
I E E E  T R A N S A C TI O N S  O N  BI O M E DI C A L  CI R C UI T S  A N D S Y S T E M S,  V O L. 1 7,  N O. 2,  A P RI L 2 0 2 3 3 2 3

A  Pr ot ot y p e  We ar a bl e  D e vi c e f or  N o ni n v asi v e
M o nit ori n g of  Tr a ns c ut a n e o us  O x y g e n

Vl a di mir  Va k ht er ,  Gr a d u at e St u d e nt  M e m b er, I E E E,  B ur a k  K a hr a m a n ,  Gr a d u at e St u d e nt  M e m b er, I E E E,
G ui x u e  B u , F or o o h ar F or o o z a n , S e ni or  M e m b er, I E E E, a n d  Ul k u h a n  G ul er , S e ni or  M e m b er, I E E E

A bstr a ct — Tr a ns c ut a n e o us o x y g e n  m o nit o ri n g is a n o ni n v asi v e
m et h o d f o r  m e as u ri n g t h e p a rti al p r ess u r e of o x y g e n diff usi n g
t h r o u g h t h e s ki n,  w hi c h st r o n gl y c o r r el at es  wit h c h a n g es i n dis-
s ol v e d o x y g e n i n t h e a rt e ri es.  L u mi n es c e nt o x y g e n s e nsi n g is o n e of
t h e t e c h ni q u es f o r ass essi n g t r a ns c ut a n e o us o x y g e n. I nt e nsit y- a n d
lif eti m e- b as e d  m e as u r e m e nts a r e t w o  w ell- k n o w n  m et h o ds us e d i n
t his t e c h ni q u e.  T h e l att e r is  m o r e i m m u n e t o o pti c al p at h c h a n g es
a n d r e fl e cti o ns,  m a ki n g t h e  m e as u r e m e nts l ess v ul n e r a bl e t o  m o-
ti o n a rtif a cts a n d s ki n c ol o r c h a n g es.  Alt h o u g h t h e lif eti m e- b as e d
m et h o d is p r o misi n g, t h e a c q uisiti o n of hi g h- r es ol uti o n lif eti m e
d at a is c r u ci al f o r a c c u r at e t r a ns c ut a n e o us o x y g e n  m e as u r e m e nts
f r o m t h e h u m a n b o d y  w h e n s ki n is n ot h e at e d.  We h a v e b uilt a
c o m p a ct p r ot ot y p e al o n g  wit h its c ust o m fi r m w a r e f o r t h e lif eti m e
esti m ati o n of t r a ns c ut a n e o us o x y g e n  wit h a p r o visi o n of a  w e a r a bl e
d e vi c e.  F u rt h e r m o r e,  w e p e rf o r m e d a s m all e x p e ri m e nt st u d y o n
t h r e e h e alt h y h u m a n v ol u nt e e rs t o p r o v e t h e c o n c e pt of  m e as u r-
i n g o x y g e n diff usi n g f r o m t h e s ki n  wit h o ut h e ati n g.  L astl y, t h e
p r ot ot y p e s u c c essf ull y d et e ct e d c h a n g es i n lif eti m e v al u es d ri v e n
b y t h e c h a n g es i n t r a ns c ut a n e o us o x y g e n p a rti al p r ess u r e d u e t o
p r ess u r e-i n d u c e d a rt e ri al o c cl usi o n a n d h y p o xi c g as d eli v e r y.  T h e
p r ot ot y p e r es ol v e d a  mi ni m u m c h a n g e of 1. 3 4 ns i n a lif eti m e t h at
c o r r es p o n ds t o 0. 0 3 1  m m H g i n r es p o ns e t o sl o w c h a n g es i n t h e
o x y g e n p r ess u r e i n t h e v ol u nt e e r’s b o d y c a us e d b y h y p o xi c g as
d eli v e r y.  T h e p r ot ot y p e is b eli e v e d t o b e t h e fi rst i n t h e lit e r at u r e
t o s u c c essf ull y c o n d u ct  m e as u r e m e nts i n h u m a n s u bj e cts usi n g t h e
lif eti m e- b as e d t e c h ni q u e.
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I. IN T R O D U C TI O N

T H E gr o wi n g d e m a n d f or r e m ot e h e alt h  m o nit ori n g a n d
t h er a p y h as l e d t o t h e pr olif er ati o n of  mi ni at uri z e d s m art

a n d c o n n e ct e d h e alt h d e vi c es [ 1], [ 2], [ 3], [ 4], [ 5], [ 6].  As ill us-
tr at e d i n Fi g. 1 , t h es e e m er gi n g d e vi c es c a n pr o d u c e r e al-ti m e
d at a o n p ati e nt vit al si g ns f or cli ni c al d e cisi o n- m a k ers t o i nf or m
t h eir tr e at m e nt pl a ns.  T h er ef or e, t h es e d e vi c es ar e c e ntr al t o
t h e d e v el o p m e nt of c ost- eff e cti v e, p ati e nt- c e nt er e d h e alt h c ar e
m o d els t h at ar e  m or e a c c essi bl e, fl e xi bl e, a n d pr o a cti v e.

W hil e  m e di c al  w e ar a bl e t e c h n ol o gi es h a v e u n d er g o n e a si g-
ni fi c a nt tr a nsf or m ati o n, t h er e ar e li mit ati o ns i n b ot h t h e v ari et y
a n d t h e q u alit y of t h e vit al si g ns t h e y pr o vi d e. F or i nst a n c e,
a mi d t his tr a nsf or m ati o n, t h er e h as b e e n littl e pr o gr ess i n t h e
mi ni at uri z ati o n of r es pir ati o n-s e nsi n g d e vi c es t o a c o m p a ct f or m
f a ct or [ 7], [ 8].  Yet, r es pir ati o n iss u e is k n o w n as o n e of t h e
e arl y i n di c at ors of t h e o ns et of a p ati e nt’s d e cli n e [ 9]. F or
e x a m pl e, t h e r es pir at or y c or o n a vir us dis e as e 2 0 1 9 ( C O VI D- 1 9)
w as t h e l ar g est c o ntri b ut or ( aft er h e art dis e as e a n d c a n c er) t o
t h e a n n u al  m ort alit y b ur d e n i n 2 0 2 0 i n t h e  U nit e d St at es [ 1 0],
[ 1 1].  A s uit a bl e e n vir o n m e nt f or c o nti n u o us a n d r e m ot e  m o ni-
t ori n g of r es pir at or y p ar a m et ers s u p p ort e d b y  w e ar a bl e d e vi c es
c o ul d all o w f or e arl y d et e cti o n of s y m pt o ms a n d ti m el y  m e di c al
i nt er v e nti o ns, r e d u ci n g  m ort alit y [ 1 2].

T h e f u n cti o ns of r es pir ati o n i n cl u d e v e ntil ati o n (r e m o vi n g
c ar b o n di o xi d e, C O 2 , fr o m c ells a n d tiss u es) a n d o x y g e n ati o n
( d eli v eri n g o x y g e n, O 2 , t o c ells a n d tiss u es).  E v al u ati o n of t h e
r es pir at or y ef fi ci e n c y a n d o x y g e n ati o n of bl o o d a n d tiss u es is
a c o m pl e x pr o c ess t h at r e q uir es a c o m pr e h e nsi v e a n al ysis of
m ulti pl e p ar a m et ers as a  w h ol e. I n c urr e nt cli ni c al pr a cti c e,
o x y g e n ati o n is ass ess e d usi n g t hr e e pri m ar y p ar a m et ers:

1) t h e art eri al p arti al pr ess ur e of o x y g e n ( P a O 2 ), r e fl e cti n g
t h e a m o u nt of u n b o u n d fr e e o x y g e n  m ol e c ul es diss ol v e d
i n pl as m a;

2) t h e s at ur ati o n of art eri al o x y g e n ( S a O 2 ),  w hi c h is t h e r ati o
of o x y g e n at e d h e m o gl o bi n t o t h e t ot al h e m o gl o bi n; a n d

3) t h e c o nt e nt of art eri al o x y g e n ( C a O 2 ),  w hi c h is t h e t ot al
a m o u nt of o x y g e n  m ol e c ul es.

A n o ni n v asi v e a n d  wi d el y a c c e pt e d s urr o g at e  m e as ur e of
o x y g e n ati o n is pr es e nt e d b y p uls e o xi m etr y,  w hi c h ass ess es t h e
p eri p h er al bl o o d o x y g e n s at ur ati o n ( S p O 2 ) t o esti m at e S a O 2 .
T h e e as e of us e of p uls e o xi m et ers h as  m a d e t h es e d e vi c es
u bi q uit o us; t h er ef or e, S p O 2 i s  wi d el y us e d t o tr a c k o x y g e n
tr e n ds.  M or e o v er, i n s o m e c as es, S p O 2 i s als o us e d as a n
i n dir e ct  m et h o d f or esti m ati n g P a O2 .  H o w e v er, t h e r el ati o ns hi p
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Fi g. 1.  R e m ot e p ati e nt  m o nit ori n g c o n c e pt  wit h s m art  w e ar a bl e d e vi c es.

Fi g. 2. ( a)  O x y g e n ati o n  m e as ur e m e nt  m et h o ds a n d ( b) t h e r el ati o n of o x y g e n a-
ti o n p ar a m et ers s h o w n o n a n o x y- h e m o gl o bi n diss o ci ati o n c ur v e [ 1 5] ( S p O2 v s.
P a O 2 ) a n d a n i ns et gr a p h [ 1 6] ( P a O2 v s. Pt c O 2 ).  A d a pt e d fr o m [ 1 7].

b et w e e n S p O 2 a n d P a O 2 i s a si g m oi d f u n cti o n, d es cri b e d b y t h e
o x y- h e m o gl o bi n diss o ci ati o n c ur v e i n Fi g. 2 .  A d diti o n all y, i n
c ert ai n c as es, s u c h as h y p er o xi a, it c a n n ot ass ess o x y g e n ati o n
c orr e ctl y a n d h as li mit e d r es ol uti o n [ 1 3], [ 1 4].  A n ot h er n o ni n-
v asi v e t e c h ni q u e t o  m e as ur e P a O 2 i s t h e tr a ns c ut a n e o us p arti al
pr ess ur e of o x y g e n ( Pt c O 2 ),  w hi c h  m e as ur es bl o o d o x y g e n
diff us e d t hr o u g h t h e s ki n.  C h a n g es i n Pt c O 2 c a n b e dir e ctl y
c orr el at e d  wit h c h a n g es i n P a O 2 , as s e e n i n t h e i ns et gr a p h i n
Fi g. 2 [ 1 3] , [ 1 5], [ 1 6].

D es pit e t h e r es ol uti o n a n d a c c ur a c y t h at b ul k y tr a diti o n al
Pt c O 2 m o nit ors c a n pr o vi d e, t h e y d o n ot s c al e f or  w e ar a bl e
m e di c al d e vi c es. Pt c O 2 h as b e e n tr a diti o n all y  m e as ur e d  wit h a n
el e ctr o c h e mi c al t e c h ni q u e t h at us es  Cl ar k el e ctr o d es [ 9]. D u e t o
t h e i ns uf fi ci e nt s e nsiti vit y of t his  m et h o d, h e ati n g is n e c ess ar y
t o i n cr e as e t h e c o n c e ntr ati o n of  O2 i n t h e g as o v er t h e t ar g et s ki n
ar e a b y i n cr e asi n g t h e diff usi o n of  O 2 m ol e c ul es fr o m t h e bl o o d
v ess els. I n g e n er al, t his  m et h o d s uff ers c o nsi d er a bl y fr o m t h e
n e e d t o h e at t h e s ki n [ 1 8], [ 1 9].  T h er ef or e, it is u ns uit a bl e f or
w e ar a bl e d e vi c es.  T h e r e as o ns n e g ati v el y aff e cti n g t h e f e asi bil-
it y of a Pt c O2 w e ar a bl e  wit h  Cl ar k el e ctr o d es ar e as f oll o ws:

1) d esi g ni n g a h e ati n g  m e c h a nis m o n a  w e ar a bl e  w o ul d
si g ni fi c a ntl y i n cr e as e t h e d e vi c e si z e;

2) d uri n g c o nti n u o us  m o nit ori n g, h e ati n g  mi g ht irrit at e or
e v e n b ur n t h e s ki n u n d er t h e h ots p ot; a n d

3) t h e p o w er c o ns u m pti o n of a  w e ar a bl e  wit h a h e ati n g
m e c h a nis m  w o ul d i n cr e as e si g ni fi c a ntl y.

T his p a p er pr es e nts a n o v el  w e ar a bl e Pt c O 2 m o nit ori n g pr o-
t ot y p e usi n g t h e lif eti m e- b as e d l u mi n es c e nt O 2 s e nsi n g t e c h-
ni q u e  wit h h ar d w ar e-s oft w ar e i nt e gr ati o n.  T h e a d v a nt a g e of t h e
lif eti m e- b as e d  m e as ur e m e nt  m et h o d c o m p ar e d t o t h e i nt e nsit y-
b as e d  m et h o d  w as first pr es e nt e d i n [ 2 0], [ 2 1].  H o w e v er, t h e
r es ol uti o n of t h e pr ot ot y p e i n t h e ti m e d o m ai n  w as i ns uf fi ci e nt
t o d et e ct c h a n g es at t h e n a n os e c o n d l e v el i n h u m a ns, a n d t h er e-
f or e h u m a n e x p eri m e nts  w er e p erf or m e d  wit h i nt e nsit y- b as e d
m e as ur e m e nts. I n [ 2 2], r es e ar c h ers pr es e nt e d a c ust o m- d esi g n e d
a n al o g fr o nt e n d ( A F E) t h at i m pl e m e nt e d a s p e ci al lif eti m e
esti m ati o n al g orit h m.  H o w e v er, it  w as n ot a c o m pl et e st a n d al o n e
s yst e m.  M or e o v er, [ 2 2] di d n ot d e m o nstr at e h u m a n s u bj e ct t ests.
I n t his  w or k,  w e pr es e nt a pr ot ot y p e ai mi n g t o r es ol v e t h e a b o v e
c o nstr ai nts b y off eri n g t h e f oll o wi n g i m pr o v e m e nts:

1) t h e n o v el s yst e m c a n c a pt ur e n a n os e c o n d c h a n g es i n lif e-
ti m e v al u es i n h u m a ns usi n g t h e  A F E’s i nt er n al 1 4- bit
a n al o g-t o- di git al c o n v ert er ( A D C);

2) t h e pr o p os e d pr ot ot y p e n ot o nl y c o nt ai ns a n  A F E b ut als o a
mi cr o c o ntr oll er u nit ( M C U) t h at c o ntr ols t h e o p er ati o n of
t h e e ntir e s yst e m a n d t h e pr e- pr o c essi n g of l u mi n es c e n c e
d at a;

3) t h e pr es e n c e of  M C U all o ws i nt e gr ati o n of fir m w ar e,
w hi c h is pr o visi o n e d t o a ut o m at e t h e e ntir e d at a pr o-
c essi n g t as k i n t h e f ut ur e  m a ki n g t h e s yst e m s uit a bl e
f or c o nti n u o us  m o nit ori n g of tr a ns c ut a n e o us o x y g e n i n
a  w e ar a bl e f or m f a ct or.

T h e si g ni fi c a n c e of t his  w or k li es i n its s u c c essf ul d e m o n-
str ati o n of t h e p erf or m a n c e of t h e pr o p os e d pr ot ot y p e usi n g
t h e lif eti m e  m e as ur e m e nt t e c h ni q u e t hr o u g h t esti n g o n h u m a n
s u bj e cts.

T h e r e m ai n d er of t his  m a n us cri pt is or g a ni z e d as f oll o ws. S e c-
ti o n II pr o vi d es t h e b a c k gr o u n d o n t h e pri n ci pl es of l u mi n es c e nt
O 2 s e nsi n g a n d its t w o  m e as ur e m e nt  m et h o ds. I n S e cti o n III, w e
el a b or at e o n t h e ar c hit e ct ur e of t h e pr o p os e d s yst e m i n t er ms of
h ar d w ar e a n d fir m w ar e. S e cti o n I V d es cri b es t h e lif eti m e esti-
m ati o n  m et h o d f or t h e l u mi n es c e nt o pti c al r es p o ns e. S e cti o n V
pr es e nts  m e as ur e m e nt r es ults, i n cl u di n g p o w er br e a k d o w n, g as
t est b e n c h e x p eri m e nts, a n d h u m a n s u bj e ct t ests. S e cti o n VI
c o m p ar es t h e pr o p os e d pr ot ot y p e  wit h e xisti n g o x y g e n ati o n
s e ns ors. Fi n all y, S e cti o n VII c o n cl u d es t h e  w or k.

II.  ME T H O D S  O F L U MI N E S C E N T O X Y G E N S E N SI N G

A bl u e li g ht- e mitti n g di o d e ( L E D), a l o n g- p ass e missi o n filt er,
a p h ot o di o d e ( P D) r es p o nsi v e t o r e d li g ht, a n d a l u mi n es c e nt
s e nsi n g fil m ar e t h e ess e nti al c o m p o n e nts of t h e l u mi n es c e nt
o x y g e n s e nsi n g  m et h o d.  W h e n t h e s e nsi n g fil m is e x cit e d b y
a bl u e  L E D  wit h a p e a k e missi o n  w a v el e n gt h ( λ ) of 4 5 0 n m,
t h e l u mi n o p h or e  m ol e c ul es tr a nsiti o n fr o m t h eir gr o u n d e n er g y
st at e t o a hi g h er e n er g y st at e.  W h e n t h e l u mi n o p h or e  m ol e c ul es
l e a v e t his hi g h er e n er g y st at e, p h ot o ns  wit h t h e p e a k λ of 6 5 0 n m
ar e r e- e mitt e d a n d f urt h er d et e ct e d b y t h e P D.  T h e i nt e nsit y a n d
lif eti m e (τ ) of t h e r e- e mitt e d r e d li g ht ar e i n v ers el y pr o p orti o n al
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t o t h e p arti al pr ess ur e of o x y g e n ( P O2 ) si n c e O 2 a cts as a
q u e n c h er  w h e n i nt er a cti n g  wit h t h e l u mi n o p h or e  m ol e c ul es.
T h er ef or e, b y  m e as uri n g eit h er t h e i nt e nsit y or t h e lif eti m e of
r e- e mitt e d r e d p h ot o ns, o n e c a n esti m at e P O2 [ 1 7], [ 2 0]. I n
m o d er n d e vi c es, t h e p h ot o c urr e nt c orr es p o n di n g t o t h e i nt e nsit y
a n d lif eti m e of p h ot o ns is  m e as ur e d b y v ari o us  A F Es [ 1 4], [ 2 3],
[ 2 4], [ 2 5].

A. I nt e nsit y- B as e d  M et h o d

T h e l u mi n es c e nt i nt e nsit y c o nt ai ns i nf or m ati o n a b o ut t h e
q u a ntit y of r e- e mitt e d p h ot o ns [ 2 6].  T h e q u e n c hi n g eff e ct of O 2

d e cr e as es t h e l u mi n es c e nt i nt e nsit y pr o p orti o n all y t o t h e n u m b er
of O 2 m ol e c ul es i n t h e e n vir o n m e nt.  T h e  m et h o d e m pl o y e d t o
d e fi n e P O 2 b y  m e as uri n g t h e l u mi n es c e nt i nt e nsit y is c all e d
t h e i nt e nsit y- b as e d  m et h o d.  T his  m et h o d, h o w e v er, is k n o w n
n ot t o b e r o b ust e n o u g h a g ai nst t h e c h a n g es i n o pti c al p at h
a n d r e fl e cti o ns,  w hi c h n e g ati v el y aff e cts t h e a c c ur a c y of P O 2

m e as ur e m e nts [ 2 2], [ 2 3].

B. Lif eti m e- B as e d  M et h o d

Aft er t h e s e nsi n g fil m is e x cit e d, l u mi n o p h or e  m ol e c ul es
r a n d o ml y r et ur n t o t h e gr o u n d st at e, e mitti n g p h ot o ns.  A p art
of t h e a bs or b e d e n er g y is l ost vi a c ollisi o n  wit h O 2 m ol e c ul es.
T h e  m e as ur e d l u mi n es c e n c e lif eti m e is n u m eri c all y e q ui v al e nt
t o a st atisti c al a v er a g e of t his r a n d o m pr o c ess [ 2 7]. I n ot h er
w or ds, t h e str e n gt h of q u e n c hi n g, c a usi n g a d e cr e as e i n τ , is
pr o p orti o n al t o P O 2 [ 2 8].  T h er ef or e, t h e lif eti m e- b as e d  m et h o d
is us e d t o c orr el at e t h es e t w o p ar a m et ers.  As it  w as  m e nti o n e d i n
S e cti o n I, t his  m et h o d als o eli mi n at es t h e n e e d f or h e ati n g, b ut
at t h e s a m e ti m e, r e q uir es a hi g h r es ol uti o n of t h e a n al o g fr o nt
e n d.  C o m p ar e d t o t h e i nt e nsit y- b as e d  m et h o d, t h e lif eti m e- b as e d
m et h o d is l ess s e nsiti v e t o c h a n g es i n t h e o pti c al p at h a n d
r e fl e cti o ns [ 1 7], [ 2 0], [ 2 2].  T h er ef or e,  w e o pt e d f or usi n g t h e
l att er  m e as ur e m e nt  m et h o d i n t h e pr o p os e d pr ot ot y p e t o p erf or m
h u m a n s u bj e ct t ests.

III. SY S T E M A R C HI T E C T U R E

T h e pr ot ot y p e c o nsists of f o ur pri m ar y h ar d w ar e bl o c ks,
ill ustr at e d i n Fi g. 3 :

1) a p o w er  m a n a g e m e nt u nit ( P M U) r es p o nsi bl e f or p o w er
distri b uti o n a m o n g ot h er bl o c ks;

2) a s e ns or h e a d t h at o pti c all y e x cit es t h e fil m a n d r e c ei v es
a n o pti c al r es p o ns e fr o m it;

3) a n  A F E, c o n n e ct e d t o t h e s e ns or h e a d,  w hi c h dri v es t h e
L E D a n d c o n v erts t h e l u mi n es c e n c e si g n al i nt o a di git al
c o d e; a n d

4) a n  M C U, o n  w hi c h t h e h ost a p pli c ati o n ( fir m w ar e) r esi d es.
T h e fir m w ar e r u n ni n g o n t h e  M C U c o ntr ols t h e P M U, c o n-

fi g ur es t h e  A F E, pr o c ess es t h e di giti z e d o pti c al d at a fr o m t h e
A F E, a n d tr a ns mits d at a t o t h e b as e st ati o n.

A.  H ar d w ar e

T h e pr ot ot y p e  w as i m pl e m e nt e d o n a pri nt e d cir c uit b o ar d
( P C B), pr es e nt e d i n Fi g. 4 .  T h e c urr e nt b o ar d si z e is 1 0 0  m m
b y 5 0  m m, i n cl u di n g e xt er n al c o n n e ct ors o n t h e l eft a n d ri g ht

Fi g. 3.  Bl o c k di a gr a m of t h e pr o p os e d pr ot ot y p e f or Pt c O 2 m o nit ori n g.

Fi g. 4.  T h e t o p si d e of t h e P C B of t h e o x y g e n s e ns or pr ot ot y p e,  wit h a n i m a g e
i ns ert of t h e s e ns or h e a d l o c at e d o n t h e b ott o m si d e.

si d es of t h e P C B.  T h e l eft-si d e c o n n e ct ors ar e f or t h e pr ot ot y p e
c h ar a ct eri z ati o n,  w hil e t h e ri g ht-si d e o n es ar e f or d e b u g gi n g
a n d c o m m u ni c ati n g  wit h t h e pr ot ot y p e. I n t h e fi n al pr ot ot y p e,
t h e l eft-si d e c o n n e ct ors  will b e r e m o v e d a n d t h e ri g ht-si d e o n es
will b e l ess e n e d t o r e d u c e t h e di m e nsi o ns of t h e P C B t o 6 3  m m
b y 5 0  m m.

1)  P o w er  M a n a g e m e nt  U nit: i n t his pr ot ot y p e,  w e e m pl o y e d
t hr e e p o w er r ails:

1) a 5  V r ail t h at dri v es t h e  L E D;
2) a 1. 8  V r ail t h at p o w ers u p b ot h t h e a n al o g a n d di git al p arts

of t h e  A F E; a n d
3) a 3. 3  V r ail t h at s u p pli es b ot h t h e o n b o ar d  M C U a n d t h e

i n p ut/ o ut p ut (I/ O) dri v er of t h e  A F E.
T h e r e as o n f or usi n g t h e s a m e s u p pl y v olt a g e f or t h e  A F E I/ O

dri v er a n d t h e  M C U is t o pr o vi d e t h e s a m e hi g h l o gi c l e v el f or
pr o p er c o m m u ni c ati o n b et w e e n t h es e t w o bl o c ks.  T w o c h ar g e
p u m ps ( L T C 3 2 0 4 b y  A n al o g  D e vi c es I n c. ( A DI)) pr o d u c e st a bl e
3. 3  V a n d 5  V s u p pl y v olt a g es, a n d a l o w- dr o p o ut ( L D O)
r e g ul at or ( A D M 7 1 6 0 b y  A DI) pr o vi d es a st a bl e 1. 8  V s u p pl y.
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T h e  L D O a n d c h ar g e p u m ps r e c ei v e i n p ut p o w er fr o m eit h er a n
e xt er n al  D C p o w er s u p pl y or a 3  V lit hi u m c oi n c ell b att er y [ 2 9],
[ 3 0]. I n a d diti o n,  w e h a v e a d d e d e xt er n al c o n n e ct ors (J 1 – J 3 i n
Fi g. 3 ) f or t esti n g p ur p os es.

2) S e ns or  H e a d: t h e s e ns or h e a d, d e pi ct e d i n Fi g. 4 , c o nsists
of t h e f oll o wi n g f o ur it e ms:

1) a l u mi n es c e nt s e ns or s e nsiti v e t o o x y g e n ( R e d  E y e b y
O c e a n I nsi g ht [ 3 1]);

2) a n  L E D ( L X Z 1- P R 0 1 b y  L u mil e ds)  wit h a p e a k  w a v e-
l e n gt h of 4 5 0 n m f or s e ns or e x cit ati o n;

3) a P D ( S D 0 1 9- 1 4 1- 4 1 1- R b y  A d v a n c e d P h ot o ni x)  wit h a n
i nt e gr at e d b a n d p ass filt er a n d a r es p o nsi vit y of 0. 0 5  A/ W,
p assi n g r e d li g ht  wit h a p e a k  w a v el e n gt h of 6 0 0 n m; a n d

4) a 5 0 0 n m, l o n g- p ass o pti c al filt er ( E v eri x b y  E d m u n d
O pti cs) o v er t h e P D a cti v e r e gi o n t o f urt h er r e d u c e t h e
eff e ct of bl u e li g ht o n lif eti m e  m e as ur e m e nts.

3)  A n al o g  Fr o nt  E n d: i n pr e vi o us r es e ar c h,  w e f o u n d t h at
t h e  m e as ur e d lif eti m e v al u es f or o x y g e n c o n c e ntr ati o ns i n t h e
h u m a n-r el e v a nt r a n g e of 5 0 – 1 5 0  m m H g  w er e o n t h e or d er of
1 0 μ s [ 2 0], [ 3 2], [ 3 3].  T h er ef or e,  w e ai m t o h a v e a n  A F E t h at
c a n r es p o n d t o ti m e c o nst a nts l ess t h a n 1 μ s ,  w hi c h r e q uir es
a b a n d wi dt h of gr e at er t h a n ∼ 1 6 0 k H z ( 1

2 ·π ·τ ). I n or d er t o
a c c ur at el y esti m at e t h e lif eti m e i n tr a ns c ut a n e o us s e nsi n g a p pli-
c ati o ns,  w e n e e d at l e ast t hr e e d at a p oi nts o n t h e p h ot o n d e c a y
c ur v e [ 2 0],  w hi c h r e q uir es a n  A D C  wit h a s a m pli n g r at e of at
l e ast 2 5 0  K S P S.  T o s atisf y t h es e r e q uir e m e nts,  w e utili z e d t h e
A D P D 4 1 0 1  m ulti m o d al p h ot o m etri c s e ns or fr o nt e n d [ 3 4] i n
t h e pr o p os e d s yst e m.  A D P D 4 1 0 1 pr o vi d es a 1 4- bit  A D C  wit h
r es ol uti o n r a n gi n g fr o m 0. 3 7 t o 5. 8 4 n A/l e ast si g ni fi c a nt bit
( L S B) d e p e n di n g o n t h e g ai n of t h e tr a nsi m p e d a n c e a m pli fi er
( TI A).  T h e s a m pli n g r at e of t h e i nt er n al  A D C is a dj ust a bl e
fr o m 0. 5 t o 3 2  M H z b as e d o n t h e s a m pli n g  m et h o d [ 3 2].  M or e-
o v er, d e p e n di n g o n t h e  TI A’s g ai n, t h e s yst e m’s i n p ut-r ef err e d
n ois e (I R N) a n d si g n al-t o- n ois e r ati o ( S N R) r a n g e fr o m 0. 9 7 t o
1 0. 3 n A r m s a n d fr o m 7 2 t o 7 6 d B [ 3 4], r es p e cti v el y.  Als o, t h e
TI A’s li n e ar d y n a mi c r a n g e v ari es fr o m 4. 7 t o 7 2 μ A b as e d o n
t h e a dj ust e d  TI A g ai n. F urt h er m or e,  A D P D 4 1 0 1 c o nt ai ns f o ur
d u al- o ut p ut  L E D dri v ers a n d is c a p a bl e of  m e as uri n g t h e r et ur n
o pti c al si g n al o n u p t o f o ur p airs of c urr e nt i n p uts c o m bi n e d
i nt o t w o pr o c essi n g a n d s a m pli n g c h a n n els [ 3 2].  T h e  L E D
dri v ers ar e c urr e nt si n ks, a n d e a c h o ut p ut of t h es e dri v ers c a n
b e pr o gr a m m e d fr o m 0 t o 2 0 0  m A  wit h  m o n ot o ni c 1. 5  m A
i n cr e m e nts.  Alt h o u g h u p t o f o ur  L E D dri v er o ut p uts c a n b e
e n a bl e d, t h er e is a li mit ati o n of 4 0 0  m A i n t h e pr o vi d e d  L E D
c urr e nt. I n a d diti o n, t h e i n p ut p airs c a n b e c o n fi g ur e d as eit h er
t w o si n gl e- e n d e d i n p uts or as a diff er e nti al p air a n d c o n n e ct e d t o
o n e of t h e c h a n n els.  T his s el e cti o n is  m a d e i n c ert ai n r e gist ers of
t h e  A D P D 4 1 0 1. I n o ur s yst e m, o n e si n gl e- e n d e d c urr e nt i n p ut
is c o n n e ct e d t o t h e first c h a n n el of  A D P D 4 1 0 1.  T h e r e m ai ni n g
i n p uts a n d t h e s e c o n d c h a n n el ar e dis a bl e d t o r e d u c e p o w er
c o ns u m pti o n.

T h e li n k e d c h a n n el’s a n al o g-si g n al p at h c o nt ai ns:
1) a  TI A  —  wit h a n a dj ust a bl e g ai n (fr o m 1 2. 5 k Ω t o 2 0 0k Ω )

t hr o u g h a pr o gr a m m a bl e f e e d b a c k r esist or (R F )  — tr a ns-
f or ms p h ot o c urr e nt i nt o a v olt a g e;

2) a b uff er f or p assi n g t h e  TI A’s o ut p ut t o a n  A D C; a n d
3) a n  A D C f or di giti zi n g t h e a n al o g si g n al.

T o bi as t h e n o ni n v erti n g t er mi n al of t h e  TI A a n d r e v ers e
bi as t h e P D, t w o v olt a g es, V T I A _ R E F a n d V B I A S , h a v e b e e n
i nt er n all y g e n er at e d.  T h e d at a s a m pl e d b y t h e  A D C is  writt e n t o
a first-i n- first- o ut ( FI F O)  m e m or y b uff er.

4)  Mi cr o c o ntr oll er: w e e m pl o y e d t h e S T Mi cr o el e ctr o ni cs
S T M 3 2 W B 3 5 C C  M C U f or:

1) c o n fi g uri n g t h e  A F E t o dri v e t h e  L E D;
2) g etti n g t h e di giti z e d l u mi n es c e nt si g n al fr o m t h e  A F E; a n d
3) c o m m u ni c ati n g  wit h a b as e st ati o n ( P C) t o c o n v e y t h e

e x p eri m e nt al d at a.
T h e  M C U is d u al- c or e.  T h e fir m w ar e r esi d es o n  C P U 1 ( Ar m

C ort e x- M 4  C P U).  C P U 2 ( Ar m  C ort e x- M 0 +  C P U) c o ntr ols t h e
R F ( Bl u et o ot h  L o w  E n er g y -  B L E) s u bs yst e m a n d is dis a bl e d i n
t h e c urr e nt pr ot ot y p e.  T h e h ar d w ar e r es et f e at ur e is pr o vi d e d t o
M C U b y c o n n e cti n g t h e S W 1 s wit c h t o t h e V R E S E T pi n.  We
us e d t h e S eri al  Wir e  D e b u g ( S W D) p ort t o pr o gr a m a n d d e b u g
t h e  M C U.  T h e I nt er-I nt e gr at e d  Cir c uit (I2 C ) b us c o n n e cts t h e
M C U a n d  A D P D 4 1 0 1 f or d at a e x c h a n g e.  T h e di giti z e d l u mi n es-
c e nt d at a r e c ei v e d b y t h e  M C U fr o m t h e  A F E’s FI F O vi a I2 C
h as b e e n f urt h er tr a ns mitt e d vi a t h e  U ni v ers al  As y n c hr o n o us
R e c ei v er- Tr a ns mitt er ( U A R T) i nt erf a c e t o a p ers o n al c o m p ut er
( P C) t o c al c ul at e τ .

B.  Fir m w ar e

I n t h e pr o p os e d Pt c O2 m o nit ori n g pr ot ot y p e, t h e fir m w ar e is
b ar e- m et al,  w hi c h  m e a ns t h at n o r e al-ti m e or g e n er al- p ur p os e
o p er ati n g s yst e m ( O S) is us e d.  T h e fir m w ar e i m pl e m e nts a n
i n fi nit e  m ai n l o o p, als o k n o w n as t h e s u p er-l o o p ar c hit e ct ur e.
H a vi n g n o  O S pr o vi d es l o w-l e v el h ar d w ar e c o ntr ol a n d r e d u c es
m e m or y a n d p o w er o v er h e a ds.

I n t h e fir m w ar e, i niti ali z ati o n r o uti n es ar e e x e c ut e d b ef or e
a n i n fi nit e l o o p,  w hi c h c o nt ai ns t h e s yst e m’s  m ai n t as ks e x c e pt
f or i nt err u pt s er vi c e r o uti n es (I S Rs), als o r ef err e d t o as i nt er-
r u pt h a n dl ers.  T h er e ar e t w o h a n dl ers f or h ar d w ar e i nt err u pts
(I S R 1 a n d I S R 2) a n d o n e ti m er i nt err u pt (I S R 3). I S R 1 is
tri g g er e d  w h e n t h e  A F E g e n er at es a f alli n g e d g e o n its  G PI O 0
pi n (si g n al I R Q, or i nt err u pt r e q u est, i n Fi g. 3 ), i n di c ati n g t h at
its FI F O b uff er c o nt ai ns t h e n u m b er of s a m pl es pr e d e fi n e d i n t h e
A D P D 4 1 0 1’s c o n fi g ur ati o n fil e. I S R 2 a cti v at es a s yst e m ti m er
t o d e b o u n c e t h e dis pl a y b utt o n S W 2. I S R 3 is c all e d  w h e n t h e
s yst e m ti m er’s p eri o d h as el a ps e d.

Fi g. 5 s h o ws a fl o w c h art of t h e pri m ar y fir m w ar e l o gi c.  D uri n g
t h e i niti ali z ati o n p h as e, t h e  M C U a n d its  m o d ul es ( m e m or y, s ys-
t e m cl o c k, c o m m u ni c ati o n i nt erf a c es, i n p ut/ o ut p ut p orts, et c.)
ar e c o n fi g ur e d.  T h e n, t h e  M C U est a blis h es a c o n n e cti o n  wit h
t h e  A F E vi a I2 C .  Aft er t h at, t h e  M C U l o a ds a c o n fi g ur ati o n
fil e i nt o t h e  A F E a n d p uts t h e  A F E i nt o  G O  m o d e (s a m pli n g).
N e xt, t h e  m ai n l o o p c h e c ks t h e st at us of t h e d at a-r e a d y fl a g s et b y
I S R 1. If t h e fl a g is s et, it p uts t h e  A F E i nt o I D L E  m o d e (st a n d b y)
a n d r e a ds o ut t h e d at a a v ail a bl e i n t h e  A F E’s FI F O.  W h e n t h e
d at a is r e a d, t h e  M C U p ars es it, st or es t h e p ars e d v al u es i nt o a n
arr a y, a n d u p d at es t h e v ari a bl es c o ntr olli n g t h e p arsi n g of t h e
f oll o wi n g d at a s ets.  Aft er t h at, it p uts t h e  A F E b a c k i nt o  G O
m o d e.  T h e  m ai n l o o p st o ps its o p er ati o n aft er a gi v e n n u m b er of
d e c a y c ur v es h a v e b e e n c oll e ct e d a n d a v er a g e d t o pr o d u c e t h e
fi n al r es ult.
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Fi g. 5.  T h e fl o w c h art of t h e  m ai n fir m w ar e l o gi c.

T o r e d u c e c urr e nt c o ns u m pti o n, t h e  M C U is p ut i nt o S T O P 2
l o w- p o w er  m o d e  w hil e  w aiti n g f or d at a fr o m t h e  A F E.  T h e
i nt e gr at e d r e al-ti m e cl o c k ( R T C) p eri p h er al is us e d t o  w a k e t h e
M C U u p  wit h a p eri o d of 1 0  ms, c orr es p o n di n g t o t h e ti m esl ot
p eri o d of t h e  A F E [ 3 5], [ 3 6], [ 3 7].  Aft er t h e  R T C p eri o d h as
el a ps e d, t h e  M C U  w a k es u p a n d c h e c ks t h e d at a-r e a d y fl a g s et
b y I S R 1. If t h e fl a g h as b e e n s et, t h e  M C U pr o c ess es t h e d at a
r e c ei v e d fr o m t h e  A F E a n d r et ur ns t o t h e l o w- p o w er  m o d e.
Ot h er wis e, t h e  M C U e nt ers S T O P 2  m o d e a n d  w aits u ntil t h e
n e xt  R T C p eri o d e n ds.  T h es e st e ps r e p e at u ntil t h e pr e- d e fi n e d
n u m b er of d e c a y c ur v es h as b e e n c oll e ct e d.

I V.  LI F E TI M E E S TI M A TI O N T E C H NI Q U E

T o e xtr a ct t h e lif eti m e i nf or m ati o n of t h e l u mi n es c e nt si g n als,
w e e m pl o y e d a s a m pli n g t e c h ni q u e c all e d i m p uls e r es p o ns e (I R)
m o d e.  T h e lif eti m e esti m ati o n pr o c ess i n cl u d es t hr e e pri m ar y
st e ps:

1) s etti n g u p t h e n e c ess ar y p ar a m et ers f or  A D P D 4 1 0 1, d e-
fi n e d i n t h e  M C U’s fir m w ar e, t o e n a bl e lif eti m e  m e as ur e-
m e nts i n I R  m o d e;

2) s a m pli n g a d e c a y c ur v e; a n d
3) pr o c essi n g of t h e c a pt ur e d d e c a y c ur v e t o esti m at e lif e-

ti m e.

A. I m p uls e  R es p o ns e  M o d e

A D P D 4 1 0 1  m a n a g es t h e c o ntr ol of e x cit ati o n s o ur c es a n d t h e
m e as ur e m e nt of s e ns or r e a di n gs.  A n i ntri nsi c c o ntr oll er, c o n fi g-
ur e d b y  M C U, h a n dl es  A D P D 4 1 0 1’s o p er ati o n b y cr e ati n g all
ti mi n g i nf or m ati o n r e q uir e d t o g e n er at e ti m e sl ots. I n t h e I R
m o d e, o n e ti m e sl ot is p eri o di c all y a cti v at e d, as ill ustr at e d i n
Fi g. 6 .  T h e ti m e sl ot is pr e c e d e d b y a  w a k e- u p i nt er v al,  w h er e
t h e a n al o g cir c uitr y t ur ns o n a n d g ets st a bili z e d b ef or e t h e st art
of t h e s a m pli n g pr o c ess.  At t h e b e gi n ni n g of t h e ti m e sl ot, t h er e
is a pr e c o n diti o ni n g i nt er v al,  w h er e t h e P D’s c at h o d e is p ull e d t o
a n i nt er n all y g e n er at e d p ot e nti al t o r e v ers e bi as t h e P D.  T h e pr e-
c o n diti o ni n g p eri o d is f oll o w e d b y a p uls e offs et i nt er v al, aft er

Fi g. 6.  Ti mi n g di a gr a m of t h e i m p uls e r es p o ns e (I R)  m o d e.

w hi c h t h e bl u e  L E D is p uls e d t o e x cit e t h e l u mi n es c e n c e-s e nsi n g
fil m.  T h e n, t h e fil m’s o pti c al r es p o ns e, c a pt ur e d b y t h e P D, is
r e c or d e d.  T h e r e c or d e d  TI A o ut p ut cl os el y  m at c h es t h e p h ot o n
d e c a y c ur v e. F urt h er, t h e  A D C s a m pl es t h e  TI A o ut p ut a n d
c o n v erts t h e v olt a g e t o a t ot al n u m b er of t h e  L S Bs, c o m pl eti n g
t h e d at a a c q uisiti o n i n t h e I R  m o d e. Fi n all y,  A D P D 4 1 0 1 e nt ers
a n ultr a-l o w- p o w er  m o d e f or t h e d ur ati o n of t h e sl e e p p eri o d.

B.  P ar a m et er S etti n gs

I n I R  m o d e, s e v er al p ar a m et ers n e e d t o b e s et, a c c or di n g t o
Fi g. 6 :

1) t h e pr e c o n diti o n  wi dt h,
2) t h e  L E D p uls e  wi dt h,
3) t h e  L E D p uls e offs et r el ati v e t o t h e e n d of t h e pr e c o n di-

ti o ni n g i nt er v al,
4) t h e  L E D c urr e nt,
5) t h e  A D C s a m pli n g p eri o d,
6) t h e  A D C s a m pli n g st art offs et r el ati v e t o t h e e n d of t h e

pr e c o n diti o ni n g i nt er v al,
7) t h e d at a a c q uisiti o n  wi dt h, a n d
8) t h e  TI A g ai n.
T h es e p ar a m et ers h a v e s p e ci fi c r e gist er a d dr ess es i n

A D P D 4 1 0 1, a n d t h eir v al u es ar e c o n fi g ur a bl e i n t h e  M C U’s
fir m w ar e.  T h e pr e c o n diti o n  wi dt h a n d t h e p uls e offs et i nt er v als
h a v e n o dir e ct i m p a ct o n s yst e m p erf or m a n c e.  T h er ef or e,  w e s et
t h eir d ef a ult v al u es t o 8 μ s a n d 1 6 μ s, r es p e cti v el y, as s p e ci fi e d
i n  A D P D 4 1 0 1’s d at as h e et.

H o w e v er, t h e r e m ai ni n g p ar a m et ers dir e ctl y i n fl u e n c e t h e
s yst e m p erf or m a n c e a n d, t h er ef or e, s h o ul d b e s et a p pr o pri at el y.
T h e  L E D p uls e  wi dt h a n d c urr e nt si g ni fi c a ntl y i m p a ct t h e o v er all
p o w er c o ns u m pti o n, as  L E Ds ar e a m o n g t h e  m ost p o w er- h u n gr y
p arts of a  w e ar a bl e d e vi c e.  T h er ef or e, r e d u ci n g t h es e t w o v al-
u es is hi g hl y d esir a bl e.  O n t h e ot h er h a n d, t o o bt ai n a c c ur at e
m e as ur e m e nts  wit h a g o o d si g n al-t o- n ois e r ati o, t h e  L E D p uls e
m ust b e l o n g e n o u g h a n d t h e  L E D c urr e nt  m ust b e hi g h e n o u g h
t o e x cit e e n o u g h l u mi n o p h or e  m ol e c ul es i n t h e s e nsi n g fil m.
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B a s e d o n o ur pr e vi o us fi n di n gs i n [ 3 2], [ 3 3],  w e s et t h e  L E D
p uls e  wi dt h a n d  L E D c urr e nt t o 1 0 0 μ s a n d 2 5 0  m A t o a c hi e v e
a g o o d b al a n c e b et w e e n p o w er c o ns u m pti o n a n d  m e as ur e m e nt
a c c ur a c y.

T h e a c q uisiti o n  wi dt h d e fi n es t h e ti m e i nt er v al  w e c oll e ct
s a m pl es f or a d e c a y c ur v e,  w hil e t h e s a m pli n g p eri o d of t h e  A D C
d et er mi n es t h e dist a n c e b et w e e n s a m pl es a n d t h e n u m b er of
s a m pl es c oll e ct e d i n t h e gi v e n a c q uisiti o n  wi dt h. Fi n all y,  A D C’s
s a m pli n g st art offs et d et er mi n es t h e st art of t h e a c q uisiti o n  wi n-
d o w. I n s h ort, t h es e t hr e e p ar a m et ers  — t h e a c q uisiti o n  wi dt h, t h e
s a m pli n g p eri o d, a n d t h e s a m pli n g st art offs et  — d et er mi n e t h e
n u m b er a n d p ositi o n of s a m pl es o n t h e d e c a y c ur v e, aff e cti n g t h e
a c c ur a c y a n d pr e cisi o n of lif eti m e esti m ati o n.  T h er ef or e,  w e s et
t h e s a m pli n g p eri o d t o 2 μ s (t h e  mi ni m u m a c hi e v a bl e s a m pli n g
p eri o d) a n d t h e a c q uisiti o n  wi dt h t o 1 2 8 μ s.  We st art e d s a m pli n g
1 0 μ s b ef or e t h e e n d of t h e  L E D p uls e t o c a pt ur e t h e e ntir e d e c a y
c ur v e a n d t o esti m at e t h e d e c a y ti m e a c c ur at el y.

Fi n all y, t h e  TI A g ai n s etti n g s h o ul d b e t h or o u g hl y c o nsi d er e d,
b e c a us e a hi g h  TI A g ai n is d esir a bl e t o d et e ct l o w i n p ut c urr e nts
i n t h e c as e of hi g h o x y g e n c o n c e ntr ati o n a n d t o i m pr o v e t h e
A D C r es ol uti o n.  H o w e v er, at t h e s a m e ti m e, a hi g h  TI A g ai n
m a y s at ur at e t h e  A F E a n d c o ntri b ut e t o p o w er c o ns u m pti o n.
C o nsi d eri n g all t h es e tr a d e offs,  w e c h os e t h e  TI A g ai n as 1 0 0 k Ω
t o ai m f or a b al a n c e b et w e e n t h es e r e q uir e m e nts. I n a d diti o n, t o
r e d u c e n ois e i n t h e fi n al d at a,  w e r e p e at e d  m e as ur e m e nts 1 0 0
ti m es a n d c o m p ut e d a p oi nt- wis e a v er a g e of e a c h d e c a y c ur v e  w e
m e as ur e d.  T his a v er a gi n g pr o d u c e d a cl e a n er d e c a y c ur v e a n d
all o w e d a  m or e pr e cis e d e c a y c o nst a nt  m e as ur e m e nt.  T h e  m e m-
or y arr a y  w as st ati c all y all o c at e d a n d e q u al t o ∼ 1 2. 7  K B ( 1 0 0
d e c a y c ur v es, 6 5 d at a p oi nts p er d e c a y c ur v e, a n d 2 b yt es p er
d at a p oi nt),  w hi c h  w as ∼ 5 % of t h e t ot al Fl as h  m e m or y a v ail a bl e
o n t h e S T M 3 2 W B 3 5 C C  M C U.

C. Lif eti m e  E xtr a cti o n  Pr o c ess

We pr o c ess e d t h e  A D C d at a r e c ei v e d vi a  U A R T i n  M A T L A B.
T o pr e v e nt t h e bl u e li g ht’s eff e ct o n t h e lif eti m e esti m ati o n,  w e
m e as ur e d t h e  L E D- P D c o u pli n g a n d st or e d t h e d at a ( w h e n t h e
o pti c al p at h  w as e m pt y  wit h n o l u mi n es c e nt fil m pr es e nt) f or
diff er e nt  L E D c urr e nts r a n gi n g fr o m 5 0  m A t o 4 0 0  m A i n 5 0  m A
st e ps.  We f urt h er s u btr a ct e d t h es e d ar k d at a c orr es p o n di n g t o t h e
c o n fi g ur e d  L E D c urr e nt fr o m t h e l u mi n es c e n c e d at a r e c or d e d
wit h t h e fil m.  T o e xtr a ct t h e lif eti m e fr o m t h e  m e as ur e d d e c a y
c ur v e,  w e p erf or m e d a n e x p o n e nti al r e gr essi o n i n  M A T L A B o n
t h e s a m pl es c oll e ct e d 4 μ s aft er t h e e n d of t h e  L E D p uls e;  w e
w ait e d f or t h e bl u e li g ht’s f a di n g t o a v oi d its r esi d u al artif a cts
b as e d o n o ur e arli er e x p eri m e nts [ 3 3].  T his pr e- pr o c ess e d  A D C
d at a is cl os el y r el at e d t o t h e p h ot o n d e c a y c ur v e a n d c a n b e
r e pr es e nt e d  m at h e m ati c all y as f oll o ws:

y (t) = A · e − t / τ + B, ( 1)

w h er e y(t) r e pr es e nts t h e d e c a y c ur v e,  w hil e  A, τ , a n d  B ar e t h e
u n k n o w n c o ef fi ci e nts.

T o p erf or m e x p o n e nti al r e gr essi o n o n t h e c oll e ct e d  A D C d at a,
w e us e t h e fit nl m() f u n cti o n of  M A T L A B [ 3 8].  T his f u n cti o n
r e q uir es t hr e e  m ai n p ar a m et ers:

Fi g. 7.  E x p o n e nti al r e gr essi o n of l u mi n es c e nt d at a f or lif eti m e e xtr a cti o n.

1) a d at as et arr a y t h at c o nt ai ns pr e di ct or x a n d r es p o ns e
y ,  w hi c h, i n o ur c as e, r e pr es e nts ti m e a n d  A D C d at a,
r es p e cti v el y;

2) a  m o d el f u n cti o n f( x, β) t h at r e pr es e nts t h e t y p e of fit
a p pli e d t o t h e d at as et (i n o ur c as e, ( 1)); a n d

3) a n arr a y β 0 t h at i n cl u d es t h e i niti al g u ess es of c o ef fi ci e nts
of t h e  m o d el f u n cti o n.

B as e d o n t h es e p ar a m et ers, t h e fit nl m() f u n cti o n e m pl o ys
t h e  L e v e n b er g- M ar q u ar dt n o nli n e ar l e ast s q u ar es al g orit h m t o
o bt ai n t h e  m o d el f u n cti o n’s o pti m u m c o ef fi ci e nts,  w hi c h  mi ni-
mi z es t h e s u m of t h e s q u ar e d d e vi ati o ns S( β ) fr o m t h e r es p o ns e
v ari a bl e [ 3 9]. I n g e n er al, t h e al g orit h m it er ati v el y f oll o ws f o ur
m ai n st e ps [ 3 9]:

1) u p d at e β 0 wit h β 0 + δ b y s ol vi n g t h e f oll o wi n g e q u ati o n
f or δ :

δ = ( J T J + λ I ) − 1 J T ( y − f (x, β 0 ) ) , ( 2)

w h er e J is t h e J a c o bi a n  m atri x c o nt ai ni n g t h e gr a di e nt of
f( x, β) wit h r es p e ct t o β , λ is t h e d a m pi n g f a ct or, a n d I is
a n i d e ntit y  m atri x;

2) c al c ul at e S( β ) wit h t h e u p d at e d v ersi o n of β 0 b y usi n g t h e
f oll o wi n g e q u ati o n:

S (β 0 + δ ) =

n

i = 1

( y i − f (x i , β0 ) − J i δ ) 2 , ( 3)

w h er e n is t h e si z e of arr a ys;
2) c o m p ut e t h e diff er e n c e b et w e e n S( β 0 + δ ) a n d pr e vi o us

v al u e of S( β ); a n d
3) u p d at e λ b as e d o n t his diff er e n c e.
T his al g orit h m c o nti n u es u ntil a c ert ai n c o n v er g e n c e crit eri o n

is  m et or t h e n u m b er of it er ati o ns e x c e e ds a pr e d et er mi n e d li mit.
Fi g. 7 pr es e nts a n e x a m pl e of e x p o n e nti al r e gr essi o n a n d lif e-
ti m e esti m ati o n a p pli e d t o r a w d at a o bt ai n e d u n d er at m os p h eri c
c o n diti o ns  wit h t h e us e of t h e  A F E’s p ar a m et ers.

T h e us e of  M A T L A B i n t his it er ati o n of o ur s yst e m  w as
s uf fi ci e nt f or o ur g o al of c o n d u cti n g a s m all, l a b or at or y- b as e d
st u d y o n h u m a n s u bj e cts t o v erif y t h e pr ot ot y p e’s ef fi ci e n c y
i n r e gist eri n g c h a n g es i n t h e a m o u nt of tr a ns c ut a n e o us o x y g e n
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diff usi n g t hr o u g h t h e s ki n  wit h t h e lif eti m e- b as e d  m e as ur e m e nt
al g orit h m. I n t h e c urr e nt pr ot ot y p e, t h e d at a pr o c essi n g o n t h e
M C U i n cl u d es tr a v ersi n g t hr o u g h t h e  A F E’s FI F O c o nt e nt, p ars-
i n g d e c a y v al u es, a n d p a c k a gi n g t h e m f or f urt h er tr a ns missi o n
t o a P C.

V.  M E A S U R E M E N T R E S U L T S

T his s e cti o n pr es e nts t h e  m e as ur e m e nt r es ults of t hr e e disti n ct
s ets of e x p eri m e nts. First,  w e c arri e d o ut p o w er br e a k d o w n
e x p eri m e nts t o c al c ul at e t h e p o w er c o ns u m pti o n of e a c h s u b-
s yst e m. S e c o n d,  w e c o n d u ct e d a g as t est b e n c h e x p eri m e nt t o
e v al u at e t h e pr ot ot y p e’s p erf or m a n c e  wit h v ari o us g as r ati os.
Fi n all y,  w e p erf or m e d a s m all h u m a n s u bj e ct t esti n g o n t hr e e
v ol u nt e ers b y f oll o wi n g t h e t est pr o c e d ur es d es cri b e d i n t h e
r el e v a nt s u bs e cti o n.

A.  P o w er  Br e a k d o w n

T h e  M C U o p er at es i n t w o  m o d es:
1)  R U N  m o d e, i n  w hi c h t h e n e c ess ar y d at a f or lif eti m e  m e a-

s ur e m e nts ar e pr o c ess e d, a n d
2) S T O P 2  m o d e, i n  w hi c h t h e  M C U e nt ers a l o w- p o w er st at e

a n d  w aits f or a n i nt err u pt fr o m t h e  R T C t o  w a k e u p.
T o c al c ul at e t h e t ot al a v er a g e c urr e nt c o ns u m e d b y t h e pr o-

t ot y p e,  w e r e p e at e dl y  m e as ur e t h e c urr e nt c o ns u m pti o n i n e a c h
m o d e. F or t his p ur p os e,  w e d e v el o p e d a  M A T L A B s cri pt c o n-
tr olli n g a  D C p o w er s u p pl y c o n n e ct e d t o a P C vi a a  U S B c a bl e.
O n t h e pr ot ot y p e b o ar d, t h e  D C s o ur c e pr o vi d es 3  V t o t h e
r e g ul at ors, s u p pl yi n g p o w er f or e a c h p o w er r ail, as ill ustr at e d i n
Fi g. 3 . F or r e p e at e d c urr e nt r e a di n gs,  w e r es et t h e  M C U e v er y
2 4 s e c o n ds, all o c ati n g ei g ht s e c o n ds f or  R U N  m o d e a n d 1 6 s e c-
o n ds f or S T O P 2  m o d e, f or 3 0  mi n ut es.  We e m pl o y t h e f oll o wi n g
e q u ati o n t o c al c ul at e t h e t ot al a v er a g e c urr e nt c o ns u m pti o n:

I a v g =
I r u n · tr u n · N + I s t b · ts t b · M

tr u n · N + ts t b · M
, ( 4)

w h er e Ia v g i s t h e t ot al a v er a g e c urr e nt c o ns u m pti o n, Ir u n i s
t h e c urr e nt c o ns u m pti o n i n  R U N  m o d e, t r u n i s t h e d ur ati o n of
R U N  m o d e, a n d  N is t h e n u m b er of ti m es t h e pr ot ot y p e e nt er e d
R U N  m o d e i n 3 0  mi n ut es. Is t b , t s t b , a n d  M ar e c orr es p o n di n g
p ar a m et ers f or S T O P 2  m o d e.

We c al c ul at e t h e t ot al a v er a g e c urr e nt c o ns u m pti o n b y e x cl u d-
i n g t h e c o ns u m pti o n of a p arti c ul ar s u bs yst e m ( e. g., t h e  A F E, t h e
bl u e  L E D, or t h e  M C U).  We f oll o w t h e s a m e pr o c e d ur e f or e a c h
m e as ur e m e nt t o r e c or d d at a.  T h e n,  w e utili z e ( 4) t o esti m at e t ot al
a v er a g e v al u es. Fi n all y,  w e s ol v e d t h e f oll o wi n g  m atri x e q u ati o n
t o c al c ul at e t h e a v er a g e c urr e nt v al u es of e a c h s u bs yst e m  wit h
t h es e v al u es:

⎡

⎢
⎣

0 1 1

1 0 1

1 1 0

⎤

⎥
⎦

⎡

⎢
⎣

I A F  E

I L E D

I M C U

⎤

⎥
⎦ =

⎡

⎢
⎣

I Σ 1

I Σ 2

I Σ 3

⎤

⎥
⎦ , ( 5)

w h er e IA F E , IL E D , a n d IM C U ar e t h e u n k n o w n a v er a g e
c o ns u m e d c urr e nts of  A F E, bl u e  L E D, a n d  M C U, r es p e cti v el y.

T h e c al c ul at e d a v er a g e c urr e nt c o ns u m pti o n, e x cl u di n g t h e
c o ns u m pti o n of  A F E, bl u e  L E D, a n d  M C U, is r e pr es e nt e d b y
t h e v ari a bl es IΣ 1

, IΣ 2
, a n d IΣ 3

, r es p e cti v el y. Fi n all y,  w e g a v e t h e

Fi g. 8. P o w er c o ns u m pti o n br e a k d o w n.

Fi g. 9.  A n n ot at e d g as e x p eri m e nt t est b e n c h.  A d a pt e d fr o m [ 3 3].

br e a k d o w n of t h e p o w er c o ns u m pti o n f or e a c h bl o c k i n Fi g. 8 .
T h e  m e as ur e d t ot al a v er a g e p o w er c o ns u m pti o n of t h e pr ot ot y p e
is 9. 9  m W,  wit h t h e  M C U c o ns u mi n g f o ur- fift hs of t h e p o w er
a n d r u n ni n g i n S T O P 2  m o d e.

B.  G as Test b e n c h  E x p eri m e nt

A g as c h a m b er e x p eri m e nt  w as d esi g n e d t o e x a mi n e t h e
pr ot ot y p e’s r es p o ns e t o v ari o us g as r ati os. I n t h e g as c h a m b er
s et u p, ill ustr at e d i n Fi g. 9 , t h e l u mi n es c e nt fil m is l o c at e d i nsi d e
a n al u mi n u m g as c h a m b er  w hil e t h e pr ot ot y p e is pl a c e d a b o v e
t h e c h a m b er.  T h e s e ns or h e a d’s c e nt er is ali g n e d  wit h t h e fil m’s
c e nt er.  T o a dj ust P O 2 , o x y g e n ( O X  U H P 2 0 b y  Air g as) a n d
nitr o g e n ( NI  U H P 8 0 b y  Air g as) ar e  mi x e d at a s p e ci fi c  m ass
fl o w r at e.  T w o  M K S 1 1 7 9 A 1 2 C S 1 B V  m ass fl o w c o ntr oll ers
( M F Cs) a n d o n e  M K S 2 4 7  m ass fl o w c o ntr ol ( p o w er s u p pl y a n d
r e a d o ut) u nit a dj ust t h e  m ass fl o w r at e of nitr o g e n a n d o x y g e n.
T h e  M F C/ P C i nt erf a c e is e m pl o y e d t o o p er at e t h e e ntir e s yst e m
fr o m a P C.

T o s h o w t h e r o b ust n ess of t h e lif eti m e- b as e d  m et h o d a g ai nst
o pti c al p at h c h a n g es,  w e p erf or m e d a g as s w e e p e x p eri m e nt  wit h
t w o diff er e nt  L E D dri v e str e n gt hs, 1 5 0  m A a n d 2 5 0  m A.  T h e
r e as o n b e hi n d t his c h oi c e  w as t o i mit at e a c as e li k e i n [ 2 0],  w h er e
t h e eff e ct of diff er e nt o pti c al p at hs is  m o d el e d b y  m o d ul ati n g
t h e P D c urr e nt  wit h diff er e nt  L E D dri v e p o w ers.  We a dj ust e d
t h e p arti al pr ess ur e of o x y g e n i n a c o ntr oll e d e n vir o n m e nt usi n g
pr e d et er mi n e d st e ps.  T h e fl o w r at e of nitr o g e n i n t h e s yst e m  w as
i niti all y s et t o 1 0 0 st a n d ar d c u bi c c e nti m et ers p er  mi n ut e (s c c m),
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Fi g. 1 0.  G as s w e e p i n t h e r a n g e of 0 – 4 1 8  m m H g: ( a) lif eti m e v al u es f or t w o
disti n ct  L E D c urr e nts a n d ( b) a diff er e n c e b et w e e n  m e as ur e d lif eti m es.  A d a pt e d
fr o m [ 3 3].

w hil e t h e fl o w r at e of o x y g e n  w as s et t o 0 s c c m.  Aft er t h e fl o w of
b ot h g as es st a bili z e d, t h e lif eti m e  m e as ur e m e nt  w as t a k e n.  T h e n,
t h e nitr o g e n fl o w r at e  w as r e d u c e d t o 9 5 s c c m,  w hil e t h e o x y g e n
fl o w r at e  w as i n cr e as e d t o 5 s c c m, a n d  w e r e- m e as ur e d t h e
lif eti m e.  T h es e  m e as ur e m e nts  w er e c o nti n u e d u ntil t h e o x y g e n
fl o w r at e r e a c h e d 5 5 s c c m a n d t h e nitr o g e n fl o w r at e r e a c h e d
4 5 s c c m.

I n t his  w a y, P O2 r a n g e d fr o m 0 t o 4 1 8  m m H g i n 3 8  m m H g
i n cr e m e nts, c o v eri n g t h e h u m a n-r el at e d r a n g e, as d e pi ct e d i n
Fi g. 1 0 -a .  A c c or di n gl y, t h e r e c or d e d lif eti m e v ari e d fr o m 3 0 μ s
t o 6. 6 μ s f or P O 2 , c orr es p o n di n g t o 0 t o 4 1 8  m m H g. F urt h er-
m or e, Fi g. 1 0 -b s h o ws a c o nti n u o us i n a c c ur a c y of l ess t h a n
0. 2 5 μ s b et w e e n r e c or d e d lif eti m e r e a di n gs of t h e s a m e P O 2

v al u es, e x c e pt i n t h e 0  m m H g c as e,  w h er e t h e lif eti m e v al u e is
t h e hi g h est.  As a r es ult, t h es e fi n di n gs a gr e e d  wit h t h e lit er at ur e
t h at t h e lif eti m e- b as e d t e c h ni q u e s h o ul d b e r esist a nt t o c h a n g es
i n t h e o pti c al p at h [ 2 0], [ 2 2] si n c e t h e c urr e nt i nt e nsit y d et e ct e d
o n t h e P D h as n o si g ni fi c a nt eff e ct o n t h e P O 2 r e a di n gs.

T o d e m o nstr at e t h e tr a nsi e nt lif eti m e r es p o ns e of t h e pr o p os e d
pr ot ot y p e,  w e c h a n g e d t h e P O 2 u si n g a si mil ar i n cr e m e nt si z e
a n d f oll o wi n g t h e s a m e pr o c e d ur e. I n e a c h st e p, lif eti m e  m e a-
s ur e m e nts  w er e t a k e n e v er y 3 s e c o n ds o v er a 3- mi n ut e p eri o d.
T h e r es ults of t h e tr a nsi e nt lif eti m e  m e as ur e m e nt ar e pr es e nt e d
i n Fi g. 1 1 .  T h e pr ot ot y p e  w as r es p o nsi v e t o t h e c h a n g es i n t h e
lif eti m e v al u e, c orr es p o n di n g t o t h e st e p i n cr e as es i n P O2 . T h e
m e as ur e d lif eti m e r a n g e d fr o m 3 2 μ s t o 9. 5 μ s f or P O 2 r a n gi n g
fr o m 0 t o 4 1 8  m m H g.  We b eli e v e t h e s u btl e diff er e n c e i n t h e
t w o g as s w e e p t ests  w as c a us e d b y t h e a gi n g of t h e fil m, as t h er e
w er e t hr e e  m o nt hs b et w e e n t h os e  m e as ur e m e nts.

C.  H u m a n S u bj e ct Tests

T o i n v esti g at e t h e pr ot ot y p e’s p erf or m a n c e,  w e c o n d u ct e d
a s m all e x p eri m e nt o n h u m a n s u bj e cts.  T his l a b or at or y- b as e d
st u d y i n cl u d e d t hr e e h e alt h y v ol u nt e ers (t w o  m al es a n d o n e

Fi g. 1 1.  Tr a nsi e nt r es p o ns e of t h e s e nsi n g fil m t o t h e st e p c h a n g es i n P O 2

(t h e r e d d as h e d li n es i n di c at e t h e ti m es  w h e n t h e v al u e of P O2 i n cr e as e d b y
3 8  m m H g, as s h o w n i n t h e t o p of t h e gr a p h).

f e m al e).  E a c h v ol u nt e er g a v e v er b al c o ns e nt.  T h e  W or c est er
P ol yt e c h ni c I nstit ut e – I nstit uti o n al  R e vi e w  B o ar d ( W PI –I R B)
e x a mi n e d a n d a p pr o v e d t h e e x p eri m e nt al pr ot o c ol.  All r es e ar c h
t e a m  m e m b ers r e c ei v e d tr ai ni n g t hr o u g h t h e  C oll a b or ati v e I n-
stit uti o n al  Tr ai ni n g I niti ati v e ( CI TI) [ 4 0] o n r es p o nsi bl e r e-
s e ar c h c o n d u ct a n d h u m a n p arti ci p ati o n i n bi o m e di c al r es e ar c h.
T his e ns ur e d t h e c o m pli a n c e  wit h pr o c e d ur es a n d t h e f a mil-
i arit y of r es e ar c h ers  wit h t h e v ari o us i nt er n ati o n al a n d c o u ntr y
r e g ul ati o ns/ c o d es a n d st a n d ar ds a p pli c a bl e t o t h e et hi c al c o n-
d u ct of h u m a n s u bj e cts r es e ar c h, i n cl u di n g t h e  D e cl ar ati o n of
H elsi n ki [ 4 1].  T h e t ests  w er e p erf or m e d at t h e fi n g erti ps a n d
t h e f or e ar m of v ol u nt e ers.  We f oll o w e d t w o disti n ct  m et h o ds,
n a m el y pr ess ur e-i n d u c e d art eri al o c cl usi o n a n d h y p o xi c g as
d eli v er y, t o  m o d ul at e t h e p arti al pr ess ur e of O 2 diff usi n g t hr o u g h
t h e s ki n t o e x a mi n e t h e pr ot ot y p e’s r es p o ns e t o bi ol o gi c al
c h a n g es i n t h e b o d y.

T h e v ali d ati o n of t h e s yst e m  w as c o n d u ct e d i n a n 8  m 2 r o o m
at a n a v er a g e air t e m p er at ur e of ∼ 2 5 ° C i n a b uil di n g l o c at e d at
a n altit u d e of 1 6 3. 8  m a b o v e s e a l e v el ( c orr es p o n di n g t o t h e air
pr ess ur e of ∼ 7 6 0  m m H g a n d O 2 c o n c e ntr ati o n of ∼ 2 0. 9 %) [ 4 2],
[ 4 3], [ 4 4].  Test s u bj e cts h a d diff er e nt a g es, g e n d er, a n d s ki n
t o n es t o i m pr o v e t h e a c c ur a c y of t h e d at a c oll e cti o n pr ot o c ol
a n d  mi ni mi z e  m e as ur e m e nt bi as a m o n g t est s u bj e cts of diff er e nt
r a c es a n d et h ni citi es [ 4 5].  T h e v ol u nt e ers  w er e as k e d n ot t o e at
or dri n k f or 3- 4 h o urs b ef or e t h e e x p eri m e nt b e g a n i n or d er t o
g et st a bl e l e v els of o x y g e n.  T o pr o vi d e a r estf ul e n vir o n m e nt,
t est s u bj e cts sit i n a c h air i n a c o mf ort a bl e p ositi o n.  B as e d
o n o ur pr e vi o us e x p eri m e nts, t h e p ositi o n of t h e h a n d  w as
a dj ust e d s o t h at t h e s u bj e cts di d n ot e x p eri e n c e n u m b n ess i n
t h eir li m bs/ fi n g ers. [ 2 0] i d e nti fi e d t h at t h e  m e as ur e d lif eti m e of
t h e r e d li g ht e mitt e d b y t h e l u mi n es c e nt fil m (τ ) is i n d e p e n d e nt
of t h e h u mi dit y l e v els (i n cl u di n g p ers pir ati o n).  At t h e s a m e ti m e,
it r e v e al e d t h at t h e  m e as ur e d τ is d e p e n d e nt o n t h e s urr o u n di n g
t e m p er at ur e.  B ef or e a n d aft er e a c h e x p eri m e nt,  w e  m e as ur e d t h e
t est s u bj e ct’s b o d y p art’s t e m p er at ur e  wit h a n o n- c o nt a ct i nfr ar e d
t h er m o m et er (I T H 9 3 b y  C o n air C ar e) cl e ar e d b y t h e  U. S. F o o d
a n d  Dr u g  A d mi nistr ati o n ( F D A).  T h e s ki n t e m p er at ur e i n t h e
ar e as of i nt er est r e m ai n e d r el ati v el y c o nst a nt i n a n arr o w r a n g e
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Fi g. 1 2.  E x p eri m e nt al s et u ps f or h u m a n t ests: ( a) o c cl usi o n c a us e d i n t h e i n d e x fi n g er, ( b) o c cl usi o n c a us e d i n t h e h a n d, a n d ( c) h y p o xi a.

Fi g. 1 3.  Ti mi n g di a gr a ms of t h e t est pr o c e d ur es f or ( a) a n o c cl usi o n e v e nt a n d
f or ( b) a h y p o xi a e v e nt.

of ∼ 3 6 ° C, a n d t h er ef or e its eff e ct o n t h e  m e as ur e m e nt r es ults
w as n ot c o nsi d er e d.

T hr e e e x p eri m e nt al s et u ps  w er e pr e p ar e d as d e pi ct e d i n
Fi g. 1 2 . I n all s et u ps, t h e l u mi n es c e nt fil m is att a c h e d t o a cr yli c
gl ass a n d pl a c e d dir e ctl y o n t o p of t h e s e ns or h e a d. I n e x p eri-
m e nts i n v ol vi n g fi n g erti ps, a v ol u nt e er pl a c es t h eir fi n g erti p o n
t h e l u mi n es c e nt fil m. I n e x p eri m e nts i n v ol vi n g t h e f or e ar m, t h e
pr ot ot y p e a n d t h e l u mi n es c e nt fil m ar e pl a c e d o n t h e v ol u nt e er’s
f or e ar m, as ill ustr at e d i n Fi g. 1 2 -b .  T o d e cr e as e t h e bl o o d cir c u-
l ati o n t hr o u g h o c cl usi o n, eit h er t h e i n d e x fi n g er c a n b e cl e n c h e d
b y t h e fi n g ers of t h e o p p osit e h a n d, as s h o w n Fi g. 1 2 -a , or a
pr ess ur e c uff c a n b e pl a c e d o n t h e u p p er ar m, as dis pl a y e d i n
Fi g. 1 2 -b . I n t h e l att er, t h e c uff pr ess ur e s h o ul d b e i n fl at e d t o
1 8 0  m m H g t o i n d u c e art eri al o c cl usi o n, r es ulti n g i n a d e cr e as e
i n t h e v ol u nt e er’s Pt c O2 [ 2 0].

T o i n d u c e h y p o xi a, a n altit u d e g e n er at or ( Si err a 1 0 0 b y  H y-
p o xi c o) [ 4 6], h er e aft er r ef err e d t o as  H S 1 0 0,  wit h a  m as k o n t h e
v ol u nt e er’s f a c e  w as e m pl o y e d, as d e m o nstr at e d i n Fi g. 1 2 -c .
H S 1 0 0 r e d u c es t h e P O 2 i n t h e air c o nt ai n e d i n its r es er v oir
a n d i n h al e d b y t h e v ol u nt e er.  T h e r e d u c e d O 2 i nt a k e c a us es
a n o v er all d e cr e as e i n P a O 2 i n t h e b o d y, l e a di n g t o a d e cr e as e i n
t h e v ol u nt e er’s Pt c O2 .

We f oll o w e d s p e ci fi c t esti n g pr o c e d ur es  w h os e ti mi n g di a-
gr a ms ar e pr es e nt e d i n Fi g. 1 3 .  We r e p e at e dl y  m e as ur e d t h e

lif eti m e e v er y 7 s e c o n ds. F or o c cl usi o n, t h e t esti n g pr o c e d ur e
ill ustr at e d i n Fi g. 1 3 -a is di vi d e d i nt o t hr e e z o n es.  Z o n e I is t h e
s ettl e m e nt p h as e  w h er e t h e o x y g e n i n t h e s e nsi n g fil m r e a c h es
e q uili bri u m  wit h t h e o x y g e n diff usi n g t hr o u g h t h e s ki n.  T h e
d ur ati o n of t his z o n e is d e n ot e d as t s .  Aft er st a bili z ati o n,  w e t a k e
t h e  m e a n of t h e l ast t e n lif eti m e v al u es as t h e b as e v al u e.  Z o n e II
is t h e o c cl usi o n p h as e,  w h er e  w e a p pl y art eri al o c cl usi o n.  T his
z o n e l asts t w o or t hr e e  mi n ut es, d e p e n di n g o n t h e e x p eri m e nt.
D uri n g t h e o c cl usi o n p h as e, as Pt c O 2 d e cr e as es, t h e lif eti m e
v al u e i n cr e as es. Fi n all y, d uri n g t h e r esti n g p h as e –  Z o n e III –
t h e o c cl usi o n is r e m o v e d a n d bl o o d fl o w is r est or e d t o t h e b as e
v al u e. Si mil ar t o  Z o n e I, t h e d ur ati o n of  Z o n e III, is e x pr ess e d
as t f − ts − ( 2 o r 3) .

A si mil ar ti mi n g di a gr a m of t h e h y p o xi a-i n d u c e d e v e nt is
dis pl a y e d i n Fi g. 1 3 -b .  As i n t h e c as e of o c cl usi o n,  w e r e c or d
t h e b as e lif eti m e v al u e aft er t h e st a bili z ati o n of o x y g e n i n t h e
l u mi n es c e nt fil m i n  Z o n e I.  T h e d ur ati o n of t his p h as e is d e n ot e d
as t s . I n  Z o n e II,  w e c h a n g e t h e P O2 i n t h e r es er v oir fr o m 1 8. 1 %
t o 1 5. 1 % i n s e v e n i nt er v als, e a c h t a ki n g t hr e e  mi n ut es. Fi n all y,
i n  Z o n e III,  w e r e m o v e t h e  m as k a n d l et t h e v ol u nt e er br e at h e
t h e a m bi e nt air.  E v e nt u all y,  w e e x p e ct t h e P a O2 i n t h e bl o o d t o
r et ur n t o its ori gi n al v al u e b ef or e t h e  m o d ul ati o n. I n a d diti o n,
t h e d ur ati o n of  Z o n e III is e x pr ess e d as t f − ts − 2 1 .

We c o n d u ct e d t h e first o c cl usi o n t est o n t h e first v ol u n-
t e er fr o m t h e fi n g er, as ill ustr at e d i n Fi g. 1 2 -a , a n d f oll o w e d
t h e pr o c e d ur e pr es e nt e d i n Fi g. 1 3 -a . Fi g. 1 4 d e m o nstr at es t h e
r es ults of t his t est.  T h e lif eti m e st a bili z e d ar o u n d 1 3. 6 μ s i n fi v e
mi n ut es. F oll o wi n g st a bili z ati o n, art eri al o c cl usi o n  w as a p pli e d
f or t hr e e  mi n ut es, a n d t h e lif eti m e i n cr e as e d t o 1 4. 6 μ s as Pt c O 2

dr o p p e d.  Aft er r el e asi n g t h e pr ess ur e o n t h e fi n g er, t h e lif eti m e
i m m e di at el y b e g a n t o d e cr e as e i n  Z o n e III, l asti n g fi v e  mi n ut es,
as o x y g e n at e d bl o o d b e g a n t o fl o w.  E v e nt u all y, t h e lif eti m e st a-
bili z e d at ar o u n d 1 3. 8 μ s.  T h e diff er e n c es b et w e e n f o ur a dj a c e nt
e x a m pl e τ v al u es,  w h er e Δ 1 = 6. 6 5 8 5 ns, Δ 2 = 1. 7 7 8 9 ns, a n d
Δ 3 = 1 3. 6 9 4 3 ns, ar e dis pl a y e d i n t h e i ns et gr a p h i n Fi g. 1 4 t o
ill ustr at e t h at o ur s yst e m c a n r es ol v e v ari ati o ns i n t h e lif eti m e
d at a o n t h e or d er of u nits of n a n os e c o n ds.

T h e s e c o n d o c cl usi o n t est  w as c arri e d o ut o n t h e f or e ar m
of t h e s e c o n d v ol u nt e er f oll o wi n g t h e pr o c e d ur e i n Fi g. 1 3 -a .
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Fi g. 1 4.  M e as ur e d lif eti m e at t h e fi n g erti p d uri n g a n o c cl usi o n e v e nt f or
v ol u nt e er 1.  T h e i ns et i m a g e e x hi bits t h e e x a m pl e diff er e n c es i n τ v al u es
b et w e e n a dj a c e nt d at a p oi nts,  w h er e Δ 1 = 6. 6 5 8 5 ns, Δ 2 = 1. 7 7 8 9 ns, a n d
Δ 3 = 1 3. 6 9 4 3 ns.

Fi g. 1 5.  M e as ur e d lif eti m e at t h e f or e ar m d uri n g a n o c cl usi o n e v e nt f or
v ol u nt e er 3 ( w h er e  O c cl. d e n ot es t h e o c cl usi o n p h as e).

Art eri al o c cl usi o n  w as i n d u c e d usi n g a pr ess ur e c uff a n d t h e
m e as ur e m e nt  w as t a k e n fr o m t h e f or e ar m, as d e pi ct e d i n Fi g. 1 2 -
b .  T h e r es ult of t his e x p eri m e nt is pr es e nt e d i n Fi g. 1 5 . T h e
lif eti m e st a bili z e d at ar o u n d 2 2. 1 μ s i n 1 5  mi n ut es.  A n i n cr e as e
i n t h e lif eti m e t o 2 4 μ s  w as o bs er v e d aft er pr e v e nti n g t h e i n fl u x
of o x y g e n at e d bl o o d f or t w o  mi n ut es i n  Z o n e II.  Aft er r el e asi n g
t h e pr ess ur e o n t h e c uff, t h e lif eti m e dr o p p e d s h ar pl y b ef or e
r et ur ni n g t o sli g htl y a b o v e t h e b as e v al u e.  T his r a pi d dr o p i n
lif eti m e  m a y b e e x pl ai n e d b y t h e f a ct t h at  w h e n t h e pr ess ur e o n
t h e f or e ar m is r el e as e d, t h er e is a r us h of o x y g e n at e d bl o o d i nt o
t h e f or e ar m, i n cr e asi n g P a O2 a b o v e t h e v al u e b ef or e o c cl usi o n.
T h e lif eti m e st a bili z e d at ar o u n d 2 3 μ s aft er bl o o d fl o w  w as
r est or e d, sli g htl y hi g h er t h a n t h e b as e v al u e.

Fi n all y,  w e c o n d u ct e d t h e h y p o xi a t est o n t h e t hir d v ol u nt e er
fr o m t h e fi n g erti p, as ill ustr at e d i n Fi g. 1 2 -c , f oll o wi n g t h e
pr o c e d ur e pr es e nt e d i n Fi g. 1 3 -b . Fi g. 1 6 d e m o nstr at es t h e
r es ults of t his t est. I n  Z o n e I, t h e st a bili z ati o n of t h e lif eti m e
t o o k ni n e  mi n ut es, a n d it s ettl e d ar o u n d t h e lif eti m e of 1 2. 7 μ s.
D uri n g t h e h y p o xi c g as d eli v er y, t h e lif eti m e gr a d u all y i n cr e as e d
t o 1 3. 6 μ s i n 2 1  mi n ut es. It s h o ul d b e n ot e d t h at t h e h y p o xi c g as
d eli v er y c h a n g e d t h e o x y g e n a m o u nt i n t h e  w h ol e b o d y, l e a di n g
t o a sl o w a n d d el a y e d  m et a b oli c r es p o ns e.  Aft er r e m o vi n g t h e
m as k i n  Z o n e III, a n i n cr e as e i n t h e lif eti m e t o 1 4. 1 μ s w as
o bs er v e d d u e t o t h e b o d y’s d el a y e d r es p o ns e t o t h e c h a n g es.

Fi g. 1 6.  M e as ur e d lif eti m e o n t h e fi n g erti p d uri n g a h y p o xi a e v e nt f or v ol u n-
t e er 2.

T h e n, t h e lif eti m e st art e d t o d e cr e as e a n d st a bili z e d at ar o u n d
1 2. 8 μ s, o v er t h e c o urs e of 1 6  mi n ut es.

H u m a n s u bj e ct t ests r e v e al e d t h at t h e c urr e nt pr ot ot y p e c o ul d
r es ol v e e v e n sli g ht ( o n t h e or d er of s e v er al u nits of n a n os e c o n ds)
i n t h e lif eti m e d at a  wit h t h e  A F E h a vi n g a 1 4- bit  A D C o n b o ar d.
T h es e t ests als o d e m o nstr at e d t h at t h e pr ot ot y p e r es p o n d e d
t o c h a n g es n ot o nl y i n g as t est b e n c h e x p eri m e nts b ut als o i n
h u m a ns  wit h t h e  m o d ul ati o n of a ct u al bi ol o gi c al e v e nts, s u c h
as pr ess ur e-i n d u c e d o c cl usi o n a n d h y p o xi c g as d eli v er y.  W hil e
st u d yi n g p ers o n-t o- p ers o n v ari ati o ns  w as o utsi d e t h e s c o p e of
t his  w or k,  wit h t h es e s m all t ests,  w e c o ul d s u c c essf ull y v erif y t h e
f u n cti o n alit y of t h e pr o p os e d pr ot ot y p e i n t hr e e v ol u nt e ers. It is
als o i m p ort a nt t o n ot e t h at t h e Pt c O 2 v al u es  will diff er d e p e n di n g
o n t h e  m e as ur e m e nt l o c ati o n a n d fr o m p ers o n t o p ers o n, as t h e
a m o u nt of bl o o d r u n ni n g b el o w t h e s ki n ( a n d a c c or di n gl y, t h e
a m o u nt of tr a ns c ut a n e o us o x y g e n) v ari es.

VI.  C O M P A RI S O N W I T H E XI S TI N G D E VI C E S

T h e pr o p os e d pr ot ot y p e f or tr a ns c ut a n e o us o x y g e n s e nsi n g
w as c o m p ar e d t o s e v er al r e c e ntl y r e p ort e d o x y g e n ati o n s e n-
s ors, i n cl u di n g Pt c O 2 a n d S p O 2 .  We s u m m ari z e t h e r es ults
of t his a n al ysis i n  Ta bl e I, o utli ni n g t h e  m ai n c h ar a ct eristi cs
a n d a d v a nt a g es c o m p ar e d t o t h e st at e- of-t h e- art s e ns ors.  O ur
pr ot ot y p e  — a  mi ni at ur e  m o nit or c a p a bl e of d et e cti n g t h e gl o b al
a n d l o c al  m o d ul ati o n of o x y g e n i n t h e h u m a n b o d y t hr o u g h
pr ess ur e-i n d u c e d art eri al o c cl usi o n a n d h y p o xi c g as d eli v er y
e v e nts  — is b as e d o n a n o ni n v asi v e lif eti m e- b as e d  m e as ur e m e nt
t e c h ni q u e.  T h e lif eti m e d at a c a n b e c a pt ur e d at hi g h r es ol uti o n
wit h t h e i nt er n al 1 4- bit  A D C of t h e  A F E, e n a bli n g o ur s yst e ms
t o r es ol v e v ari ati o ns i n t h e lif eti m e d at a o n t h e or d er of u nits
of n a n os e c o n ds,  w hi c h is s u p eri or c o m p ar e d t o pr e vi o usl y p u b-
lis h e d  w or ks [ 2 0], [ 2 3].

T h e s yst e ms pr es e nt e d i n [ 2 0], [ 4 8] us e t h e i nt e nsit y- b as e d
t e c h ni q u e as a s e nsi n g  m et h o d. I n [ 2 0], t h e e x p eri m e nts f o u n d
t h at t h e i nt e nsit y l e v els v ari e d b y ∼ 2 8. 5 % d e p e n di n g o n t h e
L E D dri vi n g str e n gt h, a n d v ari ati o ns i n t h e lif eti m e v al u es
c h a n g e d o nl y fr o m - 2 % t o 8 % i n t h e  w h ol e r a n g e  w h e n usi n g
t h e lif eti m e- b as e d t e c h ni q u e. I n c o ntr ast, t his  w or k d e m o nstr at e d
e v e n b ett er r es ults f or t h e lif eti m e- b as e d t e c h ni q u e as t h e lif eti m e
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v al u es diff er e d b et w e e n - 1. 8 % a n d 2. 4 %.  Alt h o u g h t h e s yst e m
d es cri b e d i n [ 2 2] e m pl o ys t h e lif eti m e- b as e d t e c h ni q u e, it o nl y
c o nsists of a n  A F E a n d d o es n ot s h o w a n y h u m a n s u bj e ct t est
r es ult,  w hil e o ur s yst e m c o nt ai ns a n  M C U t h at c o ntr ols t h e
e ntir e s yst e m i n a d diti o n t o a n  A F E. F urt h er,  w e t est e d o ur
pr ot ot y p e o n h u m a ns.  T h e s yst e m pr o p os e d i n [ 2 5] r e q uir es
s ur gi c al i m pl a nt ati o n,  m a ki n g it i n v asi v e.  T h e d e vi c e i ntr o d u c e d
i n [ 4 7] m e as ur es o x y g e n ati o n usi n g S p O 2 ,  w hi c h is a disti n ct
o x y g e n ati o n p ar a m et er a n d e m pl o ys a diff er e nt s e nsi n g  m et h o d.
U nli k e S p O 2 , t h e  m e as ur e m e nt t e c h ni q u e us e d i n t his pr ot ot y p e
h as a dir e ct c orr el ati o n  wit h c h a n g es i n P a O 2 , as e x pl ai n e d i n
S e cti o n I.  T h e s yst e m pr es e nt e d i n t his  w or k is a bl e t o  m e as ur e
i n f ull r a n g e fr o m 0 t o 4 1 8  m m H g c o m p ar e d t o [ 2 2], [ 2 5].
L o w er p o w er c o ns u m pti o n v al u es  w er e r e p ort e d i n [ 2 2], [ 2 5],
[ 4 7] b e c a us e t h os e s yst e ms  w er e d esi g n e d o n s m all n o d e i nt e-
gr at e d cir c uits, o p er ati n g at l o w er s u p pl y v olt a g es.  T h e p o w er
c o ns u m pti o n of t his pr ot ot y p e is c o m p ar a bl e  wit h [ 2 0], i n  w hi c h
t h e  L E D is dri v e n b y a n e xt er n al f u n cti o n g e n er at or a n d t h e
o n b o ar d  M C U is n ot us e d.  T h e s yst e m pr o p os e d i n [ 2 2] s a m pl es
at a f ast er r at e c o m p ar e d t o t his  w or k.  H o w e v er, o ur pr ot ot y p e is
a bl e t o s a m pl e  wit h a p eri o d of u p t o 3 1. 2 5 ns usi n g a s a m pli n g
m et h o d c all e d si n gl e-si d e d i nt e gr ati o n  m o d e ( S SI)  wit h t h e c ost
of  m or e p o w er c o ns u m pti o n [ 3 2].

I n a d diti o n, c o m p ar e d t o [ 2 0] a n d [ 4 8], t h e pr ot ot y p e pr o p os e d
i n t his  w or k h as a  wi d er i n p ut d y n a mi c r a n g e, all o wi n g t h e
TI A t o p ass  m or e P D c urr e nt b ef or e it s at ur at es a n d, t h er ef or e,
t o pr o c ess a  wi d er r a n g e of l u mi n es c e n c e si g n als.  T h e  w or k
r e p ort e d i n [ 4 7] d eli v er e d a gr e at er i n p ut d y n a mi c r a n g e b e c a us e
it i n cl u d e d a  D C c a n c ell ati o n c urr e nt  w ei g ht e d di git al-t o- a n al o g
c o n v ert er at t h e s yst e m i n p ut.  As f ar as  w e ar e a w ar e, o ur d e vi c e is
t h e first of its t y p e t o p erf or m h u m a n s u bj e ct t ests usi n g t h e
lif eti m e- b as e d  m et h o d c o m p ar e d t o t h e h u m a n s u bj e ct t ests d o n e
i n [ 2 0], [ 4 8], e m pl o yi n g t h e i nt e nsit y- b as e d  m et h o d.

VII.  C O N C L U SI O N

T his  w or k pr es e nt e d a n o v el pr ot ot y p e of a  w e ar a bl e f or
n o ni n v asi v e tr a ns c ut a n e o us o x y g e n  m o nit ori n g b as e d o n a

lif eti m e  m e as ur e m e nt t e c h ni q u e.  We us e d a s p e ci al a n al o g fr o nt
e n d  —  A D P D 4 1 0 1 b y  A DI  — f or s e ns or r e a di n gs.  T o r e c or d
l u mi n es c e n c e d at a i n t h e f or m of a p h ot o n d e c a y c ur v e,  w e
utili z e d a s a m pli n g  m et h o d c all e d i m p uls e r es p o ns e  m o d e.  We
r e p ort a v er a g e p o w er c o ns u m pti o n of 9. 9  m W. I n a g as s w e e p
e x p eri m e nt,  w e c o n fir m e d t h at c h a n g es i n t h e o pti c al p at h d o
n ot si g ni fi c a ntl y aff e ct t h e lif eti m e- b as e d t e c h ni q u e.  T h e n, i n
a tr a nsi e nt g as e x p eri m e nt,  w e d e m o nstr at e d t h at t h e pr ot ot y p e
is c a p a bl e of  m e as uri n g t h e p arti al pr ess ur e of o x y g e n v ar yi n g
fr o m 0 t o 4 1 8  m m H g, c o v eri n g t h e h u m a n-r el at e d r a n g e  wit h
a r es ol uti o n of s e v er al u nits of n a n os e c o n ds. Fi n all y,  w e p er-
f or m e d a s m all, l a b or at or y- b as e d st u d y t o v erif y t h e s yst e m’s
o p er ati o n o n h u m a ns. I n t his st u d y,  w e a p pli e d h y p o xi c g as
d eli v er y a n d pr ess ur e-i n d u c e d o c cl usi o n t o v ol u nt e ers t o c h a n g e
t h e a m o u nt of tr a ns c ut a n e o us o x y g e n diff usi n g t hr o u g h t h e s ki n.
We r e a d t h e  m e as ur e m e nts fr o m t h e v ol u nt e ers’ fi n g erti ps a n d
f or e ar ms.  T h e r es ults of t h es e t ests c o n fir m e d t h at t h e pr ot ot y p e
s u c c essf ull y r es ol v e d t h e n a n os e c o n d v ari ati o ns i n t h e lif eti m e
d at a, i n di c ati n g t h at t h e d e vi c e c o ul d d et e ct art eri al o c cl usi o n
a n d h y p o xi c g as d eli v er y e v e nts.

R E F E R E N C E S

[ 1]  A.  N a g, S.  C.  M u k h o p a d h y a y, a n d J.  K os el, “ We ar a bl e fl e xi bl e s e ns ors:  A
r e vi e w,” I E E E S e ns ors J., v ol. 1 7, n o. 1 3, p p. 3 9 4 9 – 3 9 6 0, J ul. 2 0 1 7.

[ 2]  T.  Weil a n d S.  M ur u g es a n, “I T ris k a n d r esili e n c e – c y b ers e c urit y r es p o ns e
t o  C O VI D- 1 9,” I T  Pr of essi o n al, v ol. 2 2 n o. 3, p p. 4 – 1 0,  M a y/J u n. 2 0 2 0.

[ 3]  U.  G ul er, I.  C ost a n z o, a n d  D. S e n, “ E m er gi n g bl o o d g as  m o nit ors:  H o w
t h e y c a n h el p  wit h  C O VI D- 1 9,” I E E E S oli d- St at e  Cir c uits  M a g., v ol. 1 2,
n o. 4, p p. 3 3 – 4 7,  N o v. 2 0 2 0.

[ 4] S.  All e n, “ 2 0 2 0  U S a n d gl o b al h e alt h c ar e o utl o o k,” D el oitt e , 2 0 2 0.
A c c ess e d:  A pr. 2 2, 2 0 2 1. [ O nli n e].  A v ail a bl e: htt ps:// w w w 2. d el oitt e. c o m/
us/ e n/ p a g es/lif e- s ci e n c es- a n d- h e alt h- c ar e/ arti cl es/ gl o b al- h e alt h- c ar e-
s e ct or- o utl o o k. ht ml #

[ 5] J.  E.  H oll a n d er a n d  B.  G.  C arr, “ Virt u all y p erf e ct ?  Tel e m e di ci n e f or
C O VI D- 1 9,” N e w  E n gl a n d J.  M e d. , v ol. 3 8 2, n o. 1 8, p p. 1 6 7 9 – 1 6 8 1,
A pr. 2 0 2 0.

[ 6]  T.  B.  T uf a n et al., “ A n i nfr a-r e d- b as e d pr ot ot y p e f or a  mi ni at uri z e d
tr a ns c ut a n e o us c ar b o n di o xi d e  m o nit or,” i n Pr o c. I E E E 4 3r d  A n n u. I nt.
C o nf.  E n g.  M e d.  Bi ol. S o c. , 2 0 2 1, p p. 7 1 3 2 – 7 1 3 5.

[ 7] I.  C ost a n z o et al., “ R es pir at or y  m o nit ori n g:  C urr e nt st at e of t h e art a n d
f ut ur e r o a ds,” I E E E  R e v.  Bi o m e d.  E n g., v ol. 1 5, p p. 1 0 3 – 1 2 1, 2 0 2 2.

A ut h ori z e d li c e n s e d u s e li mit e d t o: W or c e st er P ol yt e c h ni c I n stit ut e. D o w nl o a d e d o n J ul y 2 2, 2 0 2 3 at 0 1: 4 8: 5 8 U T C fr o m I E E E X pl or e.  R e stri cti o n s a p pl y. 

https://www2.deloitte.com/us/en/pages/life-sciences-and-health-care/articles/global-health-care-sector-outlook.html#
https://www2.deloitte.com/us/en/pages/life-sciences-and-health-care/articles/global-health-care-sector-outlook.html#
https://www2.deloitte.com/us/en/pages/life-sciences-and-health-care/articles/global-health-care-sector-outlook.html#


3 3 4 I E E E  T R A N S A C TI O N S  O N  BI O M E DI C A L  CI R C UI T S  A N D S Y S T E M S,  V O L. 1 7,  N O. 2,  A P RI L 2 0 2 3

[ 8]  T.  B.  T uf a n a n d  U.  G ul er, “ A fl u or es c e nt t hi n fil m- b as e d  mi ni at uri z e d
tr a ns c ut a n e o us c ar b o n di o xi d e  m o nit or,” i n Pr o c. I E E E  Bi o m e d.  Cir c uits
S yst.  C o nf. , 2 0 2 1, p p. 1 – 5.

[ 9] J.  W. S e v eri n g h a us et al., “ Bl o o d g as a n al ysis a n d criti c al c ar e  m e di ci n e,”
A m er. J.  R es pir.  Crit.  C ar e  M e d. , v ol. 1 5 7, p p. S 1 1 4 – S 1 2 2,  A pr. 1 9 9 8.

[ 1 0] F.  B.  A h m a d a n d  R.  N.  A n d ers o n, “ T h e l e a di n g c a us es of d e at h i n t h e  U S
f or 2 0 2 0,” J a m a , v ol. 3 2 5, n o. 1 8, p p. 1 8 2 9 – 1 8 3 0, 2 0 2 1.

[ 1 1]  M. S. S hi els et al., “ L e a di n g c a us es of d e at h i n t h e  U S d uri n g t h e  C O VI D- 1 9
p a n d e mi c,  M ar. 2 0 2 0 t o  O ct. 2 0 2 1,” J A M A I nt er n.  M e d. , v ol. 1 8 2, n o. 8,
p p. 8 8 3 – 8 8 6, 2 0 2 2.

[ 1 2] S. P ar k a n d S. J a y ar a m a n, “ E n h a n ci n g t h e q u alit y of lif e t hr o u g h  w e ar a bl e
t e c h n ol o g y,” I E E E  E n g.  M e d.  Bi ol.  M a g., v ol. 2 2, n o. 3, p p. 4 1 – 4 8,
M a y/J u n. 2 0 0 3.

[ 1 3]  C. F. P o ets, “ P uls e o xi m etr y vs. tr a ns c ut a n e o us  m o nit ori n g i n n e o n at es:
Pr a cti c al as p e cts,”  N e o n at ol o g y,  R a di o m et er  M e di c al  A/ S,  C o p e n h a g e n,
D e n m ar k, 2 0 0 3. [ O nli n e].  A v ail a bl e:  w w w. bl o o d g as. c o m

[ 1 4]  W. v a n  Wet eri n g e n et al., “ N o v el tr a ns c ut a n e o us s e ns or c o m bi ni n g o p-
ti c al t c P O2 a n d el e ctr o c h e mi c al t c P C O 2 m o nit ori n g  wit h r e fl e ct a n c e
p uls e o xi m etr y,” M e d.  Bi ol.  E n g.  C o m p ut. , v ol. 5 8, n o. 2, p p. 2 3 9 – 2 4 7,
F e b. 2 0 2 0.

[ 1 5]  A.  M a d a n, “ C orr el ati o n b et w e e n t h e l e v els of S p O2 a n d P a O 2 ,” L u n g
I n di a, v ol. 3 4, p p. 3 0 7 – 3 0 8, 2 0 1 7.

[ 1 6]  D.  C.  H ut c his o n et al., “ Esti m ati o n of art eri al o x y g e n t e nsi o n i n a d ult s u b-
j e cts usi n g a tr a ns c ut a n e o us el e ctr o d e,” T h or a x , v ol. 3 6, n o. 6, p p. 4 7 3 – 4 7 7,
J u n. 1 9 8 1.

[ 1 7] I.  C ost a n z o et al., “ A n i nt e gr at e d r e a d o ut cir c uit f or a tr a ns c ut a n e o us
o x y g e n s e nsi n g  w e ar a bl e d e vi c e,” i n Pr o c. I E E E  C ust o m I nt e gr.  Cir c uits
C o nf. , 2 0 2 0, p p. 1 – 4.

[ 1 8] J.  D.  T o bi as, “ Tr a ns c ut a n e o us c ar b o n di o xi d e  m o nit ori n g i n i nf a nts a n d
c hil dr e n,” Pe di atr.  A n est h. , v ol. 1 9, n o. 5, p p. 4 3 4 – 4 4 4, 2 0 0 9.

[ 1 9] S.  E.  H utt m a n n et al., “ Te c h ni q u es f or t h e  m e as ur e m e nt a n d  m o nit ori n g
of c ar b o n di o xi d e i n t h e bl o o d,” A n n.  A m er. T h or a ci c S o c. , v ol. 1 1, n o. 4,
p p. 6 4 5 – 6 5 2, 2 0 1 4.

[ 2 0] I.  C ost a n z o,  D. S e n, J.  A d e git e, P.  M.  R a o, a n d  U.  G ul er, “ A n o ni n v a-
si v e  mi ni at uri z e d tr a ns c ut a n e o us o x y g e n  m o nit or,” I E E E Tr a ns.  Bi o m e d.
Cir c uits S yst. , v ol. 1 5, n o. 3, p p. 4 7 4 – 4 8 5, J u n. 2 0 2 1.

[ 2 1] I.  C ost a n z o,  D. S e n, a n d  U.  G ul er, “ A pr ot ot y p e t o w ar ds a tr a ns c ut a n e o us
o x y g e n s e nsi n g  w e ar a bl e,” i n Pr o c. I E E E  Bi o m e d.  Cir c uits S yst.  C o nf. ,
2 0 1 9, p p. 1 – 4.

[ 2 2] I.  C ost a n z o,  D. S e n, J.  M c N eill, a n d  U.  G ul er, “ A n o n u nif or m s a m pli n g
lif eti m e esti m ati o n t e c h ni q u e f or l u mi n es c e nt o x y g e n  m e as ur e m e nts,” i n
Pr o c. I E E E 4 8t h  E ur. S oli d St at e  Cir c uits  C o nf. , 2 0 2 2, p p. 4 1 3 – 4 1 6.

[ 2 3] I.  C ost a n z o,  D. S e n,  B.  Giri,  N. Pr att, P.  R a o, a n d  U.  G ul er, “ Fl u or es c e nt
i nt e nsit y a n d lif eti m e  m e as ur e m e nt of pl ati n u m- p or p h yri n fil m f or d et er-
mi ni n g t h e s e nsiti vit y of tr a ns c ut a n e o us o x y g e n s e ns or,” i n Pr o c. I E E E
I nt. S y m p.  Cir c uits S yst., 2 0 2 0, p p. 1 – 5.

[ 2 4] J. P.  C as c al es et al., “ We ar a bl e d e vi c e f or r e m ot e  m o nit ori n g of tr a n-
s c ut a n e o us tiss u e o x y g e n ati o n,” Bi o m e d.  O pt.  E x p. , v ol. 1 1, n o. 1 2,
p p. 6 9 8 9 – 7 0 0 2, 2 0 2 0.

[ 2 5] S. S o n m e z o gl u et al., “ M o nit ori n g d e e p-tiss u e o x y g e n ati o n  wit h a
milli m et er-s c al e ultr as o ni c i m pl a nt,” N at ur e  Bi ot e c h n ol. , v ol. 3 9, n o. 7,
p p. 8 5 5 – 8 6 4, 2 0 2 1.

[ 2 6]  Y.-J.  C h oi a n d  K. S a w a d a, “ P h ysi c al s e ns ors: Fl u or es c e n c e s e ns ors,”
i n E n c y cl o p e di a of S e ns ors a n d  Bi os e ns ors , 1st e d.,  A mst er d a m,  T h e
N et h erl a n ds:  Els e vi er, 2 0 2 2, p p. 1 – 1 9.

[ 2 7]  C.  Al br e c ht, “ Pri n ci pl es of fl u or es c e n c e s p e ctr os c o p y,” A n al.  Bi o a n al yti-
c al  C h e m. , v ol. 3 9 0, n o. 5, p p. 1 2 2 3 – 1 2 2 4,  M ar. 2 0 0 8. [ O nli n e].  A v ail a bl e:
htt ps:// d oi. or g/ 1 0. 1 0 0 7/ s 0 0 2 1 6- 0 0 7- 1 8 2 2- x

[ 2 8]  M.  Y.  B er e zi n a n d S.  A c hil ef u, “ Fl u or es c e n c e lif eti m e  m e as ur e m e nts a n d
bi ol o gi c al i m a gi n g,” C h e m.  R e v. , v ol. 1 1 0, n o. 5,  M a y 2 0 1 0,  Art. n o. 2 6 4 1.

[ 2 9]  E 3 6 1 0 3  K e ysi g ht  A  D C p o w er s u p pl y, 2 0 V, 4 0 W 2  A: Pr o d u ct d at as h e et,
2 0 1 9.  A c c ess e d:  D e c. 0 5, 2 0 2 2. [ O nli n e].  A v ail a bl e: htt ps://lit er at ur e. c d n.
k e ysi g ht. c o m/lit w e b/ p df/ 5 9 9 2- 0 9 1 4 E N. p df ?i d = 2 6 3 3 1 8 7

[ 3 0] “ E n er gi z er  C R 2 0 3 2: Pr o d u ct d at as h e et,”  A c c ess e d:  D e c. 0 5, 2 0 2 2. [ O n-
li n e].  A v ail a bl e: htt ps:// d at a. e n er gi z er. c o m/ p dfs/ cr 2 0 3 2. p df

[ 3 1] “ O c e a n  O pti cs I n c.  R e d E y e o x y g e n s e ns or p at c h es,” 2 0 1 9.  A c c ess e d: S e p.
2 9, 2 0 1 9. [ O nli n e].  A v ail a bl e: htt ps:// o c e a n o pti cs. c o m/ pr o d u ct/r e d e y e-
o x y g e n- s e nsi n g- p at c h es/

[ 3 2]  B.  K a hr a m a n et al., “ P o w er a n d a c c ur a c y o pti mi z ati o n f or l u mi n es c e nt
tr a ns c ut a n e o us o x y g e n  m e as ur e m e nts,” i n Pr o c. I E E E I nt. S y m p.  Cir c uits
S yst. , 2 0 2 2, p p. 1 6 1 5 – 1 6 1 9.

[ 3 3]  B.  K a hr a m a n et al., “ A  mi ni at uri z e d pr ot ot y p e f or c o nti n u o us n o ni n v asi v e
tr a ns c ut a n e o us o x y g e n  m o nit ori n g,” i n Pr o c. I E E E  Bi o m e d.  Cir c uits S yst.
C o nf. , 2 0 2 2, p p. 4 8 6 – 4 9 0.

[ 3 4] “ A n al o g d e vi c es i n c.  A D P D 4 1 0 1: Pr o d u ct d at as h e et a n d i nf or m ati o n,”
A c c ess e d:  D e c. 0 5, 2 0 2 2. [ O nli n e].  A v ail a bl e: htt ps:// w w w. a n al o g. c o m/
e n/ pr o d u cts/ a d p d 4 1 0 1. ht ml

[ 3 5] “ S T Mi cr o el e ctr o ni cs S T M 3 2 W B 3 5/ 5 5 x x  mi cr o c o ntr oll er: Pr o d u ct
d at as h e et,”  A c c ess e d:  D e c. 0 5, 2 0 2 2. [ O nli n e].  A v ail a bl e: htt ps:
// w w w.st. c o m/r es o ur c e/ e n/ d at as h e et/ st m 3 2 w b 5 5 c c. p df

[ 3 6] “ S T Mi cr o el e ctr o ni cs S T M 3 2 W B  mi cr o c o ntr oll ers:  Ultr a-l o w- p o w er
f e at ur es o v er vi e w,”  A c c ess e d:  D e c. 0 5, 2 0 2 2. [ O nli n e].  A v ail a bl e: htt ps:
// w w w.st. c o m/r es o ur c e/ e n/ a p pli c ati o n _ n ot e/ a n 5 0 7 1- st m 3 2 w b- s eri es-
mi cr o c o ntr oll ers- ultr al o w p o w er- f e at ur es- o v er vi e w- st mi cr o el e ctr o ni cs.
p df

[ 3 7] “ S T Mi cr o el e ctr o ni cs S T M 3 2 W B 3 5/ 5 5 x x  mi cr o c o ntr oll er:  R ef er e n c e
m a n u al,”  A c c ess e d:  D e c. 0 5, 2 0 2 2. [ O nli n e].  A v ail a bl e: htt ps:// w w w.
st. c o m/ c o nt e nt/ c c c/r es o ur c e/t e c h ni c al/ d o c u m e nt/r ef er e n c e _ m a n u al/
gr o u p 0/ 8 3/ cf/ 9 4/ 7 a/ 3 5/ a 9/ 4 3/ 5 8/ D M 0 0 3 1 8 6 3 1/ fil es/ D M 0 0 3 1 8 6 3 1. p df/
j cr: c o nt e nt/tr a nsl ati o ns/ e n. D M 0 0 3 1 8 6 3 1. p df

[ 3 8] “ M A T L A B fit nl m f u n cti o n: Fitti n g n o nli n e ar r e gr essi o n  m o d el,”  A c-
c ess e d: J a n. 1 8, 2 0 2 3. [ O nli n e].  A v ail a bl e: htt ps:// w w w. m at h w or ks. c o m/
h el p/ st ats/ fit nl m. ht ml

[ 3 9]  G.  A. S e b er a n d  C. J.  Wil d, N o nli n e ar  R e gr essi o n .  H o b o k e n,  NJ,  U S A:
Wil e y, 2 0 0 3.

[ 4 0] “ CI TI pr o gr a m r es e ar c h, et hi cs, c o m pli a n c e, a n d s af et y tr ai ni n g,”  A c-
c ess e d:  D e c. 0 6, 2 0 2 2. [ O nli n e].  A v ail a bl e: htt ps:// a b o ut. citi pr o gr a m. or g/

[ 4 1] “ W orl d  M e di c al  Ass o ci ati o n d e cl ar ati o n of  H elsi n ki:  Et hi c al pri n ci pl es
f or  m e di c al r es e ar c h i n v ol vi n g h u m a n s u bj e cts,”  A c c ess e d:  D e c.
0 6, 2 0 2 2. [ O nli n e].  A v ail a bl e: htt ps:// w w w. w m a. n et/ p oli ci es- p ost/ w m a-
d e cl ar ati o n- of- h elsi n ki- et hi c al- pri n ci pl es- f or- m e di c al- r es e ar c h-
i n v ol vi n g- h u m a n- s u bj e cts/

[ 4 2] “ T h e n ati o n al  m a p -  A d v a n c e d vi e w er,”  A c c ess e d:  D e c. 1 2, 2 0 2 2. [ O nli n e].
A v ail a bl e: htt ps:// a p ps. n ati o n al m a p. g o v/ vi e w er/

[ 4 3] “ Air pr ess ur e at altit u d e c al c ul at or,”  A c c ess e d:  D e c. 1 2, 2 0 2 2. [ O nli n e].
A v ail a bl e: htt ps:// w w w. mi d e. c o m/ air- pr ess ur e- at- altit u d e- c al c ul at or

[ 4 4] “ Altit u d e t o o x y g e n c h art,”  A c c ess e d:  D e c. 1 2, 2 0 2 2. [ O nli n e].  A v ail a bl e:
htt ps:// mil e hi g htr ai ni n g. c o m/ altit u d e-t o- o x y g e n- c h art/

[ 4 5]  V.  Val b u e n a et al., “ R a ci al a n d et h ni c bi as i n p uls e o xi m etr y a n d cli ni c al
o ut c o m es,” J A M A I nt er n.  M e d. , v ol. 1 8 2, n o. 7, p p. 6 9 9 – 7 0 0, 2 0 2 2.

[ 4 6]  H y p o xi c o si err a 1 0 0 altit u d e g e n er at or: Pr o d u ct i nf or m ati o n,  A c c ess e d:
D e c. 0 5, 2 0 2 2. [ O nli n e].  A v ail a bl e: htt ps:// h y p o xi c o. c o m/ pr o d u cts/ si err a-
1 0 0

[ 4 7] S. S o n g et al., “ A 7 6 9 u W b att er y- p o w er e d si n gl e- c hi p S o C  wit h  B L E f or
m ulti- m o d al vit al si g n  m o nit ori n g h e alt h p at c h es,” I E E E Tr a ns  Bi o m e d
Cir c uits S yst , v ol. 1 3, n o. 6, p p. 1 5 0 6 – 1 5 1 7,  D e c. 2 0 1 9.

[ 4 8]  C.-J.  Li m et al., “ We ar a bl e, l u mi n es c e nt o x y g e n s e ns or f or tr a ns c ut a-
n e o us o x y g e n  m o nit ori n g,” A C S  A p pl.  M at er. I nt erf a c es , v ol. 1 0, n o. 4 8,
p p. 4 1 0 2 6 – 4 1 0 3 4, J ul. 2 0 1 8.

Vl a di mi r  V a k ht e r ( Gr a d u at e St u d e nt  M e m b er,
I E E E) r e c ei v e d d e gr e e S p e ci alist ( e q ui v al e nt t o
B. S./ M. S.) d e gr e e ( wit h  H o ns.) i n  wl e ctr o ni cs a n d a u-
t o m ati o n of p h ysi c al  m a c hi n es fr o m t h e  Ur al F e d er al
U ni v ersit y ( Ur F U),  Ye k at eri n b ur g,  R ussi a, i n 2 0 1 6
a n d  M. S. d e gr e e i n el e ctri c al a n d c o m p ut er e n gi-
n e eri n g i n 2 0 2 1 fr o m  W or c est er P ol yt e c h ni c I nstit ut e
( W PI),  W or c est er,  M A,  U S A,  w h er e h e is c urr e ntl y
w or ki n g t o w ar d t h e P h. D. d e gr e e i n  E C E.  H e  w as t h e
r e ci pi e nt of t h e F ul bri g ht  Gr a nt  H e h as  m or e t h a n 5
y e ars of Pr of essi o n al  E x p eri e n c e i n cl u d es  w or ki n g

as a n  El e ctr o ni cs  E n gi n e er a n d S oft w ar e  D e v el o p er. F or t w o a n d a h alf y e ars,
h e c o n d u ct e d r es e ar c h o n l u mi n es c e nt a n d s ci ntill ati o n  m at eri als  wit h  Ur F U.
T h er e aft er f or t w o y e ars, h e d e v el o p e d a s p e ci al  m a g n et o- o pti c al s yst e m f or t h e
a n al ysis of f err o m a g n ets  wit h t h e  R ussi a n  A c a d e m y of S ci e n c es.  H e c o m pl et e d
t w o s h ort-t er m s ci e nti fi c i nt er ns hi ps i n t h e S u p er c o n d u cti n g  Q u a nt u m  Cir c uits
Gr o u p  wit h t h e  K arlsr u h e I nstit ut e of  Te c h n ol o g y ( KI T),  K arlsr u h e,  G er m a n y
i n 2 0 1 4 a n d 2 0 1 5, r es p e cti v el y.  His  M. S. r es e ar c h  wit h I nt e gr at e d  Cir c uits a n d
S yst e ms (I C A S)  L a b or at or y,  W PI  w as f o c us e d o n t h e h ar d w ar e s e c urit y of n e xt-
g e n er ati o n bi o m e di c al d e vi c es, s u c h as i nj e ct a bl es, i m pl a nt a bl es, i n g esti bl es,
a n d  w e ar a bl es.  His r es e ar c h i nt er ests i n cl u d e t h e I C A S  L a b h as b e e n f o c us e d
o n I nt er n et of  T hi n gs (I o T) d e vi c es f or  m e di c al a p pli c ati o ns, s u c h as a c o m p a ct
pr ess ur e ul c er pr e v e nti o n s yst e m a n d a p ort a bl e tr a ns c ut a n e o us bl o o d o x y g e n
m o nit or, i n v ol vi n g  mi x e d-si g n al i nt e gr at e d cir c uit d esi g n, s oft w ar e d e v el o p m e nt
(i n cl u di n g e m b e d d e d), a n d pri nt e d cir c uit b o ar d ( P C B) d esi g n.

A ut h ori z e d li c e n s e d u s e li mit e d t o: W or c e st er P ol yt e c h ni c I n stit ut e. D o w nl o a d e d o n J ul y 2 2, 2 0 2 3 at 0 1: 4 8: 5 8 U T C fr o m I E E E X pl or e.  R e stri cti o n s a p pl y. 

www.bloodgas.com
https://doi.org/10.1007/s00216-007-1822-x
https://literature.cdn.keysight.com/litweb/pdf/5992-0914EN.pdf{?}id=2633187
https://literature.cdn.keysight.com/litweb/pdf/5992-0914EN.pdf{?}id=2633187
https://data.energizer.com/pdfs/cr2032.pdf
https://oceanoptics.com/product/redeye-oxygen-sensing-patches/
https://oceanoptics.com/product/redeye-oxygen-sensing-patches/
https://www.analog.com/en/products/adpd4101.html
https://www.analog.com/en/products/adpd4101.html
https://www.st.com/resource/en/datasheet/stm32wb55cc.pdf
https://www.st.com/resource/en/datasheet/stm32wb55cc.pdf
https://www.st.com/resource/en/application_note/an5071-stm32wb-series-penalty -@M microcontrollers-ultralowpower-features-overview-stmicroelectronics.pdf
https://www.st.com/resource/en/application_note/an5071-stm32wb-series-penalty -@M microcontrollers-ultralowpower-features-overview-stmicroelectronics.pdf
https://www.st.com/resource/en/application_note/an5071-stm32wb-series-penalty -@M microcontrollers-ultralowpower-features-overview-stmicroelectronics.pdf
https://www.st.com/resource/en/application_note/an5071-stm32wb-series-penalty -@M microcontrollers-ultralowpower-features-overview-stmicroelectronics.pdf
https://www.st.com/content/ccc/resource/technical/document/reference_manual/group0/83/cf/94/7a/35/a9/43/58/DM00318631/files/DM00318631.pdf/jcr:content/translations/en.DM00318631.pdf
https://www.st.com/content/ccc/resource/technical/document/reference_manual/group0/83/cf/94/7a/35/a9/43/58/DM00318631/files/DM00318631.pdf/jcr:content/translations/en.DM00318631.pdf
https://www.st.com/content/ccc/resource/technical/document/reference_manual/group0/83/cf/94/7a/35/a9/43/58/DM00318631/files/DM00318631.pdf/jcr:content/translations/en.DM00318631.pdf
https://www.st.com/content/ccc/resource/technical/document/reference_manual/group0/83/cf/94/7a/35/a9/43/58/DM00318631/files/DM00318631.pdf/jcr:content/translations/en.DM00318631.pdf
https://www.mathworks.com/help/stats/fitnlm.html
https://www.mathworks.com/help/stats/fitnlm.html
https://about.citiprogram.org/
https://www.wma.net/policies-post/wma-declaration-of-helsinki-ethical-principles-for-medical-research-involving-human-subjects/
https://www.wma.net/policies-post/wma-declaration-of-helsinki-ethical-principles-for-medical-research-involving-human-subjects/
https://www.wma.net/policies-post/wma-declaration-of-helsinki-ethical-principles-for-medical-research-involving-human-subjects/
https://apps.nationalmap.gov/viewer/
https://www.mide.com/air-pressure-at-altitude-calculator
https://milehightraining.com/altitude-to-oxygen-chart/
https://hypoxico.com/products/sierra-100
https://hypoxico.com/products/sierra-100


V A K H T E R et al.: P R O T O T Y P E  W E A R A B L E  D E VI C E F O R  N O NI N V A SI V E  M O NI T O RI N G  O F  T R A N S C U T A N E O U S  O X Y G E N 3 3 5

B u r a k  K a h r a m a n ( Gr a d u at e St u d e nt  M e m b er,
I E E E) r e c ei v e d t h e  B. S. d e gr e e i n el e ctri c al a n d
el e ctr o ni cs e n gi n e eri n g fr o m  Mi d dl e  E ast  Te c h ni-
c al  U ni v ersit y,  A n k ar a,  T ur k e y, i n 2 0 2 1.  H e is
c urr e ntl y  w or ki n g t o w ar d t h e P h. D. d e gr e e i n el e c-
tri c al a n d c o m p ut er e n gi n e eri n g  wit h I nt e gr at e d  Cir-
c uits a n d S yst e ms (I C A S)  L a b or at or y,  W or c est er
P ol yt e c h ni c I nstit ut e ( W PI),  W or c est er,  M A,  U S A.
H e c o m pl et e d t w o s h ort-t er m s u m m er i nt er ns hi ps
at S ci e nti fi c a n d  Te c h n ol o gi c al  R es e ar c h  C o u n cil of
T ur k e y ( T U BI T A K) a n d  Milit ar y  El e ctr o ni cs I n d us-

tr y ( A S E L S A N) i n 2 0 1 9 a n d 2 0 2 0, r es p e cti v el y.  T h er e aft er f or 8  m o nt hs, h e  w as
a  C a n di d at e  E n gi n e er  wit h  A S E L S A N  wit h a f o c us o n  R F d esi g n.  His r es e ar c h
i nt er ests i n cl u d e t h e d e v el o p m e nt of cir c uits a n d s yst e ms f or bi o m e di c al s e ns ors,
wit h a f o c us o n l o w- p o w er a n al o g/ mi x e d-si g n al i nt e gr at e d cir c uits (I Cs), a n d t h e
P h. D. r es e ar c h f o c us es o n t h e d e v el o p m e nt of  w e ar a bl e  wir el ess s e ns ors f or t h e
r e m ot e  m o nit ori n g of tr a ns c ut a n e o us bl o o d g as es.  H e is als o a  R e vi e w er f or
t h e I E E E c o nf er e n c e I S C A S a n d t h e I E E E  Tr a ns a cti o ns o n  Bi o m e di c al  Cir c uits
a n d S yst e ms.  H e  w as t h e r e ci pi e nt of t h e St u d e nt  Tr a v el  Gr a nts fr o m I E E E
c o nf er e n c es i n cl u di n g I S C A S a n d  CI C C i n 2 0 2 2.

G ui x u e  B u r e c ei v e d t h e  B. E n g. d e gr e e i n bi o m e d-
i c al e n gi n e eri n g fr o m  Tsi n g h u a  U ni v ersit y,  B eiji n g,
C hi n a, i n 1 9 9 3, a n d t h e  M. S. a n d P h. D. d e gr e es i n
bi o m e di c al e n gi n e eri n g fr o m P ur d u e  U ni v ersit y,  West
L af a y ett e, I N,  U S A, i n 2 0 0 4 a n d 2 0 0 8, r es p e cti v el y.
H e h as a b a c k gr o u n d i n  m ulti m o d alit y bi o m e di c al
i m a gi n g,  m e di c al d e vi c es, bi o m e di c al si g n al  m e a-
s ur e m e nt a n d pr o c essi n g, a n d c ar di a c el e ctr o p h ys-
i ol o g y.  H e h a d b e e n a n I m a gi n g S ci e ntist f or 1 0
y e ars b ef or e j oi ni n g  A n al o g  D e vi c es, I n c. i n 2 0 1 8,
w h er e h e is c urr e ntl y a S yst e ms  D esi g n  E n gi n e er

i n t h e I nstr u m e nt ati o n S yst e m S ol uti o ns  Gr o u p.  His r es e ar c h a n d d e v el o p-
m e nt i nt er ests i n cl u d e vit al si g ns  m o nit ori n g t e c h n ol o gi es a n d s yst e ms, s ci e n-
ti fi c i nstr u m e nt ati o n d e v el o p m e nt a n d a p pli c ati o ns, a n d si g n al pr o c essi n g a n d
al g orit h ms.

F o r o o h a r  F o r o o z a n ( S e ni or  M e m b er, I E E E) r e-
c ei v e d t h e P h. D. d e gr e e i n c o m p ut er s ci e n c e a n d e n gi-
n e eri n g fr o m  Yor k  U ni v ersit y,  T or o nt o,  O N,  C a n a d a,
i n 2 0 1 1. Si n c e 2 0 1 5, s h e h as b e e n  wit h  Di git al  H e alt h-
c ar e  B usi n ess  U nit  wit h  A n al o g  D e vi c es I n c. S h e is
c urr e ntl y a S e ni or  M a n a g er of r es e ar c h s ci e n c e e n gi-
n e eri n g, s u p er visi n g a t e a m of si g n al pr o c essi n g a n d
m a c hi n e l e ar ni n g e n gi n e ers f o c us e d o n d e v el o pi n g
al g orit h ms ( b ot h e m b e d d e d a n d cl o u d) f or r e m ot e
p ati e nt  m o nit ori n g s yst e ms. Fr o m 2 0 1 2 t o 2 0 1 3, s h e
w as a P ost d o ct or al F ell o w  wit h S u n n y br o o k r es e ar c h

i nstit ut e  w or ki n g o n 3 D s u p er-r es ol uti o n ultr as o u n d i m a gi n g f or br ai n v as c ul ar
m a p pi n g. Fr o m 2 0 1 1 t o 2 0 1 3, s h e  w as als o a P ost d o c a n d a  L e ct ur er  wit h t h e
I nstit ut e of  Te c h n ol o g y,  U ni v ersit y of  O nt ari o, t e a c hi n g  Gr a d u at e ( arr a y pr o-
c essi n g a n d a d a pti v e filt eri n g) a n d  U n d er gr a d u at e (si g n al pr o c essi n g) c o urs es.
S h e is als o a li c e ns e d Pr of essi o n al  E n gi n e er i n  O nt ari o,  C a n a d a.

Ul k u h a n  G ul e r ( S e ni or  M e m b er, I E E E) r e c ei v e d t h e
B. S c. d e gr e e i n el e ctr o ni cs a n d t el e c o m m u ni c ati o n
e n gi n e eri n g fr o m Ist a n b ul  Te c h ni c al  U ni v ersit y, Is-
t a n b ul,  T ur k e y, t h e  M. E. d e gr e e i n el e ctr o ni cs e n gi-
n e eri n g fr o m t h e  U ni v ersit y of  T o k y o,  T o k y o, J a p a n,
a n d t h e P h. D. d e gr e e fr o m  B o g a zi ci  U ni v ersit y, Ist a n-
b ul,  T ur k e y. S h e is c urr e ntl y a n  Assist a nt Pr of ess or
of el e ctri c al a n d c o m p ut er e n gi n e eri n g  wit h  W or c es-
t er P ol yt e c h ni c I nstit ut e ( W PI),  M A,  U S A. S h e  w as
a P ost d o ct or al  R es e ar c h er  wit h  G e or gi a  Te c h,  G A,
U S A.  Dr.  G ul er h as c o- a ut h or e d t hr e e b o o k c h a pt ers.

H er r es e ar c h i nt er ests i n cl u d e t h e br o a d ar e a of cir c uits a n d s yst e ms, a n d h er
pri m ar y ar e a of i nt er est is a n al o g/ mi x e d-si g n al i nt e gr at e d cir c uits, cir c uit d esi g n
of s e nsi n g i nt erf a c es, e n er g y h ar v esti n g,  wir el ess p o w er tr a ns missi o n s yst e ms,
a n d s e c urit y f or a p pli c ati o ns i n h e alt h c ar e. S h e  w as t h e r e ci pi e nt of t h e 2 0 2 2  N S F
C A R E E R  A w ar d. S h e is a  T P C  m e m b er of t h e I E E E  CI C C a n d I E E E  Bi o C A S
c o nf er e n c es. S h e is als o s er v es as a n  Ass o ci at e  E dit or f or s e v er al j o ur n als, i n cl u d-
i n g I E E E SO LI D - ST A T E C I R C UI T S L E T T E R S ( S S C- L), I E E E  TR A N S A C TI O N S  O N

B I O M E DI C A L C I R C UI T S  A N D S Y S T E M S , a n d I E E E  TR A N S A C TI O N S  O N C I R C UI T S

A N D S Y S T E M S II:  EX P R E S S B RI E F S . I n a d diti o n, s h e is a  m e m b er of s e v er al
s oli d-st at e cir c uits a n d cir c uits a n d s yst e m c o m m u niti es, i n cl u di n g t h e  W o m e n
i n  Cir c uits  C o m mitt e e.

A ut h ori z e d li c e n s e d u s e li mit e d t o: W or c e st er P ol yt e c h ni c I n stit ut e. D o w nl o a d e d o n J ul y 2 2, 2 0 2 3 at 0 1: 4 8: 5 8 U T C fr o m I E E E X pl or e.  R e stri cti o n s a p pl y. 
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