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ABSTRACT

The issues surroundirggtimization of respiratory monitorireye of size, power, and SNRBignal

to Noise Ratio)Miniaturization and optimization of components withimespiratory monitoring
system isvaluablefor integration into existing nemvasive ventilatorsincluding but not limited

to the FOT(Forced Oscillation Techniqusedurce, sensors, signal proéegsand generation. This
document contains a low powanalogLock-in Amplifier (LIA) in CMOS 0.18um to measure
respiratory impedance at low frequencies (4Hz < f < 1@y a speed of sound invariant,
ultrasonic basetiow meterfor reduction of series impedance when sensing.fldus LIA relaxes
requirements on signal input powsr maintaining a precise frequency selection in the modulation
and demodulatioof FOT, improving the effective bandpass quality factethen averagedver

long time periodsandsignificantly reducing the power requirement of impedarateutations

This LIA, when integrated with current ventilation devicgsuld allow forlong termexploration

of respiratory healththrougha diverseband of FOTfrequencies andpen more avenues for
research with large sets of ddtaimproverespiratorydiagnostics The ultrasonic based flow
meter leverages TDC (Time to Digital Conversioim) measure the time of flight of ultrasonic
waves within thédreathing pathinstead of using a conventional differential pressure measurement
across a known impedance. This ultrasonic sensor uses a symmetric style of measurement that
cancels the effect of changes in speed of sound, isolating flow from temperaduneraidity
variations during breathing. This ultrasonic sensarmore compact, Hdirectional(positive and
negative flow) andnexpensiveorm of capturing flowthat is capable of highly linear operation,
high resolution and sampling eatwhile not alding series impedance to the measurement
Together, these components comprise a large portion of a functional respiratory monitoring

platform.
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spiratory disorders affect a | arge ypeoyporti
ast , one in twenty people wi[llRosghfgr tfhreom:
mber wi | | suff erl Zf]3Formo nC &Palu sarn gAshtihgnha bl ood
art di seatsteeaendr @s mibredtesr,y di sorders can be

nitoring the frequency and progression of r
chniques can help doctors bett er .Tdiiasg npd saec eas
high i mportance on capturing reliable data
i sting sensors boasangrdingdes alewgtrieen,oft Ha wngeh
awbackayi hgomensi tioned yditboeidnagoare anu o 8 o ¢

ving series iIimpedance, I mEhaype me nt2s wian ktshit &
rrent | iterature and state of a typical res
chnegperatrory i mpedance, the |l ock in techn

ssertation.

apter 3 explores the design and proof of <co
uctuations in speed oftysouamnd, ius ecdo nmprara dr easg
d widely accepted pl atf orUhtfrars oma as wraisregd il
Vi ces uhsaevde ibneeinndustry for some time, howevVe

respiratboxiystd anpgarsaodnpri.cr at ory fl ow metering

dication of flow rather than an accurate me
er.dmpiiseschapter shows the design and paernealsyses
t hiFsl oswpasceensi ng i s only a porti onr ppsfs drhee r ¢
secoduridng d&neatadannge used in conjunction wi

the airways Phesossgheescghabseabry. high i n SI

e to the nature of the high i mpedance of 't he
vel opment of a high a®fsopdpds ecd HOve YSeNRs d d ddv
gnal pcboegesesng paerticul,apahybenl elier agatogo

gnal recOvaptyernfd4 féeowlores the design of an



in CMOS 0.18um techowémoggr &wramadpirnmd é\egratbii Il a tt iy

devices whidiegmali nrtead v enrgy oRe g mismpatranyyrgogs ¢ imple

known as forced oscillation technique (FOT),
stimulated by pressure waves to induce a flo
airways. I f FOT is dUbeeefiteatisvengil mpddamue naty

revealed by taking the phasdohgpmreads wr eafagmdbaafsiuag
fed i1 nto ftirise chpilp tari-;pmhhas € o& rg wahdarnanted rse .(fionr b c
Thesiegnassefpassi ve mixers for demodul ation, w
are matched through synchdreoomooduusl ad @ menr actihaecnk o
emodul ated signals are upconvertwd tbnoeghed

nd filteredotleeemperlodduC evalouwes correlated to th

d

a

caused by the r es poihraasteo rayn ds yqsutaedm.& toluhneesrey & ldu ¢ $
cartesian to polar asdoopépbpatbeduoneDlyieppaismagloe
frequency i mpedance measurement can give heal
h

ealth of the airways and can | ead to diagnos

Chapterdes isnu@lpd ementary materi al to augment t
ultrasonic based f Il ow-i metaemfilmigsi syeasmtosvraner d h e
crossing detectionpulswaavev amieamgty, t owhtuii am avd el ©
and the magnitude of error that i1 s expected \
when taeeessing measurements ,amdulhdwbéd htakedrm

deviation of phase measuremedigi dagradesgeli si 6

crystal oscillator in a phase | ocked | oop wit
phase. The various geoaesehroiwensd fcoorl |seecntseodr dtautbae
and resolutri cpedme sl embostrated. Ma x iimiezi ng

pul se r epiex igdxmwmlnorread ehy pushing the ult.rasoni
Antpihase pul ses are added in an attenmptputlos egsu,a
with some effect on amplitude, the diheati on
el i mination of cbhiadninreel c tnioo nsaelrsdmnye vetrstuk re ehmpsiw dots e

shows | arge deviations | nmesueedneot swimitldebt @k em
di fference Iin phases slkowsal VvVyrtdathy fnomchasn
folded cascode amppbhseksemndsim@quancoes as 1| ng
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step of demodud @aits @ns apmpr efslsiiccknerbef ore aggres

ground capacitors. Additional r,e sanldt so veefr ad |1 a
for the integration into a respiratorygmenito
of the PCB circuit and | ayout design, |layowelsl,

ci r caunidt sf,i r mwar e.

I Thesi s Objectives

The primary objectnedcucoef, tthhadsd i,tzheevBa rs ri esq utior e
respiratory monitoring systems to i mpnroenve t hi
i nv awdntei. | dghemesaapat hway floar g excws rcgadl wegjro,u s moni
of respiratorfTyh enmednduresriti @asva c ¢ o mp | utsihl itzhei ss ygnacahlr
gener atdieonodahadt i on -poofweRQTCNMIQIS @ rtlocwsapt ure | mpe
data of the airways and surrounding tissue, m
dev(ckelecn Amp! icfaipearb)l e of -invegrwativentntatoos,
SNR <c amamidl idecer easi ng ipmwpr ac¢ espseignmog hdmao sv

measur ement system that simultaneouslenwsdngyveésd
el i migneasti st ance in theaenpgatmaaaw ap d@sibmpwaéeé hgngat
resolution and |linearityThios ogeabuwionmg dr ¢ o wie
production for respiratory monitoring system

el i misatieag resi stance.

| IOr i g€Connatlr i buti ons

1.1 applied the synchr onoutse cdnenmogduuel acfi olno cski gi
t o respiratory oscill ometry, t o i mprove
requirements for FOT signal processing and

scale continuous respiratory health monito
2 .1 ded,i ghabricated, testéd, sandcBO&E dAat a8 uc
pur pbsedrempthathocyg monitoring. This uniqgu
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- A passive mixer front end fopoawvewi o@eliane

and | bBckkef fHoise contribution.

Modi f i-madnotommni ¢c gain feedback structure.

Low powhopmedredstfadbliddd c asocredsomaalpl ef geaer
| ofwr equency noitshgeas mppgtagei on of

- SuHz | ow pass filtediprmagsf qruahiidly dfafce otri v
N adapted fanomd igreocuvantduerde ,capaci tor mul tiop
gains in capacitive multiplication and a m
.l showed how the optitmwm Vvalrue nof farldaaerc adre
C is spatially optimized when the area of

.Using the adapted AC grounded "bapga&eliHzenu bmul
|l ow pass filter, with a wideelsis¢eadr baped
t hat consumes substantially | ower area tha
.l designed, built, abdsed|l reapedasoon pv blt ow
that is insensitive to temperature fluctual
ot her respiratory flow meters in |inearity
any series resistance to the fluid flow pa
N d etmtoantsed t hrough simulati on and mat hema
detection is superior to envelope detecti
determining time of flight of wultrasonic w
N demonstrated the stmtnydarweff dieigimé&at measui e
increases with time and is proportional t

converter cl ock.
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.Sl eep Apnea

Sl eep Apnea is characterized by the intermitt

t wo main categories: obstructive, patdisafntds al

tissue surrounding theirataiiemtayf rcoml| apesatshi mpg

CQl evel s zfiadd sand h@y enter | ighter forms of s
their muscle tone returns and the soff41i ssuece
Central Sdwéhepg eApgrhea aiutonomi c nervous system r
dur s heeapps functioning. This causes the persc
obstructive event, sufobobkriog bromdtberygameadd
A third category <called Hypopnea, i's a condi
obstructive. As a precursor to an obstructive
relax, the soft tissue ca@bsotsrcudtliatee haysp d g n esa s
observed as audible snoring. These apneic eve
without t rde aaioradalftyf eacntd t heir ability to feel r
chronic ef fThet st reraeg meat alf.or obstructive apne
apneas. The most basic treatment for the obst
positive airway pressure by using a ICIPAPseachi
Central apneas are correlated with progressiv
prescription medications and the frequency of
reduce the frequency ofr eaetnmamtls agpmd adi, a gnoa set
track their frequency and separate them from
apneas with increased pressure can increase t
out comes. Tthiinsgumakhd sngdibset ween events critical
apneas reduces the ddcdcurrence of central apne



| . Respiratory I mpedance & FOT

A popul ar method for distingius sihy ntgheifr aaipaway
signature. Airway | mpedance,x ogruarnetsiptiyr,a tcoornyp rii
mechanical zfjesanttahbe {rRquency dependgnt rea
Reactance is comprised as the sum of inertanc
inductance, wieémi cthed coasnp( i @nkte dnal] 6Bpmudss t o
[1& 2]

O Yo e 1

®» QO ®0 oo ® 0 Qg0 ® 0 P 6 2

Respiratory disor dsergsnilfiikceandll ege pc haaphrgeea i angpre d ar
airways are obstructed, at | ow frequency, resi
apneas, no significant change is observed. |t

i ncsreesa over time in patl &dntds nmwoirteh rG@PReh ta nyd haasst
be an effective tool in monit-@Pi pg[t&]bTahereest o me
trackingeapperasongsrmesi stance could | ead to t

Measuring respiratory-inmpsedaatg buanFbecéedodn®sc

(FO[T9[]11.2]Thi s method involves inducing oscill a
by using a speaker, by modul ating the dran of
piezo €gl3dmdmtese oscillations in pressure ind
airways, and tubing, which contains a particul
t hat generated it. Referencing ghaaPgcers smateh eamalt
phasors resulting from the FOT can deliver a
represents pressure, F represents flow, R is t

i mpedance phasor whi d¢h sc®n ame KXroddoaipaomEak si iy
i Q&respectively.
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This measurement of I mpedance depends heavily
flow signals, compute their FFT and phasor di
amplitude FOT to distRkinglsriheolwsf t hmm Bmpeat hiah g nmac
datTlhe current methods for measuring respirato

sine correlation in anmbhm@gtnamgbPpotedquendygo
heavy noise band caused by breathing. Studies
l ow amplitude (HFLA) FOT is a viable tool i n
apneas, thoughesat s$bmenbrequenaa rgakly obscur
Flow 17Hz FOT & Breathing noise £, A EME A 0}
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To f thritghhdrhght mportance of continuous I mpedanc
NovaResp to use artificially intelligédb]lnetw
However, these algorithms rely heaaiidiyng.n Bwen
are currently tagged using high amplitude FOT
as the algorithms used for triggering FOT and
on CPAP devices. Abwetibi sveidDtseaoreddeii @aeldol d,
events, consi-@aemniadgnttiheun bs measur ement and ar
show the behaviour and | evel of obstruction t
a diibsuttri on of events as opposed to a binary c
all ow for better tagging and thus training of

forecasting of events.

| M mpedance Measurement System

Currdanrtel ysystems used to generat e, captur e, a
extract respiratory i mpedaFicgelrceont ain four ma
T  Waveform Generation (Speaker/Fan/Frequency)
T Sensors (Pressure & Flow)
1 Data acquisition and processing
1 Mechanical coupling to the airways



Waveform Sensing Mechanical

Generation Flow/Pressure Coupling to Airway

Data Capture

E> Impedance Result
and Processing

Fi ga&rMaj or Components of FOT | mpedance Measu:

ASensor s

One of the most commonly used sensor s, due to
FIl ei sch pneumot &¢clhgal @8 pmre a(suhreevwen filrow by i ncorp
el ement bet ween two ports of a differential

resistive elementftow tanabeomeasured by digit
from thel dWhéaetsnhbnglBe pigsefsor and calibra
resistivity of the separating elymansi miThar ps

sensor, but with a | ower sensitivity and rang



mesh R

Pressure Transducer

Fig@m™Mesh Pneumotach (Left) Wheatstone Bridge

These types of flow sewepnysemanpensiven |l argedin
the issue of being resistive in the pat-h of b
di r ec(toinolnyalmeasur e f,| ohwavien noonvei ndg rpeacrttiso,n)or ha:
for omer &thie foll owing | ist of sensadrtg athalvte sbe

functional[ Y@Jguirements

Air Vane Meter:

-Spring | oaded potentiometer in direct contact
-Vol tage drop is proprogdii ©tniav et obdll low. r at e. Hi
Hot wire:

-Heated wire with temperature sensor.

-Temperature drops proportional to mass fl ow.
-Colwd re system i mplements a second wire to gi
-Low resistance, Uni directional

Vortex sensnam VYdonrn ekar

-Lami nar fl ow

10



-A di sruptor causes a vortex whose frequency i
-Requires | aminar f1l ow

-Highly complex, resistive, bul ky.

Ultrasonic Flow sensor:

-Cal cul ates the flow ratf ftlaisghlt oof tthlee ds & o e d €
-Compact, | ow resistance,

-Bidi rectional (i f 1 mplemented properly), | ow

Membr ane:[d&fsor

-MEMS El ectronic membrane in air stream.

-Temperaturensedsownsomeampm 8i des, a heater in g
temperature difference is proportional to mas
-Hi ghl-yi mear, | ow resistance, high complexity

Pneumotachtot§t aph
-Pressure dirfdesiredtreaneendcriecs proportional to fl o
-Hi ghly |l inear

-Resi,sthuwleky

BMechanical Coupling & Waveform Generat
Concerning waveform generation, FOT has been
met hods seen i n commerci al applications, ar e

machine manufacterkast aayvewhedoptedrithg conti n

therapy, the fan used to generate the positi
amplitude 4Hz sine wave. The pressure and f 1l o
used dtet ermine i f the airway is obstructed. T

11



met hods present on a commercially availabl e (
centr al and obstructive events mudttihe ldmsleictownt
the FOT are quite high, raising the risk of &
intermittently. Speakers have been wused in h

i mpedance, although ta@daelyowaréréaqueercy,0 hicgh man

generati on. |l ncreasing frequency of the FOT w
power transfer isotumel gvarwversatwi ami onf tihref speake
reducelsad hreoiisnie profile due to separation of F

effects would relax requirements on the size
frequency of FOT poses an i ssue wn,t hwhseoruen dh iwgah

frequencies may be affected by resonance.

The mechanical coupling for the system involyv

CPAP machine on one end and a mask and patient

tube,edclaot the end of a variable geometry. The
has a fairly high resistance, emul ating the
di spl acement is assumed to bewefidetnivekbgnaer

spontaneous breathing are when the connected

when | ength is infinitely elongated. The firs

zero, exists atioesneefhal fewavhBr&h{ tpa@qu &vhhce rees tchle

speed oY oswliadd wavelceangsthoul d be taken into
when trying to make measurements of i mpedance
(ai rwialyl) cause | arge variations in flow ampl it
sensitive decoupling of centr al and obstruct

i mpedance for detecting respiratoryygdigeeoaned rm

resonance.

12



CData Capture & Processing

Once the signal has been generated, injected,
an STFT (Short Time Fourier Transform)wfreque
and the magnitude and phase of the spectrum I
pass filtered to remove unwanted noi se, and ¢

phase of this maxima i s theneduQtelden 1 hdwve ph@tsa

|l ess computationally intense method, such as
frequency[ 104f] i nter est
Howewerg, tamdt computation of signals inherent!|

guanti zat i-ofnf aexrdr arosu,ndl eaving some of the sig

dealing with very | ow amplitude signalrated@n t
has to fit precisely in one of the bins of thi
sensitive. One can get close by following the

as the demodul atiom and gehefabmng hewawsafmer s oL

whiadcommaodate pl e FOT frequencies being measu

GivenQthap "YOw i whe'Mes real analipiossiat ipwes eagnedv e
Ol i o i p Y O ® &Y & 1iptB ho i 6
Gener d@dQyv, 'O wh e@Q0Q QY s 7
Thus oneOfMsiQichdoiseo t hat @ B@Qr el & Qionehii p hol ds.

WheTies t he time period ®iei sgtmeasasebduit noseobn

Qi is the samwling theqwendp WOQiizse tihne sseemp lods fr
be measaw edd, the set of i 83 FJdodiisadioheed BGist hniurmbi
an integer s®dddginged atcheorhi gmast common factor

Al t hough the data capture and processing circ!

generating countmrtmdriton tiltse f3IMR her compounded

13



FOT si gnablanfdr onnoiisre at | ows ypotwaemid s iltnyp rtoos i aigf ft

bet ween signal and noise, would relax require

V.The daoc Kaicchni ¢

The power -lonf ttehncehnliogclke comes from its homodyn
MQowith a simosoiadal miacneg thée wsy &degre a es@py s
the itxva@nd -dae Proee versii@emnw ©fc t hanet ona effectiv

with a high degree of accuracy J]how that syste

VQUINE p 6 | PEOhwc O [ PES ¢ OEDp O 2D 8
@0
wo fwmp o 9

V06 pc wéd 0 WwEXo twg 6 0 06 pcg wég o “

Noise + Stimulus

+90°
y()
R

Xi(t)

Reference Signals

Xa(t)

Fi gdr émas@uadr ature Mi Xxing

Thi smisxeilfg t ecihfniigdioreen 84 av® sc o NiPOH &@a M 06 and a
double freqguency component, whose @mphstudes
wi tohp 6 an@d¢ 0 at t he ]f.r Byudmavwy pass filtering eac
DC, the double frequency crompe nelnitmi raantde ch,e i Igene

correl ation factor behind. These two DC value

14



i maginary parts of the signal being measured,

|l ow pass corner frequenwsyemscan DE€j ¢ebe moreet

of settling time. With a sufficiently | ow cut
millions of times greater than itself can be
This |l ock in amplifier wasudemmptoggstbe byrr

consumption yanAl tcyprdpdelxoftokc&gyyi ig&r eThhawmo | ogy
shows how the input signpbasssfiampéirédetdobeé&mo
The signals arephdaee andkeguddr atnurien si gnal an

correlation factors.

... Amplification path _ _ ___In-phasepath ____
Ban_d-pass , : Lovy-pass
filter Vi filter i |
catronca | prasosnl | | o0 owpess .
eferencei ' Phase shift | N ° i | Low-pass | !
signal i " adjustment ; " lphase shifter| | i filter i aQ
tmemmeeest =1 1 Mixer_signal —— |
Reference signal path Quadrature path

Fi gbreTypital Togpydl®@] 201 7] UEEE

These DC correlation factors can be wused to
pressure and flow %®améhwalsuesBy tknmeo wCargt eshiean |
Pressure and3FLYawdtaombEq OOé aatndldOdarsespecti vel
Simultaneously, the sum of squares and invers

pol ar 6valnde sl ti mately thed4d&§stem i mpedance (E

15



VIConcl usi on

I n conclusion, theref @otinsgtag uaanidg arpei dounc ttihoen loift e
cost efspn ratory monidoaviasg vey ¥ & @& mst lhleit ksey sincohrr ro npo
demodul ation of FOT waves for improving the s
and reducing the cost, size and.pdwereof scamp
gap for bhessesresanceahatycbhowchmeeer positive

in a highl y hkkitwietahstthaes tciheam,nel variations dur.i
I expl ore mmatf |l oan mertevwi de similar benefits as
devices, but without r ¢ s iasntdainac eh anpnk itfhiee rp athha tc
mai ntains a synchronous |l ock on FOT sagdal s t

STFT coumt ear phargtiCIMDSc pmpa ets s
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This manuscript has been modified from its
structure of this dissertation

Abstract

Measuring fluid flow velocity wusing ultrasoni
however i mplementation of this technology 1in
presents the design of a etehlsgyi aaued y nfl awt s a
principle. A prototypeofhascéopten Tevehlbpede atsh
ratio (SNR), the modul ated wultrasound -taoc ri val
Digitali QobDCetrte,Hetnhce respiration -tiismeditgd taf il ¢
synchronous respirazeoergyg downi dtoiromgi. s Ther nkear
Sqguare (LMS) techh riiguee abcocwonmptloi sOh.e0d3 olLf/fs of r e

17



Innearnisatcyhi eved. The bidirectional transmit/rec
provide a system | evel cancel ation of t he e
accuracy. The desethadpudd weordaunt evasmemdanadadrd ¢sueid
ASL5000 seirmwl| dTumeg resul ts validate the syste

remdr|l d conditions.

| ntroducti on

Cosetf feamd vaccur ate measurgermd st aocfe lnbea tf miumay @ t
and ceynwsrems on mechadijcthée vmpteinttdad eaet v0fys has
been echoed sl1%ceufl@idé2B8P¥ s Dventil at orlyuntgr eat i
pr ot evcetnitviel ati on strategiesacauamdcemepalet ¢l yneds
Whet her the venitnVvasgiwvel ystlcoodglctient ubati on i

ssure (PWePa)smuetaec hoheai, rfl ow and | ainrg polodume th

e

noni nvasively usi-ammge sftahcees i MaPs8k@ll ki, nuopg d s8th  p o si t
pr e
n

vent i[l2a8tyi cawvoi di ng viemg iil mjt wory i WMdlulcledd caused b
aeradtued (volutrauma), or repeatefp2tp/WhpEemdE an
considering a mienitmilzaitnigont hsey snmeecnh,ani c al |l oad a

Most airflow sensors use,wdheFleeitheh dstfyflee emrn e wal
aknown resitsl anced it9o® [QdAIlThil satiendarofdlecavstamclen
t he path Bif géfnrs@hactvhsi nag .Isli onpk i dii @glr am of sensing
postprédoesgimgnostics and treabmestlyst E€me bett
breathing fl ewl wiithncgaolody , ret he pneumotach in

pr essseaurseor aBi g@mdBInow ni s cal cwil mpgled: ruesliantgi arhi s

0 YO 'Y 10

wheQ@ies the fl wsrahe pnesdsRies itmecpH2Z2@modamadcd h 1
in cmH2O/ L/ s, whimeshssarekeeepl acedapeowendi c
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fl @5]1In addition to the resistance fluctuati

t he pmrexfi stimte transducer that measures its dif

This Work Post-processing of breathing patterns
e ™ ST T T T T T T T T s T T T s T T T T T T s T e T m s e T s T E T )
Breathing —~ l |
Flow —\_a _ ! pplications: !
Respiratory i o Invasive/Non-Invasive Ventilation !
UE®ec Flow Tracking [ : e Monitoring Lung Mechanics E
> 30°C ' '
N | |
T Foaocc ! :
\_ A ’

(a)
Bulky ®

I D N (&
T~ ] A0
Flow mesh R Flow J\/\{\(\

Pressure Transducer ©

Linearity © Linearity ©

Mesh/Orifice Resistor needed & No resistor ©

Pressure transducer ® No pressure transducer ©

Accuracy © Accuracy ©

SNR « (voltage-Based) ® SNR o (Time-Based) ©

(b) (c)

Fige¢te) I ntuitive representation of the ongoing respir:z:
engine for diff ementmodmapglhiogatipdhnsg  nstfh)yment i s used to
respiratory flow by meagPyr iamgosbBeapbassiuee oiff keoevmt imal
pressure sensacro(ucp)l iunlgt-oTdH g(htti)naec onf i gur ati on.
Moti vated by the requirements, the principle
devel o-poat aon, medi um i nde pteinndee nrte s phii rgaht areys otl ri

augmented by the direct citgveteinz autlitara saofnitch evapvt
the transit time between the two acoustic tra
(Fi go(rceThis article is organized as foll ows. S

statement . Section |11 describes the design o
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PSC (Programmable System on Chip) prototype

experi memwmtmaanuwr ements. Concluding remar ks ar e

|l laclBground Overview and Problem Statement

A . Overview

Di sorders affecting the respiratory system ca

bl ood oxygen | evetlesr mansgerciaonu sh ahveeal Itdingconseque
di agnosed-castngqbi giment I n at crpye.ci U clzeslolcu tiin
gener al bul ky and not affordable | eaving the
untreated. Diagnostic and monitoring approach:¢
all ow for the atupdyoptrthesmethahkecrespirator)
response tvargymalgl2.btpF@& smet hodol ogy utilizes p
evoke a flow (displacement) reaponsesullThieng ef
then analyzed, yielding respiratory i mpedanc
reactance. While the advantage of FOT is the

often have to be generhaed a-tinbdrsagieircs a(gbhMR)t,u dw
can cause discomfort in some patiendsf Haviheg
application of FOT, especially if perfor med
machi{2aé$, TRi7¢gftraedeoes the need for high acc
respiratory sensing-ed pmprecaacamd sc ald MBI i§d3n2s|mi cr o
Piezoresi st 3,%Jp hnaastee rtiraddcski ng do¢pBAl@&md dien etcit me r
ul tr as3o5ulndalv6]lbeen reported. The | atter appro
of semiconductor foundries are scaling down.
(TOF) can be estimated using dséfeoenfrpguame
doppl er[ 3gfhfOe]cdDte)pendi ng on the apppreadaeroed s©

ot her s. By inspection in the Iliterature, t he
range of applications such as vibration measu
positioning sensd4olrls1]fAdrsor,olidt ischsowest cexcel | ent
sens®2]I5M3], fwd]appr oachessiogfn aaln aslyosgt eanmsd hna vxee

with respiratory monimering as one of their a
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B . Problem Formul ati on: (Goal : Mi ni aturized S

The gl od®] paomdiedni c echoes the necessity of pc

and supmooritt ofrarng and treat ment of di seases suU

(ARPS To comply with these requirements, t he
be in sync with the technology roadmap. Thi s g
transl ates the raw informatimtho (& | d@iwgi tfalo ms ttrl

opti mal signal gdambai natuisomgi TDChd Ti mmeto Di
of fers a perftfelcltd vaend ecsopsitr ati on screening sol
we el i minate tlhoec kp,h aasned gtrhaed ideinsta rioe taed MADG. eQusre
devel op a fulcdoysti nrteesgpriartaetdor yi omoni t ori ng sensoa

as a screening tool to i mprove diagnonssi.s and
| 1 lesiEHBal uti on

This section explains the conceptual evolutio

A. Concept: Time of Flight (TOF)

The ultrasonic sensors genefAMe andugteicei yien a
bandpass fiktecingcah Bgpate wave aresunrmdandes
frequency. Then, genewaatei mge raom sAN hel emtproisd dle
pressure disauedhatbgeshdudenr stin feowr mkbt et bew

based on two different principles:
1) Doppler effectwhelrterdade@enifc efqluewcmetsédnft i s

2)i me of flight wherasbohectf mewdmbsh gurspefd tahse te

variable to transl ate the fl ow rate.
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TX RX out

140

Blow pipe /ﬁ g .
B -

\ L1

(a) (b)

achieva

DOIMUMm al
phase |4

Flow

I

Figuna) Equivalent cylindrical tube geometries (b) 3D

frequeRxydi dtxance, and angl e.

The realization of the proposed sensing platf
Consider the sdeéngdra®habe $HKowndi RX denotes to
receiver-cwudpltehde uwlitrrasound transceiver, respe
physics, tHhe by ne wavwea avli,tt rha aedsa e &dbil sltoawsc e

0QE Qo QQ& | Q& 11

By applying cylindri &ali(tradfre fogeersmedtor itehse < hH anen
N Qtandéotantdd sttime i nterval of t Heljjuf tttrheesmplhrad ee

di ffeYremcéegd N Q¢ c ammthe magtiivceanl lays

¢C“zpYzo ¢t Y D¢ Oié€b6&EQUN o) 12

<«

whell e is the distance betwees ottille thanwseni d ¢ ietry aa
roughly equ@ah itso t3hd4e3 vme/lso,ci ty componemti ®#f r es
proportional to T nspPpS@mmi botri alrad dx wiart ati inagn . (
derivative of 1 he cpahna sbhee drieflfaetreedn cteq change 1in

argeunnf9n, as foll ows:
22



1 0 €0elQo N 13

¢“0¢ "I €odeQ onh T wE

whe+kes the angle between tthhee trweol ady lvien da ni gclaéd
transmittedandttrtas omexp batmoAlyo-filsow hwheespg Ir iae d o r
velocity BigHmd/at cd@anivmpasl the gain of the ult
radi an/ m[ 8%lhemnli ks no phase gradiYens bdioekt |
transl ated through ctloo cfkoerdnacloiuznet ear mwiltthi bN ts tTaC
resolodg bondetails in S%icsioal at ¢adfD)fol iTchhet t(i Tn@F
exprespiohn(otih®erndtohidedhe TOF. TOF will be us:
theofesthi Briaon i \daolei. daant idolantseas sy s d e ma pfpolri craetsipoi nr
ha®eb donl3 ble,[ oifpdHHowe trese I mpl ement ati ons e
tempedapendency, resolution Immieaenoation.th

B. Opti mal Design Parameters

There are mainly three @garmramat erpst inmaddeod etrath
ot he excit(a&t)i;om)sidgmdalance bet weBas€xl Bgmd tRxXx sa
obvious that thespHasecshiyf proeosiiiodnjgi yamdt he
the ultrasound exaoiht dtei on piraovpao mi re dotpesdHgaing | &

gi viem as depRicglerd®hencaiup!| ed transducédrasy eo pereat i
chosen because they aawaicloahb!| eeftfrean s d/iec earnsd, wa
enough ftroegwencayaosadwmapsurEment sbeds phasiegn
are prebBablitwdithense specificadaBi ahsp shewseqguati

shi Pt of tuhe rasound wave i stodindet| gomproangmn

i nspiration/ expi rsatuinan tvialuwvedi tpyatdl,ong t he

TABLE 1
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Symbol Quantity Value/Unit

L; 55 55 mm

L Tx— Rx distance 30 mm

P Angle between direction of flow 450

and ultrasonic wave propagation i}
g Cross sectional radius 10 mm
s Transducer tube radius 6.75 mm
Tabl e Geometric Parameters for Ultrasonic S
C. Eli miTeapieoatofr e Effect: Bidirectional

The measured phase c¢hamgers tahree fh euiindg vned douwcli atye «
the speaddopropagation withinspbkeedfbtido(@adr Wi
an error i,n awaishig ewielnlt t ake differingcamoent s
Sever al par ameters, | i kaef f o mmi dihtey sgmed dp rods s
temperaturtehenospéadesf soundf 5thH5e7 ] mo s|sb®Yt a mat

established that the sowmelcatiodnsthip effect co

i £6¢Qoopm@? YQAN 14

wheTemps the air @.embplee aspeedowdghlisyoud46 i m/ s |
t emper at uire fad satte T hteleazn ng t emperature eompeeds
the cylindri c@hblttahbee dgeevbi na€tOFoyg iothnal wor d) due t
of temper ahomwe nitFo w@hred t i s o b Wichwas gteh atn tt reanp!
(x¥883C)auses arplueaadstt 4iSBni ficant bit) deviat.
the inhalation and extrdpadoponitiodmad d dyervainagtei oo

temperature fl uaot Wdetfilerc,t i naesulnt itnhgent eambd ed t
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conditions.

3 T
0 < f
25¢ Lo 87 s
o o Il a3 =
o 20 2 s E
2r% D | o
Q § »° ]
o .|
E 15} 40 2 = -
a @ (e =
> a} 4 %)
1t 5 3 z
-60 = I =
z 2t s
05 r o e} 3 «©
-80 m
15 20 25 30 35 40 45 15 20 25 30 35 40 45

Temperature (°C) Temperature (°C)

Fig8&mTemperature effect on TOF measurement accur

To eliminate/ all evi atdee stijfhgis(a)ass utehe wei mplaipfti &
showRi g®&ra®dhttube has been prototypefOedcmnalhegi ead
|l nc (Halifax, Canaidlalustesa@aeBai BD printer as

(a) (b)
Figa(a) Simplified il D@Qebeéafainemi df Reicekii vec tTiOFn alal cul at
madehoiunse at  TNowWmaRlesgpi es I nc (Halifax, Canada). for pro

The twerpséeabs arfeunmaumminedobottdy as transmitte
configuhatwulothrasonic fl ow me aspuhraesmee ndti fifse rdeonncee

di resctsequent i atlhleyi randdi ftfaekriemng e . To avoid inte
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from transmission, the tiime betgeleynw Emguehhuasa,

time of the'Yadoasthi @ beamas ed pr alepd,e(s pierct(i vel

YO '@ 0¢ 0ié06EQU N V& i— 15
YO 'Q 0¢ 0ié06EQU N V& i— 16
O N D¢ COéEi— YO'@ "YO'@ YO'@ YO'Q 17
Di£€68Q0C¢ ¢ "YO'@ YO'@ "YO'@ "Y0'Q 18

By taki ny) ®kh enetasair ement s, agaenwitt hhandrohe vel
their psodaoat bandsed to i dqgl ataendt i dhed sfpfefe dv elf

The fl ow rate, Q, insedei mheedybcodrdical tabe
case, thkke d@erdard as
0 & O/ M6 OAH“Tp ¢ 18

wheAies t he ageaat iodnalr osepnisortaldlaabe ahdt he sensor

inFi g&(rad " . sumrher w,l trasonic flow meter offers t
AObstr-uessohnl ow

AUnaffected by changes i ndue mpiedialttaatei,ordalnsddry
ALow f l-ofwf c(it. e .
AMAiccuracy 99e@mches

, better resolution)

D. Mo d el Val i dati on

The si mpltiefviedd dhiaggh am of tihkei gslybsetBeeni oirse rgeop rneg
detail, t he medhslorwadse haivmwliratted usi ogh®&®MAWL &8
indicated, syst=éd peRehcsil®dC] ,arcacAi=MAat kbln. f Theg

i nput/ output transfer charn &dtgdiitiesithiic ishrowar rhio
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measur ed phashey ibsr esagaludneggt e@danges in flow rate:
testbench has been carryaatoditc tbiplece,thi wimti Mt &ar

[ 6.0]The I Bepgthetiaghstetmiinsut es; howeavemi niutt ewdrtr
purposes. The adbjeadtyi me acfuredi W@t a as aspertu
to demonstrate the desigaated factcuwvenelog im t

guantizati erRtnacsed/ Mheonstructed nehmawhi zed
Figb&e it hs spectra. It iodgeatae tgBRpoavst t e bdbr ean
(BR18 per minute).

Breadboard
(Drivers, Switches etc.)

3

e B )

______________________________________________

Figafe High | evel overview: realization of the proposed
withing the PSoC.
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Max change in phase & _ _ with Phase Change Between Tx/Rx and Rx/Tx in

respect to angle ¢ (@ Vmax:1om"3) ultrasound-base due to tidal breathing patterns

90 50
80 40 ——wi/o cos (#) effect
| b _
70 30F -@-w/ cos (#) effect
| Oc 156](0=45°)=64.68°
60 | : 20
550 — 10} .
= | L Dynamic
2 40 2 0 Range
30 I ok
20 -20
| @t
10 | -30
0 -40 . . . . )
0 20 40 60 80 100 0 2 4 6 8 10
o
(") v, (mis)

(a) (b)
gadMaxi mum phase that can bdleth)evaeaed whahberagpéeatstt o
i ght)

The modul ated phase is centered around zero.

Respiratory
signal

(Unitless)

Respiratory
2-yrs, 12-kg
o o
=2} (==}

oS
=
T
o
™
T

Normalized |[Mag|
[ =]
{=2}
T

0.2r

o
'S
T

01F

error g

02F

Normalized

I

-0.1

1] 0.2 04 0.6 0.8 1 0 0.5 1 1.5 2 25

Time (minute) Frequency (Hz)
(a) ()
FigaPReconstructed respiratory signals: (a) I nput (bl ac
The corresponding frequency spectra of the extracted re
which is approxtenat®BRYy. the breath ra

| Vr oPolmglpement ati on
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The wultrasonic fl ow semsuare Rhacgkrdormdeptpr o lod vy
components i nmpl emdnt at itdin sar e: 1) Tpvroi MtOe dk H z
housing, 3) paerPiSphCe rcahlisg nadin)dvibmr esa,d b®)arAln ASL500
machi mgpeenfeoarati on of breathing partrdfeemesnces) Aan

External componentdsr,i vienrcsl ufdoirngt:heMQS FtEFETasoni ¢ t
restaonrds a quartz crystal for URL2Z4-UTKRhd r 40 IPHZ
Audi o, | nc. anad ei tgshiomypplee i f i cati ons

TABE 2

Transducer Specifications

Parameter Value/Unit
Maximum nput voltage 30 Vims
Capacifance 2100 = 20% pF
Sensitivity (0dB=1V/BAR) -65 dB
Bandpass Frequency 40 kHz = 1 kHz
Operation Temperature -20 —» +70 °C

Tab2Z eUltrasonic Transducer Specification

The sensor incorporatesetntseorf dlulbeewiwvig hmaiwo IO
a Progr &mmoblritei p (PSoC) cCegpgbeePRP Be@mcpnduat c
breadboard, and a Tee& BEeCr é@trt a\io mp QBrBaideexs s or .
To better pdrocoediev eo pEehrgait®h eodhstemet sel ectri cal cir
includi ngwlRiHoé&y ugiadrtitrusmtne si ntui ti ve timtaegmddiaagr
waveforms at each-bnpules e Tvhied tfh r mdFd ugl eBtaolnps ( P'W
PSoC arlkky dan v&Wh MHz cl ock and st abiylsitzadd ods iliBd
The 40 kHz and FPulfsrromitgmal BWMS eageanredian ¢ dt o

"O0O6ai FOOHOQ ONo6aiONdai Q 20

wher e,
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01 M0d Oono6aiQonoai Q 21

Whil e using one 40kHz squatrwo WoWM ds tagl ksaoh gw oar hke, i

product nr ddwmletrs contr ol over theopnpmal phaset e
linearity bet wedmntglees .i VWYt @n dipdredt powigy Xhadie ,
an®¥Y®d cO are gener athd lufee @e ff It tcelwif § MAS p EtFos
0 @ shown glurcEhoeeut put of "Y¥® pd minWéYrids ¢ sii .gen.a,l s, ar e
converted to acoustic beamslthasogihc tWwavdasvop

pi ezodlremntsrdiuccnea cge |dehl Jdbse
60 00¢& Q | 00 Qg O - 22

wherle]l n,amde transducer dAe piesn dtelne waavies matthgelr ist:
angul ar r es omfantchee fprieeqzuoeeniceyct r i c¢erAaApPsStd Yy, cer (i
and t i's timenanjdhaeatepbar amei e € al constants t|
exper iSmennctes .t hi sntvemrdke di § omotmoideloif ndg hetsleeiprar axm

would not be necessary.
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|

Trxan J“Il”" ”Il”ul
=S

- S D= UVUUTUULUULUT
Do s S S—

16-Bat

Toveon ]
o PWM_Gate
Tex1p

TOF;

TOF»

16-Bit PWMa,

clk .
o Z Window [ )

OVF PWMg,

() (@)
FigaB@i rcuitry details of the architecture: al |l circuit
hi ghl i ghteecd ainglreed a) Generate driving pulses (b) Inter
driving signals (c) Off chi-@l MOISFIETG idmti ecefracé dan®@®nTOR i q

This impocsersstrai ni mphembat at a oshwictdchhee sMDa0r1ed Ou
protection to prtev drmte &Ry I mipguh vaarptlagetelresr dur
side of the sensor opesr atriamms, attheed e Cdlope hapcdda ursitcia

Ywg )t hr dthggh t r ans dukiegl gda)nihgplneTihne elee st mincsalo f
acoustic beams ar e weParko garnadmnmaabviee | goan na nepnhpi Itiufdi

to ampopi agd¥wg signal s axp,ording to (
8 p YO YD 23

The PGA is configuredmaodoe . gplehmeaties iardj muenhiemyv dryt
val ues( foedfe dRbFaRcPk ) ( paontde nt i o met Eir g Ut Bgaes) hiel IRUFs trraant geeo
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bet weetno 2988n0d Mthe anges beatoweldn k20 To achi eve a

rati o ofseateYsDsttaX¥ & . i S
TRX-Com:ml J - -I
ovE 4 .
Foue J | J

Fo. JUULUUUUUULUUUUUULUUL . U UL UL UL
TR}CIP | |||||| ||I e

TRX—EP ..—II_|I_||_|I_||_|I
TRX-IN 7 ...J U LI I—I |—| I—I
PWMs; | I_:::J .
PWMs | | 1 |
Z‘.V—in I_l |_|
Threshold
Threshold
R_Xg § ENEN. . HENA
! TOF
‘ ewemeerrmmeereeeeemmeenreees TOs e, .ﬁ
Capt, :

o I ]

Figad&®i ming diagram intermediate waveforms of arc

The bandwi dth for thissugfafiinciceanste fiosr 2t1hS sk Hazp pw
PGA, a hard decisioni melremecnrtoesds.r e Hleedea it od |

comparmaX®®P s( set -thr pudgdt lwdlfl abl BEhe@os &@mp li iomeg t wir
Ow "Meis adjusted ttowoldomplinyg Wlotnkditthen in (

Ow M pcgY 24
where T is the LSB of zzlkeoTb€CosByndgoisgcoesaoasid
captur@hipsl pemlvieqquisty in measureméhow pmpli da

does not resulitn ienx cae spsh aosfe hcahl an gteh €T hped reirad | @fn
of each transmit/recfelivwe clhanptl gaBewn nidi cat ed
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Initialize
Counters/PWM
PGA’s

Enable mterrupt

Y

Take TOF Difference _ | Transmit Ultrasound beam
Stream/Record Data Start Counting

Switch Rx/Tx sides Becord Counter Value

T Yes

Figdadbhe FIl ow chart of flow tracking in one

OVF
Interrupt

On the other desideti Emvaenhdpe hreshol ding makes
i naccur at e, as this met hod npdpeanmnudss hweha wihl w aan
ti me, and betDuefefne rternacnessd ubceetrwseeen traasfiticerent

and efficiency al amaf f & at eieh H cawegoeesrtv ecdo nwarvieb u t

vari@acecwms while fl owratesefveahg fhutdmear Thien
the del i emergy wawve t hus, recei vadcsameml, iemwveeé op’
detector i 49 hreemdavsdbiroawght to the center of t

zero crossings are consi dbeertewde e rzcGewiiothgd tclae &
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the hystéoesdaryppaerthe threshods thrgudc toneagyv,aer an
energy is sufficiamplitadheg wihlaln g onien anefaesaitr etnhe

vasitrhp)r ovi ng ac c uzreaccoyo sosviernr gmtethhér oaadsono | d

V.xkEeri Measat ements

A series of test bemharhaesctheveipze fcommdaicd e doft ot he
sensor pr atl otnyepa,simgt mn ASL5000 Sreewdor |ILdu nugs €S i

conditions with human beings.

A. Experi mental Testbenches

The experimental Ft gbf eFlee(ubieMdEts asrhd wMo ii snt ur e E x
utilizedhumidetguprem the bare tr &hs\Walcteg sr.anlg
The
i nput towatnpdter cuFveglLé@asThbhownesaudet os286wemH?2
using a commeiI@i GRECAMpEeakti forni a, USA) CPAP

showsgoedyl i nearity compar ed Maxyeéerei mernftesr ema e

PC is usedpo®t psrtodihees sdintgat foest bench i s

carried out and dgtheaebidleivti y eu rscheorWw sdgif&fdedr wesn tt hcroene
casoefs remégnal s including a cassyendofomad | (IAtRDISg s
extracted si gral st heer eASde&mdr0atledng emul at or m
pneumot ach. The reliabilitysamkamepedt amidleirt
scenari os and thet prethsoOmédsi Mfg |laverEcadg@adEeiTheer )
objecFig@fdsnto examine the semseopal funput osalbi
step responsehoWwhit diie@ &dres drn mes responswith in
the commercially Fawdifleddidmopattuamoeachow t he ti
randosmi d€als can be trackedessocessfully by t
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........................................................................

Reference:

T ; Pneumotach
Lung Simulator : GUL !
| Ultrasound

: Regpj_[atgry e !

| oSl Agilent Mixed Signal | |

 Heat and Moisture ] Oscilloscope |

iExchangers (HME) 4 :

Sorensen DC

' Power Supply |

Ultrasound
"#rmnmu TV Sensor
Pneum otach

(b)

FigadaBe Test setdHardwamge amai(fd)component s.
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Calibrated Pneumotach vs. Ultrasonic Flow Sesnor
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| Subject#1: Adult Normal

—Proposed: Ultrasound ——Ref: Pneumotach

o
(&

Flow Rate Q (L/s)
o

Time (minutes)

(a)

04r | Subject#2: Adult SA
- 0.2F
e} Sleep apnea episode ;
% 0 s e
14
z
o
Y02t

_0-4 | 1 1 1 | 1 1 1 |

0 1 2 3 4 5 6 7 8 9
Time (minutes)
| Subject#3: ARDS |
04r

o
381
T

Flow Rate Q (L/s)
[=]

\

o

[
T

1 1 | | | 1 1 1
0 0.5 1 1.5 2 25 3 3.5 4 4.5
Time (minutes)

(©)

FigaBEexperi ment al results of respiratory signs extracted witdt
nor mal (b) Adult: sleep apnea (c) Adult: ARDS.
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The @aQHF ot o the tfYO@Bvmehsogedi me no flow condi't

Y'Y( "OY0 "G U ViéeéodEQ ¢ 620 i £080Q 27

Expre2¥%ios (sed to esti maetseo Ituhtei onne.e dFeodr m enasstuarne

fl ow rate aadicwdmtreals gdiorrat ory f | ow ovelldc intny i osf
aboluti Q¢=00Bss Thereforequa2¥®ontdiing rmioni mum fl ow
prodaVt ©6 v al u¥l Gl 0R2b ;mst, proefi ew thaWwéldhieng ¢t i
=87¢s5 (f@r=30 mmil) ( Therefore, to acpricewoesad

ultrasonic flow sensmeasuse¢ HEMBEDVvmume atcar a
nsvhi chomfsortably met in this sbmrseensiTheveemns
detect respiratotrhye srceallaet ifolnoswhirpa tbeest, weaennd f | ow
iselatively Ilinear. By shoepggcaittimnyg itmeosansion
cost of thegrseatloyT acbBlgial dmdrei zes t he pewiftolr manc
t hset mfag t. Recentl y, pamedranfitoewse stthien gu trielviiteyw of o
in flowdmeasurembasefdorapipghidwegd a do ailsn.silght and ¢
for the somecbfetheheetéenenBash techdiflUesentr

applications.

C. Nonli#fheari Cyompfensati on

39



To mitigate the possible nowiltimetame t yeasnt fVMee
(LMS) al gortihtibsm ciasd cwsdead,es t he coefdd Bigunte of

20A1 t hough, in theory, TDE)ulsrbasoprac!|l yranespor
rate or ofettivdeallo cbirteyat hi ng, theretihe @ompoiniemt
in PSoC, signal c oinrdti d ri foamd engy ke trweaiart rgl, e @atnrdi ¢
Unlt ke commercially avail abl esepseumaobtcaatnh nbdea v i

compensated fompaprlryt ianeoecea llinbrtaltiison haa been
cali brated pneumotach ascampatéresontetfon.aThe
a portabl e povefdfi fco-redank Itahkwwio t rack/ pwiedhct S

accuracy that meets gl obal heal th authorities

Tab ePerformance compari son

TABLE 3
PERFORMANCECOMPARISON

Par ameter
Archit Digit NI Resol PIZF P EF ®T e mp
Approac
Vari ¢ (%) (L/ s (L/ s (L/ s Effec
This YUltrasoni Time < 5 0.03 0.BN0O 1.9 Calibr
[1 Peunmot. Vol ti NR 0.°1 NR NR Uncali
3] MEMS Cape: N/ A NR NR NR NR NR
[4] MEM®Resi s N/ A NR N R NR NR Calibr
[5] MEM®Resi s N/ A NR N R NR NR Calibr
[6] MEMS Cape Ti me 1 N R N R NR NR
[7 Piezores N/ A N R N R ~ 0.« 0.1 Calibr
[8] RADAR N/ A 1.1 N R NR NR Uncali
[9] Ultrasoni Volti> 11 0.191.27N1.62NUncali
[1 p* * Ultrasoni Vol t 9 N R NR NR Uncali
29 Ultrasoni Volti ~ 3 N R 1.6 2 Calibr
[32]|]Ultrasoni Volti 20 0.05 N R 1.4 Calibr

INL (%): Nonlinearity

2P|F (L/s): PeakinspiratoryFlow

SPEF (L/s): RakExpiratory Flow Rate

“FFT: Fast Fourier Transform

’NR: Not Reported.
5Typical for FOT approach but not reported in this article.
* Average
** Doppler: frequencyshift and using nowontact chest methodology instead of@upling flow.
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To calculate the inverse ¢ 0 mppennesuanoitoanc hc oiesf fu sc

reference. Afhteerererloirmibneattwenegn t h ea nada Itihber arteefde ri
pneumot ach, t hr ou gthh et-lhnemreLavtS aail sgtoari ttihaom of t he
sensore ccaamncel |l ed. Assamiehtgpfabeundt past fl ow
wE D o Qmns | Q0 Q¢ 28
whelir @0) ar el itrheearnodni st ortion coefficients. Af
out put i s:

WE Q o Qe 29
wheoweéQare the inverse coefficients. For instani
and third order d@pPstortion are shown in (

@p pl p ho g 30

' ¢ | po0 hoo ¢ po | pl o | puv

Il n t hiiss9 .seAsupadegrcaeditermtl gor i t hm, the procedur e
power series can be described as foll ows:

L WE WP E WG E € Qe Y 31

T Vp & VLG & VLo & VT & 8 0 Q¢ Y 32

¢ L 45 Q0 Qo0QE 33

¢ o g2 o L s 34
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whe¥eés the ifFpest tmat cioxef fecegahd( ajad rti ixe amudt p
error and referendePieg Males LrMSs md o § delhyn (r un s

reaches i1its small estdevsadeunet. miectchoordd,i ntgh et oc ogerfafdii
function is obtained as:
w Q¢ p w Q¢ Az Q¢ 2 0 Q 35

whegies the updating step size.

D. FOT Test bed

To test the sensorods cdadpathinliiqtuye YiFddn) Bacreoaad i
setup i sasdeivlell bsptgig wehde i mpeaker | sarmglnicfei @mr i wre
di fferent swing | evvedlst.agleh ei nmatxhinsu ns edtru pviingg 1
can @acsikl wp the aadeditiec bhdemE§pFakelrt adses gbes
200 mV, the senhber FOBHiIi Wavef bomt backhmes intore a
needs sophisticated signabhr@rpoesprongesgéae p3

average filter
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VI on€l usi on

I n this paper, a respirattoor y0O.fd 30 wL /sse nissorp rwa st et
was designthlperbaxced!| @n of ultrasonicig®cHdhdor eéctah
digitized, augmented dgnvaernuelrt,i bwhi cthi ngei sttoi nd
exi sting Tahpep rpracphesed design i s compracst amadn
health applications.
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Abstract

I n this papérci ant a€Ck@S integrated solution
presentedn Phe nicopke is | everaged for its hig
information about the airwagd, Osbrbubghi eni Mmat
modul ated pressure &aTmwhvielrowdsibygnal xuade ad awmr
passi vifi msxerecei ver. Il n addition to its | ine:¢
at demorent ate &llieker noise contributions. T
fabricatmdT$MC Ot d8hnol ogy. The chip occupies
(including buffers anaN.pdhs) pamepodiesisiapptreosac4é
tracking of respiratory mechanics and is expe

monitori red ferrd ivestbi omedi cal devi ces.

| ntlroducti on

Di agnosi s, treatment, and monitor itnegr no fwerlelsbpeir
of those suffering. Among such disorders incl
di sorders rel ated J9t6d |[Measams aty ofes@OVIaDory i m
di agnosing and monitor i[negp bsiuydRre spes pit oatyoriynpe

mechanical quantity, defined as the ratio of |
composed of uvokhadageeapectctively. Met hods for
i ncl ude s onbeasteidmea pspearoiaecsh e s ; the identificatdi

sqguar es [®18g/oOrfWhhime ot hers use a fr equkeingcwr a o m:
22 This Whaegdemetyhod used to track respirator
Oscill ation Technique a.k.a. Oscillometry).
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Pressure
Fourier | Impedance
Flow analysis

Traditional treatment:
<\ L Bulky system
L Labor intensive and requires hospitalization

Figalke Extraction of the patientds | ung mec

Il ntroduced in 1P5B]HYT DuwtBoliiszeest aalp.ressure si
(di spl acement) respon.seTyopfi ctaHd yr e g fhii rsa tporroyc es
speaker or modul ated fan, at high fampllowedelsy
pressure and flow sensing, to capture the f
respectivel y. The <calcul ated resistance (rea
(i maginary part of respi rnadt ofrlyow nspiegdnaanicse ) q b todf
provide information .&#bg&édroaevspitrhat caroyncraed uadi
respiratodyt sggsappr maaanch of extracting respira

noinnvasive nature, it can be continuously appl
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Stimulation
( 2 o
777777777777777 % — E’; c —
Zs L . 8 ol % Z—f(Y,t)
3l € P o
el | Z| 9
&R 2 el a
,,,,,,,,,,,,,,, 7))
\ & @
Recording O-
Lung J
FigasBMoti vation: Conceptual diagram of the respiratory
i mpedance, Z. The pressure emulates the voltage while
|l ndustry efforts for l ong term monitord,ng of
highlight the desire fod naasnineatandzédw Eom
mechanics sensor. The <cruci al task, therefore

magni tude[ &2 Hdwhpihlaess emai nt ai ni ng an appropriate

consuming |l ess power and c onmpdulitpaptoirctnsa It hree si oduera
frequency oscillometry for continuous wuse is
Pressur e ( PAP)medcehvawn@etdaild md oatsherTheref ore, to
FOT frequency is increased to shrink required
power, (i.e., |l onger battery I|ife), and | ess I
in the face of a breathing noise floor, as SN
end, this articl dadenhondstnrgatienspeala@®e©®S extract
i mpl emenitns aamp loictki er ( L-¢ rAd tacn ehait rmpnead aongc & rfornot m
FOT signal, as it is buried under breathing n:
a background overview is presented. Section |
the system arphihecpubeeofandpéehati on, foll owed
Section IV. Finally, this paper is concluded i

49



| Over vi ew

ABackground Revi ew

One of FOTO6s wuses is to distinguish between o
from sleep apnef66]. To treat obstructive sleep apnea and minimize recurrence of symptoms,
continuous positive airway pressure (CPAP) was develpfiddMoreover, the usage of a higher
frequency lower amplitude oscillometry on a simple nonineasentilator such as CPAP was

shown in an experimental stufiy4]. Theoretically,h e pati ent 6 s @@r,eaay i mp ¢
be modelled as a tirmearying complex quantity involving a real resistive componafitand

imaginary reactive componermd, as in 86).

~

IR °I 36

where the reactive component comprises the elastance and inertance of the lung. By probing the
airway with a low frequency (infrasound) sinusoid and measuring perturbations in the phase and
amplitude of pressure and flow weferms, one can reveal changes in the complex airway
impedance. The ratio of pressure v and flow™@ b is equal to the impedance seen by the

wave source.

@ o 0] O 37

This time varying impedance has been shown to have diagnostic qualities when checking a
patientds |l ungs and overal/l airway health in
disease (COPD). This kind of application also drives the need for diffgnees of respiratory

tracking sensors. As a resulsslicon-based respiratory sensd&8], [32] and phase detection
technique$34], [35] havebeen reported. These approaches are promising for improving detection

of sleep apnea, as semiconductor foundry technology is scaling down.
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Bl mpedance Calculation (Lung Mechanics)

The typical method for calculating impedance (Z) is done using thelermgtio of the Fast

Fourier Transform (FFT) of sampl&dandF data:

®QQ  oolre 00D 38

whereQ 'Q is the corresponding frequency bin of the FFT operation. The real and imaginary parts of

Z(Y'QQ and®d™QQ ) (39 and ¢0), respectively,

YQQ Y@HQQ Np Q 0 39

&0 ¢ Q oY®NQQ nNp Q0 4.0

where] as the sampling interval, and N is the number of points per interval. How#&isenot

only a function of frequency but also a function of time. To represent the complex information
over time, the Short Time Fourier Transform (STFT) is used. The STéfferdtively a sliding
window FFT which, unlike the regular Fourier transform, contains phase as well as amplitude
information. This works by using a higipeed, highresolution ADC to capture time series data,

which is then processed to yieddQ 'Q  8The simpling interval then changes in time, and impedance

is found for the next overlapping time interval, yieldigQ Q o 8

CSynchroniomsChaocé&pt

Although LIAs are widely used as laboratory equipment, few applicapecific integrated
implementations can be found in the literature for portable biomedical applicft@ing73].
Lock-In Amplifiers [74]i [78] employ homodyne mixing, falwed by low pass filtering to extract
phase and magnitude information from a specific spectral component of abawwdet], noisy
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signal, even when the SNR of the information is considerably poor. This technique is used in many
sensitive scientific experiemts where extraction of data is not possible without it. The lock in

technique can be described by the following principle:

®000Q mMYO pi Q& QN p 06 ¢i QEQ N ¢ QO 41

w 0 06Q 06D pcdp dHgAin p 1 ¢ nD"Q 4 2
pAC"Y
The input signal i's represented as purely sin

input by a reference sinusoid (Edr), to shift half of the resulting signal power (in the frequency

domain)to@Q "Q)andtheotherhalftdd Q) by the sum difference pl
44,45 & 46. If the chosen mixing frequency exactly matches the input frequency, the signal power

is shifted to DC and™Q The integration from 0 to T (Eq#Al) represents the low padiltering

function of the LIA, which averages tltgQcomponent (and out of band noise) of the signal to

zero. The resulting DC amplitude is determined by the amplitude of the two signals and the phase

angle between them (Ed2). Because the signals may not be exactly in phase, due to signal path
phase addition, and introduced phase addition from the measurément,is not expected to equal

n ¢ .However, to getthe full picture of the measured sinugoid, is chosen at two values, separated

by “ ¢ . This results in two DC values, first the-phase (I) measurement and second, the
guadraturgphase measurement (Q). These two values can be plotiezbmplex Cartesian plane

which results in the magnitude and relative phase angle of the measured signal. The power of the
LIA lies in its ability to precisely single out the frequency of interest, (as the input and reference
sinusoids are generated lhetsame source), and to have its effective filtering bandwidth quality

factor, scale with averaging time. This kind of measuring system can be applied to forced
oscillation technigue (FOT) in the monitoring of mechanical systems such as airway impedance.
When | ow frequencies <100Hz and infrasound ar e
breathing, at amplitudes low enough not to be detected by the patient, the pressure and flow signals
generated will be buried under noise. By using the-lndkchnique, one can ensure extraction of

lung and airway impedance despite this noise. To intuitively compare the typical structure of
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extracting a single tone from a noisy environment compared to thélackplifier, let us consider
this next case. Asste there is an FOT signal at 17 Hz. A good-eise amplifier (LNA) will
have abour®d @ "Od of voltage noise spectral density, 0 "Y'QIf this LNA has a bandwidth (BW)
of 100 Hz and gain of £0then the noise signat{ £ ) in the pass band can biegn as:

@é& @0'YO 0w "O0'Qf 43

Wherew & is the root mean square of the noise. There will be not much luck measuring the output

signal,w i ,unless we single out the frequency of interest which is at 17 Hz. If we follow the LNA
with a band pass filter (BPF) with a quality factog,d®50, (inSTFT case @=21.5 ~ 22) centered

at 17 Hz, Any signal within a bandwidth of 0.34 Hz }JO& 0 "O ) will be detected. The noise in the

filter pass band according t44) will limit the SNR to ~ 2.2 at 1mV of input signal. On the other
side, the LIA can detect the signal at 17 Hz with a bandwidth as narrow as 0.1 Hz and lower. In
this case, the noise in thetdction bandwidth will be much less, and an accurate measurement of
the signal is possible. The SNR with respect to the input signal level is shdwgure24. The

LIA overcomes the typical LNA+BPF topologyhe contribution of this paper is on this frontier.
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Figad®ehe efficiency of extorting weak signals fthem a
guality factor of the bandpass filter.

| 1Ar c hi toetchPeuapedAp e ll i eSaé ¢ Boliuct i on

ASystem Level

The toplevel system architecture 1 is shownFigure 25. Clock signals used for mixing are
generated by the phase generatofFigure 29(a). The input clock signal is generated by a
microcontroller (MCU) off chip. This clock signal is 4x the FOT frequency to allow the phase

generator the ability to create the rowverlapping pases (0, 90, 180, 270). The FOT signal is

generated by the same MCU, using the same interrupt timer to ensure the signals are phase locked.

The sc are v ve FOT (CLK/4) is then filtered to produce a sine wave. This FOT sine is then
passea through an ampdif and sent to the speaker which generates the mechanical signals.
Pressure and Flow signals from the mechanical trasnducers enter thenfi@itthe mixers. After

the mixers, the down converted Pressure and Flow signals are amplified by the chbdzedsta
folded cascode amplifier and low pass filtered via thelsetiz filters before exiting the chip
through buffers. All bandwidth and gain controls are handled by the MCU in software. The down
converted and filtered outputs are collected by an ARPEB connections to a PSoC device and
processed in MATLAB using equationdd)(& 50) to obtain impedance. To understand the
functionality of the system mathematically, let us recall the-difference identity:

i QK" Q0 6 i QK" Q00 "B PG Qo  ¢Q 44
QO ®éi¢t Q0 Q00 Yo 45
¢Q  ©fic" Q0 Q00 Yo 46

no

wher @0t he the frequency of QW8 "Y :ictomé nfgr @q esBUY

reference signal, respectively (assuming that

clafdiQoar,efers to the diffegiQemrderesf tfor & hiee maime o

according to the trigonometric identity. | f
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B Q mw we detomplo@ent of the pressure signal i

component. The hamplei haddés thfe whioduct of the ¢t
tdb( | f there plsase QdinfEf 8r e ¢@&,Y, bet ween the t wc
wibd reflected as an ampeompadreidi dbpd&bnendafie

the four channels are theoretically ‘+rdénativel
channel s, e.g., t Peeactannneellc bohf rienaal B ippradrdys wphree <
prestsruaresducer delivers the pressure and fl ow

Ke(unit: VdnKeMHRIOY) ), Wr/gslpesot)i vely, the output ¢
obtained by integrating the amplifg&d pnixed s

YQ pYTMYB & @i Qobo Qo 47

C2

VAQ p YYD & & Q8 WO Qo 48

C

whered 'YQand0d "Od "Care the ipphase and quadrature voltages respectivelydQ). Tis the period
of FOTreference signaky i ‘Qand @ "Qd& "Gire the real part and the imaginary part of the reference

signal, respectively) 0 is the pressure input signal (modulated by lung imped@hde be

demodulated, andy is the gain of the amplifier.

By mappl YQahbé&@adrom capdlesi,anthe® phase and mac

o 0 0 'Y'Qg 0 04 '@ 49

— 0 ohE p 0 0OAQDYQ 50

By extracting the pressure vectords® 0 0 Q Q-0 and in the same way, the flow
vector 'O @ 0 "0 Q'Q-"0 , the timedependent lung impedance can be represented as

the ratio of both0 ® O

G 060 060 Q00 —0 51
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Z gains its time dependance from the amplitude and phase angles of pressure and flow. In other

words, by computing the relative angles and magnitudes oftbdih and™Qdhd , the lung

impedance can be extracted in real time.

On chip C
Channel#4 {Img} [+ PRH
TR | =
(( chzﬁ%ﬁg} N Pre-
( Channel#1 {Re} )
0 5 ) o)
c
,,,,,,, B leg+ .(7)
E Pressure + + = leg— m
% Voul LPF [uss| |8 8
= o
< Phases generator E S
8 il % Frer o
8 R . s T<0:2 = Fre LB
o 90° Vimg|— < 0
=2 DKo _ - U
2 5 180° Vie — | Encoder I 5 Coder W, (@)
2 270° Vimg [\ ¥ ¥ )J 0 Fimg+ D‘
BPGA<0:1> BPBW <0:1> =0 F
= £ =z ¥ z & = ¥ e
Biasing Current mirroring
Irer = 250 NA
FigabRystem | evel architecture
BModel Verification
To examine the functionality of the proposed

model ed CSMATUWIABN k) as a demonstration. The m
beat hing signals and with a hybrid testbench,

breathing cases, amplitudes, noi se | evel s, S |
out put i mpedance is then compareadstprobessegd
reference. The fresaoatitwintad e nsognlss-erbafttec aé ncayr eand

fl uct uraitgizadBndsows t he experiment to verify the &
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Test of Modeling for:

I
GU 1- SFTF
2- LIA
e
&= differentia
& Pneumotach
DAQ "
1 Amplifier
i JY 2
Sgnd | Hezat and Moist
an oisture
Generator Exchangers (HME)
vV
AMP s HME 8
> =
o>
CPAP
Machine
Fi g2@bkehe moaexpemigment verificati on. bAene ne xctaernrsiievde ohuytb riind
of the modeling and compared to the conventional SFTT |
Cl mpl ementation Details

The toplevel system is built im-well 0.18um CMOS process (1 poly and 6 metal layers). The
pin-to-pin design is presentad Figure 27. The davn-conversion operation is achieved using
square wave pulse trains instead of pure sinusoids as depic¢ignire29(b). The square waves

which drivethe mixer inputs, can be described by the Fourier series in the following equation:

AW “Q ¢ pHbcgcéE OV EQD 52
WE (&g — ¢* & Y00 Y
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Where the mixer inputw & 'Qad is governed by its duty cycl® (Q < % for four nor

overlapping phases) ard- where— 0, “ ¢ h“h ¢ ¢ for the phases (0, 90, 180, 270)

respectivel y. Each mixer i nput tak®s$ Qandvo pul
Wi Q ,whichcorresponds to O and 180 respectively,
® Q& "Gand w Q& "Q or 90 & 270 degrees. Thus, the modulaged pressure and flow

signals are mixed by quadrature voltage commutating passive-finstaeceivers, usinghese

complimentary pulse trains in four channels: real pressurei (), imaginary pressure

(0 Q& "Q real flow ('O Q), and imaginary flow {0 "Qa "Q® In addition to its linearity, and

unlike the Gilbert cell, the passive mixfinst [76] can be biased at zedt current to alleviate

flicker noise contributios. Since the mixer input impedance is sigiebendent, a buffer is

inserted between the mixer and the pressure transducer (at the PCB level) to provide isolation. The

mi xer is followed by a programmabl e gaian ampl

pair of chopping switches so that the contributiorLbinoise, and or dc offsets (mainly by the

PGA foldedcascode amplifier) can be mitigated. The low pass filtering of eachinoc#ll is

performed by a capacitive multiplier structure to reduca amsumption while maintaining a

subHertz cutoff frequency. Another advantage of this implementation is the minimum use of

circuitry due to square wave demodulation that can be achieved. The main disadvantage is that the

square wave waveform causes thieaduction of several harmonics in the reference signal. The

effect of these harmonics, with frequencies other than the required, are in great part mitigated by

the demodulation and averaging process. The parallel combination of & andO®d in Figure

27(a) sets the3dB point.

i YOO8 'Y QE p {i'Y D088 53
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Variable gain

assisted LPF
: + + C :_\— 0 P
| LPF | Virr |Av=1 * T Ret
: - - o—— + p——oPRe_
yy |
T E— i
Aspect ratios: |Passne mixer first | R ® . . L T7<02>
My 2My=06um/0.18 um ¥ g
Passive: Y
4 Coder
R, = 0.5 MQ Encoder v (a)
C=1pF %) i
BPGA <0:1> BPBW <0:1>
i Reoa !
VImO—EV—E-—E—OVouH
s s
Vint o Vout+
R; Ry
Passive: :
Ri234=3.5MQ!
Rs= 96 kQ
Rs= 256 kQ
R;= 536 kQ
Aspect ratios:
Mys (W/L) =0.3um /12 um (b)
My (W/L) =0.3um /6 um
Figav@ne chaomneali nsfi(ragt nriexceaei ver, chopped amplifier, an
programmabl e resi sstiohai me ailmlé endgi Aodr ditetmeRaRfitil stter af t er t h

chopping.

At low frequencies, the impedance of thpaeitorC is much higher thafy 0 "00, so thelcgain

is mainly set by the standard inverting formuladf 0 "06 Y "Q¢ . Asthe frequency increases the
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capacitoros i mpedance decreases reXddido®y t he

untl eventually at a high enough frequeng reduces to ~ zero. The advantage here is that the
circuits input impedance is now ju® E 1. With the components in the feedback circuit that
determines the corner frequency, the 0 "086 setpoint is unaffected by variations in source
impedance and théc gain can be adjusted independently of the corner frequency especially for
this low frequency application. Having a programmable gain for the amplifier offers an extra
functionality, as eme sensor outputs may be in the millivolt range, others can {zenpified (>
100 mVac) and could saturate the amplifier. Adding ¥n0 "06 network offers this kind of freedom.
The programmabléy O "0d network structure is shovimFigure27(b). The Equations governing the
forward and backward transfer characteristics 9f 0 "O0 are given, respectively, as
wEéEB6OWNE Yp Yg Yo YT s'Y vhpx and
W0t ®EOO Yo YT Yp Y¢ s'Yulply . Because of the
choice of resistance and S<0> being tied to both sides, the transfer characteristics are symmetrical,
Yo Y1 'Y p Y ¢ .The value of resistance féY vlplx can only take on
4 values,as the encoddrlock only keeps one switch active (or none) at once. Combined with
S<0>, this results in-Bit functionality, or ¢ ¢ gain permutations. This structure replaces the
resistor'Y 0 "00 in the feedback path of the amplifier. Changing its value would aleptak:
bandwidth behavior of the first lopass filter stage. It is favorable to ensure that the smallest value
of resistance from the network still offers a cutoff below the chopping frequency, this can be
achieved by tuning the value of C to keep te) 06 6 product belowthatop 7 & 'O for
the smallest value ofy 0 0. This can be applied, as long as those resistors are connected to
virtual ground, which simulates the proper operating condition of the programmable resistor
network. As indicated ifrigure28, the structure of the differential folde@scode implementation
is chosen as a singiage opamp that needs no special frequency compensation network which is

suitable for this low frequegapplication.
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0 U Qap YEOO 54
where the'Y £ 0 das the output impedance and it is derived as:
YEO6O0 "Qaoc Qaw i é0 1 ép si éu Qax 0 55
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The postlayout simulation results presenteBigure28(c&d) displays the gain programmability

and the transient simulation, respectively. One of the disadvantages of the feedback resistor
network is its normonotonic behavior. The results are notnpared to the best curve fitting in

this case, instead itods c opaapadue.€lke génerationrofenone x p e c |

overlapped reference phase is showirigure29a) and its timing diagram is shown kigure

29(b).
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The CLK input is four times higher than the FOT signal and is divided iprfahthe appropriate
mixing phasegrigure29(c&d) shows the digital encoder for programming the gain and bandwidth
respectively. This process is aogplished by changing the bit dihe to meet the signal
requirement. The current distribution network is showRigure29(e). To accomplish very low
cutoff frequencies (< 10 Hz), the requirB& product size needs to be very large as shown in

Figure30.
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Selection of R and C to achieve sub-Hz BW
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This may not be possible considering the small on chip capacitance values available in the CMOS
technology which limit the oxhip practical capacitor values to less tharpb0To combat this

issue, a capacitanultiplier based filter was used. Though nfiedl to consume less power, and
achieve a higher capacitive multiplication factor, it was adopted from the filter topology presented

by [79]. The configuration of this approach is showirigure31(a&b). The LPF transfer function
is derived as follows:

DEOOmQE GE tc YCb®cic dYé QR 56
P

wherew £ 66 s t he filterdsd PandopDétisthe RGA anmlifiess outpit vokage,
By comparing $8) to the standard form of the second order systefBInas:

"Oi wéE t¢ i ¢ —ti p tg S 7



wheret YO QR p 1 0Q6 and- p®whichisthedampingrato( p ¢— ). Thevalueof
eSSy ¢ @O MQMOQEDNE 1 dQ6¢ ¢@'Q gandthed 'Q 1] iscaloulaiedacoordingio(

6 QR 1 6 0 N po'YQ6 0Q 58

where’® pdg and0™QN 6dO, and is ~ 300 in this design topolodffigure31).
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The value of capacitors are as follows= 6 pF, Gs= 6 pF, Cc= 12 pF,andCp= 24 pF. Process
variations affecting capacitance and bandwidth were a major consideration. The four equivalent
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capacitors irFigure31 (a) are physically sgggered as shown Figure31(c), to prevent mismatch
between differential channels. The capacitor banks that are switch contrdfigdiie31(b), are
broken down furthein Figure31(d). Capacitors with subscripts 1 and 2 are in the signaMath
These are identical to capacitors with subscripts 3 & 4, which are i¥ith&gnal path. The

frequency response is presenieéFigure32 with the configurable bandwidth.
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The very last stage to capture the pressure and flow information, is the high impedance buffer.
There are four fully differential buffers for four chatmeélhe circuit is shown iRigure33. As an
applicationspecific low frequency environment, the commuoade detection is accomplished by
using passiveesistors as linear elements. While NMOS transistors are faster than PMOS, in this
circuit PMOShave been chosen for handling lower input swing as the speed is not a requirement
for the design. Also, PMOS is selected for the differential pairs sinceveill technology is

available.
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FigBd@hip microphotograph.
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The input phase and expected output phase m

measurement accuracy. The signalctwiotnh gseweeerpaa hol
pl aced on the flow input pin of the chip. Th
measure the phase drift of the input over ti me
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The raw and corrected phase measurements are shéigure36.
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The second method involves sweeping frequency above and below the mixing frequency, then
observing the filtered outpignals amplitude respons@&sgure37. demonstratethis principle,

where progressive increases i n -eefiversiohamflindutei ng t
frequency) cause time dependent variations in the filtered outputs. When the frequencies are

matchedFigure37(a), there is no vaation in time. Though with only 0.1Hz offsétigure37(b),
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the signal can be seen changing in response to the phase accumulation between the mixing
frequency and input frequency. This accumulation is very small compared to the period of FOT,
and therefore is only visible on the large time scale of the I&Qsmea e ment s . As eef
further, Figure 37(c&d), the frequency variations increase, and amplitude response sharply

declines.
LIA Input Fin = Fmix LIA Input Fin = Fmix + 0.1Hz LIA Input Fin = Fmix + 1Hz LIA Input Fin = Fmix + 10Hz
004 ~——Fmix (ref) =-==Input Input
H
Time (s) Time (s) Time (s) Time (s)
Iand Q for Finput = Fmix I and Q for Finput = Fmix + 0.1Hz I and Q for Finput = Fmix + 1Hz land Q for Finput = Fmix + 10Hz
01 - -
S 005 B
] 2
ER 2
£ o0s £
o 2 4 6 8 10 [ 2 4 6 8 10 2 4 6 8 10 0 2 4 6 8 0
Time (s) Time (s) Time (s) Time (s)
@ (®) © C)
Fi g87Ffrequency drifting measurements. -Aesnvéesioputréagqegq
the phase accumul ation can be seen by a |l ow frequency |
heavily suppressed.

In Figure 38, additional amplitudes are swept along with frequency to make visualizing the
response more intuitive. This results in a linear relationaBimmplitude varies at the down
conversion frequency, and a sharp4liaear decline in signal amplitude as the frequency is varied.

This normalized LIA response is shownFigure38.
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Power characterization is done by measuring t
the LDOGOGSs, i n series with each of the power
sampled, and their diffence to the supply voltage taken. The architecture system consumes ~
429.63 uW (including buffers). The breakdown of this power dissipation is indicefegure39.
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[ | Mixing + Amplification
[ JLPF
[ | Buffers

429.63 pW

Fi g8BBRower dissipation breakdown. Mixing and amplificat

and drivers consumes 380 Ow.

Further characterization is done by using ADSL500 lung simulator machine (to emulate the real
patient) with FOT, driving a speaker connected to the respiratory system and capturing the
resulting pressure and flow, AC coupling this signal to the chip, agasuaning the resulting
signals. The raw data collected by the LIA would be processed and evaluated in MATLAB, then
compared to the conventional STFT methodology. The impedance readimgR ( %)X () ¥ )

would be obtained iomHO/L/saccording to the followng ratio:

G @200 0D 60

where) 0 (incmHO)andy "O (inL/s) are the pressure and flow transfer gain of the system,
respectively. This gain can be different from transducer to transducer. In summary, the proposed
architecture functions as expected. It outputs the impedance infornmabportional tothe

amplitudeand phase of the frequency of interest.
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VConcl usi on

This work demonstrates the functionality of a silidmased solution to synchronously extract
parameters of lung mechanics. By leveraging the concept of homodyne down conversion, the
information of the phase and the amplitude of the stimulation frequency is obtained
instantaneously. The proposed ldokapproach is an area and power efficient solution and is
suitable for standard CMOS manufacturing. The obtained measurement resudty aremising,

making this sensor an alternative option to measure lung impedance, thus empowering the current
challenges of implementing portable integrated systems to offer affordable health monitoring
devices.
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+2 Goupling Imped BW Limit \ernier Invert Probe
DC 1M Ohm | L] _| ~p

Fi gdBZoomesdcoipne resul ts for tohfel iighhtt icpdn err.@tiiopry pend oacapt
(Envel ope detector trigger), green (zero crossing det e
envel ope)

The sensor was hooked up to a 3L syringe, an
oscill at ¢(Friygdpavthtit €erhn shows the function of t he
susceptible to speed of sound variatioonfand i

conceptr omaasndhgf,urt her dewel opment could occu
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from ATMega3B8p Sywdsnfgesied ot ®Ci hthwuoeg
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To i mprove

U pactvea ¢ h e atpgoe masmeall y z e
seconds of
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Received Pulse
Sent Pulse

Pulse Send & Receive
I

Volts

0 o
1 |
-2 0 2 4 6 8 10
Time (100's of microseconds) %104
Figbb@ne data set graphed in MATLAB for a send
3 Zero Crossing Measurement Locations of Recieved Waveform
Sr
3 =
25
2 L
2]
o 15
>
1 =
05F IRIEAA n-\mTw -w. Wy %‘-ﬂw H.H
L L L U L Zero Crossing Threshold
0r WK Lk Received Waveform
Measurement Locations
05 AL TTTTT |
0 0.2 0.4 0.6 0.8 1 1.2
Time (mS) x107% +
ocations.

FigbdWaveform phase capture
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To illustrate the -effl egtht ofmedsvsheaeamerithei ¢ i mak
reliabilitycralliiiobdtervees pl neted wi (Fh gtalBei r TD
WheFegb&ldows only one zero drigdssdngaylolfout he n
measurements pl otwietdh eo>xy ¢ hies siamemdasxxias e@cro nsdasmp |
Each-czeorsesi ng waaceft sem bDfoo rt hbee tstaemradJ svpilmsau atl h izsa
dattfagh4as constructkRradwttthaehemo s UGt @a esmani &

i's linear !l y pcrroopsosritnigo nlaolc attoi ozne.r o

Clock Cycles

|
N
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FigbPRhase measurements plotted-cowsessahget ogmoti oar Thre f
uncertainty is visible.
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FigbBMul ti ple phase measurements plotted for m4ltiple z
axis) in time the measurement is taken, the more uncer:t

- Standard Deviation of Phase vs Time of Measurement

50

Standard Deviation of
Phase Data (nS)
B P
o (&)}

w
(3]
T

30

—*%— STD of Data
Linear Fit

2 5 L Il 1 1 1 | 1 1 1 ]
300 350 400 450 500 550 600 650 700 750 800

Time of Measurement (uS)

gbARata from multi-ptessnsganaes pfotzeed for their wvar
ot demoobetamatksnthe pattern that exists.

Fi
Pl
Thel ock signal fanedqg ureepshuglstdiemagc a siméimaeiaohy r el a
ti memeafsur(EmghbBir€hulat er detections of phase shoc
det ecltn otntsiass eapé,anati on f orth&CiUs Mipdrem oaonretnroml
clock has had marte tpihmes et eraoaowsmuwund t he vari:
This meant t hactr otsask ingg melheswaeantetnd r stolomheersiea t e
measurements exposehea ofl atitai otbh itrse aviighge htach € em ¢ ia s @
fregqeuy gebgyrasiong a phase | ocked | oopThinsconj
i mprdo Weepvar ttsh esand (PPT) devi attioonnl yi paa ffteswg u e
pemi | I(iP®@®m™Mhi ch dramatically i mpr ovWidt hu npceerrstiasitnet
on, we can see how ther phaiseg cterit@gent yi ©f vd ht
8MHz coycitlaFag®abein
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CPul se Repetition Rate

Pul se repetition rate determines At tha grha siamyprm i
rate is desirable tdhreegpailse mhiegplkrtie¢s @lnutriad re
transdudoewni meng since the transmitter and rec
ultrasonic pul se. Letting the transmitter roi
transmi phadepahsethe next received pul se phas
ordems of Thi s means the highebyt tshimgslcwggsldyr e
samples perheeglhndhi s frequency ipastmomMgqtuhan
breathingAsigmadtst empt t o i ncrphasse tphulss essa mpd ri
after each transmit sequuaerceycWwksre 18 0f elw ge ete
drivinwempalmeant td adejseelry gd@kcgh? e
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Current Mean Min Max Std Dev Count Measure Current Mean Min Max Std Dev Count
3BkHz 40.891kHz 38kHz 45kHz 1.8800kHz 6.392k (1) 42kHz 41.051kHz 38kHz 45kHz 1.7224kHz 622
Pk-Pk(1]: 1.39V 1.2510v 90mV 1.42v 115.86mV  6.421k -Pk(1) 1.20v 1.1975v 1.17v 1.22v 9.6136mV 622

Figobe Ful | Léhgfh) PuRsducehaga ldrei wiind singn al (Right)

Measure Current ﬂ'\ean Min Max Std Dev Count Measure Current a V M Std Dev Count
Freg(1): 244Hz 11.872kHz 216Hz 53,200kHz 17,327kHz 1,082k | |Freq(l) No edges 28.748kHz 23%Hz 3.200kHz 15.990kHz 441
Pk-Pk(1 ) 1.50V 1. 1?"5# 160mV 1.53V 413.24mV  4.284k Pk-Pki{1}): 1.27V 723.34mV  160mV l 28V 508.88mV 1.223k

FigbiZRegul ar puksée)tranhi phase supplemented pulse trair

Thougiphastei pul sing did reduce the total power
it did not have a posaittitwhwe efefcectveon thomgdown
tnamitter is also unaf€Cercgiedlerninng erims torf ams®mit
guesti on, seeing the effect on this transduce
effectphoafseanptuil si ng, thougl @Bhids fiveulkdt!| imeakw
such as an optical one, as |l etting the sensol
measure the voltage as a function ofTlosgphace
| suspectl lacttiioore may ckee r e q$aimpd d ntgo frredquee cryi n
forapblkei therehpsecan be besel@ed hf or future
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DTemperature Cancell ation

Breathing signals contain a fair bit of humid
This alteration of the speed of sounodf loibgltur e

|l nt ernal body temperature w@elcd elde ttohd ema) iermau
l ungs, and while humidity is a concern, 1its e
t hey may account for discrepancies in the exp
temperatur e.

An AD5O9pler atteur e sensor was added to the insi
sensor. Hot air was blown into the tube to hea
to gradually decay. During the dhiagFmég GtBheen et e mp €
ultrasonic sensamrd wleoswnca ptelarmi mpe atspur ement s f or
di fference <capt utr etde mpaesr aptluortet eadn da gaailnisnear r el
i Fi gbh9e

[ select Al

[ — Phase
[]— Phase 2
] — Phase_Dif
—— ADC_val

FigbBkemperature sensor step response
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Phase vs Temperature plot

42 -

40 -

a8 -

Temperature (C)
&
T

30

Raw Data
y=0.01138"x + 28,6158
28 1 1 1 1 1 I
0 200 400 600 800 1000 1200
Fhase (ns)

Fig®e Rel ationship between measured phase shift, (phas
temperature.
Thedbrectional effect of tempevan udwer icraqircetl é a
the variations $haggepkiregdih@pd o vsso umadw aggiecebd phase
measurements vary in time with no fluid flow I

zero fl ow.
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Dgds [@0E|RE

Phase (25ns steps)

Up and Down Stream Phases

Up Stream Phase
Dawn Stream Phase

20 25 30 35 40 45 50 55
Time ()

Phase (25ns steps)

Bidirectional Phase (Up - Down)

Time (S)

FigebeDembnsehraf the steadfl sghtedebphngesnbni ndmeed
demonstration of the effect of temperature cancell ati
EGeometry

As mentioned in chapter 3, the geometry of

geometries were investigatkedmnaadistTeheet e td sf of
on tshheo wifie g@id temair es Bihg@vihe i n

tests
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FigédleVarious geometries of wultrasonic sensor tested.

._' o 30 degrees

15 :
: 60 degrees

Flowrate (L/s)

45 degrees
Box

--------- Linear (30 degrees)
Linear (60 degrees)

Linear (45 degrees)

Linear (Box)
500 1000 1500 2000 2500 30
TOF Difference (nS)
FigeleResults from testing the |linearitResmuddte kvetenir @n a |
using a signle sided measurement and no crystal oscill
These geometries al/l show a relativgehlhty. |Theae

tests were done on one of the earlier ptototy,
directional) measur ement or the phase |l ocked
contributes to the noWbatseensunpthesegmeasuh
showed a | inear relationship between flow an
i denti cadlegtroeet haengdlb5ed t ube, which maywegéeem an

in |literatur e.
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