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Abstract

This thesis proposed the pulse oxygen saturation estimation based on controlling two light
sources by using 2 different frequency cosine signals. For calculating the pulse oxygen saturation,
the light absorbance ratio which is used as the dominant component to calculate the pulse
oxygen saturation is determined by using AM modulation index for 3 methods. The first one 1) AM
modulation index for the conventional AM method in the time-domain, the second one 2) AM
modulation index is found by using 2 AM spectrums in the frequency-domain which are separated
with 2 band-pass filters, and the last one 3) the AM modulation index is determined in the
frequency-domain without separated 2 AM signals each other. In this thesis all of the methods for
determining the light absorbance ratio are performed on MATLAB program and are tested by the
pulse oximeter tester which gives the accuracy for the first method 1), the second method 2) and
the third method 3) are 97.9493% +0.8995, 98.3361% +1.2363 and 98.6902% +1.3223 respectively.
To confirm the real implementation of the proposed method, the embedded pulse oximeter is
made by using the third algorithm for measuring the pulse oxygen saturation it is tested in 4 real
scenarios with 50 subjects and it gives the relative error of 4 real scenarios are 1.91, 2.13, 2.72 and

2.85 respectively.
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T ek uInln oS unedsndenuvesrnududteenduludon warladnisnaniliin
W3a9InANLRLAIRaNT WUl annTnasaNLNsa IR NLRNdeenT wuludenlalngllA vl nsiany

A 24 v v A g a 1o o & O
Lﬁ@@QNWQ%@u%%uhﬁTﬁ@ﬁUWﬂlﬂ%ﬂMQﬂﬁhﬂmuuu

AMSUNMTINANLD UAD8NTLAULE DANTNATHUANMINLD LT WUl and Lo
9NANS (Spo, ) azTumsuszanarnndlilnaduiies 2 vilanidegludesiude Sllnadunduiv
20n31aU wazdlulnatun iduiveandau (Hb) Wewvdiy faiumud udeandnulubd 9

annsa@eulvilaiduannsi 2.6

C
SpO, = — 2% (2.6)
Chbo, T Chb

o - @ a o a A & < ! a 1 2
nmevhnueeserinmuBuineendwulufeniuaziiunsdeuas 2 vilawidely
gaiTuuaaiogludniwenininanuduiteenduuluden waemunmAERTAIUNTAATUTD A

wazUszinuAmBseendauluhon SRslanuaensinauesgun 2.4

DETECTOR

Absorbed by DC component Absorbed by AC component
(skin, Tissue, Bone, etc.) (Blood)
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inger .
A:inger = gFinger (Z’RED )CFinger LFinger (28)
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A 1 U ‘Qy A
Pbinger AD AINITAATULEIVDIUIND

1 Y o ‘: A A d‘
rnger (Arep)  AD ANAIAINTTAAFULEASURIUILBNANUENMIARY Aug,

C A9 ANUIUTUVBIND
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2.2.3.2 asRusznaugaduuastlingi (Pulsatile Component)
asRUsEnaugaduLaslini vieesAUsenaued (AC Component) U
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Fatiuannsh 2.8 azanansa@euludlaiduannsn 2.9

Acinger =&pc (//LRED )CDC Loc +éac (/’LRED )CAC Lac (2.9)

e

éoc (Arep ) W8% Enc (reo) AD ATAIAINITAAT ULAIVD

29AUTENOUAT Lazta® ANUANU

WAy A9 ANULTUTUVDIVIDIAUTLNDUAT

CDC CAC

LALLET MUAIRU

Loe 488 Luo AD FEEINIIN LAILA UNIIN U

29AUIENOUAT Lazta® ANUANNU

a

dwmiuiasiignaadulaeieniieg meluiliienu wWssuaiiougnaadulaealilnalu 2
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A:inger =épc (A’RED )CDC Loc + (‘C;Hbo2 (/IRED )CHbo2 + &y (ﬂ’RED )CHb ) Lac (2.10)
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Eo, (Arep) W08 & (Arep)  AD AASFINTARdULAIvsElNLnATY
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PNEUNT 2.10 UlPIWINENINSORAFUNSINAA NN LT LY lalnaTumnd 2 ¥l
Iafazannsariluunueadiuaunisy 2.6 Iolnease usidlafansanaunisi 2.10 WaasnuInialsi
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Abitterent = Pelood = (‘9 HbO, (ﬂ“RED )CHbo2 T € (ARED )CHb )ALBlood (2.11)

e

A 1 U A
Aog  AD AINTAATULEIVRIGDN

Aly,, A9 HARNUDITEIESNIINLALAUNIKNIULE DN NIDILITNI

(% v 6

durivndveadsn (Absolute optical Path length)

AUNSA 2.11 wanalmiiul man Ut naivladusi waraaadituansanan
a a U I3 al e ‘: = ¥ Y] ¥ [y I [~ Y] =
dvEnavaNInaduuatvateUssnoundluilalield uasdilvinadnseonudunsnedulanesion
Y3 009AUSZNOUTIN S0 1R DNTTI5ZEZNNN MAIAUNIEUA DAFURNS Tud Wl uAd U L
anunsavnAmmeulaliomnUTinaudenluisiazyana vaslulsasta1aviin1siUasuUawaen

FraunszUIUMsIUNMSIAIP LR LReenTRUludon i uazdadldna 2 vin

waeninsldnusg s nanglunnivuiiAsuasdunl uaziaad unlsise deilewanaly

waalugun 2.4 MsUszanarianuBuiieendauludenasilalaemaensa w9 AT uTa e
! = a dl o ! QI s a = v !

sy uasdung wasiadunssamethlidlunsussnaeudusiteendiuilubion dnaiums

gadUTeLE (Light Absorbance Ratio: R) 9xfiAndisaunsil 212
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_ ABIood,RED _ (gHbOZ (/’i‘RED )CHbOZ + gHb (//{’RED )CHb )ALB|00d,RED

R= _
Aiood R (5 HbO, (/IlR )CHbo2 +Enp (lm )CHb )ALBIood,IR

(2.12)

e

Asosiren 8% Agoodir AD AINITAATULAIA LAY LaTLAS
BUNTUIAVDUTOA AINEIAU

o

Algooaren B892 Alger 19 FZEINVIFUNNG T WAIFUAI WATLAY
BUNTUIAAUNNRIUEDA ATUEIAU

NAUNIIT 2,12 uazguil 2.4 agmiuldinsgeenafivasfunesdaingu iesn
uwasilauaaisaesdiszezrinandrulawiniud sl ssssmauasfumad omdnsdnuns

Ardureadeninsnaziidld iildluaunisi 2.13

(5Hbo2 (ﬂRED )CHbo2 +Ep (A’RED )CHb )

R=
(gHbOZ (i )CHboZ + &y (A ) Co )

(2.13)

dmfunsuseanarinnud udieendrulud onand wasanunsauszanalaaine
gnTdunsg aduLadluaNnITA 2.13 F9naumsi 2,13 uagaunisi 2.6 aunsnleuauns
ruduiusialae MsdngUaumsn 2.6 Widanudiduvesdlulnaduns 2 wiladuilsiduvesan

dusheenduludanazlsiduaunisi 2.14 was 2.15

Chno, = SPO, (CHb * Chivo, ) (2.14)

Chp = (1_ Sp0, )(CHb * Cho, ) (2.15)
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PMNTUILAELNST 2.14 way 2.15 aslUTuaunsi 2.13 aglgaunish 2.16

R= & (Apep ) + [8Hb02 (Areo) =& (Areo )] Spo,
Evp (ﬂlR ) + I:gHbOZ (ﬁqR ) —&np (AIR )] Sp02

(2.16)

Joguaunsn 2.16 enaruduieendwuludenduiliduwednndumsgaduves

wad azleaunisn 2.17

St /?RED — &y ;iIR R

= (2.17)
Enp ﬂRED _5Hb02 /IRED +[£Hb02 ﬂIR & ﬂlR ]R

Wtallldasuneianssuiunsineudud 19Nt RUlUEA0ANTNAT TeazwiuIluns
UszanauArnuduiieand wuludontuvla lnen1smuuaAD! m’lﬁaumi@mij’mammﬁ AT ULATIN
Ialumangud] luidedaluasiumsesuneisnamadnmaunisg sduveuadunisUj iR g we

UsneulUmensmendnsaumsaaduvesuadulawunm uaelawuanid

2.2.4 mamdasdunsgadurasasiulawwlat A5msauiu 1)

LY

Wensuninildes uenugudmsunsinnududleenduulubaenantnes o

a o A

nsrvuNIntuAd AR Inauduisendinuluden Wselwsu (Oximeter Probe)

Anuwaelaelunelusirinazusenoulumsunaniaugd 2 Wiad Lasesunas 1 62

Femasunasaryiud 195 vuas waziud sud udyaraldi 17 99 elSenanizd 1 du

A o

Inlouwanalunswl w3odyaunna (Photoplethysmography: PPG) A998 W fey e i s sntkeans

]
a
o

lﬁﬁqgﬂ‘ﬁ' 25
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Light Intensity Voltage
A A
lo — - = —
Absorption by
DC
component
(BC)
| Vmax Absorption by
— YWmean
component
— “Vmin ~ (AC)
> t
ty t3

JUN 2.5 fegedayaaiinaninldandusadlulngy

N YYIUA NI U150 1518 N30 AT UVBINALLA 7 28T N 5vI e TS
(Derivative Method)

NNNYUatTEs waskaulse (@unsi 2.1) Wekauaunauiosseenaiiaadume
seimadsundasnunan vilienusedisuduaumsivalliiluaumsi 2.18

| (t) =1 0 (2.18)

MeYRUSAUNT 2.18 launsit 2.19

dld_(tt) :—(loe8(‘)°L(‘))(8(/1)C)(dl_d—£t)]=" (t)(g(ﬂ,)c)(dl_(t J (2.19)
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th 1(t) mvaenaumsi 2.19 azlaumsi 2.20

di(t)

% = —(g(i)c)[d:—tt)J (2.20)

dalvimnanamvimtigeduuashe Slilnadua 2 ¥lianeglufeangluiiaeasili
Idemnsn 2.21

dL(t)

W = _(SHbOZ (ﬂ’)CHbOZ € (ﬂ)ch )[T] = Asiowd (2.21)

Feaumsn 2.21 TAwimsgedulameaion surumeiuiunlaesugluneuntn

S A gy a a ° g v Y] | o v & a
U LﬂJ?ﬂsleLﬂﬂaLL@Q LAZUEDUNTUIA Vl'ﬂma’]ll'ﬁﬂﬂ']@miqﬁQUﬂqia(ﬂ%UsﬂaﬂLLaﬂ‘l@Lﬂuﬁllﬂqim 2.22

R %Dt(t) _ (‘9Hb02 (ﬂRED )CHbo2 *+ Ehp (Z’RED )CHb)
o (‘9Hb02 (jm )CHbo2 + &y (}HR )CHb)

(2.22)

vihmsUszsaueuiusTuauns 2.22 ngedesun 2.5 aslaaumsin 2.23 uay 2.24

dIRED (t) ~ IRED (tz)_ IRED (tl)
dt t, -t

dIIR (t) ~ IIR(tZ)_IIR (t1)

dt t,—t,

(2.23)

(2.24)
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Ussanaum oo () uag 1g (t) Widanduaumsil 225 uag 2.26

I reo (t) = lgep (ts) (2.25)

le (1) =1 (t) (2.26)

AU oUUAANNST 2.23 - 2.26 asluaun1si 2.22 wlasnsdiumgaduresua

Huasmsi 2.27

IRED (tz ) - IRED (tl)
R= lreo () (2.27)

IIR (tz)_ IIR (t1)
e (t:)

aunsii 2.27 Wunsmadasdiunisg aduveuaslud fAvesanuduuas (Light
Intensity) 4 dlun1eu] UA anuwunasazg nuvadiegTug Uvesussduluindeiasvenguuy

NUBNTIuALS vl lndnsdiunsgeduveadlulifvouswulniifsaunsi 2.28

Viacrep ~Viinren  ACeep

R — Vmean,RED - DCRED (228)
Vmax,IR _Vmin,IR ACIR
Vmean,IR DClR
lnen
ACeep %8 ACy A9 VUINVDIDIAUTENDULOTVDIA QYY1 UTNTA

DC,ep, W8 DC, A VUIAUDIDIAUTENDUATYDIFEY QY IR
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SN IUNTA ATUVDAINNANNITN 2.28 Waasan lUUsEIAIANLE U617

panTauluGonla lnensd

s leesueliinanuduuaasiasusasmeluinin dalaassesgnuladvieglusuves
SR UL NIRRTV UUNT B UR AU TSI DT MATVENURUU NS B U AUT AN TOLARIL
Aagun 2.6

Ry

_ VOUI

;= 4‘
+

JUN 2.6 1ATUNENTIUDLTALD
PN v Y A
NFUN 2.6 ORTVYALAAWEUNTTN 2.29
Vout = _Iin Rf (2.29)

2.2.5 nmsmdnndunisaaduvasasiulawunnug QEn1sausu 2)
dmsunsmdnsdunisgaduresadiulamumiud ansavinla lnensins e

¢ d' o N aa ) ! o o Yo =
BIRUTENOUNPIRTRSTYE Ui endnegsanaiuvesdaaalanagun 2.7
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Magnitude

X(f)
A

Cardiac frequency band

» Frequency (Hz)

N e

0 0.5 fcardiac

JUN 2.7 asAUsynaunenUD VR se Ui ig

ﬂLumimé’mwﬁ’aumi@meﬁ'usuadLmeﬂmﬁﬂizﬂawwmmﬁﬂmé’@mmﬁﬁ?ﬂu’gﬂﬁ 2.7
idlpemsthmnavesesdussneuynsanudfiivumnniigelutenufivesmagiuvesidle duau
gunmilaenlUazdienudoglugae 0.5 - 2 B5ed lmsfumunevesesUsznauiinad 0 B5ad uas
WUMEATAILTEWINUERTUAT Lazuaadunsisn é’ﬂﬁ?ué’m’]daumi@ pduvBaTvTllnL AL

znanaleFaaunsn 2.30

‘x ( fcardiac,RED )‘
X ( fO,RED)
X ( fcardiac,IR )

X (for)

(2.30)

RFREQ =

oo

fortinoren %8¢ Tagmr A0 VUINVBIBIAUTENOUNNAIIND TIAUDNT

YNGR FUEUANUDVDITNIINTIAUTDITRILA Vedayay AR



19

foreo 8 Ty A9 IUINVDIDIAUTENOUNINAINE N1ATLE O

deinanlavesmsiarnuduseenduludeonantwasie msmuguwashidauas 1osn
melulnsuusznaulumeumiasiniiaueas 2 wias uaedasuuas 1 7 lnsunfkaimsaunuunadiiiie
LLaQﬁ'?u%ﬂ'JU@uﬁwﬁiyjmm%Lm%u 2 Soyasiiflaunnenaiu widsienuanie dyanasunuiiin
nmswaeulm st [4] §whnswa sudyanamuaslududaanaleled 2 dyapadideaud
uanenaty wafild Ussmsusn fe mssumuiiRennmsiadonlynanas uavdnUssmvilede dayann

nisukassuliasddnvaludyganinwegandwun 2 dyanamauiuegludnuausueinis
v a [

danmanduuulu sl Tuiateanld Q%LﬂUﬂWiQ%‘UWEJi’]EJ’ﬁ%LgEJWUENﬂ?ill@(ﬂL’ﬁGIL%\‘i“U‘LJ'm BaSN1T

SaRWAngluULUIANIA

2.3 msuagLanidsvuin (Amplitude Modulation: AM)
Tevluesdygaitlunsdeasazdnmsivun waziusUssnnli lluanzanulugum g
wsidulvgun esrUszneunsruiveyaimians (Message Signal) filesmsagds aveguenivilean

Yosduanainiles Aeiudsuduiavdesdned waadvesdyanntnasiilunsaivguanudves

Y

Posdayayad (Channel) AlgnsuegLanlugULUURNe)

[ 1

msuegand sl unsindyaradeyarmasiuiuad uw (Carrier) Inei ugunan
L4

AaunmissdianvasdudyaueiugUld Sinusoidal Wave) 8nviamstegwsazynliamdwesll

13 vum (Amplitude) Aud (Frequency) viseivld (Phase) Aanswasuaiy

Twietlazeueimsuegiasniamninessmunuasull visenSemiinmsuenanads

UM (Amplitude Modulation)

2.3.1 msuagtam%wmﬂ (Amplitude Modulation)

Inssaaloemluveimsuegiandnainsouandlanaguin 2.8
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E(t) = OFF + m(t) —>®—> dam(t) = E(t)cos(2n ft)

c(t) = cos(2x fet)

sUN 2.8 lassas1aveanisuenianidann

NNFUN 2.8 axfiAnduaunnsii 231

Y (t): E(t)C(t) (2.31)

e
¢AM (t) AD FUIUUDAAALTIIUIN UID vﬂJﬂJ’]ﬂJL@LSN
AL 4 oty

c(t)

E(t) #e dyyrmtmans m(t) Afnsenss

8 dyaraunduniid dandu c(t)=cos(2zf;t)

o))

[y

AUA Y IAIBLIIFUN]

Aty OFF Thad aetiuannsn 2.31 aziiaduaunisn 2.32

B (1) =[ OFF+m(t) Jcos(27z f.t) = OFFcos(2z f.t)+ m(t)cos(2z ft) (2.32)

Tneifossesdnyanns g, () c(t) ez E(t) xgruandiilusuil 29
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Amplitude
(n)
p Time
()
M NNSNNF g Time
Amax_ e (M)
gl f\ ‘ \ fT p Time

Y U AV U \J
‘F

YUV U (Envelope)
sUN 2.9 feewdnyayo

(n) deyaya mensiiinsenseauuswiu E(t)
(@) deyauupduni c(t)

(P) Feyauasoidy gy ()

'
o w ]

A5 093 7 dd gydmsunisueg lanwu el Uil sie Adeinisuenan

o

(Modulation Index: ) AdatimssegntulS ULl oudRTETENINYTIET FRRAUINI a13150

uansle R AN 2.33

A |m(b).
/I = i = Anax Amn = | ( )mm (233)
A Anax + Anin A
Tngi
A, A9 YUIAVDIFYYIUVIENT

A A9 VUIAVDIFYYIUABUNIA
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A PO TUIAVDIVOUVIFY Y 10ULOUTINNTIER

A B BUIRvRIURUTRIE R eLaNNIToe R

NFUN 2.9 anunsauansesrusznauneraiivesdyaadasgui 2.10

Magnitude
X(f)
(n)
' Freq
T -
0 £ (Hz)
()
Freq
> (H2)
(A)
Freq
> (H2)

sUN 2.10 asAusEnoUIAILD

() Fyaauiensniinsensyiuuswiu E(t)
(@) deyauupdumi c(t)

(P) deyauasoidyl gy ()

JUN 2.10 umsuandiiiuiidieinnisuen anuuueiduudd 9eeudivesias
(f,) gnidauneg luwaud1amas1un (Lower sideband: LSB) waguaud1amnen1ug (Upper

sideband: USB)



23

Witelllaedunefesruseneunemunuesdyg oo Jwnuilaesuielineunuin
IngunAua mansideanssdsiuareylugumuda lumsdwnmsesnludswasihnisuegian

[ a 1 = ] 1 [ 14
wdsneu JwzanunsodseentUlutedaaales 1o

dwsunsfvegandyanatediluinednsatuisdentddmsndusuuddasia

(Synchronous Detector) #sagasualilumtasely

2.3.2 NMsANRNEARYYIUNBAEALTIYUIN (AM Demodulation)
sunlanambiluidenswii Wanedmsiagldfmsnduwuuddasidlumsien

[ [ 2/ Y [ a o Y v d'
LR EYEUEURER Y Iﬂﬂiﬂiﬁﬁiqﬂsﬂaﬂfﬂ'3(5]5’3‘\]"\]‘1.]LLUUsljﬂIﬂiuaﬁqiﬂiﬂLLﬂﬂﬂlﬂﬁx‘ig‘Uﬂ 2.11

dam(t) = E(t)cos(2n ft) a@—» LOWPASS filter ~ —»| %E(t) = %(OFF + m(t)

Local Oscillator
c(t) = cos(2x fct)

sUN 2.11 lessaswveswinnyRiuwuuddasia

'
a o w (% [y a

iAW INTIITULULT SlATUAR D faassdyealanea (Local Oscillator) N3

wa & o Y o aa a a YY) = = ¢ .«.:4' v ¢
ﬂmﬂll"umﬁ@ Lﬂum'ﬂaiqﬂammqmmﬂﬂﬁqmﬂL@ﬂ?ﬂUﬂ‘Uﬂ']']llﬂsU@\iﬂaUW’]M LLaUﬂ]']ﬂE‘LJ‘V] 2.11 HaaWavas

nsnaziiAduauMsN 2.34

B (1) x cOs(27 f.t) = {[ OFF+m(t) Jcos(27 1)} x cos(27 1)

(2.34)
cos(4rft)+ %t)cos(h ft)

OFF m(t) OFF
= + +
2 2



24

NAUNTN 2,34 axivingmanseg lugnanudan Aeunssuiumslumsg Augmens
nduinannsavlalagltsinsasruRa WY TadlerusInTaIrNA s LA NaS NS e Azl AT

OFF (1) g lE(t)
2 2

[

dmiumsuegaauuuedy 1 anudvesndunviavanunsadsnansivludedygo

g7

Weniuldiiles 1 91983 ndeansdwinansinnndn 1 deyadnduazdeadenidriunmindanug
uanaariu FsnszuaunnsiiavgnSeninnedafmanduuuuisenid Snzesueneaundealiluide
il

2.3.3 nssiaRndnduuuntanaud (Frequency-Division Multiplexing: FDM)

a

M3TafnE g wuuwy saud i umsd sdygasuuted uvane g daanalulu

(% IS

deosdaananieiu Inefidaaoduns asdanuavimunvesraunviniunng i Inelassesng

v a @ 6 1 ::4' Y a
‘U@ﬂﬂ’ﬁllaﬁ]L‘V\laﬂ"?]LL‘U‘ULLU\‘iﬂ’J’]iJi‘lﬁ’]iJ’ﬁﬂLLﬁﬂﬂlﬂfﬂ\ﬁ‘U‘W 212

Y

pami(t)
Summing
=
+ — Peom(t)
—_—»

Bamz(t)

JUN 212 lpssedweamsdafmanduuununud

uualvidyasowu 2 dyanadamuannsi 2.35 uag 2.36

Br, (1) = E, (t)cos( 27 f,t) (2.35)

Br, (1) =, (t)cos(27 f, ) (2.36)
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Tnefi
B, (1) U ¢y, (1) Fo Hyaroueds
f, uag f, fio Anudvesndumi
E,(t)uaz E,(t)Ae dmasfifimsnszduusadiu

[
R

o U a [ s 1 a a1 a
JUU i’giy}’]iuﬂﬁua@L‘WﬁﬂGULLUULLUQF’TJ’]&IQQBNﬂ’]LﬂUﬁﬂJﬂ’ﬁ% 237

Brom (1) =B, (1) + B, (1) = E; (t)cos(27 1)+ E, (t)cos2z(f t)  (237)

o 1

TunsAudayaannansnegludnvaznsiafmdnduuuilsronudausavhlassgy
213

Bandpass 1
> Filer1 ™ Demodulator i —— Y2E(t)
drom(t)
> Blfi??e?a;s —»  Demodulator ——® 12E,(t)

JUN 213 Tassasanisidaananansiudyanadiafmanduuuilnrd

ynlasaseluguin 2,13 lunsfiuduanasmansasililsensidyaasiafindnd
WUULUSA IR U WA INSBIAN LR L UR U MR NN SEnAR BN UAR LW 2 NTUIsEINTaRANe
Aanlanuund Insended wesdUssneumaanud vesdyaan i maiafmanduuuwusnnud oy

anusaunandlaRsUn 2.14
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Magnitude

X(f)
A

Freq
(Hz)

fc]_ fCZ

a 3 = o v a =3 3 1 ~
E‘U'VI 214 ENﬂ‘LJi%ﬂE]U‘VINﬂ’J'W@JﬂSUENﬂQJ,inm@JﬁWLWﬁﬂ"?ILLUULLUQﬂ’J’]@Jﬂ

[

deillaesuedwmumng waenssuiunsvesmNegandwun uluiams)Audyyiu
YTIENSTgNUBNLEN kATWUIIMIIrdsU Mansvane Ymasnseudutudaudnluasdesding
faRmanduuunusrud FanmsiAudoyanatnansvanes nasiogiuguremsiafnandwuumis
rud ansinsalddnueganlalnenss winuinvededimahdygalunseweiinsauauniu
~ P < ' ' 1 =3 o = 14 v v ' [ a = o
wWelnladayanaseidutagveisiazynansieyinnsivenanls Inevideseluasdumsesueiish

QPONARRIT RNy

2.4 fnsesndud (Filter)
Fansesnrmdlunensdeansindifilumsnsesdyaaenud fidesnsiululs uavaaneu
YUIATBIE YA T i 93 (Attenuate) Tnevialuudadansesasuyseenidy 2 dnuaizny
anwaizvesdgaalaun (n) Ansesuuowiden (Analog Filter) wag (1) AnNseauuAInea (Digital
Filten) fansesuuvendendusnsesitadalnemseniensasiii uwishnsosuuidneassdums
N ENIEUIUMSNIABINANERS 398 NUalEMINIBILETBIT NI 2 Yilaawiley 4 Anwas loun
Fanserudemy (Low-pass Filter) é’f'sﬂ'ﬁaqum?{qqmu (High-pass Filter) fnsesenud Uk 1y
(Band-pass Filter) uazsfansosrmuduaulsis (Band-stop Fitten luiinendinusatuilavanlaomein
AS0IPNUBAAL UauaURTULUURSRea 2 siiaviniu TnefegwemanauauewmLave e

nve 4 vilnannsouanaladisguin 2.15
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Ixxf)l Ixxf)l
Pass Stop Stop Pass
Band Band Band Band
» f(Hz) » f(Hz)
f. fe
(n) ()
ng)l Ixxf)l
Stop Pass Stop Pass Stop Pass
Band Band Band Band Band Band
» f (Hz) » f(Hz)
fcl fcz fcl fCZ

U 2.15 HaReUAWBMAINLD

(N) AINTDIANUDA T
(%) FINTBIP DG T
(A) HINTBIANUDLOUN 1L

) fnsesanuLauliaIY

AINTBIAIND LUUATMDAILALNTOIMUALA 2 TEUUMTUS NBAIZUDINANDUAUDID UN A VDY
An593 (Impulse response) lakA FINTOILUUNARDUALDIDNWAA IR (Finite Impulse Response

System: FIR) LagfnsaauuuNanauauedunadisnia (nfinite Impulse Response System: IIR)

2.4.1 STUUHANDUAUDIBUNAHTMA
lnssasvessuURanaUaLedad IR sauandlafsUn 2.16 uazanunsaliey

v o s 1 [y £ o VY P
Prwdius eI Rdyadn x(n) uesdyanamieen y(n) Iaduaunisi 2.38
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[ e y(n)

y(n):Zw.x(n—i) (2.38)

Toefi
x(n) Ao v
y(n) Ao dysaneen

W An duUszansSveesTuy

A v v

M A BUAUYDITEUU

[y

NN 2.38 dyeyreunean yY(n) asieannuasuilianmsaaiuvestayav it

Tuanuznounin AuAduUszansvessuy w ey 1=0,1,2,...,M —1 Laglassaseanuazil ozl

wnelassasetaulutamin (Feed Forward) Wintu

2.4.2 STUUNANBUAUDIDUNAH LINA
laseaiavesszuunaneuaueduiad liiinaansauanddfsguil 2,17 waraninse

a U v 6 ! v v v Y d‘
Weuaudmus serinsdayanadn X(n) wavdeyananeen y(n) aduaunsin 2.39
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>
) ) @
71 E E 71

JUN 2.17 lpseaseuedssuunanauauediad iidiin

y(n)= 3 bx(n=i)- 3. a,y(n-1) 239
= =
laem

x(n) Ao deyeyauvdn

y(n) fe dyinuesn

a Waz b fie dulsvAnsvassyuy

v v

Na Uaz Nb A9 SUAUUDITZUU

o

NN 2.39 dyaasneen Y(n) asfieanuasuilannmsnaiuveeyaudn

Tuaonugnouniin fuAduussdvisvesssuu b Tae i=0,...,Nb-1 sfiunaaaiilanndeyarieen
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Tuanugnauntn AuAdulssdnsvesssuy a; e j=0,...,Na—1 wazlassaseanuaizilavd

Tassas1auutaunay (Feedback)

2.4.3 WINFUABINUYBIAINTDIAUAAKIY

Y =

v a0 1 = v da 1o ] o
AINTNAIMUORNINTU AD G]’Jﬂi’eN‘VlEJE)%JIWF’TJ'W%JOV]@Q@Wﬂ??ﬂ’]qﬂﬁmm (Cutoff frequency:

£, ) dulUlel wazaaveuswIsveInURTIoggeni D fn aziinanauauswnanuidussgun

1 v o

2.18 astiian T UAINIUIDIRINTBIPNUAFINIUDUSU 2 aN3NToLanalafsaunIsh 2.40

/ Theoretically

Practical
y 2 Stop

Band

ﬁ‘x(f)‘max Pass

Band

«—Bandwidth: BW—>I

L > e
| (Hz)
fe
SUN 2.18 HARBUAWBINAUDYRIRINTBIATLDA WY
H0(272'fc)2
Hoee ()= (2.40)
2 a)c 2
s’ +-<s+(2xf,)
Q
laem
H e (5) Ao HINYUAIHIUYBIRINTDIAUDAIRNY
= o
f. AB AIUOAA
& ) 27 fc

Q flo suszneuAunm (Quality factor) AT



2.4.4 WINFUABTUVDIAINTDIAUDRAUKIY

AaNTBIALARIUNTY B Fnsesivetlinnud Nyl awerud AR e eI way
99ugs (Low Cutoff frequency: f, uag High Cutoff frequency: £, ) siulule uavaameurinaues

A 1 1 Ao 1 = = a g [ a a & v ] 1
AINUDVBYUDNT WNAIUNAINATI %QQSMN@@@U&U@QWNQ?’]@JQLU‘N@QE‘U‘VI 2.19 UaglanNTUaINIULARS

Toanuannsi 2.41

A
| | X Theoretically
i l
‘X ( f )‘max |I— : Practical
|
1 I | %
ﬁ‘ X ( f )‘max Stop Paiss s;[;l%

Band Ba}nd

|
L—Bandwilith: BW——»
1 |

Freq
>
| | (Hz)
fcl fO ch
FUN 2,19 NaReUAWBmMANUAYRINATNTBIMAUAUHY
2xf
H, 0 0s
Hepr (S): (2.41)
2 27[ fO 2
s’ + " Cs+(2rf,)
Q
e
Hger (5) An WINTUANIUVDIFINTDIATUDLA UK

f, A9 AWDAINATY

A U

Q Ao fuszneunun Ay

27 f,
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mufi e uelineudiu fnsesrud dwinfinsesdanaead Wanualudlag il
1 vizeameuadly Tneviluudnsussdivindhnsesanfaninsovnanilfgnieswmiesnuuy viels]
Tumndannnanazannsavilden winduiulumsaguemadazildineni Womnlulasmenud
sndumsndonmuafisusumd daedesdlefiazthuBinssiesdussneumemudluingdnus

atullmdeniteunsunSes Favesuelilwiedialy

= -4 . .

2.5 aynsuu3as (Fourier Series)

[ A Y1 & aa J = o = a

doyadioliindudinnamemen miiinad ossuuUseiana T ey 101Nt gmgd
a A | = o a a N v = o I3 d'
Alasunlaslurisnani iy wasiifansid suldasenuduuaslumnd sialus Anus1ve9sa9

a = a [y ~ o 1 [ 1 & a | " a

Wasuwaadlaiiguiunan @ na 1udauuaidutTanamismenin leedaulugdulsuamng
menmazgnivasulieglugresdayaaliihielidesemsindyaalivssiddyainguwuy
71199 AUUANANNNTHANKE N U U N eiutuAe dayanadlayeesd (Sinusoids

signal)

&

JagUuldiinsuusdyaaeaniu 2 dnvae fe dygadianu (Periodic) wazdyaralinu
(Nonperiodic) deyayasdiamuiiuiidnuaesau fis dn1siinTuvesdyanaeiiugng gaalanaimis
IngAandananazgnisenitAinuem lunsleseidygnalativuudnememdamans i e

a‘lgﬂim‘l{\lﬁaéf (Fourier Series)
endegedeyana f(t) Wudyaedianu sunsuySesves f(t) aududaunsn 2.42

0

f(t)=a,+ Z{an cos((27f, )tn)+b, sin((27 1, )tn)} (2.42)

n=1

oo

f, A9 AITUD W ugIuvesd yy1ad (Fundamental

Frequency)

a,, a, war b, Ao duUsEAnSveiFes (Fourier's coeffcients)
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16U

o

aunsi 2.42 aansaesuieladndgyanades (f (1) Wudyanaiifeanuasiuvesdsy
Talssid (Cosine signal) waz deygyradlad (Sine signal) Adlaudidy n wimesmudNuguwesdya o

Ineideaadale warlwiurazanudelvnavesdyaandulunudulssdnsven)Ges (a, wae
b) T3 a, AvvWAvEEYANAMIA 0 1Biad i eI suaiioudulvinszuasnswesdeyga (OC

Offset) InepnduusedvtuaniZes a,, a, 4ae b, ausaAmnnlanNaunsi 243 - 245 My

1t0+T
= [ f
8= J (t)dt (2.43)
2t0+T
a”:?t{ f (t)-cos((27 1, )tn)dt (2.44)
2t0+T
bn=?£ f (t)-sin((27f,)tn)dt (2.45)
Tneri
T AD AIAIULIANVDIFEa

2.6 lalasmaulnsalaasdiadil 32 (ESP32 Microcontroller)

Sieadt 32 Wuvesalilasreulnsamesdisaguiliannlasu3 sy Espressif 358 ioadl 32 1u
bilasrerlnsaiesisesfumsinusmiulusunsueg il (Aduino) Suiugrueguumsd Fofves
01931 Ao WunwfiiTlauns (Liorary) Wlfamumannvane fugaugys Bluetooth) wazl-l (Wi-Fi)

melu dnuvazveeialilasroulvsaweidieail 32 aunsauandlanagui 2.20
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- - » .

’ = - VINGND D13 D12D14 D22D26D25D33D

JU3GNDD1IS D2 D4 RX2TX2 DS D18D1S D2IRXOTX0022023

Ul 2.20 UasrBieail 32

gaudnusznisveslilasreulnsaaesdoan 32 As neludalulaspaulnsawss 1 dad
Faulasendendufinea (Analog to Digital converter: A2D) wm 12 a1 Aiusauluiiin 3.3 Toas 14
ldigan 18 Yesdayn o uaziidiulamineaiuewden (Digital to Analog converter: D2A) w1m 8
T Tuseulnil 3.3 Tadsau 2 Yesdann suluidilasreulvsawesdioai 32 awnsodeans

ToyauuaunI (Serial Communication) lo1

2.7 1ADNAFBULATDIINAUDNADaN AU ULIADA
SamprauAS arIamuBLTeendnuluden Fluke SPOT Light SpO2 Pulse Oximeter Tester
0 qumaﬁﬁi&zﬂumsmﬁaum%ﬁ aAu3 uieendiaulud onanTnasd nuarre A3 smaday

annsauandlarazun 2.21

iR ewndsUlaNTaaesdy g AP LBNAsenTRUlG anlutas 70% £3 100% L6 Bn

71959850818 ATINMSAUVDBI AL L9 30 D9 245 ASIwaUT
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WNUTTT] SPOT Light 590, FUNCTIONAL TESTER
e

Sp02: 979%
R 80 bpm
PA: 2.0%
Trans: Med Finger
Artif: None
Type: Nellcor
Test: Manual

JUN 2.21 TewmageunTovinALBNR BNl eR

Fluke SPOT Light SpO2 Pulse Oximeter Tester

FmSuMsltnuessmadavaunsavlndelaensiiinrnuernudusiisendwuludenluin
AUnuiae (Artificial Finger) 3nntumvuaAiALaudieendauluben wagdnnswuvesiila
LA3 DINAADUILYNNUIN § ULds7 09NNNLVE IR D ALEIN 181U ITA 91T ULAS BINAADUILVINNNG

Usranananelu uasdaesaiaiiowingnaadulaeiliiamedwenludwinulamag niinainy

'
a o a

duieendulufenifesnmagey S UAINAATIEIINMIRATUTBIAN UazUTeanaAIAIY

dufeandruludanmald

2.8 AuwUsnlgseusieu

AMSUNMIVRERUUSEAVS MnwadssuUnaziauslwidenaly avvinmswSeudisurnsnalil

2.8.1 AIAUAAIALARBUAUNNS (Relative Error)
ANPNUARIALAR DUFUNNS LEAID IWAR 1T NAMTALN N UAIT L3 9 TReAIAL

ranaAGauiiAmiey awUwenirninlalimnugnieann Fenansauanalddisanmsin 246

|reference — measurement|
reference

Error

x100% (2.46)
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e

8 ANANUAANALAADUFUNNS

o))

Error
reference A9 AND19D9

= | Ao vy
measurement A8 AR

2.8.2 A1ANUNBINSIFUNTS (Relative Accuracy)
AR mmqé’mﬂ’wﬁ‘lﬂuﬂ"ﬁﬁUaﬂmmgﬂﬁawaﬁayjaﬁwzmﬁmﬁuﬁwmu

ARNPPRDUFUNNS TIRLilAGIEUNSN 2.47

Accuracy =100 — Error (2.47)

e

Accuracy fiD AIAULTIBINTIFUNNG

2.8.3 AIAIULIUET (Precision)
AU uAAUUandseuaNnTalunsTAvauaT oot e nnms TaA1 Ty

o a o & Y] PV o = ' a a ¢ o o a Y | a
AnuwasRennuraeas e abnasm ety s ol Tneluinednusatuilasd onldangiud eawuu

1NIFIUAENNTN 2.48

(2.48)
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e

SD Ao drnlosuunnsgiu

= | Ao vy
X, Ao Aiinla
_ = ] a | ado vy
X Ao ANLRAYYRIANNIALA
N A9 IUIUASINIA

2.9 uiiieatas

yndeundulilutiusnvesmsinmsduseontiuluden msirazilmndudou uazesen
it Uuiinn mmdluisduduwemsiarnuduieendnludenduduiiasdesudonves
feitetluveaouluesufiins Bmednuneiiuennnazneliiaemudutaalsiuigiends Tu
fumesfufuRnmsAdesdimud smnaluiueidnde Wewnitlugawsnisnslumsmenana
SudeendwiludonigliiinsiGemin mwsziingluden Blood Gas Analysis) i 35115 Van
Slyke 3511591 Mixing Syringe %3 emsldudnvasnseendiadu Wunsld Aansndldninse (Clark
Electrode) vi3erfatniindidninsm (Galvanic Electrode) [7] [8] [9] [10] wagueanannisnsvmaadif
ondeguudlunmsiarnduieendniludend dinsanuessmunlaslnfved Swzims
dowadnglfuasinmuemeduaddlilnaduiisuiveendnu waelilnaduilifuiueendwu e
AIINMIRATULEIVINAY (sosbestic Point) a3 es CO-Oximeter n3osilotannsaiiazinAaany

Wutuvesensazanedlulnaduriindug lnuenwideandlilnadunduivesntau wazdlulnadunl

[ VY] a PN & e a Ho @ £% v I o a =2 o
JUAURNTIRY NamuuNAsouAs astlol el uasAadduasilalasns 4 AnueTaay [7]

aglsfimuArududisendwiludend inldnnisnsfiendegrndeiudaiagling
wlughiigs widsnasaaninfesvegnaniunmsnageuluiss UAmsidssesnauy aunsenslad

a v A o a o a = A ay 1A Y v X
ﬂ’ﬁﬂﬂﬂumﬁ@ﬂ?@F"I'ﬂll@ll@ﬂ@@ﬂ‘ﬁLﬂuiu@@@ﬂfu@mlﬂimﬂ'ﬁiﬁﬂa"laﬂjﬁmu
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) = Bandpass
e ISI?ghr:aﬁoerI —lp é) g Filtgr > Demﬁcli\:llator' v
cos(2nfyt) @ 3 for cos(2xfyt) -
Light A Calculator
detector and
INFRARED light 2 o + SpOz
control signal | g’% Estimator
cos(2xf,t) £ B?:'}?tgfss o AM A
for cos(2xft) Demodulator
Datex Ohmeda
SpO, Probe
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I (t) — IO’REDe_AFinger,RED(t) + IOVIRe_A:inger.IR(t) (31)
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lorep = lrep €OS(27 fit) (3.2)

lor = lig COS(27 f,t) (3.3)
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() = 1o cOS(27 )& o= 11 cos(27f,t)e o) (3.4)
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PPG(t)=DC +AC(t) (3.5)
control(t) = Acos(27 f.t) (3.6)

Borcam = PPG(t)-control(t) = DCcos(2x f.t)+ AC cos(2x f.t) (3.7)
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Hppeam = H (3.8)
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; = Bandpass
RED light control 5 o Cilter
signal — = = |
cos(2xf,t) @ 3 for cos(2xf,t) i
Light ‘ Modulation Index
Calculator
detector | and
INFRARED light v S0,
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X(f)
A |
|
LSB : UsB
[
|
|
| |
| : !
| | |
R Frequency
| , |
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R=

‘X ( fc,RED + fcardiac,RED )‘

X ( fc,RED)

X ( fc,IR + fcardiac,lR)

X(for)

(3.11)

IAS9E3YRITEUURTIRARUANANLBNMeRNTRUlUA anIININATEARYinTIeR AN

Weralulas IRz TRandlaRIgURN 3.5



a8

RED light control 5 Bandpass
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Datex Ohmeda
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cos(2xfyt) R
Light Calculator
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‘X ( fcl + fcardiac,RED )‘
x (%)

R=
‘X ( fc2 + fcardiac,IR )‘

X(1.)

(3.12)
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ARTICLE INFO ABSTRACT

Keywords: The Pandemic COVID-19 situation, a pulse Oximetry is significant to detect a varying blood oxygen saturation of
Pulse oximetry a patient who needed the device to operate with continuous, rapid, high accuracy, and immune of moving ar-
Photoplethysmography

tifacts. In this article, three main schemes for low-complexity pulse oximetry detection are proposed. In the first
scheme, the light absorbance ratio (R) is obtained by separating the red and infrared photoplethysmography
(PPG) amplitude modulation (AM) signals from the frequency-division multiplexing (FDM) signal with two
different bandpass filters (BPFs), determining the ratio of modulation index of red and infrared PPG AM signals.
In the second scheme, the output PPG AM signals for the red and infrared light wavelengths from the BPFs are
transformed into the frequency domain such that the AC components of both PPG AM signals are the magnitudes
of the highest peaks in their respective sidebands, while the DC components are the magnitude of their carrier
frequencies; then, the AC/DC ratio of the red PPG AM signal is divided by the AC/DC ratio of the infrared PPG
AM signal is R. In the last scheme, the FDM signal is transformed into the frequency domain without being passed
through any BPF, and R is obtained in the same way as in the same second scheme. Experimental results obtained
by using the first scheme have an average error of about 0.7138%, for the second and the last scheme have an
average error of about 1%, and all the methods agree with the corresponding mathematical model.

Light absorbance ratio

Motion artifact

Amplitude modulation
Frequency-division multiplexing

based on the principle of the Beer-Lambert law [6-7]. Therefore, before
any device for measuring SpO2 using an optical process could be

1. Introduction

Arterial blood oxygen saturation (Sa0;) is an important vital sign of
the human body. It is the proportion of the measured oxyhaemoglobin
(HbO,) concentration relative to the total haemoglobin concentration in
the blood. Currently,SaO, can be assessed by using a technique named
pulse oximetry. Pulse oximetry yields an empirical measurement of
Sa0, called pulse oxygen saturation (SpO3). UnlikeSaO,, SpO; is based
on only two functional haemoglobins, namely, HbO, and deoxy-
haemoglobin (Hb). These haemoglobins can reversibly bind with oxygen
molecules. Generally, the types of haemoglobins present in a healthy
person are functional haemoglobins, so SpO, can be considered
approximately equal to SaO, if SaO; is greater than 70% [1-4]. The
pulse oximetry technique does not require a blood sample from the
patient, causes no pain and is easy to perform. Traditional pulse oxim-
etry relies on a pulse oximetry probe with dual light sources and a single
light detector attached to the fingertip or earlobe [5]. This technique is

* Corresponding author.

https://doi.org/10.1016/j.bspc.2022.103627

invented, various chemical processes were first proposed, such as Van
Slyke’s method, the mixing syringe method, and methods using the
principle of oxidation, for example, the Clark electrode and the galvanic
electrode [8-11]. However, chemical processes require chemical
expertise, and any such process requires a blood sample from the pa-
tient, which must first be sampled from the patient’s body.

In addition to chemical processes, there are also various optical
processes available for measurement purposes. One of these optical
processes is spectrophotometry, which is the basis of the technique
known as oximetry. Oximetry refers to a method of measuring SaO,
using optical techniques, and pulse oximetry is one important oximetry
technique. Almost all optical techniques are based on the Beer-Lambert
law, especially spectrophotometry, which uses the isosbestic point
wavelength to measure SaO,. At the isosbestic point, the extinction
coefficients of both HbO, and Hb are identical [12]. Moreover, the CO-
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Fig. 1. A transmission-mode pulse oximetry probe. The pulse oximetry probe is attached to the fingertip and emits dual light signals, consisting of red light and

infrared light, which pass through the fingertip to a single light detector.

oximeter method has been proposed based on a principle similar to that
of spectrophotometry. The difference is that a CO-oximeter can also
measure the concentrations of other kinds of haemoglobins, such as
methaemoglobin and carboxyhaemoglobin. To measure the concentra-
tions of various kinds of haemoglobins, a CO-oximeter needs to use four
light sources of different wavelengths. However, with these two oxi-
meters, a patient’s blood sample is still needed to estimate SaO.

In the 1930s, non-invasive oximeters were invented, of which
Kramer’s oximeter was the first example. Kramer’s oximeter used a
single red light source to measure SaO,; because the absorbance of blood
depends on Sa0y, a single light source can be used for this measurement.
At around the same time, Matthes’ oximeter was invented. Matthes’
oximeter emitted both red and green light, which passed through the
earlobe to a photocell. Initially, optical techniques for measuring SaO,
had no special name; this was true until Glen Milliken established the
word “oximetry” [13]. Milliken’s oximeter was similar to Matthes’ ox-
imeter, with the difference that the two light sources produced red and
infrared light. In 1971, Takuo Aoyaki invented an oximeter using a red
light source with a 630 nm wavelength and an infrared light source with
a 900 nm wavelength. These two wavelengths have now become basis of
modern pulse oximeters [14-15]. Moreover, in addition to measuring
SpOs, this oximeter could also measure the heart rate.

SpO;, is estimated from the light absorbance ratio (R) between the
signals measured by the light detector of a pulse oximetry probe, which
are called photoplethysmography (PPG) signals. A PPG signal has two
components: an AC component and a DC component. The AC component
is a pulsatile signal, and the DC component is a non-pulsatile signal. R is
calculated as a ratio among the AC and DC components of the red and
infrared PPG signals. Therefore, if the PPG signals are interfered, the
estimated result for R will be in error. Almost all such interference arises
from movements, which cause effects known as motion artefacts (MAs).
MAs cause distortion of the PPG signal waveform. To reduce MAs, many
methods have been proposed, which can be classified into three main
categories: hardware methods, software methods, and methods
combining hardware and software features. For example, active noise
cancellation using an adaptive filter combined with an accelerometer
sensor [16-18] is one such combined hardware and software imple-
mentation. Software implementations focus on signal processing
methods, such as Fourier series analysis [19], the Fourier transform
[20], the wavelet transform [21], and others [22-30]. By means of
frequency-domain transformation, a new method of calculating R from
the magnitude spectrum becomes available. In the frequency domain,
the AC component is the magnitude of the cardiac-frequency signal, and
the DC component is the magnitude of the zero-hertz signal. Recently, a

method of shifting the frequency band of a PPG signal from a low-
frequency location to a higher-frequency location has been proposed
[31-33]. These methods use a sinusoidal wave instead of a square wave
signal to drive a dual light source. In the past, square wave control
signals have been used to drive the dual light source, causing the signals
at the light detector to be two pulse amplitude modulated (PAM) signals
in the time-division multiplexing (TDM) form; in contrast, under two
sinusoidal control signals of different frequencies, the obtained signals
are two amplitude modulated signals (AM) of different carrier fre-
quencies, corresponding to frequency-division multiplexing (FDM)
[32-33]. To calculate R from such a FDM signal, bandpass filters (BPFs)
and demodulators have been used to recover the normal PPG signals and
calculate R in either the time domain or the frequency domain as
described above.

PPG AM signals have two advantages: the first one is the effects of
MAs are decreased [32], and the second one, the modulation index of a
PPG AM signal also corresponds to the ratio between the AC and DC
components of a conventional PPG signal, which is identical to the light
absorbance (A), so, the modulation index is also identical to the light
absorbance. Therefore, the ratio between the modulation indexes of the
red and infrared PPG AM signals is equal to R. Moreover, the frequency
components of the PPG signal are shifted from a low frequency band to a
higher frequency band because of the AM effect. In the low frequency
band, the ratio between the AC and DC components in the frequency
domain is equivalent to the ratio between the magnitude of the cardiac-
frequency signal and the magnitude of the zero-hertz signal [20].
Therefore, there is a possibility that the ratio between the AC and DC
components in the higher frequency band is similarly equivalent to the
ratio between the magnitudes of the shifted cardiac-frequency and
carrier-frequency signals. Accordingly, R can be directly calculated from
the two PPG AM signals. To calculate R from the PPG AM signals (from
either the modulation index ratio or the spectrum ratio), it is unnec-
essary to first demodulate or recover the conventional PPG signal. Thus,
the spectrum of the FDM signal, which is obtained directly from the
amplifier circuit, can be used to calculate R without any BPF or
demodulator.

Before the results are presented, the theory behind pulse oximetry
and AM should be introduced. In the next section, the fundamental
background on SpO, measurement and AM is presented, and the pro-
posed method are then described, as well as the experimental setup of
this article.
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2. Pulse oxygen saturation measurement

As mentioned before, measuring SpO, is a technique for estimating
Sa0, based on the concentrations of Hb and HbO,. SpO, is defined as
shown in Eq. (1).

CHbO,

Sp0, = (€9)

Crbo, + Chp

From Eq. (1), if the concentrations of Hb and HbO, have known,
SpO, can be determined easily; however, if SpO, is to be determined
based on a non-invasive optical technique, both concentrations cannot
be directly obtained. Therefore, SpO, is indirectly determined as fol-
lows. The optical technique for determining SpO, is based on the prin-
ciple of the Beer-Lambert law, which describes the relationship between
the emitted light (I,) and the transmitted light (I) when I, is partially
absorbed by a homogeneous medium that has an extinction coefficient
of (1) at the wavelength A, a concentration of ¢, and an optical path
length of d. This relationship is shown in Eq. (2).

I = fye= 2
The absorbance (A) is defined in Eq. (3).
A= —ind = e(A)ed (3)
Iy

To use a pulse oximeter, as shown in Fig. 1, the probe must be
attached to the fingertip; however, a fingertip is not a homogeneous
medium. The absorbance of the fingertip (Aginger) can be separated into
two components. The first component (Apc) represents the DC absor-
bance, which is predominantly related to substances such as skin, tissue,
and blood vessels, and the second component (Axc) represents the AC
absorbance, which is predominantly related to the blood. The extinction
coefficient for the DC absorbance component at a wavelength of 1 is
epc(4), the corresponding concentration is cpc, and the corresponding
optical path length is dpc. On the other hand, the extinction coefficient
for the AC absorbance component at the same wavelength is exc(4) the
corresponding concentration is cac, and the corresponding optical path
length is dac. So, Aginger can be approximated as a sum of two compo-
nents, Apc and Axc.

As seen from Fig. 1, Axc is essentially equivalent to the absorbance of
the blood (Agjooq), Which depends on the absorbance of Hb andHbO,, so

JuBISUO))

SOUB A
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Fig. 2. A PPG signal received at the light detec-
tor as represented in the time domain. Here, [ is
the emitted light intensity; time t; corresponds to
the systolic phase, in which the optical path length
of the blood is the longest (dpjoodmax) and the light
intensity is the lowest (I;,), while time t5 corresponds
to the diastolic phase, in which the optical path
length of the blood is the shortest (dgiood,min) and the
light intensity is the highest (I). Time t3 corre-
sponds to the mean light intensity (Imean)-

v Absorption by
DC component

Absorption by
AC component

Afinger can be expressed as shown in (4).

Aringer = Apc +Asc = epc(A)cpcdpe + (€mpo, (A)cryo, + € (X)) dpiooa

4

From Eq. (4), The Apc must be eliminated in order to obtain Agjeed-
This problem can be solved by determining the difference between the
fingertip absorbances at different times. The optical path length dgjeed
changes over time because of the contraction of the heart, as charac-
terized by the systolic and diastolic phases. In Eq. (4), Apc is typically
constant, while A,¢ varies; therefore, the difference in absorbance be-
tween the systolic (Asysole) and diastolic (Apjasile) phases can be
expressed as shown in Eq. (5).

(&m0, (A)crpo, + €mp(A)cp ) Adpiood = ABlooa

)

Eq. (5) expresses the absorbance of the blood (Agiod), and Adpieea is
the absolute optical path length in the blood. At this point, the con-
centrations of oxyhaemoglobin and deoxyhaemoglobin are still un-
known, and there is also one additional unknown (Adpj,q)- This problem
can be solved by using two light sources with different wavelengths. The
most common wavelengths for pulse oximetry probes are red and
infrared wavelengths. To eliminate the effect of Adpyo, the light
absorbance ratio is calculated; because both light signals are travelling
through the same finger, the optical path lengths for both wavelengths
are equal. The light absorbance ratio (R) is defined as shown in Eq. (6):.

ADL.'[ferem = ASystole*AD[asmle

(&mbo, (Arep )CHbo, + €1 (ARED)CHD )

R=
€p0, (Ar)Crvo, + €y (Air)crp

(6)

By rearranging Eq. (1) and Eq. (6), SpO, can be written as a function
of R, as shown in Eq. (7) [7].

EHp (}LRED) — Enp (AIR)R

SpO, =
P2 Emp (/‘lRED) — €mHpo, (/1RED) + (EHboz (AIR) — Emp (lm) )R

)

Eq. (7) shows that it is not necessary to know the concentrations of
haemoglobins; instead, SpO, can be determined based only on the
R-value. Moreover, the extinction coefficients in Eq. (7) are constant at
specific wavelengths, so the empirical equation for estimating SpO, can
be further written as follows [34].

Sp0O, = 110 —25R (8)
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Theoretically, R is the ratio of Ag.q between the red and infrared
light signals, but in practise, R can be obtained from the light intensity
signal shown in Fig. 2. This signal is called the PPG signal, and R can be
calculated from the PPG signal via the following three methods.

2.1. Neighbour minimum valley and maximum peak method (Peak and
valley Method)

From the signal in Fig. 2, the light intensities I and I, are expressed
as shown in Egs. (9) and (10), respectively.

Iy = Ioe*t“oc(i)f«ncdnc 9
I, = Ioe*SIJC(A)('I)CdIJC e—taceacdac — IHe*é'A('(l)L’Ach(' (10)

Because I is the light intensity due to absorption by the AC
component, the corresponding absorbance is given by Eq. (11):

1,
- lnI—L = exc(A)cacdac = (8Hb02 (l)cﬁboz + gHb(ﬂ)CHb )dBiooa = ABiooa an
H

Therefore, R as calculated with the peak and valley method is.

IpRrE
- ILZZ _ (€0, (Arep )CHbO, + €1 (ARED)ChD ) —-R (12)
- % (rp0, (k) Crv0, + €rap (A1) Crap )

Eq. (12) shows that in this method, I, is discarded, and only I;; and I,
of the PPG signals from the red and infrared wavelength light sources are
used to compute R.

2.2. Derivative method

In this technique, R is calculated by separating the DC and AC
components. To decrease the potential for confusion among variables,
the notation for the optical path length d is changed to L(t) here; then,
based on Fig. 2, the derivative of Eq. (2) is written as shown in Eq. (13).

dI(r) dL(t)

o dL(t
a — 78(},)(’ o (Ioe—s(/.)(,L(z)) _ 78(1)(’ ( )

! () 13
Dividing both sides of Eq. (13) by I(t) yields the result shown in Eq.
(14):.

a6 dL(t)
da
1= e(@)e= = 14)

dit)
By comparing Eq. (14) to Eq. (3), the term I‘g—;) can be seen to be the
light absorbance, which is equivalent to Apjeq; therefore, R can be

written in derivative form as shown in Eq. (15).

_ (€nv0, (Arep)Chpo, + €1 (ArED)CH ) —R (15)
ar (€0, (Air)Cp0, + €16 (AiR)Chp )

Through approximation of the derivatives, Eq. (16) is obtained.

dl—%l(tz)—l(t]) (16)

=

(z

dt

From Fig. 2, all the light intensities can be substituted into Eq. (15) to
obtain Eq. (17):.

dr Irep(t2)—IreD (11) ACrep

Irep (1) IreD(13) __ DCrep  __

T = o))~ Ace — K a7)
a T DC

Iir (1) Iix(13) ®

Here, ACggp and DCrgp are the light intensities of the AC and DC
components of the red light signal, respectively, and ACjr and DCy are
the light intensities of the AC and DC components of the infrared light
signal, respectively.

In Eq. (17), the expression for R from the derivative method, the
emitted light intensities from the dual light sources are discarded

Biomedical Signal Processing and Control 75 (2022) 103627

DC Component

F AC Component

Fig. 3. A PPG signal received at the light detector as represented in the fre-
quency domain.

because this method considers only the highest and lowest light in-
tensities to compute R.

In the methods presented above, R is calculated based on the
measured light intensity at the receiving detector; however, in practise,
the light detector in an oximetry probe is a photodiode. In general, a
photodiode transforms light intensity into a current, and this current is
typically then converted into a voltage by a trans-impedance amplifier to
simplify signal processing; therefore, the light intensities in Egs. (12)
and (17) can be expressed as voltages. While the two previous methods
involve calculating R in the time domain, the last technique presented
below instead employs the magnitude spectrum to calculate R in the
frequency domain.

2.3. Spectral analysis method

The magnitude spectrum of PPG signal is shown in Fig. 3, In the
frequency domain, the AC component is the magnitude of the highest
peak in the cardiac-frequency band (f.,,), while the DC component is the
magnitude of the zero-hertz signal. The calculation of R via the spectral
analysis method relies on the direct substitution of the DC and AC
components into Eq. (17).

From a communication perspective, because a pulse oximetry probe
has dual light sources and a single light detector, if both light sources are
active simultaneously, the light detector will be unable to separate the
red PPG signal from the infrared PPG signal; therefore, TDM is used.
Traditionally, the two light sources are controlled by square wave sig-
nals with two different phases, and the signals are obtained in PAM
form; however, in this article, the two light sources are considered to be
controlled by two sinusoidal waves of different frequencies based on
Sakkarin’s method [32]. The signal pattern obtained at the light detector
when the dual light sources are controlled with sinusoidal waves is
formed of two AM signals. Therefore, in the next subsection, the fun-
damentals of the AM technique are described.

3. Amplitude modulation

In telecommunication, AM and frequency modulation (FM) are
common modulation techniques used in radio broadcasting. The
simplest modulation technique is to vary some parameter of the sinu-
soidal waveform, such as the amplitude, frequency, or phase, versus the
message signal. In this article, the double-sideband suppressed-carrier
AM (AM-DSBSC) approach with a large carrier is assumed. Before the
use of the above techniques to calculate R for estimating SpO, is
demonstrated, in this section, basic AM is briefly described.
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Fig. 4. Amplitude modulation. (a) The message signal (m(t)) is a low-frequency sinusoidal wave with frequency w,, and amplitudeA,,, i.e., m(t) = Apcos(wmt). (b)
The carrier signal c(t) is a high-frequency sinusoidal wave with frequency w, and amplitudeA, i.e., c¢(t) = Acos(wt). (c) The AM signal consisting of the message
signal m(t) and the carrier signalc(t). (d) The magnitude spectrum of the AM signal (Fig. 4(c)). (e) A FDM signal, which is a combination of two AM signals. The first

AM signal’s carrier frequency isw,,, and that of the second AM signal isw,.

First, considering the message signal shown in Fig. 4(a) and the
carrier signal shown in Fig. 4(b); the corresponding AM signal is
described by Eq. (18) and depicted in Fig. 4(c).

AM(1) = Acos(@.t) + m(t)cos(w.t) = (A + m(t) )cos(w,t) (18)

The term m(t)cos(w,t) is the AM-DSBSC signal, and the term Acos
(w.t) is the carrier signal when they are combined; thus, Eq. (18) rep-
resents an AM-DSBSC signal with a large carrier, which is a well-known
type of AM signal. By substituting m(t) = Ancos(wnt) into Eq. (18) and
Eq. (19) is obtained.

A A
AM (1) = Acos(w.t) +%cos((m(. —wy,)t) +%cos(((uL + w,)t) 19

When Eq. (19) is transformed into the frequency domain, the terms
w, —0y, and o, +wo,, are the lower sideband (LSB) and the upper sideband
(USB), respectively. The magnitude spectrum of the AM signal is shown
in Fig. 4(d).

In addition to the amplitude and frequency of an AM signal, the
modulation index () is also an important parameter. From Fig. 4(c),
can be obtained as shown in Eq. (20).

An _ Apae = Apin _ [m(0),0

_An_ _ 20
s A Ama)’ + Amin A ( )

In the case of many sources of messages wanting to simultaneously
send information in the same channel, various different carrier fre-
quencies are allocated to these message sources for modulation, after

which the modulated signals are summed together and transmitted
through the provided channel. This process is known as the FDM tech-
nique. At the receiver site, demodulation cannot be directly performed;
instead, the FDM signal must be filtered with a BPF with a centre fre-
quency corresponding to each carrier frequency. After that, the AM
detector is used to recover information as mentioned above. Eq. (21)
shows the FDM signal obtained by multiplexing two AM signals formed
from two message signals (m; (t) and m,(t)) and carrier signals of two
different frequencies (., and w.,).

FDM(t) = A, cos(w,t) + mi (t)cos(w,, t) + A, cos(@c,t) + ma (t)cos(w,, 1)
21D

The magnitude spectrum of the FDM signal considered in this
example is shown in Fig. 4(e).

4. New methods for calculating the light absorbance ratio

Previously, the principles of pulse oximetry and AM were reviewed.
The pulse oximetry principle was explained, illustrating why the non-
invasive measurement of SpO, requires two light sources with two
different wavelengths. Finally, the mathematical expression was pre-
sented to show that in order to measure SpOy, it is not necessary to
directly measure the concentration of any haemoglobin type in blood.
Only the light intensities need to be measured to calculate R in order to
estimate SpOa.
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Fig. 5. The analogue front end. (a) The oscillator circuits generate (a-1) a cosine signal with a frequency of 1070 Hz and (a-2) a cosine signal with a frequency of
1550 Hz. (b) LED driver circuits. (c) Datex-Ohmeda’s pulse oximetry probe with a common LED anode. (d) Trans-impedance amplifier circuit.

Generally, a pulse oximetry probe includes two light sources and a
single light detector. The single light detector needs to detect both light
signals separately. Traditionally, the two light sources are driven by two
square wave signals with different phases. From a communication point
of view, this corresponds to TDM; when the signal from the light de-
tector is considered, these signals are two PAM signals. In Sakkarin’s
research [32], the control signals were changed from square wave sig-
nals to cosine signals. With this method, two cosine signals of different
frequencies are used to control the light sources, so the signal received at
the light detector is a combination of two PPG AM signals in FDM form.
The carrier signals of the two PPG AM signals are the cosine signals used
to drive the light sources, and the message signals are the PPG signals.
The advantage of controlling the two light sources with two different-
frequency cosine signals is that ambient light will not disturb the PPG
signals because the frequency bands of the PPG signals are moved to a
higher frequency. Sakkarin calculated R by using two BPFs to separate
the two PPG AM signals and finally demodulating the PPG AM signals
into PPG signals to be processed using the conventional method.

However, when an AM signal is considered in the time domain, its
modulation index is equal to the ratio of the amplitude of the message
signal to its DC offset. If the message signal is a PPG signal, the modu-
lation index of a PPG AM signals corresponds to the A% ratio of the PPG
signal. Meanwhile, T. L. Rusch [20] has explained the method for
calculating R in the frequency domain. The PPG AM signals in the fre-
quency domain correspond to T. L. Rusch’s method: the AC component
is the magnitude of the highest peak in the USB (or LSB) of the PPG AM
signal, and the DC component is the magnitude of the peak at its carrier
frequency. Finally, the combined signal consisting of the red and
infrared PPG AM signals are in FDM form can be used to calculate R in
the same way as in the second scheme. With this method, the PPG AM

signals do not need to be demodulated to calculate R, and the FDM signal
does not need to be filtered by any BPF. Accordingly, this article has
proposed two types of novel methods for calculating R: in the time
domain and in the frequency domain.

4.1. Calculation of R in the time domain

As mentioned above, R can be determined from Eq. (17). When
considering the modulation index in Eq. (20), so, the term A"‘“‘;Am‘" is the
AC component of the PPG signal and the term AmecfAmn jg the DC

component of the PPG signal, or the average of the PPG signal; thus, yippg

is the AS ratio. Therefore, R can be written in terms of ypg;, and p as
shown in Eq. (22). The relations among the various signals are shown in
Fig. 6(c-2).

R=— Hrep (22)
Hir

4.2. Calculation of R in the frequency domain

In the method proposed by T. L. Rusch [20], R is calculated from the
conventional PPG signal in the frequency domain.

For the case in which two cosine signals are used to drive two light
sources of different frequencies, resulting in two PPG AM signals at the
light detector. Fig. 6(d-2) shows the PPG AM signals in the frequency
domain. To calculate R from the AM magnitude spectra, the AC and DC
components, as shown in Fig. 6(d-2) and 6(e-2), are substituted into Eq.
an.
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Fig. 6. Signal processing flowchart. (a) Experimental Model 1 is Sakkarin’s method [32]. By using BPFs with two different centre frequencies and a corresponding
demodulator part, the output signals are obtained as two PPG signals (Fig. 6(a-2)). (b) Experimental Model 2 is Rusche’s method [20]. By transforming the PPG
signals from Model 1 into the frequency domain, the magnitude spectra of the two PPG signals are obtained. (c) In Experimental Model 3, by filtering the FDM signal
with two BPFs, two PPG AM signals are obtained; then, the modulation indexes of these two PPG AM signals are calculated, where ypgy, is the modulation index of the
red PPG AM signal, while yy is the modulation index of the infrared PPG AM signal. (d) In Experimental Model 4, by filtering the FDM signal with two BPFs, two PPG
AM signals are obtained; then, these two AM signals are transformed with the FFT. The AC component is the amplitude of the highest peak in the sideband, while the
DC component is the amplitude at the carrier frequency. (e) In Experimental Model 5, the FDM signal is transformed directly to obtain its magnitude spectrum, which
shows the two bands of the AM signals; then, the AC and DC components can be calculated using the same strategy as in Model 4.

5. System design

The system designed in this article uses two cosine signals of

Datex-Ohmeda (Fig. 5(c)) and a trans-impedance amplifier circuit (Fig. 5
(d)). This analogue front end serves to produce the PPG signals in PPG
AM form.

different frequencies to independently drive two light sources: a fre-

quency of 1070 Hz is used to drive the red light source, and a frequency

5.1. Cosine oscillator circuit

of 1550 Hz is used to drive the infrared light source This system consists

of two main components: the analogue front end and the signal pro-
cessing unit. The analogue front end is shown in Fig. 5. It consists of two

An XR2206 integrated circuit is used as the sinusoidal oscillator. The
output frequency (f) can be calculated from Eq. (23):.

oscillator circuits (Fig. 5(a)), light-emitting diode (LED) driver circuits
(Fig. 5(b)), a commercial common-anode pulse oximetry probe from
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For the system considered in this article, the two capacitors c in Fig. 5
(a) are 0.01uF, and the potentiometer R1 is used to adjust the fre-
quencies of the cosine signals, 1070 Hz and 1550 Hz.

f (23)

5.2. Trans-impedance amplifier circuit

The operational amplifier used in the system presented in this article
is an OPO7 integrated circuit. As shown in Fig. 5(d), the feedback
resistance is 5 MQ, so the amplifier’s gain is 5 x 10° volts per ampere.
However, with a feedback capacitor, the amplifier circuit also rejects
high frequencies with a cut-off frequency of 3,138 Hz, acting as a low-

FDM Signal

pass filter (LPF). The output signal from the trans-impedance amplifier
circuit is the FDM signal formed by the two PPG AM signals.

5.3. Signal processing

For data acquisition, a NI PCI 4016 Basic Multifunction I/0 Board is
used to convert the analogue FDM signal into a digital FDM signal at a
sampling rate of 16,000 for 10 s. The flow chart of all system operations
is shown in Fig. 6. For the study reported in this article, all operations
were run in MATLAB software. The FFT function in MATLAB was used to
transform the time-domain signals into the frequency domain.

1.5 T T T

Amplitude

Time (Sec)

Fig. 8. The FDM signal detected at the light detector. The signal consists of two PPG AM signals: red PPG AM and infrared PPG AM signals.
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6. Experimental setup

In this article, the experimental setup is shown in Fig. 7. For Fig. 7,
The dual light source in the oximeter probe were controlled by two
oscillator circuits, and the light detector connected to the trans-imped-
ance amplifier circuit to generates the FDM signal and transmitted to the
computer (3.40 GHz CPU processor, 4 GB of RAM) by the NI PCI 4016
Basic Multifunction 1/0 Board and continued processing with MATLAB.

For collecting data, the oximeter probe was attached to volunteer’s
fingertip. The volunteers were told to sit in relax position, have a min-
imum movement during the measurement. The experiment was oper-
ated in a non-variant ambient light room. The sample signals were
acquired from 9 healthy volunteers: 7 male, 2 female, average age is 25
years.

This article has proposed three new models for determining R (The
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3rd model (Fig. 6(c)) is time-domain, and the 4th and 5th models (Fig. 6
(d) and 6(e) are frequency domain) and compared them to two tradi-
tional methods (The 1st and 2nd models [32,20] (Fig. 6(a) and 6(b)). All
the experimental models are shown in Fig. 6. The recorded FDM signal
are processed simultaneously. To calculate SpO., Eq. (8) is used.

7. Results and discussion
7.1. Frequency-Division multiplexing signal from the light detector

The signal at the detector obtained by driving dual light sources with
different cosine signals is shown in Fig. 8.
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Fig. 10. The normalized magnitude spectrum of the PPG signal (a) The red PPG signal, where (a-1) shows the amplitude of the zero-hertz component and (a-2)
shows the amplitude of the cardiac-frequency component. (b) The infrared PPG signal, where (b-1) shows the amplitude of the zero-hertz component and (b-2) shows

the amplitude of the cardiac-frequency component.
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7.2. Conventional R calculation

To obtain R, the FDM signal is filtered with two BPFs and de-
modulators. The PPG signals for the red and infrared light wavelengths
are obtained as shown in Fig. 9.

From these PPG signals, Eq. (17) is used to calculate R, and Eq. (8) is
used to estimate SpO,; for Model 1, the R = 0.602 and SpO; = 94.92%
are achieved. In simultaneous time, the spectrums of the PPG signals in
the frequency domain (Model 2), as shown in Fig. 10(a) and (b).

The magnitude of the zero-hertz signal component is the DC

10

component of the PPG signal, and the magnitude of the highest peak at
the cardiac frequency is the AC component of the PPG signal. The fre-
quencies of the highest peak magnitudes in Fig. 10(a) and (b) are
determined according to the heart rate frequency which is 1.2 Hz and
corresponds to a heart rate of 78 beats per minute in Model 1. The R
value calculated from the Model 2’s signals in Fig. 10(a) and (b) is
R =0.812, and SpO; = 89.40%.
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Table 1
The results of the example signal of 9 volunteers.
Volunteer Model
1 2 3 4 5

1 R 0.5790 0.8569 0.5546 0.8567 0.8588
SpO2 95.5257 % 88.5771 % 96.1359 % 88.5817 % 88.5308 %

2 R 0.6050 0.9095 0.5785 0.8427 0.8411
SpO- 94.8750 % 87.2618 % 95.5367 % 88.9329 % 88.9735 %

3 R 0.5289 0.8471 0.5266 0.8530 0.8624
SpO2 96.7769 % 88.8224 % 96.8359 % 88.6757 % 88.4408 %

4 R 0.6325 0.9268 0.5782 0.9155 0.9018
SpO, 94.1884 % 86.8289 % 95.5439 % 87.1114 % 87.4550 %

5 R 0.6152 0.8893 0.5973 0.8987 0.8872
SpO2 94.6192 % 87.7664 % 95.0670 % 87.5321 % 87.8191 %

6 R 0.6104 0.8827 0.5709 0.8783 0.8721
SpO» 94.7410 % 87.9333 % 95.7280 % 88.0413 % 88.1966 %

7 R 0.5382 0.8454 0.5321 0.8826 0.8659
SpO» 96.5457 % 88.8638 % 96.6978 % 87.9351 % 88.3514 %

8 R 0.5956 0.8712 0.5714 0.8849 0.8766
SpO2 95.1094 % 88.2209 % 95.7152 % 87.8766 % 88.0851 %

9 R 0.5950 0.8226 0.5809 0.8510 0.8362
SpO, 95.1261 % 89.4346 % 95.4764 % 88.7250 % 89.0957 %

7.3. New models for Calculating R
In the time-domain, the PPG AM signals from the BPFs are shown in

Fig. 11.
By using Eq. (22) of Model 3 to calculate R in the time domain, the

11

R = 0.582 and SpO, = 95.49% are obtained.

While in the frequency-domain, the normalized magnitude spectrum
results used to calculate R in the frequency domain in Model 4 are shown
in Fig. 12(a) and (b).

The magnitude of the carrier-frequency component is the DC
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Table 2
The results of SpO; calculated by using Eq. (24) for the frequency domain and using Eq. (8) for the time-domain.
Volunteer Model
1 2 3 4 5
1 R 0.5790 0.8569 0.5546 0.8567 0.8588
SpO, 95.5257 % 95.3138 % 96.1359 % 95.3148 % 95.3037 %
2 R 0.6050 0.9095 0.5785 0.8427 0.8411
SpO2 94.8750 % 95.0267 % 95.5367 % 95.3915 % 95.4003 %
3 R 0.5289 0.8471 0.5266 0.8530 0.8624
SpO; 96.7769 % 95.3674 % 96.8359 % 95.3353 % 95.2841 %
4 R 0.6325 0.9268 0.5782 0.9155 0.9018
SpO, 94.1884 % 94.9322 % 95.5438 % 94.9939 % 95.0689 %
5 R 0.6152 0.8893 0.5973 0.8987 0.8872
SpO2 94.6192 % 95.1368 % 95.0670 % 95.0857 % 95.1484 %
6 R 0.6104 0.8827 0.5709 0.8783 0.8721
SpO, 94.7410 % 95.1733 % 95.7280 % 95.1969 % 95.2308 %
7 R 0.5382 0.8454 0.5321 0.8826 0.8659
SpO. 96.5457 % 95.3764 % 96.6978 % 95.1737 % 95.2646 %
8 R 0.5956 0.8712 0.5714 0.8849 0.8766
SpO; 95.1094 % 95.2361 % 95.7152 % 95.1609 % 95.2064 %
9 R 0.5950 0.8226 0.5809 0.8510 0.8362
SpO. 95.1261 % 95.5010 % 95.4764 % 95.3461 % 95.4270 %
component of the PPG signal, and the magnitude of the highest peak in Table 3
able

each sideband is the AC component. From Fig. 12(a) and (b), R = 0.89
can be calculated and SpO, = 87.70% is estimated. Moreover, these
plots show how the signal modulation moves the PPG signals from low
frequency (0 — 2 Hz) to high frequency (LSB or USB).

Finally, the FDM signal in the frequency domain is shown in Fig. 13.
For Model 5, the R calculation is similar to that in Model 4; the differ-
ence is that the red and infrared PPG AM signals whose spectra are used
in Model 4 are physically separated by BPFs, while the signals whose
spectra are used in Model 5 are not physically separated. Model 5 yields
R = 0.88 and an estimate of SpO, = 87.91%.

7.4. New equation for estimating SpO in the frequency domain

Based on the results of calculating SpO, using Eq. (8) from all vol-
unteers’ data, the light absorbance ratio and SpO; are shown in Table 1.

From Table 1 of 9 volunteers, it shown that the light absorbance ratio
of the 5 experimental models is different, its cause of difference SpO.,
because using the Eq. (8) to calculate SpO; which this equation corre-
sponds to the time-domain method. So, the frequency-domain group
incurs more error because in the frequency domain, the only part of the
AC component that is used is the part at the fundamental cardiac fre-
quency or the first peak in the sideband (the first peak in the sideband
corresponds to the fundamental cardiac frequency after being shifted
from the low-frequency region). For greater accuracy, the harmonic
frequencies of the fundamental cardiac frequency should all be used in
the calculation; however, estimating the AC component with more
harmonic frequencies is more complex because not only the amplitudes
of the harmonic frequencies but also their phase responses must be
calculated. However, the R values calculated using Models 2, 4, and 5
are all very similar; therefore, to achieve greater accuracy, a new
mathematical model for evaluating SpO, based on R as calculated in the
frequency domain (Rgreq) is introduced in Eq. (24):.

SpO, =99.99 — 5.457Rpyeq (24)

|Freq

where SpO, is the blood oxygen saturation derived from the fre-

|Freq
quency domain. Which this expression is determined by using the linear
regression of Rereq (the light absorbance ratio in the frequency-domain)
and SpO; in the time domain of the Model 1 (conventional method).

When Eq. (24) is used to calculate the SpO, in the frequency-domain,
it gave the results as shown in Table 2.

From Table 2 of 9 volunteers, it shown that the light absorbance ratio
of the 5 experimental models is different, but the SpO, is almost the
same, because the experiment models 2, 4, and 5 used the new equation
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Average Errors and Variances Using Egs. (8) and (24).

Model Equation (8) Equation (24)
Average SpO, error Variance Average SpO, error Variance
2 6.2927 39.5984 1.0353 1.0719
3 0.7138 0.5095 0.7138 0.5095
4 7.87 61.9369 1.0279 1.0566
5 7.7758 60.4630 1.0760 1.1578

for approximate SpO, in the frequency-domain, and the errors of SpO,
are shown in Table 3.

In Table 3, the SpO; results obtained by using Eq. (24) and Eq. (8)
which is estimated from R in the frequency-domain. It shown that esti-
mated SpO, from Eq. (24) are more accurate than using Eq. (8). Thus, it
is demonstrated that eventually to estimate SpO, from the FDM signal in
the frequency-domain, the system does not need to be demodulated and
including the use of the BPFs to separate the signal, but it can be ob-
tained directly from the magnitude spectrum of the FDM signal, thereby
reducing the overall complexity of the overall processing system.

8. Conclusion

The results of the five models are shown in Figs. 9-13, and the
calculated errors are shown in Table 3. The error results can be divided
into two groups: a time-domain group and a frequency-domain group.
The SpO, errors are larger in the frequency-domain group than in the
time-domain group because of the treatment of the AC component. In
the frequency-domain group, only the fundamental cardiac frequency is
considered in the AC component; achieving greater accuracy would
require increased complexity because it would be necessary to use more
harmonic frequencies of the fundamental cardiac frequency. In this case,
not only the amplitudes of the harmonics but also their phases would
need to be determined. Therefore, a new mathematical model for esti-
mating blood oxygen saturation in the frequency domain is proposed in
Eq. (24). When Eq. (24) is used to calculate SpO, based on the R-value
calculated in the frequency domain, the error drops to 1%. The results
show that with the new methods for calculating R using the modulation
indexes, corresponding to Models 3 and 4, demodulators are unnec-
essary, and eventually, with Model 5, there is also no need for BPFs.
With no demodulators and BPFs in Model 5, the analogue front-end
design is simpler, also the signal processing. Finally, for Models 1, 2,
3, and 4, which used the BPFs, the wavelet base technique for separate
PPG AM signals can be substitute to the BPFs.
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Abstract—In this article, an embedded microcontroller
ESP32 implement to be a pulse oximeter is proposed. The almost
overall system operates on a microcontroller except for the
analog front-end trans-impedance amplifier. The system works
by generating two different frequency cosines with cosine
function and converting them to be analog cosine signals to drive
IR and Red-light sources. The two PPG AM signals are summed
in FDM form at the output of the light detector, and it is
amplified and converted to be digital signal by the
microcontroller after that the digital signal as mentioned above
is selected by two digital BPFs with different center frequencies
and two PPG AMs are obtained. Two PPG AMs have been
demodulated with AM synchronous detector therefore the PPG
IR and PPG RED are obtained. They are employed to estimate
oxygen saturated and display on OLED along with mobile
devices android OS by Bluetooth communication channel. The
experiment results show that the proposed system can well
operate and have accuracy and precision are 98.1261% and
0.9031, respectively.

Keywords—Pulse Oximetry, Amplitude Modulation, ESP32,
Synchronous Detection, Frequency Division Multiplexing

1. INTRODUCTION

The Pulse Oximeter has been used to remotely monitor the
COVID-19 symptom for the last few years. Before the
invention of non-invasive blood oxygen saturation measurements,
blood oxygen saturation is measured by using a sample of the
patient’s blood and tested in a laboratory. Measuring blood
oxygen saturation in the laboratory requires expertise in
chemistry or the use of sophisticated equipment such as the
spectrophotometer [1]. Nowadays blood oxygen saturation can
measure easily in a household using the pulse oximeter.

In the present day, the basis of the pulse oximeter
operation comes from the pulse oximeter designed by the
Japanese engineer named Takuo Aoyaki [2-3]. Aoyaki’s
oximeter was based on the different light absorbances of the
hemoglobin solution inside a fingertip using Beer-Lambert’s
law. Aoyaki employed two different wavelengths of light
sources are RED and INFRARED, by using two wavelengths
of light sources, the influence of the distance of light traveling,
the intensity of light sources including other components
inside the fingertip does not affect the measurement.

Finally, Beer-Lambert’s equation and nonhomogeneous
solution shows that the oxyhemoglobin and deoxyhemoglobin
concentration cannot be directly determined, but can calculate
with the light absorbance ratio (R) and employ R to estimate
blood oxygen saturation (SpO)

Krittapas Lertterada
ORSgps Co., Ltd.
41/141-142 Kanlapapruek Road, Bang Khae.
Bangkok, Thailand.
info@qrsgps.co.th

In general, the commercial oximeter probe composes of red
and infrared light sources and only a single light detector, so the
light source must be controlled to be active at different times [4],
in order for the detector can generate and separate two
photoplethysmography signals or PPG. This process in
telecommunication is named time-division multiplexing (TDM).

The weakest point of the TDM pulse oximeter is that
measurements must be taken with minimal movement because
the movement caused the interference called Motion Artifact
(MA). The MA can be reduced by translation of the PPG
signal band from low frequency to higher frequency band by
controlling the light sources with using two different
frequency cosine signals instead of two different phase square
waves [5]. However, the change of the control signal is not
only reduced MA but the signal is received by the optical
receiver is also characterized as two amplitude modulation
signals (AM) is mixed in the frequency-division multiplexing
(FDM) form. To recover the PPG signal inside the FDM
signal band, the digital bandpass filter (BPF) needs to be
implemented to separate two AM signals before getting them
to the demodulator and continuing to calculate R and estimate
SpO». Nevertheless, in [5], it is only to present an idea and test
it in a laboratory. It's not yet made for real commercial devices
and uses widely.

In this paper, propose the implementation of the pulse
oximetry by using two different frequency cosine signals to
control two light sources and recover the PPG signals for
calculating R and estimating SpO, within the ESP32
microcontroller. The SpO, values are displayed on the OLED
display and sent to the mobile device via Bluetooth channel.

There are 5 sections in this article, section I introduction
to pulse oximeter is described, II discusses the basic principles
of the blood oxygen saturation measurement process and the
amplitude modulation, IIT explains the proposed implementation,
IV show the experimental results, and the last section will be a
summary and a discussion of the results.

II. BACKGROUND THEORY

A. Pulse Oximetry

Blood oxygen saturation is a measure of the amount of
oxygen saturation in the blood, which is the ratio between the
concentration of oxyhemoglobin (HbO,) and all other
hemoglobin types, but to measure with the pulse oximeter, the
only hemoglobin are HbO, and Deoxyhemoglobin (Hb) are
interested. So, the Blood oxygen saturation in terms of HbO»
and Hb of pulse oximetry (Sp0-) is demonstrated in (1).
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Crvo,

SpO, = (1)

Crvo, T Crp

The common principle to estimate the concentration of
hemoglobin is Beer-Lambert’s law. This law explains the
relationship between the light intensities from the light source
({o) and transmitted light (/) passing through the medium
which has the extinction coefficient of the wavelength 4 is
&(1), while the concentration of the medium is ¢, and the optical
path length is d, which Beer-Lambert’s law is shown in (2).

I=Ie" =1 W 2)

To measure the SpO-, the oximeter probe must be attached
to the fingertip as shown in Fig.1.

Transmission-Mode

/ Pulse Oximetry Probe

DC Component
(Skin,

Tissue,

Blood Vesscl)

Fingertip

DETECTOR

Fig. 1. The transmission mode pulse oximeter probe.

While the light is emanated through the fingertip, the
absorbance components are not only the hemoglobin but there
are others such as skin, tissue, blood vessel, thus the composite
signal of the light detector can show in Fig. 2. This signal is
called the PPG = AC + DC signal, which consists of AC (blood
absorbing signal which is an alternating current signal) and
DC (static absorbing signal which is a direct current signal)
signal components.

~

=)

Absorption by Skin

)

§7 Absorption by Tissue Absorption by

% AAAAAAA DC component

= (DC)

gl - — . — = o —
£ Absorption by
= AC component
- - (40)

' !

Fig. 2. The example signal which absorbed by fingertip (PPG signal)

From Fig. 2, to solve (2), it is necessary to know the optical
path length of all components inside the fingertip. So, (2)
cannot use to estimate the concentration of the hemoglobin
inside the fingertip directly. The solution to this problem is to
calculate the light absorbance ratio (R) between red light and
infrared light. R can be obtained directly from the PPG signals

by using (3).
o (0,
R =RED RED 3
AIR % s DCIR) ( )

While Arep and Az are the light absorbance of red and
infrared light, and AC is the magnitude of the AC component
of the PPG signal while DC is the magnitude of the direct

current component of the PPG signal. To estimate SpO, from
R, the empirical calibration equation (4) is used [6].

SpO, =110-25R @)

The most commercial pulse oximeter probes, as shown in
Fig. 1, have two light sources and a single optical detector. To
receive two PPG signals from a single detector, two light
sources must be controlled to operate at different times, that is
a TDM, but in [5] the controlled signal is changed to be two
different frequency cosine signals which generated the signal
at the detector into two PPG AM signals in FDM form. The
messages of the AM signal are PPG signals while the
controlled signals are carrier signals. So, the amplitude
modulation and the demodulator are described in the next section

B. Amplitude Modulation (AM)

In the communication channel, if there is more than one
message signal have transmitted, the receiver cannot interpret
the message signals correctly, because the messages interfere
with each other, to keep the message from interfering with
other messages, it can be done by transferring the message
with the carrier signal, it is called the modulation. The
modulation is the fashion that message changes some
parameters of the carrier signal, for example, the message m(r)
with Epc offset level varies with the amplitude of the carrier
signal, it is the amplitude modulation large carrier or AM large
carrier, which @.4(¢) can show in (5).

Pun (t) = (m (t)+EDC )COS(fCt)

(6))
(t)cos( f.t)+E,. cos( f.t)
While f: is the carrier signal’s frequency, for this article
m(f) and Epc is corresponding to the AC and DC component
of the PPG signal respectively.

From (5), the first term on the right-hand side shows that
the amplitude of the cosine carrier signal has been changed
due to the m(¢), while the second term is a cosine carrier signal.

For the receiver side, the AM signal must be demodulated
to recover the m(f) signal and its offset level. In this paper, the
synchronous detector is used, which its block diagram can
show in Fig.3.

Sanl)

Low Pass

Pau(t) x cos(fct 1
Filter | /Z(EDU + m(t))

Local Oscillator

cos(f.t)

Fig. 3. The synchronous detector is used for demodulating AM signals.

From Fig. 3, the important part of the synchronous
detector is a Local oscillator of the receiver. The receiver’s
local oscillator must be the same frequency and phase as the
carrier signal of the transmitter. The multiplication result

between the received signal and receiver local oscillator signal
is (6).

@, (t)xcos(ft) :%+M+@cos(2ﬁt)+%cos(2f}) (6)
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In (6), it shows that Epc and m(f) occupy the low-
frequency band, therefore the digital low pass filter (LPF) is
used to recover PPG signal from the multiplication result signal of

).

As mentioned above, to transmit one message signal, one
carrier signal is required, so to transmit more than one
message signal, more carrier signals with different frequencies
are required, which is frequency-division multiplexing (FDM).

After the explanation of the fundamental of pulse oximetry,
amplitude modulation, and synchronous detection, the next
section will demonstrate the system design and the
experimental setup of this research.

III. PROPOSED METHOD

This paper proposed the implementation of the pulse
oximetry by using two different frequency cosine signals to
control the light sources and used two digital BPFs to separate
two AM signals before demodulating with the synchronous
detector based on ESP32 microcontroller after the PPG signals
have been recovered, the system will calculate the light
absorbance ratio and estimate the blood oxygen saturation.
The block diagram of this implementation is presented in Fig. 4.

. Digital
- »@» Lowpass [ -PP Gy (£)
Filter
Digital
® Lowpass
Filter

r
Control
signal 1 H

D)

Control
signal 2

() Datex-Ohmeda Pulse
Oximeter Probe

RED

Amplifier
Circuit

£
5
2
o3
A
=
2
2

PPG, (1)

Fig. 4. Propose method’s block diagram.

For this system, the ESP32 works as signal generators, analog-
to-digital module, digital BPFs, and demodulator process, and
estimating blood oxygen saturation. The ESP32 runs ona 1700 Hz
sampling frequency, and other parameters describe below.

e The cosine-controlled signals — for red light source
uses 80 Hz frequency and infrared light source uses
190 Hz frequency. The cosine signals generate by the
ESP32 cosine function, and it is converted to an analog
signal with a digital-to-analog converter.

e The pulse oximeter probe — the probe employs a
common cathode type from the Datex-Ohmeda. The
probe pins can show in Fig. 6(b).

e The amplifier circuit — the trans-impedance amplifier
op-amp circuit is used with 5 MV/Amp of gain as
shown in Fig. 5.

sV
I

10K
1K LM324>__<:

- FDM Signal

—
=35
E

DETECTO!

N

|||—f
o
=

Fig. 5. Trans-impedance amplifier op-amp circuit.

e The digital BPFs — the center frequency of BPFs are
80 Hz and 190 Hz frequency, with 40 Hz of bandwidth.

e The local oscillator — both local oscillators’ signals are
the same signal with the cosine carrier of the
transmitter.

e The digital LPF — for both demodulators the digital low
pass filter cutoff frequency 2 Hz is implemented.

The overall system process is demonstrated in Fig. 6(a),
and the processing flowchart of the ESP32 program is shown
in Fig. 6(c).

Create2 Cosine signals
80 Hz and 190 Hz.

Send cosine
signals to

N\ U U U Cosine 80 H:

Cosine 190 HA

Circuit

73

Read FDM
signal from the
analog to
Digital port

&7
3|

(a)

Calculate R
Calculate SpO;

©

Fig. 6. System diagram (a) signal generators (b) Datex-Ohmeda’s pulse
oximeter probe (c) signal processing flowchart

For the experiment setup, it is performed in a non-varied
ambient light room, while the volunteers were told to have a
minimum movement during the measurement. The measurement
took place 5 times and take time 5 seconds for each round
which the setup is shown in Fig. 7.

Trans-
Impedance
amplifier
circuit

OLED

Display

Fig. 7. Experimental setup environment.

For this article, the PPG signals of the proposed method
and commercial pulse oximeter (JZIKI model: JZK-303) were
simultaneously collected from 5 volunteers to estimate the
SpO, and compare them with each other for evaluating
accuracy and precision as shown in (7) and (8) respectively.

0,
Relative Accuracy = measurementx100% @)
reference
Precision = 2k-A ®)

n

Which x and u are measurements and average value,
respectively, and # is the number of samples.

In the next section, the example result signal of the
proposed method will be presented and finally, an accuracy
comparison is concluded.

IV. EXPERIMENTAL RESULTS

For confirming the proposed method is performed
correctly, firstty FDM of two PPG AM signals at the light
detector is measured and shown in Fig. 8(a) and its spectrum
presented in Fig. 8(b).
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are taken to calculate the light absorbance ratio is 0.5788 and
can estimate the blood oxygen saturation is 95.5287%.

Fig. 8 — Fig. 11 are the example of the signal from the
proposed method, before going to the discussion section,
TABLE 1. is shown the details of the accuracy and the
precision of SpO; of five subjects of the proposed method. It was
found that the average accuracy and precision are 98.1261% and
0.9031 respectively.

Fig. 8. The FDM signal from the amplifier circuit (a) in the time-domain TABLE 1. THE ACCURACY AND PRECISION OF THE PROPOSED METHOD.
(b) in the frequency-domain.
Te.st Accuracy (%) Precision
For Fig. 8(b), the frequency spectrums presented two PPG s“blje“ 970454 3083
AM signals at 80 Hz and 190 Hz carrier frequencies, by using 2 977825 0.8258
two digital BPFs to separate FDM signal into two PPG AM 3 08.7652 0.9887
signals as shown in Fig. 9(a) and (b). 4 99.0230 0.7570
5 98.0114 0.7396
8 w0 ‘ RD PG A : Average 98.1261 0.9031
gmz " , la) V. CONCLUSION AND DISCUSSION
R o A This paper presented the system for measuring blood
R INFRARED PPG AM oxygen saturation based on the pulse oximeter principle. The
% ‘ proposed pulse oximeter employs the ESP32 microcontroller
. to generate cosine signals to control red and infrared light sources

Tim e. (sec)

Fig.9. Two PPG AM signals (a) red PPG AM and (b) infrared PPG AM signal.

Which Fig. 9(a) and 9(b) are PPG AM signals of red and
infrared PPG respectively. For recovery PPG signals with the
synchronous detector, the cosine signals from the local oscillator
are generated and demonstrated the results in Fig. 10(a) and (b).

RED PPG control signal

]
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Fig. 10. The cosine signals generate from ESP32 (a) 80 Hz cosine signal (b)
190 Hz cosine signal.

Which Fig. 10(a) and (b) are cosine signals with 80 and
190 Hz frequencies respectively. Which are used to be the
carrier and the local oscillator signals simultaneously.

After multiplying the PPG AM signal with its local
oscillator signal, these signals were taken to be an input of the

of pulse oximeter probe with two different frequency cosine
signals which have 80 and 190 Hz at the 1700 Hz sampling
frequency of ESP32. Because of the PPG signal bandwidth is
about 25 Hz which higher frequency cosine carrier is not
selected in order to save the resource and power consumption
of the ESP32 microcontroller.

The output signal of the light detector is amplified and
passed through the analog-to-digital converter of ESP32, this
digital signal is separated into two PPG AM digital signals by
digital BPFs, and it is demodulated with the synchronous detector
which all processes operate on the ESP32 microcontroller.

The examples of the signal have been shown in Fig. 8 —
Fig. 11. Finally, the results from all the volunteers are
compared to the commercial pulse oximeter, it gave the
accuracy around 98.1261% with 0.9031 precision. The results
show that the ESP32 can well perform to measure blood
oxygen saturation with less electronic circuits complexity
because the proposed method has only the trans-impedance
amplifier circuit. In addition, the ESP32 microcontroller also
has built-in Wi-Fi and Bluetooth modules that make it possible
to extend the transmission of data and save data as well.
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ABSTRACT

In this research, almost fully digital microcontroller pulse oxime-
ter processing by two frequencies of cosine wave-driven red and
infrared light sources as well as direct recovering photoplethys-
mography (PPG) signals from FDM signal without bandpass filter
with coherent amplitude demodulation is proposed. An ESP32 mi-
crocontroller is employed to generate two cosine waves with two
difference equation algorithms instead of using the function of co-
sine from Arduino or C library language. Two frequency digital
cosine wave signals are generated and converted to analog signals
with D/A to drive two light sources while two digital cosine signals
as mentioned above are recognized in order to use to be as two
local oscillator cosine wave signals for recovery of two PPG signals
with synchronous demodulation. The RED and IR PPG signals are
later used to estimate blood oxygen saturation (SpO2). The experi-
mental result shows that it works well with accuracy and precision
of 99.4448% and 0.5551, respectively.
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1 INTRODUCTION

In late 2019, the world has faced a major health crisis, the outbreak
of the COVID-19. The COVID-19 was caused a major number of in-
fections and death. The most common symptom is Hypoxia [1]. The
Hypoxia can be monitored by measuring blood oxygen saturation
using a device named the pulse oximeter.

The pulse oximeter has been developed for several decades. In
the beginning, an invasive technique to measure the blood oxygen
saturation is proposed which it must get a blood sample from a
patient, and perform in a technical laboratory room, causing pain
for the patient, and consuming a lot of time. Until the invention
of the pulse oximeter which is the non-invasive measurement of
blood oxygen saturation.

In general, the pulse oximeter operates by transmitting RED

and INFRARED light through a fingertip to a light detector inside
the pulse oximeter probe [2] and the light detector generates two
signals called a photoplethysmography signal or PPG signal. These
signals were used to calculate a light absorbance ratio (R) and then
R was used to estimate a blood oxygen saturation (SpO2)
The important part of the pulse oximetry is the oximeter probe
because the oximeter probe has two light sources and only one light
detector, therefore two light sources must operate at a different
time in order not to cause both PPG signals to interfere with each
other [3]. From the telecommunication point of view, it was known
as time-division multiplexing (TDM). For the TDM pulse oximetry
(convention pulse oximeter), while the measurement proceeds if
the subject movement, the resulting signal will have interference
with known as motion artifact (MA).

The MA was a major interference for measuring blood oxygen
saturation with the pulse oximetry method. Reducing the MA can be
performed in several techniques such as the use of adaptive filter [4],
the signal processing in the frequency-domain [5], decomposed the
MA from the PPG signals using independent component analysis
[6], and by translating the frequency of PPG signals to the higher
band [7].

The frequency translation in [7] was proposed by using two dif-
ferent frequency cosine signals to control two light sources instead
of two square wave signals with different phases.
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The results of using the cosine signals have reduced the MA, in
addition, the signal at the light detector was also a combination of
two amplitude modulation signals (AM) in the frequency-division
multiplexing form (FDM). For recovering messages of two AM
signals in the FDM form, in conventional, two bandpass filters
(BPF) are used to separate two AM signals before recovering two
PPG signals with an AM demodulator.

From the additional investigation, an embedded pulse oximeter
is found in [8] in this here, the PIC microcontroller is used to be an
analog to digital converter and transmitted the pulse oximeter sig-
nals to PC through 433 MHz FM/FSK transmitter, the pulse oximeter
signal processing is not operated in the PIC microcontroller. In 2014
an embedded-based low-cost pulse oximeter is proposed [9], the
ATMegal6 microcontroller is used to record and calculate pulse
oximeter while the signal processing condition is done with an
analog processing form. In 2018, a pulse oximeter system, OxiSense,
with embedded signal processing using an ultra-low-power ASIC
designed for testability is presented [10], the analog and digital sig-
nal processing of pulse oximeter is fabricated in ASIC and gets red
and infrared PPG signal outputs, the microcontroller MSP430F5529
LaunchPad Development Kit is used to convert analog PPG signals
to digital PPG signals and estimate SpO,. From these researches,
the conventional TDM pulse oximeter is employed. Therefore, the
MA is inherent.

In this paper, the pulse oximeter using an ESP32 microcontroller
was proposed. The ESP32 will generate two different frequency
cosine signals to control two light sources in the oximeter probe by
using the difference equation to save a resource and reduce time
consumption. In the demodulation part, two PPG AM signals in
the FDM form were directly recovered by using two synchronous
detectors that used local cosine signals identical to employ control-
ling two light sources without using the BPFs. With this technique,
the system performs faster and saves more memory and energy.

Before the explanation of the proposed method and displaying
the results, briefly of the fundamental of pulse oximetry princi-
ple, the difference equation for generating cosine signal, and the
synchronous detection are described in the next section.

2 METHODOLOGY
2.1 Pulse Oximetry

The blood oxygen saturation (SpO-) is a measure of the saturation of
oxygen in the blood, which is a ratio of Oxyhemoglobin (HbO) and
all other kinds of hemoglobin, but there are two kinds of hemoglobin
that have more numbers and are more effective to calculate the SpO,
that are the HbO, and Deoxyhemoglobin (Hb), so the relationship
between SpO, and both hemoglobin (HbO and Hb) is equation (1).

sp0 = —Hb% 1009, )
CHbo, + CHbB

The method to measure the concentrations of each hemoglobin
was to be using Beer-Lambert’s law. This law explains the relation-
ship of the light intensity from the light source (I) transmitted
through the medium with the concentration ¢ and the extinction
coefficient of the medium at wavelength A is €(1), the optical path
length between the light source and the light detector is d, so the
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light intensity at the light detector (I) is shown in equation (2).
I= I()C_S(A)Cd (2)

For using Beer-Lambert’s law to estimate the concentrations of
both hemoglobin, the oximeter probe was attached to a fingertip
as shown in Figure 1. In the fingertip, there are many components
such as skins, tissues, bones, blood vessels, and blood.

By solving Beer-Lambert’s law for getting both hemoglobin con-
centrations, it was found that a single wavelength light source
cannot provide a complete solution. Therefore, to measure the
SpOy, two-wavelength light sources are required. The most wildly
used light source’s wavelengths in the present day are RED and
INFRARED light sources. And since both lights travel to the same
fingertip, the effect of optical path length (djger) can be discarded.
Consequently, the use of Beer-Lambert’s to estimate the concen-
trations of hemoglobin in order to figure out the SpO, can be per-
formed by calculating the ratio between the absorbance of red
(Agrep) and infrared light (Azg) which is called the light absorbance
ratio (R) equation (3).

A
R= RED

_ ACgreD / ACrR @)

AR DCgrgp | DCrr

The absorbance (A) is a ratio of the AC component of the PPG
signal and the DC component of the PPG signal. The example of
the PPG signal is demonstrated in Figure 2.

The SpO, can be estimated from R by using equation (4). Equation
(4) is an empirical calibration [11].

SpOy = 110 — 25R (4)

After briefly describing the measurement of the SpO,, the next
section will explain the generation of the cosine wave by using a
discrete-time difference equation.

2.2 Digital Cosine Generated with Difference
Equation
The generation of the discrete cosine signal by using the zero-

input response of the second-order difference equation is shown in
equation (5).

y(n) —2cos(O)y(n—1) +y(n—-2) =0 ()

Where 6 is a digital frequency (0 < 6 < ) and y(n) = Acos(0n)
with the initial conditions are y(-1) = Acos(-6) and y(-2) = Acos(-20).

When the y(n) was converted to an analog signal with a sampling
rate of f; Hz, the analog cosine signal is equation (6).

y(t) = Acos(wt) (6)
Where w = 0 /fs.

2.3 Amplitude Modulation (AM)

The modulation was a technique to transmit a signal through the
channel by using the message signal to change the parameter of
the carrier signal c(t). In this article, amplitude modulation (AM) is
interesting. For the AM, the amplitude of ¢(¢) was changed due to
the amplitude of the message signal E(t) = Ay + m(1), for example,
the E(t) was modulated with f; Hz carrier signal, so the AM signal
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Figure 1: The absorption components inside the fingertip.
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Figure 2: The example of the PPG signal shows the AC com-
ponent and the DC component.

(#an) in equation (7) is obtained.
$am =E®)cos(fet) = [Agrp +m(D)] cos(fer)
= m(t)cos (fot) + Aps cos (fot) (7)
To recover the E(t) from the ¢ 454, the synchronous detector was
used as a demodulator. A block diagram of the synchronous detector

was shown in Figure 3
From Figure 3, the result of the multiplication is equation (8).

A A
% + %t) + # cos (2fct) + % cos (2fct)

[#]Jr[bﬂ;’) cos (2fut) ®

Pam (1) xcos(fet) =

Equation (8) shows the E(t) is in a low-frequency band, so the
lowpass filter (LPF) can recover the E(t).

In case of transmitting more than one message signal, the car-
rier signal must use a different frequency, this technique is called

Multiplier

Punft)xcos(for)

frequency-division multiplexing (FDM). Equation (9) was an ex-
ample of the FDM signal (#rpys) which is the combination of two
AMs.

[Aop1 +mu ()] cos (fet) + [Agpra +mz ()] cos (fe,1)
E1 (t) cos (fe,t) + Ez () cos (fe,t)

To recover the message signals (E1(t) or E2(t)) from equation
(9), in general, the FDM signal must separate into two AM signals
by two BPFs before demodulating the AM signal. But from the
concept of the synchronous detector, as shown in equation (8),
it is a possibility to recover the message signals from the FDM
signal directly by using two synchronous detectors without the
BPFs. Therefore, the next section will describe the message signals
recovery of combining two AMs in the FDM form that is proposed
in this article.

¢rpmM =

3 PROPOSED METHOD

Generally, the demodulation of AMs from the FDM signal needs
the BPFs to separate the AM signals. But equation (8) shows the
result of the multiplication of AM signal and carrier signal (Local
oscillator). Similarly, if multiplying the FDM signal with the local
oscillator with the same frequency as one of the carriers, as a result,
a message signal of that frequency carrier will appear in the low-
frequency band and the LPF can recover this message signal. For
example, multiply equation (9) with the cosine signal with the same
carrier frequency with the @ 47, we will get equation (10).

PFDMX COS (fc1 t) = %El (t)+%E1 (t) cos (2fc1 t)+¢AM2>< cos (fclt)
(10)
From equation (10), the message E;(?) is in the low-frequency
band, but the E5(2) is still in a high-frequency band, so the E;(t) can
recover by using the LPF that have a suitable cut off frequency.
Likewise, if multiply equation (9) with ¢ gps» carrier frequency
(fe2), the output of the LPF will be Ea(t).

o,

VaE(t) = V2[Aytm(1)]
Lowpass Filter

Figure 3: The synchronous detector block diagram.
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impedance amplifier circuit.

By giving the message signals of ¢ 43; and ¢ gy are RED and
INFRARED PPG signals respectively

(E1(t) = PPGggp(t) and Ey(t) = PPGg(t) while PPG(t) = DC +
AC(t)), the messages of the AM signals in the FDM form can esti-
mate the SpO,.

To perform this proposed concept in a practical, the pulse oxime-
try using the ESP32 microcontroller to control two light sources
with two different frequency cosine signals from the difference
equation and demodulates the AM signals in the FDM form with
two synchronous detectors without BPFs is presented, the proposed
method’s block diagram is shown in Figure 4.

For the system implementation, the cosine signal generators, the
analog-to-digital converter, the demodulator, and the calculation of
the SpO, are performed on the ESP32. Thus, the operation flowchart

of ESP32 is shown in Figure 5(a). The details of the designed system
are as follows.

e ESP32 is working with a 1700 Hz sampling frequency.

e Two cosine signals were generated by two difference equa-
tions. For Red-light source is controlled by an 80 Hz cosine
signal and the Infrared-light source is controlled by a 190 Hz
cosine signal.

A commercial common anode pulse oximeter probe from
the Datex-Ohmeda is used. Figure 5(b) shows the pins map
of the probe.

The op-amp trans-impedance amplifier circuit has 5
MV/Amp of gain. The circuit diagram is shown in Figure

5(c)

The overall system is shown in Figure 5.
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Figure 6: Experimental setup environment.

o 0005 oo oo1s o2

INFRARED light source control signal

o 0005 oor o015 o2

RED light source control signal
T

| (a)

o o035 004 0045 005

| ()

003 [ 004 0045 3

Figure 7: Two digital cosine signals generated by ESP32 using difference equation (a) 80 Hz for red PPG signal and (b) 190 Hz
for infrared PPG signal, for controlling two light sources and use as two local oscillators.

For the experimental setup, the experiment was performed in an
unvaried ambient light room. The signal data were collected from
12 volunteers. During the measurement, the volunteer was told to
have minimum movement to minimize MA interferences. It will
measure continuously 5 times, each time 5 seconds, and measure
simultaneously with the commercial pulse oximeter for comparing
the SpO, value. The setup is shown in Figure 6.

To display the results of the proposed method in this paper, one
example signal has been demonstrated in the next section, and
before the conclusion, the SpO, values of the proposed method
have been compared with the commercial pulse oximeter probe for
accuracy and precision as shown in equation (11) and equation (12)
respectively.

measurement X 100%

(11)

Relative Accuracy =
reference

2 |x —pf
n

(12)

Precision =

For equation (12), x and p are measurements and average value,
respectively, and n is the number of samples.

4 EXPERIMENTAL RESULTS

Firstly, by using the difference equation in equation (5) to generate
two cosine signals, the ESP32 generated two different frequency
cosine signals to control the red and infrared light sources as analog
signals and store these two signals as numeric in the memory,
which the digital cosine signals with DC offset by 128 numeric can
demonstrate in Figure 7.

Figure 7(a) is an 80 Hz cosine signal for controlling the red-light
source while Figure 7(b) is a 190 Hz cosine signal for controlling
the infrared light source.

At the output of the amplifier circuit, the FDM signal from the
light detector in the pulse oximeter probe was measured, the FDM
signal is shown in Figure 8(a) and its frequency spectrum in Figure

8(b).
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Table 1: the Accuracy and Precision of the proposed method.
Test Subject Accuracy (%) Precision

1 99.05455 0.94545
2 99.0696 0.9304
3 99.2046 0.7953
4 99.2870 0.7130
5 99.5670 0.4330
6 99.7149 0.2851
7 99.5774 0.4226
8 99.8245 0.1755
9 99.5417 0.4583
10 99.3517 0.6483
11 99.9052 0.0948
12 99.2405 0.7595
Average 99.4448 0.5551

The frequency spectrum in Figure 8(b) was confirm that there
are two AM signals combined in the FDM signal, the first one is
red PPG AM and the second one is infrared PPG AM signal.

After the ESP32 acquired the FDM signal from the amplifier
circuit, this FDM signal was multiplied with the cosine signals
in Figure 7(a) and (b) as the local oscillators for the synchronous
detector to demodulate red and infrared PPG signal respectively.
Then taking both multiplication outputs to the LPFs, the PPG signals
were recovered as shown in Figure 9.

From Figure 9, the upper trace is red PPG signal, and the lower
trace is infrared PPG signal, so the light absorbance ratio (R) from
these PPG signals is 0.5898 and can estimate the SpO, is 95.2539%

Finally, estimate the SpO from all the volunteer’s signals includ-
ing accuracy and precision estimation as shown in Table 1. Which
gives 99.4448% average accuracy and 0.5551 average precision.

5 DISCUSSION

This research has proposed the pulse oximeter using the ESP32
microcontroller to control two light sources in the common anode
pulse oximeter probe from the Datex-Ohmeda with two different
frequency cosine signals; the red-light source is controlled by 80
Hz and the infrared light source is controlled by 190Hz cosine
signals. By controlling two light sources with two cosine signals,
the light detector could detect the signal in the FDM form which is
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the combination of two PPG AM signals. To demodulate the PPG
AM signals, two synchronous detectors were directly performed
the FDM signal and recovered the RED PPG and INFRARED PPG
signals. The proposed method’s performance was compared to the
commercial pulse oximeter and gave 99.4448% accuracy and 0.5551
precision rate. The experimental result shows that this proposed
device works well and corresponding to the proposed concept.
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