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ABSTRACT

THERMAL IMAGING BASED ON MECHANICAL  VIBRATIONS

YéI nkaezn e r
Master of SciengeMechanical Engineering
SupervisorAssoc Prof Dr.K éam- Az gén

August 2022102 sayfa

The thesisproposs a digital resonanceeadout methodbased ora lockin based
digital phase locked loopDPLL) mechanism, which is designed, simulated,
implemented and tested usingXainx made Field Programmable Gate Array
(FPGA). Implementation is performed using a hardware descriptive language
(VHDL) on low level.Certain digital signal processing algorithms such as-iock
detection, DPLL. DDS and CORDIC aremplemented, simulated and tested.
Moreover the design ishown to becapable of resonatingpth single and multiple
resonators simultaneoustyreal time As a proof of concepglow-costRLC based,
low quality factoresonant position senswith sub micron resolutiois tested along
with high quality factorquartz crystals fodemonstration of simultaneoumsulti
deviceoperation capability Finally, it is shown that the proposed method can be
used for @tection of temperatungsingcapacitve MEMS resonanmicrobolometer

arrays, as well as any kind aesonance based sensor

Keywords:ResonanMEMS Temperaturé&Sensing, Lockn Amplifier, CORDIC,
Direct Digital Synthesis, Digital Signal Processing
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CHAPTER 1

INTRODUCTION

Resonancea phenomenomlescribing théehaviorof a system under the influence
of periodic excitatios, hasfirst beenobserved by Galileo in 163&en expressed
mathematically by Euler in 1732]. Since then,tihasmainly found its primary use
case in penduluralocksfor time keeping purposeantil the beginningof the 2"
century.Afterwards,resonance based devides/e started to find more use cases as
a sensing elemenivhere theparameter of interess correlated with thehange in
resonance frequency of the devi€ensors for measuringyuid level, density and
viscosity of fluids and gasesjass and force measuremeis well a-detection of
temperaturehave been devised@ombiningrecently developediigital electronic
componentsof the timewith the mechanical structuredased onsingle crystal
materials, such as quartz and silictaghly accurate repeatable and low power
consumingdevices hae been manufacturetbr various applicationsBasically,
electranagnetically or piezoelectrically drivenechanicakransducersre kept at
resonancevith amaintaining closed loofAs a matter of factnechanical structures
have shown to have a greater Quality Fadi@) than the electrical circuitsvhere

the energy stored in the transducer is much greater than the dissipated energy from
the systenmper cycle hence low power consumpti@nd indepemerce from the
electrical chareteristics of thedriving circuit is possiblethanks to the high

mechanical Q2].

Advancements imminiaturizationand the idea of using silicon as a mechanical
materialfor micromachining[3] have given birth to anew field of study called
Micro-ElectroMechanicalSystemgMEMS), where ths technology have allowed

portable, lowcost, reliablemicro mechanicalransducers to be manufacturéthis



novel area has foundtility in both civil and military industrieas pressure sensors,
accelerometergyyroscopesinkjet printer heads and Digital Light Processing (DLP)
units havebegunto be manufactured in masgés Althoughfurther miniaturization

to the nano scale is possible (NEMS)me limitations as a result of scaling down
the mechanical structuréaske placeDevice impedance increases rapidly with down
scaling into nano meter sizelimiting thear practicality [5]. Nowadays,MEMS
technology has extended and much wider aredhese are, LIDAR technology for
automotive industry, Artificial Reality (AR) and Virtual Reality (VR) applications,
wearable medical technologies, 5G Connectivityth RF MEMS and
microbolometerdasedhermal imagng technologiesThe industry forecaststatal
revenue of $18.2B by the year 2026%7.2 compound annual growth ratarting
from the 2020 revenue of $12.1§.

This chapterinitially gives an overview of the resonance basethsducers
Afterwards,an overview of the thermdktectors is presentastherestate of the ast
in resonance based detectors are covdfatdhermoreField Programmable Gate
Array (FPGA)is introduced for it is utilized in this thesis for the realization ofth
digital readoubf resonating systemBefore the conclusiosome of thaligital PLL
designs for resonant sensor systemtbe recent workbave beerovered Finally,
research objectives and thesis organizatmmcludethe introduction chapter

1.1 Overview of theResmance BasedMEMS Sensors

The micro mechanical resonant devices find applicatiomagasuring parametric
guantities, accurate time keepingechnologies energy harvesting deviceand
wireless communication systems as band pass filters and signal [fjx@isey are
evenrecentlysuggested to be used as logic devaseeplacements for the transistors
[8]. Operational range of these devices is knowspan kHzMHz region aswell as
capable ofreaching GHZrequencies with high quality factofS] in time keeping
applicationswhere they are eveseen as a replacement for atomic clockwiithe

variety of sophisticated systentis fact, Q depends on multiple mechanisms sgch a



the environment pressure, thermoelastic dissipation (TED), anchor losses due to
design choice and surface los§8k Most of theresonancédasedsystems find
themselvedeing operated at a specific mosleape whereit is designed to be one

of the flexural, bulk, shear, torsional and coupled modiese modes ofteare
selected for the purpose of amplifying the effect of a ceparameteamong other
parametersffectingresonanceTypically, an electrical signgbroduced by a DAC

gets converted int@n externalmechanicalexcitation causing vibrations in the
structure These vibrationsesult in electrons to move in an alternating manner
before being read by an AD®eing a bridge between mechanical atélctrical
domains, MEMS sensors are often simplified into a basic RLC circuitry with a
feedthrough and parasitic capacitance affecting the output response. In fact, in the
field tests of this thesis, the performance of the proposed readout desigrdifirsste

on an RLC circuit before working on the actual systéhme mehodin which the
electrical signalvoltage or currentpess transformed into mechanical excitations
vary according to the transducer type being implemented for the specific design.
Thes are capacitivepiezoelectric, piezo resige, thermaland electromagnetic
Capacitive transducers have been the first ounglized in MEMS for the
transduction mechanism and still continues to be used in the recent publications
including this thesisvhere capacitive sensing and actuatmmaresonating plates

used Other than that, piezoelectricansducersare usedfor their capability of
converting mechanical straimpplied either onto theiezoelectric material or a
secondary medjanto electrical polarizationLong before MEMS technology, the
most known piezoelectric material Quartz have been used in various applications.
Another piezoelectric transduebkased technology isFilm Bulk Acoustic
Resonators (FBAR)where their applicatns range from flow detectors into
telecommunicationAdditionally, thermal actuation and piezoresistive sensing are
used as a transducer for certain resonant sernsdlss case, resistors are subjected

to an alternating current, causiagargemechantal forceas a result oélternating

temperature distribution in the structuMaking use of piezoresistive elements at



the sensing side of these resonatefsere the resistance of these elements depends

on the applied strestie mechanical resonancangintained10].

The measured quantityy designed to affect either the mass or stiffness of the
structurein MEMS resonatordHigh quality factorsystemgeflect these changed

the output, heteas long as thdevice worksn a linear region for most of the cases.

As the former mentioned method of changing the resonance frequency, various ways
of increasing the effective mass of the sysgéaist. Generally itedevice is designed

to absorbeither certainchemical particles or biological moleculeseffectively
changing the resonance frequency of the systeoncing particlesto flow in
microchannks has also shown to affect the effective mass of the sy#khaugh

the operational mode of the deviwaries for acheving higher Q values, the
applications remain the sanTéhe latter methodvherer e s o n a n stiffresiss or 6 s
manipulatedby the measurkquantity offers differentpossibilities.The stiffness

either change as a function of the applied stress or georak¢niationscaused by
thermal gradientsT e mper atur e i s also known to affect
structure, hence the stiffneddEMS magnetometersvhere theresultantLorentz
Forcecauses the stiffness of Dual Ended Tuning Fork (DETF) strutdurbange.
Following the resonance frequengy,highly sensitive magnetometassdevised

[11]. Similarly, resonancdasedaccelerometers and gyroscoped under this
categorywhere the displacement of proof massult in stiffness changB@esonance

based micro mechanicatructurespeing actually band pass filters in nature, are
extensively used irRF MEMS as well.For example, Whe GlassDisk Array
Compaite Oscillators witha Q of 100,000have been demonstratédr GSM
applications Moreover, disk resonatorare implemented both for intermediate

frequency filtering and signal mixing purpo$és

1.2 Overview of theThermal Deteciors

There has been an incredsethe last centuryn the usage of thermal detectors

working in the infrared and even the Terahedrdof the electromagnetic spectrum.



Although utilization of infrared as a detector had been demonstrated bacK #tlhe
century, there has beeransiderable advancementR detection technology since
1930[12]. Since then, two main detection approaches which are photon and thermal
based have been adoptedthough thermal based approaches offered uncooled
operation unlikgphotorbasenes, where they have to be cooled down to cryogenic
temperatures in order tuperate properlyformerone had long been considered as
having a lower dynamic range, having a slower response and not as sensitive as
photonbasedarrays until 1990412]. Nevertheless, thermal based IR detectors,
especially microbolometers, have shotenbe a formidable competitor to bulky,
expensive andowerhungryphotortbasedR detector$13]. In fact, there have been
various and promising approaches in thermal detectors such as photoacoustic
(Golay-cell), thermoresistive (microbolometer), pyroelectric, thermoelectric
(thermocouple), thermomechanical (micro cantilever) and resonator[bhasdd4].
Essentially, theyal make use of irradiated materi al

property change upon radiatiandtheyrelate it to temperature.

Among thermal detectorsgsonatoibasedR imaging has recently been more under
the radar. Resonance based designs have the potential of competing with
microbolometers, wherne majority of commercial and military market uségm

as thermal based detectdd®?]. It has been known that specifically cut quartz
resonators can measure the changes in temperature in the ord&r [a5].
According to another study, for better thermal sensing, materials with large TCRF
(thermal coefficient of resonance frequency) value over a wide range of temperature,
high and consistent Q (quality factor) are requjdés]. Exploiting this charactettis,

SiN drum resonator operating betwe&rm- 20mmof the electromagnetic

spectrum have been demonstrated. Furthermore, sensitivities as IovﬁWs/«ll(Hz

have been achieved by tracking mechanica
after being exposed tR [14], [17]. Similarly, resonance shift detection in resonators

operating at torsional mode resulted nmanufacturingof IR detection witha

sensiivity as low asl0 pW/ \ Hz[18]. For the record, NEP (net equivalent power)



values of Golay cells are in the order of mW/«/ Hz[14], and theyareconsidered

to be the most sensitive uncooled thermal sensors; nevertheless, micro
manufacturing problembkave had aregative effect on their wide adoption as a
detector[12]. Furthermore, resonant®msed sensors are not only limited to the
infrared rang, but also useful in THz (Terahertz) region, which is considered to be

a relatively unexplored area of the spectrum. Tracking resonance change of GaAs
MEMS resonators based on temperature change proved to be a faster and sensitive

method than conventionahcooled bolometefd.9].

1.3 Field Programmable Gate Array Technology

Change inesonance frequency detection mechasisithe beforementioned sensor
technologies are essentially the safrteere are two methods for seeing éfiectof
changing quantities on resonance. The first methodoisstantly performing
frequency sweepperationgpproximately around the resonanealk.However, for

real time applications;onstantly taking the frequency response is not practical as
the integration time passed at each individual frequenages system wide delays

and makes it difficult to follow the resonance peblke second methad to drive

the sensorwith a known frequecy while monitoiing the frequency information
embedded insidboth the input and output signalEhena closed loop controller is

used tdock onto the resonance peak based on phase difference between the output

and input of the device.

In order b performthe abovewritten operations in redime, an FPGA is utilized

due to thaiflexible design possibilities, hardware defined high speed operations and
ability of parallelprocessexecution FPGAs are defined as reconfigurable hardware
where the reconfiguration is performed througardivare Descriptive Languages
(VHDL or Verilog). A file called bitstream configures the FPGXdditionally, they

are truly parallein natureand the performana# the processes does not get affected
by the addition of other logic blockanlike the processordn fact, many processes

can be executed at the rising edge of the same/different tlecke the parallelism



The written codas directly synthesized dnimplemented otthe siliconhardware
without requiring any kind of operating system or softwa&me.FPGA consists of
the building blocks shown iRigure1.1. Programmable interconnects are used to
connect theonfigurabldogic blocks(flip-flops and LUTSs reside insideesé of the
FPGA, while I/O Blocksare responsible from accessing to thésimie world[20].
Other than these, FPGA vendors such as Xilinx, Intel and Alteraadge®SP units
for multiplication and embeddellock RAMs inside the FPGAThere are even
System on Chip devices including an external ARM CPU to help ofaagle
tasks, such as user interface and UART communication, from the FIRGAs

configuration, the architecture is said to be heterogef2fljs
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Essentially, configurable logic blocks (CLBa)je used to implement the digital
circuitry otherwise would have only been possible with the use of NAND and NOR
gates.With the FPGAs, these circuits are easily created by identifying them in a
hardware desgotive language such as VHDL or Verilog. For this thesis, VHDL is
usedas it is a strongly typed language unlike Verilog. Meaning ekiatything in

the code is to be explicitly definedhecking forsynthesizable FPGA codeghile

writing.



1.4  Digital PLL (DPLL) for Resonant MEMS Sensor Systems

Digital basedmethods are inherently more advantagetha using an analog
circuitry asperformance of analog PLLs greatly depend on the quality of electronic
components and do not have the flexibility of digital methBdr exampleresonant
MEMS gyroscopes are operatading FPGA based RTL (register transfer level)
designsin fact,a digital closed loop circufor signal demodulatiohas been shown
toresonate MEMS gyroscopesliteratureusing FPGA21]. However,n thisthesis
instead of usingCORDIC algorithmfor signal generation, itis used for angle
calculation between the drive and sense sides of the design undantezample

of the proposed digital readout design in the literature is showFigre 1.2.
Internally createdogic-basedquadrature signals atesed forcontrolling both the
drive and detection sidef the gyroscopeHence, two separate DPkLae
implemented in this kind of configuratioihat is because for stable operation,
closed loop controller both on the driving and detection akéise gyro should be
controlled with a closed loop controll®rive voltage for the drive axis is generated
by drive loop controller whildalance voltage iapplied to the detection axis based

onthe detection loop controller.
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1.5 Coherent Sampling

Sampling a time domain signal with an ADC is equal to multiplying the same signal

with a unit pulse train having a period efl—in time domainlt is critical to
sampling

understand the effect eampling an analog signasingdigital instrumentslin fact,

understandingts naturemakes digital phase locked loopseful for resonance

sensing.According to the Fourier, multiplication in time domain is equal to



convolution in frequency domain. Howay with an improper ratio between the
sampling frequency, number of samples, sampling time and the sampled signal
frequency, a phenomenon called spectral leakage showigure 1.3 occurs,
resulting in unwanted frequencies in the frequency domain due tgerardic

signals.

Sine wave: Leakage versus no leakage T
‘ g g |Non - Periodic Signal ‘

= No Leakage

Leakage

’-7 Measurement 4-|
Time

amplitude
log

g

g

s

&
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l/_\ . /—\~

Repeated Signal
Zero Bandwidth

Frequency
Hz

Figurel.3. Spectral Leakage?2]

This leakage can be mitigated completely if an integer number of cycles can be fitted
throughout the sampling time. Although windowing functions are utilized as well,
coherent sampling resolves the issue in a more effective way if applied pr@g&rly.

The governing equation is derived in the following way, and the time domain

representation of a coherent sampling is giveFigure1.4.

10



@ 5111 (QWfsmnple(l nTswmplin_q)

stgnal

y — SI1 (2Wf .s'u.m;ulﬁdt)

pad N

— —
1/f.s‘u.m,pf‘h.lg 1/fsu.mp£ed
signal

N many samples for a single cycle (m=1)

e \\ A ‘\\ P ‘\\
- ONONG) )
A \ [ A \ A
Cycle #1 Cycle #2 Cycle #m

m many cycles

Figurel.4. Coherent Sampling

N being the number of total samples taken, where each sample is taken at a period

Of Dhempiing ; there should be m many of whole cycles of the sampled signal

sampling

1
where each cycle has a period?#—. Resulting in the following relation,

sampled
signal
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1 1
N =m 11
: : (1.1)

sampling sampled

signal

1.6  Research Objectives and Thesis Organization

This thesis proposesreal timedigital readout algorithndesign writteron FPGA

Although the digital design writtenMHDL on Xi | i nx 60 sabligiovado Sof't
resonate any kind of resonant transdua@&lEMSresonantmicrobolometer is taken

as the design under tdet temperature sensing purpostle sensois made out of

a single crystalline silicoand operated in its flexural modes, where the drive and

sense mechanisms are based on capacitive transduction prin€ipdesesearch

objectives are as follows,

1. Development of technique for the readout of resat based sensors using
FPGAand developing a digital phase locked I¢D@LL)

2. Derivation of the mathematical operations necessamefmmance detection
using digital signal processing algorithrasd realization of their real time
applications.

3. Performance tests of logk detection basedPLL both for a single
resonator and system of resonatassproof of conceptsing simple RLC
circuits and quartz resonatoRerformance evaluatioof the DPLL along
with the characterization of th@oof-of-conceptsensing elemest

4. Showing that the digital design is useful for resonating an array of MEMS
bolometers for tempenate sensing

The organization scheme of the thesis is as follows

In Chapter 2, the digital theory behind the resonance detection is demonstrated.
Afterwards, the mathematical operations necessary for this purpose are ,derived
where thesignal processingomponents$or each step of these algebraic expressions
are explained under different sectiortsnally, the closed loop controller for

maintaining the resonance condition is introdudéote that each of these sections

12



show a portion of the software imphentations as well besides the introductory
explanations and proof3he building blocks for the proposed desigraisanged

both for single resonator and multi resonator systems.

In Chapter 3certain tests of the implemented design are demonstr@iec: a
sensor can be approximated as an RLC circuit dhasitic and feedthrough
capacitancg24], it is a good starting point for proving the implemented design is
actually working.Afterwards,using the same building blocks (IP#)e design is
altered for taking the frequency response of a quartz crystal resonating around 60
kHz. Since the quality factor of quartz crystals are much higher than an RLC circuit
built with electronic componentsis section is chosen to put the thgdesign under
more stressFinally, after making sure the system successfully operates on a
conceptual leveimultiple quartz crystals are resonatbrbugh a single driving and
sense signalAs a result, the digital reamut technique is shown to beedtive for
MEMS bolometerarrays whose change in resonance is related to temperature
change.

In the concluding Chapter 4pmments about thebtainedresults are made, and

future recommendations about the work in this thesis are given.
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CHAPTER 2

DESIGN

In this chaptermathematical operations performed in digital domain for resonance
matching are explained, anketimplemented designs are shom&P algorithms

are brought together in a neat way for an efficiext fast way of resonance sensing

and matching within the FPGAMfter giving an overall view of the concept, building
blocks useful in achieving the design are inspestgzhratelylt is shown that the
proposed design is actually scalable and can be implemented for resonatipig mu
devices rather than a single oiide methods used in this chapter are known to be
used in areas ranging from network analyzers to high speed wireless communication

andmulti channebkoftware defined radios

2.1 Theory and Implementation

Resonance basaseénsorsvork by maintainingthe resonanceondition through both

actuation and sensinglthough the commonly accepted indication for resonance is

for phase difference between the input and output to/}kge for real time

applications the frequency corresponding to that phase difference may not
necessarily be equal to the maximum Signal to Noise Ratio (SNR) poiat.is
because of theeedthrough and parasitic capacitances present in the systece,

one might considepperating the sensott a slightly differentreferencephase
corresponding to a different frequengyith the methods proposed in this thesis, the
sensors can be operated at any phase for maximum/AtdRionally, capabilityof
resonatingmultiple DUTsdriven through a single channisl demonstratedAs a

result,all elements inside are kept at resorancat themaximum SNRpoint. In

15



order to realize that, some concepts are borrowed from the radio and radar
technologieswhicharecovered in the aforementioned sections of this chajpter.
these purposean FPGA cards used and the following DSP algorithms are written
from the ground up using VHDIThe objectivas to lock all theresonatorso their
respective resonanteaximumSNRfrequenciesimultaneouslyThis required both

a profound knowledge isignal processingnd digital programmintanguages

2.1.1 Heterodyning

Fundamentally, the proposed operations date back to heterodyning prinatgias
beenused in radio communicatiomsr 100 yearsinitially usedin superheterodyne
receiverdor radio communicationgonverting a high frequency signal into a lower,
processable intermediate frequen@b], its effects on the frequency domain
components ofhe incoming signal build the foundation of the upcoming sections.
Mixing, i.e., multiplying, two separate signakhie output spectrum would look like

in Figure2.1

Figure21Het er odyni ng6s Effect on the Frequency
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Figure21Het er odyni ngds Effect[25on the Frequency

Mathematically, the phenomena can simply be represented as,
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I:O = I:LO c’I:RF (21)

In (2.1), F, is thetotal spectrum of themixed signals F- represents the RF
frequency andF , is the frequency of the local oscillatofFhe mixed output
essentially has tw@omponents in frequency domailocated atF- - F , and

Fsr + Fo. In radio applicationsthe mixed signal is low pass filterethen the

information hidden inside the lower frequency compomedemodulatedurtherto
obtain the messageas the modulated message still remains unchanged after
heterodyne mixing[26]. For this case,there is no modulated message to be

demodulatedAssumingthat Fr- = F , , such that the lower frequency component

is DCand the high frequency component is two times the input frequensieg a
low pass filtewhose cutoff frequency is lmav the high frequency imagRed and

Imaginary components of theeceivedsignal can befound which is explained
further in detaiin theLock-In Detectionsection

Essentially,in this thesismultiple signalsare presentwhere each of these signals
has a frequency equal to the resonance frequentye ofdividual resonatas in the
system.The signal consisting ofarious frequencies is mixedvith its distinct
frequency components respectivatgide the FPGAThis mixing is explained in
detail in the further section$n fact, one should notice thahe resultant signal
consists ofmultiple frequency componentand filtering out the DC component
requires careful desig Otherwise, the frequency components presentearsipnal

as a result of this mixing phenomena would disthpteffort for detecting the DC
portion of the mixed signalAdditionally, the resonance frequencies of these
resonators are chosen such that the m&imgfect on demodulatiof the DC

componehis minimized.
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2.1.2 Phase Locked Loop (PLL)

When the two input signals have the same frequeihds correct to assume that
there will be a constant phase difference between the sigiusdamentally using
this phenomengraP L L 6 s p u mptchtheephasesor ftequency ofpariodic
input signalwith respect tan internal reference signasinga closed looystem

In this thesis, closed loop controlisresponsible foadjusting the frequenayf the
reference signalvhich isindirectly inducedby the loop until the reference phase
differencerequirementetween the output and input of the resonatmaissfied
According to[27], a simple PLL consists of three basic parts, vokamdrolled
oscillator (VCO), phase detector (PD) aadoptionaloop filter (LF), as is seen in

theFigure2.2.

Phase Detector Loop Filter VCO
Input
Signal

PD —> LF

Figure2.2. PLL Basic Block Diagram

The wse case and configurations of PLLs varmere in this thesis Besign Under

Test DUT) is desired to beperatd at its resonancenaximum SNRfrequency,
wherethe phase difference between the output and the input of the DUT is desired
to be held at90° or any desired reference phase value, by varying the DUT input
frequencyj.e.,the VCO outputThe signadto be phase locked froboth at the input

and output side of the DUIB fed into a phase detector along with thuadrature
signak from the VCO.Signals are mixed as in théeterodyningsection and the
output is filtered with an IF filter whose frequency is at 0 Hz. The ptidfesence

18



between the output and input side of the D&/dompared isidea phase comparator
with thereferencephase value. The error is fed intoantroller for driving the VCO.
The loop stabilizes when the phase comparator error is sufficiently Tow.

proposed block diagram is givenkigure2.3 ,where rest of the design is built on.

— - [ (In-Phase) VCO Signal
——» Q (Quadrature-Phase) VCO Signal

DUT

Output Side | < Input Side

PD Reference

outpt Phase Angle

J’ —~VCO

Phase VCO /-\/

Difference Controller

Phase

Comparator

—p PDinput

i

Figure2.3. Analog Versiorof the Propose®LL
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Although the explanation has been done on the analog version of the PLL for
convenience, digital equivalents of the building blocks such as VCO, PD and LF
inside theFPGA designare Numerically Controlled Oscillator (NCO), Lodk
Amplifier in a closed loop configuration with an Integral Controller while LF is not
implemented at allThe digital version of th&igure 2.3 is given inFigure 2.4.
Constituting blocks are explained in detail in the followiegt®ns.Similar to the
Digital PLL for single DUT, a multi DUT resonating loop is implemented as well.
The design proposal drawnin Figure 2.5, whee theprevious design is changed
slightly for multi device settingSince the design for single resonator is easily
scalable inside the FPGA for most of the building blocks merely repeat themselves
single device setting is first implemented before the multicgeRLL However, the

idea remains still the same hence the scalability.
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Figure2.5. Digital PLL Implementatiorfor Multi DUT
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2.1.3 Lock-In Detection

This block is responsibleof the phase detectiomnd NCOmentioned inPhase
Locked Loop (PLL)section.t is actually the open loop version of the Digital Phase
Locked Loop given irFigure2.4. Dating back to the beginning of the'26entury
[28], in order toextract the amplitude and phase information from a noisy signal,
lock-in amplifiershavebeen usedIin principle heterodyne detection algorithrase

in effectfor lock-in amplifiersas mentioned beforevhere the input signal is mixed
with a referenceignal before being subjected to filtering get rid of the high
frequency componentsThis technique is stillcommonly found [26] in digital
communicatiorandradarsystemsLock-in amplifiers share the similar approach as
in QAM and QPSKwhich are used fostateof-the-art high-speedwirelessdigital
communication systems likes andWi-Fi 6 [29][30]. The message is demodulated
in a way similar to théock-in detectionlmplementedlock diagram othelock-in

amplifier is givenin Figure2.6 for further discussion
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As mentioned beforerigure 2.6 works in open loop configuratiom the given
configuration which is made closed loop in the following sectibog-level design

i's done on Xi3bTt Breadbsrdalilemrotisd FFGA Module, using
Vivado Software with VHDL programming languaggll of the cores given in
Figure 2.6 are written from the ground ugsing VHDL,exc e pt t he XI LI NX¢
CoresClock generator provides the necessary clocks to the ADC and DAC for serial
communication. Furthermoreéng NCO word for iginal frequency to be lockead is
provided through the Data Transfer blanko theNCOs NCO block generates the
guadrature sine and cosine wasgethe lockin frequency and sends the digital words

to theMultiplier Blocks, where they are multiplied with the ADC readings obtained
from the input and output sidestbEDUT. These multiplicabns are asynchronous

and use combinational logidth the helpof limited DSP resources inside the FRG

In total there are 4 multipliers inside the Multiplier Blockbe results are sent to
Random Access Memory (RAM) based Low Pass Filters (LP&si
summed/integrated continuously over a certain sample lefgimoving the AC
components from the outputs of Multiplier Blocksl_PFs in total send their results

to 2 CORDIC Blocks.As the result of these LPFs represent Real and Imaginary
components of the signal in phasor domain, their corresponding phase angles are
calculated inside the CORDIC blocks in a single clock cye@RDIC Blocks work

as phase detectorBhe phase angleseasent outhitroughData Transfer block from

the FPGA through UART protocol to a Creal time where the results are read

out and saved for further evaluatidwote that the NCO controller mentioned in the
previous section is not present in this confagion and later added to the design.
Finally, X1 LI NX6s I ntell ectual Property (I P) C
the program and are necessary for the programming and initialization of the FPGA
and its peripherals such as RARead Only Memory (ROMand UART.

The operations performed in time domain explainedobelow and the phasdime

domain representation of threvolved signals are givem Figure2.7.
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Recalling some trigonometric identities befgoeoceedinganyfurther,
sin( A) sin( )——gcoiA B cof A B 22
cos( A+ B) =cog A cof B -sifi A sii B

The signal applied at the DUT inputtiee DDS signal which is generated inside the
NCO digitally,

ImgMoej(”‘+6) @ M,sin(ut +£) (2.3

Multiplying (2.3) which is the signal received from the AD®ith the following

reference signalrespectivelyesultsin,

M,sin(ut + £)sin( oy

M,sin(ut + £)coq ty (24)

Manipulating(2.4) with the identities given g2.2) ,
o gpodt,)- gof 26) cos,f s Awsiny) 25)
Pog sin(r,) -godq 28) sif ] s 2)weds,) 1 26

Integrating(2.5) for a sufficiently longime wouldyield the quadrature components

I and Q , which is done by the RAM based LPF moving average blocksIC

filters covered in the next sectigns

t=2pn,|é é, ﬂ’]
f,"” i Mo gcos(fo) - oo 2m) cos J -sin 2w fu , 70 (2.7)
| é These terms will be equal to zero afteegration.
l, = ZMV;” D cos(f,) (2.8)

Similarly, following the same procedure @:6),
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_mf € gl
I’iOWiMOg— sin(f,) -aodq 2m) sif J sif 2t)weds,) fu 7" (2.9)
H’ é These terms will be equal to zero afteegration.
Q= ZM—,;Onsin(fo) (2.10

Both (2.8) and(2.10) are used for phase calculatiat(2.11). The digitalequivalent

of this calculation is performed inside the CORDIC Blocks.
fo= ATAN2( y ¥ =ATANY( Q J) (2.11)

Note that the phase is the angle between the signal and the internal reference signal.
Therefore, in order to calculate the phase difference between the output and the input
of DUT, the same calculations shdwe performed for the DUT output signal,

resulting in,
f,=ATAN2(y, ¥ =ATANY( Q J) (2.12

Althoughthe input sidelriving the resonatatenoted with the subscripi®expected

to have no phase difference at the first timegal life application there is always a
phase differencéAs a resultphase angles both at the input and output sidkeo
resonator should be calculated separately by comparing them with the quadrature
referencesignals generated intailly. Then, the exact phase differermetween the
output and the input of the DU&ould be found as,

f=f-, (2.13)

The following sections will focus on implementing the abovementi@aregdmetic
inside the FPGAusingvariousdigital signal processinglgorithms However, the
main concept remains the sae extract phase and frequency information from a

given signal.
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2.1.4 Direct Digital Synthesis (DDS)

DDS isa method where a signal wittdgnamicallyadjustable frequency and phase
is produced digitallyand converted to an analog signal through a Digital to Analog
Converter (DAC|31]. It is called a Numerically Controlled OscillatofNCO), if
there is nADAC. Known to bethe digital equivalent of a VCO, DDS block is used
to generate theynchronizedquadraturereference signal sine and cosine waves,
inside the DSP multiplication blocki®r lock-in detection.It is also used for
generating the serial communication clocks dD@ and DAC for maximum

throughput

DDS in principle usesa phase accumulatanside the NCO componenivhere a
counter is incrementeaksa pulse is received from a clock sourtee accumulated
value is stored in a register after egehse The incremenamountis equal tothe
binary tuning word, Mand theoutput register is used as an input to a Look Up Table
(LUT) stored inside the FPGRrogrammabld&kead Only MemoryRROM). The

LUT inside thePROM contains% of a sinewaveand outputs the sin@ave word

according to the instantaneous value of the accumulabar.value is sent to the
DAC to produce the desired drivingignal The LUT generator is writtemn
MATLAB and pasted inside thEPGAPROM. The code is given iAppendix A.

The reason only a quarter of the sine wave is stored is because of the symmetry of
the she wave the remaining values can be derived from the LUT and phase
accumul at BeandedessoFee®&Adagit is consumétieflowchart for DDS
implementationis givenin Figure2.8. Processes inside tlfilewchart are identified

as CL (Combinational Logic) and SL (Sequential Logic). The former one does not
require a clocko be executed while the latter one requires an input clock, where the
execution of the process takes place in the rising edge ohpus ¢lock.Also, the

SLs areprocesses which aexecuted at the same rising edgefact, this is one of

themain distinctios of VHDL from higher level languages such as C.
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The accumulator is started from a value defined
by the phase input. It is zero for sine wave,

Initialize all Tphase <= Iphase
the registers

The accumulator increment amount is,

Thy <= Lty

Y

/Checking the quadrant of the sine wave from the 2 MSB )
bits of the 1, word of width PW.The LUT index is
increased or decreased accordingly. The remaining bits are
| used as LUT index.

Quadrant Index
Tohase=( 00 000000...0000)
\_ MSB — LSB CL/
Y
00 or 10 01 or 11 CL
1* or 3" Quadrant 2™ or 4 Quadrant

LUT gex <= Tphase{ N-3 downto 0) LUT pgex <= NOT 15(N-3 downto 0)

Y

00 or 01 10 or 11 SL
1* or 2™ Quadrant 3" or 4" Quadrant
Output <= LUT(LUT; 4.,) Output <= (-)*LUT(LUT; 4ey)

CL: Combinational Logic
SL : Sequential Logic

SL

<=r + I'nw

phase

[ rphase

Figure2.8. QuarterLUT DDS Flowchart
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The simple equation used for DDSgisenas, where M is theuning word, f,, is
the reference clock frequency nd n 1 s t he phase Tec
resolution of the DDS isnhancedby choosing avider phase accumulatowhere n
is increasedlndeed,as n & increasedsystems with high @an be resonated a
stable manneOtherwisethe loop can become dacked fromtheresonance easily,

M3 f

f clogk 2.14
out 2n ( )

In this design, both sine and cosine waves are simultaneously generainéd to
F P G Aparallel processing capabyljtallowing the generation of these signals after

eachreferenceclock cycle The phase accumulators,., of sine and cosine DDS

. 2" ) .
generators start from values which alze apart as sine and cosine waves are

expected to have%t cycle phase difference in time domairshswn inFigure2.9.

Even thoughaccumulator widths n=32, there is no neetb store a LUTwith a
depthof 2". Instead,a LUT with a depth of 16, also named @sase widthis
defined As a resultLUT only uses the 16 most significant bits for LUT indedue
However, it does not change the fact that sine and cosine NCOs hahasa
difference of a quarter cycl@heir ftws are incremented the same amaleiined
by M or ry,, causing thento operateatthe same frequenciMoreover, AW stands
for amplitude width and represents the word width of each of the Stigreedvalue
inside the LUTThe LUT generator code is given in AppendixfAV is taken as 12
bits as the ADC is able to produce sampbéd 2-bit width. Hence, muiplication

between the ADC samples and NCO words will result in 24 bits wide value.
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1" Quadrant Other quadrants are derived from the
is stored only LUT of the 1* Quadrant using 7pnase
00 01 10 11

=
-

Sine Wave

“
.
.
‘

s

2AW

A ]
.
b ]

b

-
-

| | |
| I [
I | |
| I [
| ! | |
tphase — 0 i & } T.P hase
I I I
I | |
| I [
| | I
1 | |

2PW

. GPW
lphase = ]

.
A )
L
-

Cosine Wave

-
LY

| I I
I | |
| | I
I | I
| | I
‘i } 7 Tphase
Y
I | I
I | I
I | |
I | I
1 | |

Figure2.9. Sine and Cosine Wawhase Differenceith Phase Tuning Word

With the same logid)DS based clock generators are also implemented and used in
the designClock generators are simpler to implemastthey do not require any
LUT as the MSB of the phase accumulatothisoutput.Clock frequencies with a

f

master
clock

n

precision of

are possibleand used throughout the desi@retailed view of

the designed DDS blocks froRigure2.6 is given inFigure2.10.
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if1[ >

ice[ >

cos_phase
dout[31:0]

Constant

i_M3p10] o>

NCO_cos

i_clk

i_ce

i_phase[31:0]

sin_phase

dout(31:0]

i_ftw{31:0]

o_dv

o_dds_out_pipelined[11:0]

o_dds_out_dac[11:0]

o_dds_out[11:0]

dds_16_12

NCO_sin

i clk

i_ce

i_phase[31:0]

i_ftw{31:0]

o_dv
0_dds_out_pipelined[11:0]
o_dds_out_dac[11:0]
o_dds_out[11:0]

o_NCO_cos[11:0]

pm——{"> 0 DAC[11:0]
m——o7 >0 NCO sin[11:0]

Constant

dds_16_12

Figure2.10. DDS Blocks in VIVADO

The DDS blocksn Figure2.10 employing NCO algorithm inside are used for driving
multi resonator systenthirough a single DACIt is implementedy copying the
blocks as separate processes. FPGA makes sure that theyexamited
simultaneously as wellThe DDS outpug from each of these separate blocks are used
for lock-in calculation of individual resonators while thmephasecomponents of
these DDS blocks are added togetlamd supplied as an input to the DAC.
Essentially, the DAC output consists of multiple sireeves instead of a single one

for single resonator configurationhe implemented DDS design for multi resonator
systems is given iRigure2.11. NCO outputs coming fro the individual DUTs are
summed and the result is manigekh for the 1zbit DAC. After each addition
operation, bit growth is considered, hence the output register is extended 1 bit.
Afterwards,in an effort to prepare the output for-b2 DAC, which acepts positive
unsigned registers as its inptlie summation is divided and sliced such that when
2" offset is added to the result, overflow does not ocEhe addition of offset
allows the DAC to output the summation along with a DC component, which is

filtered outwith an analog low pass filter during the experiments.
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12 bit, signed NCO

outputs from DUTs Division and slicing

before offsetting

T _addsub_0 T

i_nco_sin_DUT_0[11:0] 0]

5 DUT_1[11:0] 1 GIE
i_nco_sin_DUT_1[11: 1430 T
— divider_0 slics_0 offset_adder
—_ ~ - 5
Adder/Subfracter A20) | J
: sp13:0) _‘_um:a) 0 M 13,0 et D[ 13:0] Dout14:0] A[11:0] S(14:0) o_DAC[11:0}

i_nco_sin_DUT_2{11:0] ‘ 19 |

divider_v1_0 Siice g ‘Adder/Subiracter

AdderSubliacter

Summing operation, 1 bit extension  Adding 2!' to the signed result, as DAC
of the output after each addition accepts only unsigned 12 bit values

Figure2.11. DDS Block Configuration foa Multi Resonator Systa

2.1.4.1 Feed Through Cancellation

It is known that resonators can be modeledRBE circuits with feedthrough and

parasitic capacitancefhe model is shown in the following figure,

C

\| R
1l 8
L=M C=1/Ksz R=
Vin 1 MNin o [l o CEﬁ Nout: 1 IOU‘
o o e fm\ || g e s »—0
- X
Co== n ==C,,

Figure2.12. RLC Model of MEMS resonatof24]

As a result of these capacitors, whdlgving a resonator, the driving sigiabksto

the sense sideue to the fact thdioth drive and sensedesbeingconducorswith

some capacitance in betwe&ince the feedthrough capacitance chamgeording

to both the frequency of the driving signal and external disturbances such as
temperatureMEMS resonators have to be designe@dccommodata suppression

mechansm for this parasitic effect. As a result of these capacitive effects, the
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maximum SNR point turns out to be at a different location than 90 ,if left
uncompensatedsenerally fully differential drive method is used where two drive

signals that ar@80 apart is fed t@eparatelectrostatic actuation pads presesar

the resonatoThese pads are usually placed on specific locations so as not to affect
the mode shape of the resonatloring operationSinceboth of these signals are
going to be exposed to the same feedthrough capaciantey are both virtually
connected to the output of the resonatwerall effect of the feedthrough capacitance

is expected to cancel ouUtilizing the parallel processing capability of FPGAs,
similar tocreating inphase and quadratupdase signals, one can creb8® phased
driving signalinside an NCO and feed it ta second DAC achieving fully

differential driving.

2.15 Serial Peripheral Interface (SPI)

SPI communication protocol is commonly used Foagh-speedcommunication

between devicesThe communication is synchronous and full dupkiowing a

single master device (FPGA) to drive many slave devices such as an ADC or DAC.

The dual independentthannel12-bit ADC used in this thesis has a maximum
sampling rate of 1 Million Samples per Second (MSR8) AD7476A chip inside
communicates ith a Serial Peripheral Interface (SPHimilarly, the 12-bit DAC

constitutes an AD5628 chip with the same communication protdsadial
communication algorithm is written in VHDL where the testbench output obtained
from Xilinxds Vi v a HigureXl3 fNotevthaithe timings aseh o wn i
given for relative comparison only and do not represent the actual timing values in
nanoseconds (ns). In reality, one should consider the device specific timing
requirements. This figure is only for showing that the SPI protocol works nhyope

CPOL and CPHA are device specific parameters and indicate whether the data is

sent in/out at the rising edge or falling edge of the serialctb@clkand o _ss pi n¢
expected state at the beginning and at the end of transmiSgimr than that, io

pins express the serial dgias that are clocked in/out with respect to the serial
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clock. According toFigure2.13, a new sample is received after exadtf9. .,

where tg «is the serial clock necessary for SPI protocol and is provided by the

FPGA master, to thdasre ADC.

25 ns| [85ns][105 ns] time (ns)
£ Name 0.000 s $0.000 ns er 150,000 ns 200,000 s 250,000 us 300.000 ns 350000 ns
1i_reset |
2 cpol
) cpha

sosck —im ML m o m o m m m m mm ]

i O_SS |
1io_sd_0; : : : : :

b io_sd_1, _ - . ‘ _ _
ﬂo_cnt { 0000 4 [i 1

|_| (tsampling =17.5- t‘qdk)

zesclk

vi_clock [ LA AR (AAAAARARAAAAN[R
B L

t.s' ampling

Figure2.13. SPI Interface Testbench

A generic SPI protocol written in VHDL is turned into IP Block in Vivado for better
visual comprehensiorADC and DAC both make use of these custom IP Blocks
while communicating with the FPGAl'he communication is performed at the
highest rate possible withis setuplP Blocks are shown iRigure2.14.
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i_clk_DAC [

to be transmitted

Master clocks for producing the
—- serial clocks, sclk. Generated by
Clock Generator through DDS.

Constant

Command_Address_Bits

dout[11.0]

Caonstant

T Hul_Bils Dats Bits IP Block for SPI Protocol
dout[7:0] In0[7:0] : SPI Pins
In1[11:0] SRRy DAG
Constant
i Concat sclkm———{ > SCLK
DACI[11:0] ol
25 X ]B 5. n[0:0]pm———ay] > SYNC[0:0]
reset_n tn
e o o :m-—o Mos!
usy -
spi_addr_constant =18 rx_data[19:0]m
cmd[11:0] - i
. S dout[31:0] < data[19:0] -
12-bit DAC signal BTG

spi_generic_3_wire v1 0

DAC Configuration data sent through
— MOSI pin, along with the 12-bit DAC

signal

IP Block for SPI Protocol

ADC

L— )i clock[_»
i_reset n[ >

clock

reset_n

i_ce[ >

spi_addr_constant
dout[31:0]

Constant

enable

ddr[31:0]

sclk!

ss_n[0:0]
sdio_0|

sdio_1

busy
rx_data_0[15:0]
x_data_1[15:0]

o_dv

o_counter_nco[11:0]

o_counter[9: :UF

ad1_spi_v3

Figure2.14. SPI Blockdmplementedor ADC and DAC

2.1.6

~

SPI Pins

=—— Do f sck
{0 _ss_n([0:0]
= >io_sdio_0
= io_sdio_1
m———]"% 0_ADC_ch0[15:0]
>0 ADC_ch1[15:0]
———[ > o WEA

|

Sampled signals of
the 2-channel ADC

Write enable pulse sent to
the LPF after receiving a
new sample

BRAM Based Moving Average Low Pass Filter

In order torealize theintegral operations mentioned {8.7) and (2.9) inside the
FPGA, computationally efficientand multiplierless low pass filter (LPF) with
moving average is implementerhis is especially importansatherwise for every

tap of the filter, a distinct coefficient is both needed to be stored in the hardware and

amultiplication operation is needed to be performed. This is not sustabetdase
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the hardware multipliers are extremely limited resoyr@exl the filter length
becomeextremely limited Essentially, a LPF is used to extrache magnitude and
phase iformation from the mixed sigiteaby means olveraging/taking the integral
of a periodic signlan digital domainlincreasing the filter lengtinakes sure that the
integrationfilters out the AC component of the sigrmabperly. Additionally, the
moving average portion of this filtprovides us with the opportunity kéeping the
average of the latest sampbgsall timeswhile updatinghe resuliconstantlybased

on the most recent sample

The purpose ito create filter which constantly aveigesthe laestN manysamples

As the new sample iastroduced inside the averagbe oldest sample is taken out
from the averagd&.he average is updated at each sanhpile made surthe averaged
signal contains the leastumberof unwanted frequencigseakage which would
have resulted in the average being fluctudiedause of theneven cycles fitted
inside the windowAlthough total cycles fitted inside the average is not even,
increased tap number takes care of the effechevennessl’he most basic way of
implementing a moving average filter is to use an FIR filter wattity filter

coefficients, expressed in the following way.
1%t
=& 4§ {n-} 219
k=0 _;

Althoughthe filter described i{2.15) is a moving average filter as wethe amount
of resources necessary for this filtehigh due to the fact thdd many adders are
necessaryand the samples are to be delayed with the ufigoeflops, making it a

resource intensive filter.

On the other hand, the moving average cameléizedwith anothey much more
practicalapproachWith this filter,the samples are summéar once Furthermore,
after adding the first N data séte average is updatég adding the newest sample
to and subtracting the oldest sample from the filter outidotvever, this filter

requires the use of BRAMs, making them limited as the bandwidth of the filter
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decreaseslhe dfference equatioffor this filteris written as belowN is the length
of the filter,

=x(0in4 A4 fn 216

Even though eqn2.16) resembles an IIR filtewhere a recursivaveraging takes
place the input is taken as is and not multiplied with a weight consids, unlike

an lIR filter,instead of taking a portion of the old average to calculate the new output,
previous average is taken as a whdlee only difference is subtracting the oldest

sampleLet us recall the IIRfilteh s di f f er aswel[82,equat i on

yln=ayn4 gt (2.17)

In order to implemen{2.16), a RandomAccessMemory (RAM) is necssary as
mentioned beforewherethe most recenN many samples are stored.ifror this
purposeBlock RAM (BRAM) readily found in thé&=PGAfabric is usedTherefore,
insteadthe recursive averagevhose impulse response is a boxcar funci®n

implemented using BRAM.

Writing the zdomain expressioaf the filterin (2.16).
1 i
Y(z):N(Y(z) Z+X )y -X)zY) (2.18)
Rearrangingt,

(2.19)

Y(2 112"
X(z) N1- z2*

One can find the frequency response of the filter describg@.19) with the

following way,
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f

i o
Letz=€"where w =2_ |=0.. p |... 2, (2.20)
Normalized sampling Nyquist
Frequency Frequengy

—/_/
Range of Interest
for the Response

The frequency responsetbEmoving average filter described(@16) can be found
with a simple MATLAB script given in Appendi®. The response ia Figure2.15.

Due to the shape of response, these filters are also known as sin¢3#jers

Moving Average LP Filter Frequency Response vs Number of Filter Taps (N) for fsamplingzs*fsignal

0 T I 1
— N = §
—N=16
N=064
m— N =024

1
8

Located @

-
signal

Sampled Signal

Magnitude (in dB)

0.15 0.2 0.25 0.3
Normalized Frequency (cycles/sample)

0.35

Figure2.15. Frequency Response of the Filter

Thehorizontal axis is given as the normalized frequeRcgquency of an example

sampled signal is marked at normalized frequency/gfl' cycles
8 sample

onFigure2.15

located on top of the filter zerbleverthelessfiltered-out signal israrely on top of
thelocation offilter zeroin z-domain It is seen that the signattenudion gets better

with the increase in filter lengfinom 16 to 1024. Stopband attenuation dramatically
increases while transition occurs more steeflgo, the passband region becomes
smaller as the cutoff frequency decreases, filtering out most of the periodic signals

except the DC component of the inputhich is necessary for logkh detection
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Normally, another process is performed to converge the filter to an ideammick
filter. However, it is neither necessary nor desired for this dsdéitionally, the
higher frequency compone@w present insidéhe integral termmin (2.7) and(2.9)
correspond to another zero location of the filter, attenuating that component further

as well

As a final step, updating the average based on the newest sample is done using
BRAM mentioned beforeBlock memory generator is ustminstantiate the BRAM.
Averaging operation is performed based onttheng diagrams provided by the
manufacturer, Xilin{34]. Figure2.16 shows the read first modiening diagram as

each sample is written to the BRAM before being replaced with the latest sample. In
order to do thatthe BRAM is operated aheread first modeallowing read from

the address first, before the latest sample is written into that same adslickesshe
memory The necessary signals to be provided and their relato@explained in

the following sentence8VEA enables the writing operation provided as a pulse from
the ADC after receiving a new sampENA is the multiplication result obtainezs

a result of comiational logic inside the FPGA using DSP til&kis is the value
written inside the BRAM which is updatastmultaneously with the newly received
sample from the ADCAdditionally, ADDRA is provided by the ADCwhich is
essentially a counter being incrertesh with each new samplélso DOUTA is
equivalent toy[ n- 1] term inside(2.16), where DINA isy{r] and nis the ADDRA

signal ENA input is always high as the BRAM is operated at Always Enabled mode.
The configuration is Single Port RAM where the wlteread widths are equal to

the multiplication results equal to the summationwaéiths of the multiplied
registers. In other words, if two numbers with a widthAcdndB are multiplied, the
output will have a final width oA+ B. The depth of the BRAM isqual to the filter

length,low pass filter can easily be adjusted by means of varyingBRR&M,,,,

i.e., the total number of samples used in calcotathe moving average
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| | | I |
| t t | |
WEA | l | | \ 1 ]
[ [ [ I [
DINA[15:0] J X T X T2z T J
| | | I |
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| ( I I / T |
DOUTA[15:0] 0000: X\*MEM(ala) X* old IVIEI'IVI(bb) old MEI\IrI(cc) X \‘IVIEIVI(;:id)
| | | T |
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| I WRITE | WRITE | |
DISABLED| READ | MEM(b)= | MEM(cc)= | READ |
| [ | I |
| | | I |

1111 2222

Figure2.16. BRAM Read Only Mode Timin@piagram[34]

As a finalconsideration, WEA pifresponsible from the write enable operation into
the BRAM, and BRAM master clockCLKA should have a certain clock relation

expressed vaguely Figure2.16. The relatiorbetween the frequency of those pins
chosen as follows inside the FPGA and the VHDL code is writterr@iogty,

fon™> 3 TR, (2.22)

Considering the WEAignalis actually equal to the sampling ratiethe ADC, WEA
pin is basically a clock where at each of its rising edge a new sampleeistedand

the address of the BRAM is updatetj,, and f. ., are inphase as welgs they

are derived from a common master clock using DDS Clock Generator IP Block.

The IP Block configuration for the filter elememsggiven inFigure2.17. It can be
seen that foeach resonator, there are in total 4 Blocks responsible from BRAM
utilization and 4 Blocksrbm moving average calculationhe filtered-out results

are sent out t& ORDIC blocks for phase angle calculatiofibe signalprefixeso__

and i_are for output and input, ch#_for the channel number, Re_ and _Im_
representwhether the result belongs to the Real or Imaginary part of the signal in

phasor domain and _NFF represent whether the signal is not filtered or filtered.
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Figure2.17. Filtering Blocks in Vivado
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2.1.7 CIC Filter Based Low Pass Filter

In the case of muktlevice lockin with PLL, due to increasesumberof filters, more
aggressive filtering is requireds well as more RAM are&ascaded Integrator
CombFilters (CIC) are used for recursive averaging mentione(Rih6) without a
BRAM, the filter is updated at every™Nsamplesand has the same frequency and
impulse responsewhile only suffering from register growth as the number of
samples taken is increas@b]. CIC filters have the samesinc function reembling
frequency response as the oneBRAM BasedMoving AveragelLow Pass Filter
section.Achieving the same attenuation with only one adder, suidracter two
delay elements anddecimato, they are much simpler to implementhardware
The design parameters are selected such thatbpassattenuates most of the high
frequency componentand the stofband is below a certain dB.

Introduced l Hogenauer in 198[36], z-domain transfer functiors the same as
(2.19). Z-domain transfer function is given i{2.22), whereN is the total iiter
length/delay.

1- z"
1-z*

Hee(2) = (2.22)
Certain manipulations are performed on the transfer function suwahit is
computationally efficientand satisfies the original transfer functiohe
manipulated version is seen in theglified block diagram of a decimating CIC
filter in Figure2.18.

Decimation
x(n y(n
() :(\ > | R >D &)

L Ll

,fSa-'?Tlpl'i'?lg + r Y f _ fsamp.!z-n_q
out — ]

=l 7D i

N=R-D
Integrator Comb

Figure2.18. Single stagesingle differential delagZIC filter [37]
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CIC filter delayN is dependent on both the differential delagnd down sampling

ratio R through the following relation,
N=R O (2.23

Changing either R or D affects the number of zeros present on the unit cirele in z
domain.Hence, the decision should be made accordirfglg also worth noting
down that the output register should be agidso as to preveaverflow errors. As
a result, the following equation should be taken into account while designing the
filter[37]. R is the decimation ratio and D is the differential delay of the fiker.

this thesis, M and D are taken as 1 while R is the design parameter.
width, . = width, . glog( R B (2.29)

As it is known that both the ADC and DAC has a resolution of 12 bits, their resulting

multiplication is going to have a total width efidth,,, =24bits. For a differential

delay D =1 and decimation ratio oR = 2'°, the output register should have a width

of width,,,,=40bits. An example of the frequency response of the filter

implemented is given ifigure2.19. The horizontal axis stands for the normalized
frequency which when multiplied with the sampling frequency, yieldgéogiency
with the unit of sampling frequencyertical axis shows the magnitude of the filter
in dB. Decimation ratio R is chosen &$ = 6553¢. Hence, the filter length is equal
to R, where in total65536 equallyspaced filter zeroes on unit circle irdamain
exist. Stopbandand half of the bandwidthre shown on thérst figure. The bottom
figure showshe point whereghe signal attenuation is belowO dB on azoomed

out view of the frequency responsgor a sampling rate of0° Hz, normalized

frequencies of thenarked data are as followt is clear that this filter igffective
for filtering out the AC components from the mixed signalstied resonators
operating at kHz regionn fact, as long as the resonators operate at least 20 Hz apart

from each othethis filter is able to filter the beat frequencies which result as a result
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of mixing multiple resonator signal in a single channel. In other wondage

frequencies exist aftéreterodyninghe resonating frequencies of multiple DUTs

F (Cutoff Frequenc)/ _ 6.74155cycles 1 samples @4 Hz
! 10°  sample second
f1
1.23415cycles 1 samples
10° sample second

fa

F, (Stopband Frequengy= 1234 F (2.25)

F, (Frequency@- 70 di =0.015053§Y°S 1¢p SAMPIeSgy g7
sample second

f3
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CIC LPF Frequency Response (65536 Taps)
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Y -2.99372

q ——T— (X 1.23415¢-05]
3
220 \( / \ /,—"'—"'-..\
~ -30 \ / \ / AN / \ //\ N
m
5 | VY S\
g 501
2
g -60f
§ 70 | Stopband |
80 | Bandwidth |
1% i/ 2 3 4 5 6 T
Normalized Frequency (cycles/sample)
CIC LPF Frequency Response (65536 Taps)
3 , - :
13 Attenuation below -70 |-
o dB after this point |
o | (X 0.0150538 |
@ -60 . | Y -70.0062
=]
= 70
= .80
L
E
£-100
=
g
2-120 T || | l|"
-140 T || || N || I||l |Il1 |' ||||||||’||||||I
-160
180, 0002 0004 0006  0.008 0.01 0012 0014 £,0016 0018 0.02

Normalized Frequency (cycles/sample)

Figure2.19. CIC Filter Frequency Response

IP blocks created in Vivadbased on the VHDL source codee shown orrigure
2.20. Similar to Figure2.17. Filtering Blocks in Vivadpfor everyresonator there
are 4 filtering elemes here as wellThe only difference is lack of RAM usage.
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ch0_Re_MA

i_fs_clk o_data[37:0] o_ch0_Re_F[37:0]
i_ch0_Re_NF[27:0] [— i data[27:0] o_wordclk o_wordclk
i WEA[ >—= Fout = fsampting
. cic Ip ma v1 0 Jout R
.fwuw;finy Sent to NCO

ch0_Im_MA controller

i_fs_clk o_data[37:0] o_ch0_Im_F[37:0]
i_ch0_Im_NF[27:0] [D— i_data[27:0] o_wordclk

cic Ip ma v1 0

ch1_Im_MA

i_fs_clk o_data[37:0] o_ch1_Im_F[37:0]
i_ch1_Im_NF[27:0] [ D= i_data[27:0] o_wordclk

cic_lp_ma_v1_0

ch1_Re_MA

i_fs clk o_data[37:0] o_ch1_Re_F[37:0]
i_ch1_Re_NF[27:0] i_data[27:0] o_wordclk

cic_lp_ma_v1_0

Non-filtered multiplier results Filtered results are sent to CORDIC
for angle calculation

Figure2.20. CIC IP Blocks in Vivado

2.1.8 COordinate Rotation Digital Computer (CORDIC)

Originally developed for redime airborne computation for identifying thelative
positionof targets on the radaCORDIC has been used for calculating trigonometric
identities precisely, using only adders, shifters and ROMJT [38]. This is
especially useful for FPGAss they only possess those componéditte. CORDIC
algorithmis used in this thesis for calculating the plsatefined in(2.11) and(2.12)

, using quadrature componemsind as a result of LP. Although the CORDIC can
be used for calculating any trigonometric function, for lotkletection ATANZ2 is
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thefunction of choiceATAN2 accepts two cartesian ian((x, y) and outputs the

phase in polar coordinateEhevectordefinedby these cartesianputs isas follows,
r=x 4y (2.26)

If this vectorr were to be rotatedn x- y plane with a known angle @f, it would

look like the following expressions.

xi+jy Hx #)€? (x jyfcosg jsimg (2.27)
Rearranging,

Xi+jy Hxcosg ysing jexsin gy eos) (2.29)

Dividing both sides withcosg,

Xi .Y i .
A t t 2.29
cosq+Jcosq:(X ytang) jfy xtang (229

CORDIC suggestthe rotation othe vectorr recursively around the originvhere

X& y coordinates are updated after every rotationtil the vector isrotated the

desired amounihe recursiveversion 0f(2.29) is as follows,
Xq=X% -ytang (2.30)
Yin =Y #tang (2.31)

Knowing that multiplication or division with the power ofia shifting operation
in digital designpne can manipulate the above written expressions into ones more
compatible with FPGA4d.et,

tang = 2' wherei =0,1,2, @fRotations (2.32

In that case, the rotation angles each iteratiomespectively would be as follows
for a wvector lying inside the *1 quadrant,where R is the number of CORDIC

rotationswhich is taken as 28 for this thesis
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0 tang, =1 g 25
i=1 tang, =| 2 g 452
2 tang, =1 4 g 2434 (2.33

i=R tang, I ¥ ¢ 74%( ?)_

Depending on the initigbosition of the vectonvhether it is inside the white, blue,

green or yellow regiongiven in Figure 2.21, initial rotation amourg are

-45, -135, 225, 3lfrespectivelyThus, g, is either45 ,135,225 or 31%

\

\Y 15t Quadrant

2"d Quadrant

\de

3@ Quadrant 4" Quadrant

Figure2.21. CORDIC Initial Rotation

Based on whether y coordinate of the vector is positive or negtteé&, ORDIC
phase is accumulated and outputted in the end
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R-1

Feoroic = iéo sign( ) ¢ (2.34)
Thewholealgorithm is shown on a flowchart figure2.22. Based on the flowchart,
VHDL implementationis written The flowchart suggests a loop to be usekich
would have a loop execution time if it had been implemented in a computer.
However, within the FPGA, the whole loop candxecuted within one clock cycle
due to parallel execution capability of the digital hardw&mecethe operations are
performed indigital domain, one shoulthapthe angleg to a regster valueThis is
becausdhe values stored inside the FPGA are not represented as decimal values.
Thus,quantization is done the following waghere PW is the phase width which is
31 for this thesis

2PW

360 =2V =2' Y90 = y= (2.35)

The angles in2.33) are mappedas in(2.35) by multiplying them with2™" and
rounding them to the nearest integer. These final values are stored in a LUT inside
the FPGA. The LUT content is generated with a simple MATLAB code given in
Appendix C. Final CORDIC angle register can be converted back into angle in

degreesby dividing the resultwith 27" = 2**,
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Initialize all # of Rotations R=28
the registers

(x,y) inputs

7 1 =10

:

A D Initial rotation into the region
corniC = USUMi[ | bounded by -45° and +45°

'

NO
Y
Tip1 = T; — y; tanb; Ti1 = x; — y; tan f;
Yir1 = i + x; tan b; Yie1 = ¥i + x;tanb;
Y Y

[QSUM,i—H = Osum,i + 9} [65'{/'3\{,71—%-1 = Osun,i — 9{]

Figure2.22. CORDIC Flowchart

Flowchart in Figure 2.22 is implemented inside the FPGA using Vivado. The
implemented design can be seefigure2.23. _x and _y suffixes represent the Real
and Imaginary parts of the incoming signal in phasor domain.
o_phi_0 & o_ phi_1 signals represent the input side and output side phase
values respectively, whose phase values are calculateditls respect to the
internally generated NCO signalBhe outputs ar¢hensent out to the controller

block for phase error calculation
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cordic_fast_ch0

e N
ek [ e hase[31:0] hi_0[31:0]
0_phase[31: -—DO 1 .
i_ce D—- i_ce P
O_(ly jm
i_chO_x[37:0]| > :i_X[3730] q
0_dv_ps fmm
i_chO_y[37:0]| > i_y[37:0]
L J
cordic_fast v1 0
cordic_fast_ch1
e N
i_clk
_ 0_phase[31:0] meemmed ™% 0_phi_1[31:0]
i_ce
- o _dvmm
i_ch1_x[37:0] i_x[37:0]
0_dv_psfm=
i_ch1_y[37:0] i_y[37:0]

cordic_fast v1 0
Figure2.23. CORDIC Blocks in Vivado

Simulation results prathat in fact the CORDIC angle calculations take one clock
cycle after the inputs artatched inat the rising edge of the clock. The test bench
that is run for 70 ns given inFigure2.24. The input clock has a period of 10 ns. In
order to show that the algorithm works in every quadidistinct x& y values are
provided at the rising edgé the input clockCORDIC block general parameters are
defined as IW (input width), Nstages (Number of CORDIC Stages), WW (word
width used inside the algorithm) and PW (Phase witlth)/ is chosen much greater
than the IW such that the register growth doecalculations does not affect the
algorithm It is clear from the figure thadfter the states of x & y changehe
CORDIC phase result becomes valid at the next rising edge of the inputSiloo.

the CORDIC block is expected to update its outphénever the moving average

l ow pass f il t thisspeedi®notephantenough fonvtree bpplitation at
hand.
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Input is given at the first rising edge

T [The algorithm is able to notice
the change at this edge
1 Output is already valid at this
rising edge of the clock
T ik
™ ‘E.Jﬂtus |S[JU:|5 100 ‘u.nu;; s ‘eauum s |i5.EIJﬂns ‘wnm, B0 ‘awm |Si‘JEOns s ‘as.,ums
i_clk \ N I ) B .
1ce | : ]
i_x 1 | 1t | -1 ; i
1y [ : I ;; o]
o phase [ Tm | weeR | W | R
— I 3\
W l i
Nstages [' (805306366 [ [|4026531838]
e — I
WW / 59 [3489660926] T
B ——— 1
PW [ 1
x =100 ° o
= 45 ~— fconprc = 268435454 - 35
y = 100}9 45 GQORDIC 6843545 531

The result is valid!

Figure2.24. CORDICBIlock Simulation Resulin Vivado

The true error, considering the simulationn Figure 2.24, calculated for

x=100,y =10Cis as follows

231

foo- € - 268435454
etrue — _true f imulation — 8 231 %45 1@ (236)
true R
8

It is obvious that thangle is calculated withneextremelylow true errorusing only
adders, shifters and LUTBlowever,it may bemore desirable to use a CORDIC
with a worse true err@, where such an extremely low true ernmight be

unnecessaryAlthough the error decreases with the increased number of CORDIC
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rotations,FPGA resources gets consumed a lot méAea result, fora specific

design,CORDIC rotations should be optimized

2.1.9 Closed Loop Controller

To lock ontoa frequency for which the phase is equal to the reference phase defined

by the usera controller is to & designed. Thankfully, due tieelinear nature ofthe
resonatorsfrequency and phase relation aroundrégion of interest, resonance, is

linear. As a resulen Integratcontroller(l-controller)is more than enough to be used

inside theNCO Controllershown Figure 2.4. Nevertheless, the phase response

around the resonance is to be determibefbrehandor each resonator so as to

adjust the controller gainofthe ont r ol | er as each resonato
to be different, hencan independent control loop for each resonator is reduir

Since the gain of thiecontroller essentiallgonverts the phase error into frequency,

its unit can be expressed adereK, is the gain of the controller,

frequency

K, =
phase error

(2.37)
The gain of thé-controller is equal to the slope of the frequency vs pbase graph
shown inFigure 2.25. The frequency word found from tlggaphcorresponding to
the reference phasse fed back into DDSOne should note tham order for these
loops to work, the imial driving frequency should di inside this linear response
region, close to the maximum SNR or resonance frequédg.can think of the
search for resonancagorithm as thebisection methodused fornumerical root
finding, where the initial guess ixitical for finding the root of a curvélthough
bisection method could have been uefind the necessary driving frequenthere

is no need for root searching algorithms as the frequency corresponding to the
reference phase can easily be found bsinaple arithmetic operatiorilhe line
tangent to the linear region of the phase respbapeens to be #DDS frequency

vs phaseerror graprshown inFigure2.25. It is derived from the phase angle vs DDS
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frequency graph shown the same figureThe line equation is written as follows

where a& bare the points on phase respongeve between which the response is

linearized. Point on the line represents the reference, whose phase angle is provided
by us.

f-f _f,-f,
L =2 -fK(f f 2.38
i (r At (239)
DDS
Frequency ( f)
A

¢ Increasing

{ fo

L»Phase Angle
(0)

DDS

. Phase Error

”

@u, - Gj! 0D C;bb - ®r ((P — (,DT)

Figure2.25. Frequency vs Phagegle and Fequency vs Phadg&ror
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One should note thatfter finding thecontroller gainK, equal tothe slopethe

reference frequency,, corresponding to the reference phgsen as an inputf, ,

is easily derived fronf2.38) where,
f.=f K(f 4 ,1-K<O (2.39

That is becausef is the known DDS word and 7 is the instantaneous phase

calculated by the loeckn algorithm. The only unknown isf which is to be

calculatedoy the algorithmnside the FPGA

The slope of the line shown &iigure2.25 has a slope oK, , whichis bounded as,
-1 K, 6 (2.40

The reason is that around the resonance/maximum SNR f@rthange in phase

is more tharthe unit change in frequency. As a restifte phase is highly sensitive

to the change ifrequency hence the expressi@g.40) is valid. In fact, thanks to

this property resonance detection based on frequency change is superior to that of
amplitudebaseddetecion. In order to implementhe equation(2.39) inside the
FPGA using VHDL,division operation should be performed dug2al0). Since
division in digital domainis not a straightforward processertain manipulations

should be donél'he procedure is as follows.

Division of a numberAwith B in a digital environmenis done with multiplication
and shifting operatorddanipulating thedivision, the following way will not change

the result analytically.

Result:é A2 (2.41)
B B2"

Multiplication with 2" having a register width ofi mapsthe decimal value 01*;—3

to a registeralueof width n. This n bit number is multiplied withA of width n,
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causingthe resulto have a width of2n. Then, division With2—1n shifts theresult n

bit to the right.As a result, integer part of th§ is found.The operation is shown

as,

A pd & (2.42)
B "B 3

Multiplication  Shift Right
Applying thesame procedure {@.39) where n=32for thiswork,
1

2"

| S
Shifting the resulh  bit to rigk

f=f - K2 (f +)

Multiplication for mapping

(2.43)

The result with a width of 12

Note thatf & f arerelated to DDStw input M,, andf & fangles are storeab

raw CORDIC angleslescribed in(2.35). Thus, it is more convenient find the

. DDSftw . .
constant K, in terms of for the sake of digital signal
RawCORDIC Angle

processingAs it is difficult to find the constant from the frequency response for
different systems, it is better to find the constant with trial and error as is done in this
thesis.Controller constant in fact affects tihesponse of the system, makitige
resporse eitherslower or faster to thdisturbancesNCO Controller IP Block is

shown inFigure2.26.
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Controller is active/inactive according

to the signal coming from the filter

A .
Phase_Difference_Subtracter Phase C omparalor

i__phi_1[31:0] [y Al31:0]
i_phi_0[31:0] [——mi31:0]

calculates the phase error
S[31:0]

Integral_Controller

Adder/Subtracter

i_1di31:01[> id
i_wordclk [ i_clic_filter
i_fw_start[31:0][> i ftw_start[31:0] ‘
i_Ki_2n[31:0] = i_Ki_2n[31:0] 0_ftw{31:0] e T 0._MO[31:0]
e |_phase_diff[31:0]
i_phase_reference[31:0] D i_phase_r [31:0]
l nco_controller_v1_0
Reference phase and controller gain along with Actuation output from the
the initial ftw for resonance search are provided controller is sent to NCO

Figure2.26. NCO Integral Controller IP in Vivado

In the case of a multiple resonator configuratifmm,each of the DUT, a separate
controller is in effect where each of them drives their corresponding DDS Blocks.
However, the idea remains the same, helsténct controller constants are provided
by the user for the specific multi resonator systéhe controller is integrated into
the overall design as shownhigure2.27. The name given to the controller in this
case is NCO_Controller, wheitegproduces the control output for quadrature and in
phaseNCO signals with certain frequenciehe controlling action isletermined
inside the controller based on the output of CORDIC_Blaokkthe reference phase

difference value provided by the user.
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Figure2.27. Closed loop design for a single DUT

The closed loop desiggiven inFigure2.27 is repeate@nd put togetheas shown in
Figure2.28. The design is capable of resonating three dewiresltaneouslySince
the design isighly scalablethe onlylimiting factor for driving more resonators is
the FPGA resources available. fact, the design for multiple DUTs had to be
implemented on a nmme capable FPGA such a&C7Z020-CLG484 available on
Zedboard. Although a breadbordableFPGA, CmodA7-35T was more than
necessary for a single resonatbwas not capable for a bigger desigulditionally,
for quartz resonator§)DS is upgraded from 3Bit to 47bit version so that the

resolution of the NCO is belowHz. This way high quality factor quartz resonators

are kept in a resonance loop with a better frequency resqlutioere oscillation

around the resonancepsssiblewith a much better steady state error
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: 1 Data transmission
| Time Stamp btw PC & FPGA

— = _|NCO Summer
‘ e =% for DAC

[

o e
-t

Built-in XILINX Cores for l
"| High-Level Communication

Figure2.28. Multi-DUT resonang designn Vivado

Resource utilizatiomeport is given as a table Figure 2.29 for the Mult-DUT
resonating desigrAs expected, CORDIC and NCO algorithms consume a lot more

resources than the other IP blocks
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CHAPTER 3

CHARACTERI ZATION AND TESTS

In this chapterthe digital signal processing algorithms brought together inside the
FPGA are put under tesh doing soJock-in amplificationand frequency response
capabilities aredemonstratedSystem setup,he results of these testnd the
methodologyareexplainal in detail.First of all an RLC circuit is onfiguredto be

a position sensing devies a proof of concept for the following sectio@scondly,
the design inside the FPGA is tweaked such that it is capable of thkiingquency
responsef a quartzcrystalas they tend to have high quality factafter proving
the system works on a smaller s¢dbek-in based DPLL algorithns utilized for
reonating multiple DUTs withhte previously used setug&equency response and
lock-in performance of the desigare presentedrinally, it is shown tharesonan
bolometerscan be driven with a similar fashidar measuring thermal changes

the environmat.

3.1 A Simple RLC Circuit Based Position Sensor as a Proof of Concept

In this sectionthe digital phase locked lo@mploying lockin amplifier is employed
for converting a simple RLC circuit shown kigure3.1 into a highly precisand
sensitiveposition sensorAs a matter ofact, bolometers arenlown to have been
assumed as RLC circuits for simplification in some analydesreforepeing a good
approximation of aesonancéasedsensing devicehis position sensing devites
shown us whether the digital desigproposedin the previous chaptdras been

successfuin achieving all its ppmisesor not.
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Figure3.1. Simple RLC Circuit

The transfer function of the RLC system is known to be,

e .4 (3.2)
g+Rg 1 S+2z s+
L~ LC

Vo _
vV,

The natural frequency is shown toredéated taheinductance andapacitance of the
circuit. The resonance frequency although affected by the resisiarsogependent

on thenatural frequency as welln this circuit, avariable ferrite core inductas

used asininductorelementThe cylindrical metal core @isplacedalong thenollow

core. As the displacement causes a change in the inductance value, affecting the
resonance frequency of the circuitis way, the change in resonance is related to
position change of the metal coResonance is alwa achievedhroughthe digital

phase locked loof his setup is used as a proof of concept for tracking the resonance
of bolometers in the following sections as the idea of phase tracking remains the
same.As a matter of factpne can claim that thgosition sensor proposed in this
chapter is some kindfdow-cost version olLVDT (Linear Variable Differential
Transformer) which is apreciseposition measung electromechanicaransducer

[39].

64



3.1.1 System Setup and Circuit Design

+33V Voltage GND Circuit
A =
Divider
+1.65 V (wrt. GND CIRCUIT) R3
r . ADC
ULB Eeo.o U2A

of] | BT

L TN
L _ Q
DAC R5 CJ- | L_[ 0 15
ULEAL GND FPGA —I; T°
: ™~ . r J

7 1 o

1 Z

GND Circuit o

R1 8

DUT <

L 165V (wit. GND CIRCUIT) A (ive High
GND FPGA Pass Filter

Figure3.2. Circuit Diagram withRLC as DUT

The FPGA model used in this setup is a breadbordable @WbT. Additionally,

ADC i s a Digi [ Bvo t1Zos A/DP Inputd, andl Eheé DAGIsedis

Di gi IPevodtD&4% Eight 1zbit D/A Outputs The FPGA is powered through

USB connection to the PC, where the rest
onboard power output®p-amps used in the circuit are of type LF358] useds

voltage divideland forisolating the DUT(s) from resif the system. Hence, they are

utilized as voltage followersSince the input side of the @mps are of high
impedance while the output sides are of Hdowpedance, ADC readings are

performed through the losmpedance sides of the -@gpnps.
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3.1.2 Position Measurement

The shift in resonance frequency as a result of the displacement of the solenoid core

is related to position informatiofirst, the position relation is performed for an open
loop casewhere the NCO controller is not affect. In other words, the system is
driven at a fixed frequenoyhile the phase difference output constantly fluctuates
due to the changing nature of phase resp@ssa result ofesonance shifting.
However, it shoulde noted that the system is not operating at its maximum SNR
point, hence the sensitivigf position sensings expected to be differefidr each
location For the closed loop configuratioas the system is kept always at either
resonance or maximum SNRe., at the referencphase differengesensitivity is at

its highestvalue for the phase respongs steeper The resolution of the sensing
system is measured as well which is found to be deceatdgstem this simple.

The frequency response of the RLC DUT isobtdimes i ng Keysi ght 6s
Digital OscilloscopeThere are two different frequency responsasaeements, one

for the case where the rod is fully inserted inside the solemitiida prefix of rod_

,and the other is for thilly pulled out rodwith a prefix no_rod The shifting of
resonance behavior is obvious and is expected to provide a dearnitavhrange

for the measurementd’he maximum SNR occurs around 500 Hz whkienrod is

fully inserted inside the variabferrite core inductoy while it is about 1200 Hz if

the ferrite core isot inside The frequency response for both cases is giv&igure

3.3. Both the change in magnitude and phase diagrams are seen on theAfsgure.
expected from equatiof3.1) the resonance frequency increases as the ferrite rod is
pulled outwards, decreasing the inductance of the syStemproposed range of

operation for maximum SNR is shown on the figure as well. In that tase,

reference phase value should be selectdterdntly than 7, = 90 for

reference ™
maximum sensitivityasthe phase response steepnisggeateraroundthe maximum

SNR points wherg = 40.

reference ™
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Frequency Response of RLC DUT
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Figure3.3. FrequencyResponse of RLC DUT

3.1.2.1  Open Loop Configuration

In this configuration, the NCO controller is off, and #ystem is driven at a fixed
frequency. The DDS inside the FPGA is prograrmdrbg sending the ftw through
UART protocolas a hexadecimal valuas a result, the FPGA sends out CORDIC
input values along with the calculated CORDIC phase difference between the output
and inputshownin Figure3.2. The ferrite rod is pusheshanuallyon arectangular

metal piecefor a total distance o25 mm The rod is themeturned to its fully
retractedoriginal position.The process is depicted figure3.4.

UART based user interface along with testem outputs is given iRigure 3.4.

System response desc bed above as a resul't of the
clearly seemBy default, the system starts fraypredetermined DDS ftw. By sending

1, with a baud rate of 11520Q@he highlevel process responsible from data

transmission between the FPGA and PC is interruptaiting for the new DD$tw.
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Note that thelow-level FPGA fabric keeps on working during this period, the
interrupt only affects theiser interface running at a higher |lev€he system is
desired to be driven &00Hz, which lies in tle beginning of theange of operation
shown inFigure3.3. Using the equatio(2.14), ftw is calculatedas25,769.804for a
master clock of 100 MHz and a ftw width of 3& the ftw can only attain an integer
valug the ftw should be rounded to the nearest integer. In that case, ftw is selected
as 25,770resulting in a signal generation with a frequency600.004Hz when
plugged back into th@.14). Hencethe ftw is safely selected a5§,770for theNCO
inside theDDS algorithm Its 4-byte hexadecimal equivalent is equal@® 0064
AA. The driving signal has a pead-peak voltage of 0.5 VThe CORDIC phase
difference is outputted in its raw form#trough UART Moreover, the phase

difference at thenitial position is around-60 when theraw CORDIC data is
conveted into degrees according (&235). The resultshowsa correlation withthe
phase value measuratt600 HZboy Key si g ht § showdD Bfgdré330 4 G
While the range isbserved to bat an order o250million, the output fluctuates in

the order ofL.5million as shown irFigure3.5 if the core does not get actuated

This experimentdéds whole purpose is to
implemented in this thesil. shows howa simple, extremely low cost RLC circuit
can be converted into a position sensing devitels, while evaluating the sensor

performance parameters, it should be noted down.
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16788900, -519723, 12423558, -24168891, -36401109.8 UARTBaudrate

16781912, -5222¢64, Please enter the ftw for dds: A

Process is interrupted.
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Figure3.4. SystemResponse and User Interface
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CORDIC
Fluctuations
~ 1.5 x 10°
~0.25°

Figure3.5. Output Fluctuations atEixed Position, raw CORDIC outpu{40]

|l nput and output signal s a DiscovergZDseuce e d
and given inFigure 3.6. The yellowsinusoidsignal isquantized according to the
digital designAlthough quantization at muahore points is posse for the DDS is
capableof that,it is not necessaifpr thisdesign as explained in the previous chapter.
Other than that, blusignal is the signal measured at the output of the system
according to the circuit schematic giverFigure3.2. One can notice thehange in

phase differencbetween the yellow and blue signals,theferrite core is dislaced
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Figure3.6. Oscilloscope Readings
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3.1.2.2 Closed Loop Configurationwith DPLL

In thispart the NCOcontroller is active where thdigital PLL tries to lock onto the
reference phase difference value given by the user through URRTcontroller
gain is providedy the useandis configurable as wellThe system starts by default
from 500 Hz where the DDS inside the FPGA adjusts dhiging frequency until
the reference phase difference is achievidtk details are given i€losed Loop
Controllerpart of theDESIGN chapter.

After consecutively sending the initial ftw, reference phase for the NCO Controller
and the NCO Controller gaithe systengets activatedRraw data oming from the
UART is collected by the PC and plott&the ferrite core of the solenoiddsopped
from a height of around 25 mniithe response of the DDS and the change in phase
angle is shown irFigure 3.11. In order to lock onto the reference phab®S

frequency is adjusted dynamicallyhesystem is operated around its maximum SNR
point corresponding to the40 according tdFigure3.3. Although operation around

-90 is possiblemaximum sensitivity is achieved this wdigure3.11 showshow
good the PLL is able to lock onto the reference pHatzkes around 150 ms for the
system to reject the disturbances. Tdea sent over UART for adjusting the

controller gain impirically determined and chosen to1#0,000= K, 2.

72



DDS Response vs Time
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Figure3.7. System Response faClosed Loo@RLC System

In order to calculatthe resolution of the sensdine raw data coming frothe FPGA

is inspeted as depicted iRigure3.8.

73



DDS Response
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Figure3.8. DDS Response witthe Raw Data from the FPGA

As a resultwith the help ofdigital PLL, resolutionas low as®0.293//imwith an

integration time of 3.72 secongsobtainedaccording to the Allan Variance
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Resolution=%32271 25m © 0.énmr (3.2

31920- 19833

Oscilloscopereadout is given ifrigure 3.9. For comparison, the same reading is

shownon the same figure fof, = 90, where it is proven that in fact the

difference —

maximum SNR occurs around}0 as the output signal is amplified more

<[ e []em s e | mizes s 9

Input Signal

=]

(.brefere.nce = —40

TN RN,

Input Signal

=]

(.brefereﬂ.ce = —-90

NGNS AN AN

Output Signal

Figure3.9. Oscilloscope Reading fdihe Closed LooRLC System

Finally, the system response for a step inpdetermined where the reference phase

is changed from 90 to -40 . As a result, the DDS response as well as the change

in phase angle are measured and plottédgare3.10.
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DDS Step Response
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Figure3.10. Step Response of the Closed L&IpC System
As it can be seerthe underdamped controller has a settling time of around 40 ms,
where the overshoot amount is acceptaDlge can try to find the controller gain to

achieve a critically damped system. However, this response is enough and shows

that the system is stable.
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3.2  Characterization of a Resonatorand Implementation of DPLL for
Multi ple DUTs

In this sectdn characterization cé quartzresonatois performedfor demonstration
purposes additionally, quartz crystals with distinct resonating frequencaes
simultaneouslkeptat resonane The circuitand digital hardware desigmesimilar

to the previous sectionith some design changes.

3.2.1 Frequency Response of a Quartz Crystal

A gquartz resonator with resonance frequency around 60 ksitaken as the DUT.

Its frequency response is taken around this frequencyfrébaency response is

taken using the lockh amplifier based digitaPLL proposed in this thesi$he user

interface accepts the startirsopping frequenciefrequency increment amouand

settling cycles after which the received data is accepted as valid as frequency
changes. Thosaputsare senthrough the UART protocdb the FPGAstaring the

program insideThe frequency, magnitude and phadstaaretransmitted to a PC

through UART protocolThe PC saves the received stream of data from the FPGA.

This saved dataisthenaken t o Microsoftodés Excel Sof i

Diagram of this quartz resonatdihe circuit digram is given irFigure3.11.
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Figure3.11. Circuit Diagram withQuartzCrystalas DUT

Themagnitude and phagdotsof the crystal is provided iRigure 3.12. The vertical
axis is given in ftw where its frequency conversion equation is given on the figure
as well. Other than that, it is clear that the maximum SNR point inside the blue

region, corresponding to the maximum of the magnitude diagram has a phase value

different than-90 which is actually aroundt 50 mainly due to feedthrough

capacitanceAs a resultthe commonly known resonance indication where the phase

difference isf = 90 does not correspond to the maximum magnitude in the

diagram as is shown in red area on the figdience the necessity of locking onto a
desired phase value given by the useshgious while operating the system at its
maximum SNR value. The digital design proposed in this thesis makes this possible
Resonance and asesonance peaks are clearly seen in both the magnitude and
phase diagramdhe vertical axis is given in ftw whe its frequency conversion
equation is given on the figure as wékher than that, it is clear that the maximum

SNRpoint inside the blue regiorprresponding to the maximum of the magnitude
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