generated through approximating rational
functions and vector fitting, a very effective tool that can accurately fit scattering
parameter data to generate an equivalent passive ciécliff.[ Since there are two
resonances that are distinctly separated, one can model the cirEiguod 6.7 by the
circuit of Figure6.8 and the interaction between the two patches can be represented by
the coupling capacitanc€, and mutual inductancé). Note that the circuits discussed
here provide only a qualitative understanding of the operating principles of the sensor.
The specific values of the luragelements in the circuit are not within the scope of this
thesis. Further development of the equinaleircuit models along this direction [6.18

6.20] for the stacke@atch resonator can be included in future work.
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Figure 6.8. Equivalent passive circuit of stackeatch transducer generated

through approximating rational functions through vectoinfitt

6.3.2.Surface Current Analysis

The surface current distribution of the two patches of the sensor is shown in
Figure6.9. The fundamental mode surface current, dominant at 32 GHz, is observed to be
mainly contributed by the upper patch, while, the fundaalemiode surface current,
dominant at 48 GHz, is contributed by the combination of the lower and the upper
patche together. In terms of the equivalent circuit model shown previously, earies,
the C, parameter is directly affected, which consequentifts the higher resonant
frequency. A change i€ is also exhibited, but, stays the same; therefore, this results
in a change iS4 at the lower frequency but not a frequency shift. Since the upper patch
is attached to the Si diaphragm, the deflectd the diaphragm due to pressure changes
directly corresponds to changeshy which is responsible for the frequency shéit.
significant feature of the operation principles presented here is the scalability of design,

i.e. designs can be easily moddifor any pressure range of various applications based
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on the choices of material&in example of such scalability is demonstrated in Section

6.5.

U pper patch Lower patCh

_______ Lower patch Upper patch e
(.._’ 7 ‘.J - T 7
i .
D —  emzmmEme- J
At 32 GHz At 48 GHz

Figure6.9. Surface currents (RMS values) of the patches at 32 GHz and 48 GHz

with dominant currents are circled

6.3.3.Pressure Effects and the Membrane Deflection Analysis

A sketch of the membrane deflection due to an applied pressure is shown in

Figure6.10. The defletion can be estimated with (6.1).

i Applied Pressure

Reference
Pressure

Figure6.10. Deflection of a diaphragm under applied pres$ara]]
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It can be observed that the maximum deflection is linearly proportional to the
applied pressure, but is proportional to thgpdo wer of the pl atisds si z
to be reduced, the deflection for a given applied pressure decreases quickly in power of 4.

Il n addition, the maxi mum deflection is |1 n\
and the % power of membrane thickness, therefore different material choices would

allow different ranges of pressure and sensitivity required for different applications. For
instance, the pressure range applied to hydraulic and pneumatic applications isiabout 6

10 bars whereas it is about 1 5 barsand 20bars for tires and air conditioning,
respectively, in vehicles, 111000 Pa (0.01 10 mbar) for thin film processes, and ®10

Pa in high vacuum. For amy biomedical applications, a sensitive pressure rangmwbe

500 mmHg (666 mbar or 66.7 kPa) is requirBdtet hat t he Youngds mo
ratio of the stress to strain in the linear elastic region of the material. The materials for

any specific application should be chosen such ttiet arethe desired pssure range

operating withirtheir elastic region.

6.4. Proof-of-Concept Prototypes at 6 GHz

6.4.1.Electromagnetic and Mechanical Deflection Simulations

Without loss of generality and as a simple experimental gybobncept, the
stackedpatch resonator is scaled operate betweeni58 GHz. The prototype structure
was simplified by replacing the microstrip feed line with a probe feed; hence, the
underlying substrate layer below the ground pldfigure 6.2) wasremoved. The new
scaled design is shown Figure6.11 with Ly = W; = 32 mm,L, = W, = 19 mm, and. =
W =17 mm. The feed pointasplaced at the center along the radiating edge of the lower
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patch. The lowepatch LTCC substrate and the uppeatch superstrate Si membrane as
the top yellow block inFigure6.11 are realized by layers of RT/duroid 5880 substrate

with a thickness of 78% m({ € 2.2) [6.22] Theair gap, h,, between the lower and

upper patches is experimentally modified starting fromirthial value of 157% m

Wire feed

2 -

X

Figure6.11. Top view of th 6 GHz transducer with coaxial feeding

Although the flat (uniform) deformation model is first used for the calculation of
the pressurgiriven deformation, a more realistic approximation of the membrane
deflection is modeled by a surface presenting ehesgal curvature of radiuR as
indicated inFigure6.12 The deflection is denoted logh, andL4 is the diagonal lengtof
the grounded square cavitgngle d is chosen such that the curved surface does not
exceed the tensile stress tolerance specified in the material dateR3teéetoid 5880.
The values of the parametdRsandd can be varied to obtain the desired valuegaf A
3D view illustration of both lhe uniform surface and the curved surfacéhefmembrane
deflection are shown iRigure6.13 The deformation refers to the value at the center of
the patch. In both cases of approximation, the center of the patch experiences the same
deflection i.e. thecenter of thaleflectedupper patch in the two approximations have the

sameheight

196



)<

| tn] i
Ah f l Ground wall
ZL — (fixed height)

XY Ld

Figure 6.12. Spherical curvature modeling for the improved approximation of

membrane deflection

Flat deformation model Curve deformation of 1000 um

Figure 6.13. Three dimensional illustratiaf the two approximations to model

the deflection of the membrane in the RF pressure transducer

Plots of the simulate{s; 4| of the two approximation models are shown in Figs.
6.14 71 6.15 respectively. Tbse plots indicate that the uniform displacement of the
diaphragm isa sufficient approximation to model the EM principle thfe stackegbatch
RF pressure transduceMote that the plots show simulations withfferent deflection
intervals of 25 mand 20Cem for Figure6.14 and 6.1%espectively. Therefore, without
compromising the quality of the RF pressure transducer, this prototype is fabricated in a

way that the thickness of the superstrate (supporting the upper patch) is mechanically
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adjustable to repsent the uniform displacement of the membrane in the transdueer.

measurements are essentially static and employed to verify the EM operating principle of

the sensor.
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Figure 6.14. SimulatedS;;| of 6 GHz scaled RF transducer design of uniform

displacemant for themembrane deflection with, = 157, 1325, 1075,825,7 5 . ¢ m
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Figure 6.15. Simulated|S;;| of 6 GHz RF transducer design of curvature
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6.4.2.Prototypes andMeasurements

The prototype is fabricated with Quick Circuit Systems efetch Inc (milling
machine systems) [6.23]. The fabricated structure is illustrat&igure 6.16 indicating
how the layers are positioned in the prototype. The resonator protoagexeited with
a coaxial probe, and the buffer layers between the upper and the lower patches, made of
FR4, were positioned such that an air cavity was formed between the upper and the lower
patche. In the prototype, the probe feed introduces additiom@ctance td.; of the
circuit in Figure 6.7. Therefore, the length is shortened by 2 mm with respect\é

(Figure6.1) in order to account for the frequency shift.

RT5880 -

Upper patch

each layer)
Lower patch

Inner conductor drill hole in the lower Outer conductor drill
patch and through the substrate hole in ground

Figure 6.16. The exploded view of the fabricated prototype of the 6 GHz RF

transducer scaled design

Separated layem@ndthefinal assembled prototype are showrFigure6.17. The
layers were held together using plastic fasteners that allow the removal of the FR4
frames. Thethicknessof the air cavitywas determined by the number of FR4 layers

stacked between the upper and lower patches. The protegpassembled with two
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different air gaghicknessesh,, of 787¢ mand 157% mThe grounded metalized walls
surrounding the air cavitywasconstructedvith copper tapglacedthe outer edges of the
prototype The measurement results|8f;| of the two mechanically static prototypase
plottedin Figure6.18.The measured radiation patterns at 5.1 GHz (performed at Satimo

[6.24]) are plotted irFigure6.191 6.20

0
2 =
4 - \
\ fi¢
6 R 4 Measured
m g AR [S11] for 1575
T $ e um air gap
= -10 1
- 4 R *
o 12 e 4
= 12 v P4 + Measured
16 § |S11| for 787
um air ga
18 ‘ gap
-20
4.00 5.00 6.00 7.00 8.00
Frequency (GHz)

Figure 6.18 Measurement results ¢%;;| of the 6 GHz prototype of the scaled

design.
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Figure6.19. Measurements of the radiation pattern of E field on E pjared()

at 5.1 GHz (communication channel)

180

co-pol at 5.1 GHz
cross-pol at 5.1 GHz

Figure6.20. Measurements of the radiation pattern of E field on H pjaredQ°)

at 51 GHz (communication channel)
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The measumaents of|S;4| are in excellent agreement with the simulated results
shown in Figs.6.1471 6.15 A shift of approximately 250 MHz (due to tlar gap
difference of 78%& mis observedn the measurements. The ratthn patterns recorded
at 5.1 GHz are consistent withetlsimulated resultsf Figure 6.6, thus verifying the
simulation resultsAs a proofof-concept, the prototygehave validated the design

concept proposed in this work.

6.5. Applications

6.5.1.Example Designfor a Small Range of Pressure

To illustrate the adaptability of the RF pressure transducer design concept for both
a different operating frequency band and a different pressure, ramiifferent design
operating in the range 6595 GHz is presented heas an illustration of how this design
can bepotentiallyapplied to biomedical and wearable applicatiaith a much smaller
pressure range than the one described in Sectioif lGe2dimensions are as follows:=
3340 mW = 4000 mL, = 875 mW, = 1000e mL = 835¢ mW =875¢ mh; =
50¢ mandh, = 8071 120 ¢ mNote that the ovelhsize is relatively the same as the
design operating in 30 50 GHz range presented in Section @Re thickness of the Si
membrane is reduced to 1@0 mfor a pressure respongsgesirablefor biomedical
applicatiors. Recall from(6.1) that the deflection at the center of the plate is inverse
proportional to the cube of the plate thickne$®ie 3D model of this rectangular
diaphragm is simulated in COMSOL Mudhysics[6.25] (a finite element analysis and
solver software package) to derive the sensitivity of pressurieh is plotted against the

deflectionin Figure6.21. The pressure is shown for valugsto 0.5 bar or 375 mmHg,
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which is thetypical pressuregange required for biomedical applicatides4 i 6.6]. For

most materials including the one utilized in this work, the mechanical limit of the
membrane deflection, which is due to tensile stress, is much higher than the
electromagnetic limit of the defleon. The electromagnetic limit is defined by two
factors: the deflection limit at which the frequency shift no longer remains in a linear
relationship with the displacement of the membrane, and the maximum deflection at
which the upper metal pataemainsin noncontactwith the lower patch, which is
determinedoby the air gap between the upper and lower patdhethe design presented
here, the maximum deflection at which the mechanical propeitibe membrando not

alter is much higher than the maxim deflections allowed by the electrical limits
defined earlier. Thereforghe maximum and minimum detectable pressure values are
mostly determined by the linear region of the frequency shifta design guidelinghe
maximum dimensions of the sensoosld be determined first based on the appropriate
frequency ranges of operation, then the choice of material is rbased on the
relationship of themembrane deflection artie frequency shift. For the specific choices

of material and dimensions in thisovk, the deflection corresponding to the above
applied pressure range features a sensitivity of about XfBar. The values 0fS|
corresponding to different membrane deflections< 801 120¢ mp are presented in
Figure6.22showing a linear shift im wide range of deflection with a sensitivity of 152
MHz/e m. E q u j thedrégaemdy Ehift response stays linear within at leata??
(atmosphere pressure is 1 bar). This sensitivity corresponds to 274 MHz/bar or 365
kHz/mmHg for the frequency rangé 6517 90 GHz. The direct correlation of the applied

pressure and the frequency shift in percentage is showiguse 6.23 showing a linear
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relationship.The resultshow that the transducer can be scaled to operate at low pressure

limit but still maintin an excellent range of linear response in terms of frequency shift.
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Figure 6.21. Correlation of membrane deflection and applied pressure for a Si

di aphragm of
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6.6. Remote Sensing, Limitations and Future Work

A new highly sensitive RF pressure transdusgs presentedn this chapter
operating in two frequency bandsje for sensing and offier calibration This design is
simple to produce in a compact form factor and can be used to reduce power
consumption ofthe sensor at device level, providing a sensitivity of 116 MHmbor
0.004% frequency shift per bar with respect to the diaphragm deflection due to pressure
change, while being easily extended toi695 GHz for biomedical applications with a
sensitivity d 365 kHz/mmHg operating in the range of 800 mmHg. Furthermore, the
operational principles of the transducer design have been successfully demonstrated
through a procebf-concept prototype operating betweeni 58 GHz that shows a
frequency shift of 25MHz for a deflection of7/87¢ mi.e0 . 318 MHe design
can also be modified to the use flexible multilayer organics, such as LCP that allow

realization of wireless conformal wearable and implantable seniSdferent designs
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presented in the chagt illustrate the adaptability of the design concept to different
pressure ranges and operating frequencies keeping the overall dimensions the same. It is
possible to implement the design in short range remote sensing where the sensor itself
would act as abackscattered antenna without any additional elements, and the
interrogation is performed within a few centimeters. However, to implement the design in
applications such as an implantable intraocular pressure sensor, a lower frequency would
be preferreddr longer penetration depth, defined as the travel distance for the waves at
which the radiation intensity is dropped by 37 %. The penetration depth at 85 GHz is
about 0.3 0.4 mm for cornea, blood vessel, and skin, while the penetration depth for the
sarre tissues at 30 GHz is 0.8).9 mm [6.26].

In long range remote sensing, the passive RF pressure sensor can be implemented
as a load with changing impedance that corresponds to the pressure change. Such
implementation is configured in the same platforndiasussed in Section 3.5 of Chapter
3 and Section 5.5 of Chapter 5. Those chapters have also illustrated how the change of
the input impedance of such a load is reflected in the frequency shift obsethedin
frequency response of the load. Howewvitre input impedance analysis of the RF
pressure transducer implemented as a load is not included in the work of this Chapter.
Note that, the major advantage of this design concept is that it can be implemented on the
same substrate and del@iye based sesor network with the RF temperature sensor
introduced in Chapter 3 and the RF strain sensor introduced in Chapter 5. All the sensor
nodes of all three types of the sensors can utilize the same planar high gain antenna for
the communication with the rad&furthermore, if each sensor cell is composed of a RF

temperature sensor node, a RF strain sensor node, and a RF pressure sensor, then the
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pressurendependent resonant frequency of the pressure sensor node can be utilize to
monitor other factors that canfiuence the EM resonators beside temperature, strain, and

pressure.
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Chapter 7.

RF Proximity -Beuws!lo r HiomapnuN cerr
| nt erf aces

7.1. Introduction

Human computer interaction (HCI) has emerged as a tritidathat has been
setting the platform for a new wireless interaction of devices where individuals can act as
human computati onal peripherals (computer
do not need to be present at all when a communicatiorkiisgtglace ¥.1]. These
platforms have gained increased popularity for use in a wide range of industries. Sensors
continue to be the essential bridges that allow these types of interactions to take place.
For example, pressure can be sensed remotely Bprseembedded in tireg.2]. Motion
sensors allow intelligent sensing of the human body for security applicafi@h®f for
research on individuals with health conditions such as chronic pulmonary digese [

One particular area, proximity sensimgntinues to be the subject of efforts for improved
optimization of performance such as sensitivity and sensing range.

Research in proximity sensors has been performed for well over 50 years. Most of
these sensors are derived from detecting the changédfoenagnetic fields in the
presence of a targe?.pb 1 7.6). They fall into two main classes: inductive proximity
sensors and capacitive proximity sensors. Inductive proximity sensors have been utilized
primarily the detection of metals in machinery atanotive equipment/[.7 i 7.8] or for
detection of cars in traffic’/j9 | . These sethswalo oddteac thiinmm, k

object has to be magnetic and induce a current in the sengbe sensor must be
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powered to detect materials thateract with the magnetic field. As a result, inductive
sensing of humans is difficult to achieve. Capacitive sensors have a wider range of
applications from mobile computing deviceg10] to liquid level sensing7[11]. A
major advantage of capacitiversors is the ability to sense objects that are in physical
contact with electrodes as well as those that are not in physical contact; this is extremely
useful for interacting with devices using the human hand and fingers as input tools.
Researchers at MI&xpanded greatly on the idea of capacitive sensing by placing
electrodes underneath the display of a portable compuite?]] In this approach, the
electric field between two electrodes is disturbed by the presence of a human finger
which facilitates a lcange in the capacitance. One disadvantage of this approach is the
limited amount of information that can be obtained from a scalar capacitive change. This
may not be suitable for complex gesture recognition. In addition, this approach operates
at low freqiencies where the sensitivity of sensing around the electrode can be small.
Recently, researchers at Disney Research proposed a new technology called Touche
[7.13]. This technology is a capacitive sensor that detects the physical contact of an
electrode. tl has been utilized in many instances such as with a utensil to correct eating
posture and embedded in a couch to signal the presence of a human sitting down. This
method expands on the scalar capacitance changeél®] [by analyzing this change
across amall frequency band which creates a signature profile that can change based on
the way the electrode is contacted. Here, the electric fields are tightly confined to the
electrode direct contact is necessary for sensing to take place. At low frequdmeies, t
fields of such electrodes are mostly qgustsitic, and sensing is based on field

disturbances. A fundamental limitation of such an approach is that the disturbance
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depends on the electrode size relative to the objects. Given a defined object size, the
sensitivity and range can be improved with the electrode size, but it also increases the
amount of noise in the system. Furthermore, a minimum size limitation on the electrode

is highly undesirable in mobile electronics applicatioh$41 7.15].

A new prximity sensor based on neield perturbation of an electromagnetic
wave at radio frequencies is presented. The concept offiahsensing in microwave
frequencies has been introduced in the past in various foifd$ | 7.18].
Electromagnetic signalrppagation in the nedreld has a distinct behavior from that in
the farfield for a radiative element; however, it has not been exploited to extract rich
multi-dimensional data through coupling to track objects. With-fielat sensing, the
limitation on the minimum size of the electrode is greatly mitigated because the
eledrodes are replaced by radiatiegments, or resonators, whose sizes depend on the
operation frequencies insteathe following work was developed durimgy Summer
internships at Miarsoft Research from year 2010 to year 2012 [V.120].

In the new proximity sensor, a twmrt half-wavelength filter loaded with a
resonator on the top layer is utilized. The current excited through the filter capacitively
couples to a resonator patebove that allows for radiation. At certain frequencies, a
small zone of nedield energy allows for a vertical range of human finger detection
without physical contact with the sensor. By transmitting an electromagnetic wave over a
frequency band insteaof a purely capacitive electric field, the amount of information
that can be ascertained can allow for complex sensing such as distinguishing a finger
from a fist as well as detecting mple hand gestureslhis chapterhighlights the

topology of the sesor, the operatg principles of the sensor, the measurement results
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along with discussion, and how this sensor can be integrated into an actual system. The
potential applications of this sensor design could open the door to a new class of sensing

technolgy for HClin ubiquitous electronic platform.

7.2. Topology of the Sensor

The proximty sensor proposed in this chapterillustrated inFigure 7.1. This
sensor consists of a twmort halfwavelength coupled barshss filter with a resonator
patch loaded aboveOn the bottom of the sensor lies a ground plane. The filter is
sandwiched between two RT/duroid 5880 substrates with different thicknesses. The
thickness of the substrate between the filter and the groumd:i81 mils. Moreover, the
thickness of theubstrate between the filter and the resonator patch abbyei81 mils
(the total substrate thickness is+hh, = h = 62 mils). The lengths of the two substrates
are also different. This difference was introduced to simplify the measurements of the
design. However, in simulations presented in i8ac?.3 the two substrates have the
same dimensions. The lengthstbé h and h thick substrates are represented by the
parameters.gng andLyppes respectively. The resonator patch is square, and the feed lines
are designed to excite mod®é&lspresents the other 50
parameter values of the findesign. The operational frequency range of this sensor is in
the Gband between 6 8 GHz. The operatg principles of the sensor as well as

thorough explanations of the design are presented in the next two sections.
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TABLE 7-1

Parameter values &iinal SensorDesign (in mils)

Wgnd 1980 Lpatch 500 Wa/ 2 56
Wistrip 56 Wt 10 Impedance 50 Y
I-gnd
"""""""" I—upper _
5 \ Lpatch
\JS/ N3 Lirip ;
|| Watrip| ]
A d oy
Wiine Worg
L 6 : L] D] 7
Yy /[\ WIine
| ./[\
X >t ik
7 Wslot i

Figure7.1. lllustration of proximity sensor desigfDimensions are not drawn to

scale.)
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Figure7.2. Exploded view of the sensor design

7.3. Operating Principles of the Proximity Sensor

The sensor, a twport filter, has a bangass frequency response between &
GHz. It is characterized by i%; transfer function, which measures the ratio of voltage
exiting port 2 to the voltagesnteringport 1 when the voltagenteringport 2is equal to
zero &1 = by/a; whereb, anda; are the voltage leavingort 2 and the incident voltage,
respectively). Thedetection mechanism of sensing is fundamentally based on the
variations in the transfer functio,;, of the filter when a human finger approaches the
sensor. As the finger approaches within 3 cm above the sensor patch, its position relative
to the patchnduces unique signatui®; responses versus frequency of the filter. This
uniqueness in their response allows a detection algorithm to correlate a freasady
response to a specific finger position as well as potentially gesture recognition.

The esential idea of the sensor is to employ the 1iie¢dd coupling between the
human finger and the sensor resonator to influence the loading effect of the sensor,

specifically itsS;. The filter is constructedfom a half wavelength resonator parallel
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cougding filter with a finite radiation loss (a part of the insertion loss). It is this radiation
loss that facilitates the coupling of the néialds with the human finger. The radiation
loss and, thus, the nefeld coupling are strategically enhanced witle addition of the
slotted patch and parasitic strips. The radiation field of any resonator is divided into three
regions with respect to the distance, r, away from the resonator. Hiedaegion (also
called Fraunhofer zone) with  z(whereay is the free space wavelength) is where the E
and H fields are in phase and the power is inverse proportional lto this region, the
absorption or scattering of the radiated power has no effect on the load of the resonator,
thus has no influence on theequency responses of the resonator. The-fiddrregion
withr << @ppfo@madely based on the fields of a dipole antenna) is where the E
and H fields are generally not in phase and the power is inverse proportiohal he
fields are mostly sired (as opposed to radiated) as in the case of tfieldrDepending
on the type of the radiator, the nd@ld is dominated by either a magnetic component or
an electric component, and the field patterns change with r. The intermigeltegion
(also called Fresnel zone) has both the stored fields and the radiating fields with
comparable distribution in intensity. In both the nield region and the Fresnel region,
the absorption and back scattering of the fields (field coupling) can infludmce t
frequency response of the resonator (the sensor) with the stronger reactions in the near
field. Therefore, the frequency of choice (where the wavelength determines the field
regions) and the E and H field components are critical factors to be consiaehaxl
sensor design7[21].

The next three subsections present the design evolution of the sensor as shown in

Figure7.3, where the ground (in yellow), the half wavelength resonator parallel coupling
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filter layer (in red), and the slotted patch with the parasitic strips layer (in blue) are
illustrated (without showing the substrates). The discussion starts with the half
wavelength paralletoupled microstrip line filter (model I), then a slotted paschdded

to the filter (model 11), and finally the parasitic strips are added to the structure resulting

in the final design (model Ill) as presentedrigure7.1 of Seabn 7.1

Figure7.3. Topologies of different models in the design evolution

7.3.1.Model I: Half-Wavelength ParallelCoupled Microstrip

(HWPCM) Filter

In this subsection, the interaction between the HWPCM filter and a human finger
is investigated. A typical HWPCM filter is shown kgure 7.4 and is based on a half
wavelength microstrip resmator (HWMR), which is the center resonator microstrip line
of Figure7.4. This topology is the same as the one showfiganre7.1 excluding the top
substrate layer and its metallic elements. The guided waveleagtin (the designed
microstrip transmision line (using a layer of RT/duroi8880 substrate 62 mil thick
[7.29) is approximately 1300 mils at 6.5 GHz. The HWMR has a length of 590 mils,

approximatelyay/2. The operation anthe design equations of the HWPCM filtarewell
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documented 1.23 i 7.2¢. Due to the discontinuities at the two open ends of the
microstrip line, a halvavelength microstrip line can produce radiati@r2}]. The ratio

of the radiated power to the ineidt power is proportional to the substrate thickness due
to the imagecurrent on the ground/[28]. The fundamental mode of its resonance has a
maximum electric field at the two open ends. This resonant behavior is utilized to
construct the bangass HWPCM filter through the parallel coupling. The coupling
mechanism can bapproximately modeled with respect to the insertion loss by the
simplified equivalent circuit shown irFigure 7.5 without the phase reversal at
coordinates (0,0,0) where Figure 7.5a shows a single coupling segment of the
transmission lines anéigure 7.5 shows the equivalent circuit for the coupling libg,
(Figure7.4), with electrical length in degree. Detailed analysis of the classical HWPCM
filter is discussed in7.23. Observe that the nedield power of the HWMR can be
adjusted with the couplingap,s, thus influencing the sensitivity &; of the HWPCM

filter in response to the proximity of a finger.

Figure7.4. Halfwavelength resonator filter
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Figure7.5. Equivalent circuit model of the HWPCM

To illustrate theS;; sensitivity of the HWPCM filter in response to a finger, the
finger is modeled by a water block of 400 mils x 400 mils x 400 mils (or1cmxlcmx 1
cm as a typical finger size). It is positioned at a distance, d, above the HWilgliRe(
7.6). Plots of snulated$;; results are shown ifigure 7.7 corresponding to different
coupling gaps, s, in two cases: 1) without a water block and 2) with a water block present
at d = 600 mils. Observe that as the coupling gap increases, the insertion loss also
increasege.g. lower|S;| at the resonant frequency) and the variatiofsgf is expected.
At s =50 mils, the peak resonant frequency is shifted from 6.4 GHz (without the water
block) to 6.5 GHz (with the water block dt= 600 mils). A similar frequency shift
occurs at = 30 mils. A significantly smaller frequency shift occurssat 10 mils. The
insertion loss generally consists of the conductor loss, the substrate loss, and the radiation
loss. The first two factors are relatively constant for all simulassgs shown iigure
7.7. So the different insertion loss levels associated with differegies mostly reflect
different levels of the radiation loss. Furthermore, as the gap¢reases more than 30
mils, the sensitivity of HWPCM filter (in termsf &; with respect to the water block)
stays relatively the same (the similar variations between the dashed and the solid lines for

s =30 mils and 50 mils ifrigure7.7). This suggests that the radiation loss of the filter,
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or equivalently the nedireld radiation of the HWMR, approaches its maximum level. It
is this neaffield radiation that is coupled to the water block and thus influences the filter

response.

Figure7.6. 3D view of the HWPCM and a water block positioned above it at a

distancdd in simulations
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Figure7.7. Magnitude 0%;; of the HWPCM with different coupling gaps e
10, 30, 50 mils in the case without the water block and in the case with the water block at

a distancal = 600 mils

To further illustrate sensing based on thardld coupling, the responses of the
HWPCM filter operating at 6.5 GHandat 5 GHzare comparedrhe water block size is
0.22a and 0.17a, for 6 GHz and 5.5 GHzespectively. The HWPCM filter is scaled up
in size to operate at 5 GHz while keepin@ ttoupling levels arouneB.5 dB of the
insertion loss g is adjusted to 33 mils), which is similar to the insertion loss of the
HWPCM filter at 6.5 GHz witls = 30 mil. Plots ofS;,| for the HWPCM filter at 5 GHz
are shown irFigure7.8a and compared those of the HWPCM filter at 6.5 GHz shown
in Figure7.8b. The solid lines represent simulation results with the absence of the water

block and the dashed lines represent results with the presence of the water block at 600
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mils (or 1.5 cm). The frequency shift of 30 MHz kigure7.8a is significantly less than

100 MHz observed ifrigure7.8b. The results show that although both frequency ranges
establish the appropriate ndald regions to enable sensing based on couplirgr{dar

field regions start at 0.7 cm and 0.9 cm for 6 GHz and 5.5 GHz signals, respedingly),
coupling also depends critically on the electrical size of the object under detection. With
the water block size close to a quamevelength at 6.5 GHz, ¢hneatfield can be
coupled to the water block better resulting in a larger frequency shift useful for sensing in
terms of|Sy4| variations. The nedield coupling mechanism also suggests a limit on how
high the operational frequency can be. Otherwisentrar field region would become too
small for a useful sensing range. Additionally, to keep the fabrication cost low (limited by
the minimum coupling gaps), investigations of HWPCM filters operating at higher

frequencies are not included in this work.
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To further study the nedields of the HWPCM filter, plots of the total electri
and magnetic fields of the filter are presente&igure7.9 (at the resonant frequency of
6.5 GHz and the power is normalized to 1 W). The plots show the first quadrant of the
model space. The figure includes the EM fields in hot scale and the scuf@ests in
gray scale revealing one 50 q feed |l ine an
nearfield is more dominant by the magnetic field rather than the electric field. Since the
water block (or human finger) is a conductive object {n@gneti¢, it suggests that an
electric field would support the coupling better, hence allowing better sensing. Therefore,

a slotted patch is added to the design.

177, 177.8
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Figure7.9. Total Efield and Hfield at 6.5 GHz (power normalized to 1 W) in X
,y-, and zplanelocated at the origin in spectrum scale with the omission of the ground
plane and the substrate for easy visualization (the surface currents of the feed lines and

the HWMR are shown in gray scale)
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7.3.2.Model II: Coupling of a Slotted Patch to the HWMR

The presence of the strongpwrlarized electric field immediately above the
HWMR suggests that a slot positioned along tkaxig can effectively couple to the
HWMR. Therefore, a slotted patch is introduced and placed above the HWMR filter as
shown inFigure 7.3. A top view is presented Figure7.10. A second layer of RT/duroid
5880 substrate (same as the lower substrate) separates the HWMR and the signal lines
from the slotted patch. In this model, the two substrate layers are each 31 mils thick, and
the HWMR is scaled to a length of 500 m{from 590 mikin model I) to adjust for the
impedance change with the presence of the parasitic slotted patch with respect to the
operating frequency of 6.5 GHz. The patch is a square patch witte &ngth of 500
mils.

To illustrate the effects of the slotted patch, frequency responses of models | and
Il are shown inFigure 7.11a andFigure 7.11b respectively for five cases. Four of the
cases represent simulations with the presence of the water block at distanctaO,

600, 800, and 1000 mils, and the other case represents simulations without the water
block. Observethat the sensitivity and dynamic range are greater for model Il than for
model I. In both models, at around 6.6 GHz, the resonant peaks are $luiftedh
frequency and ifS;1| levels. The behavior of these two types of variations (frequency
shift and insertion loss level change) is fiomial due to the notinear characteristics of

the neaffield. Therefore,the detection mechanism mainly relies simple pattern
recognition and the unique signature of each pattern allowing them to be differentiated
from one another7.291 7.31. Besides the fact that pattern recognition is a mature

subject in computer sciencesnly simple algorithmis required here to differentiate
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