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APPARATUS AND METHOD TO CAPTURL
BODY SIGNALS WITH CONJUGATE COILS
AND PAIRED COILS

This application claims benelit of und prionty w U8,
Provisional Application No. 62/664.329. liled by Bushir |
Morshed. ot al.. on Apr. 30, 2018, which is mncorporated
herein in its enticely by specific reference for all purposes.

FIELD OF THE INVENTION

The present wveniion relates generally o sysiems and
methods for capturing physiological and nenrological sig-
nals froin o subject. More specifically. the invention relates
o wircless resistive analog passive {WRADP) sensors wath
cojugate conls and pared coils Tor measuring differential
and other types of nevrophysical signals.

BACKGROUND OF 1T INVENTION

The assessment of bwoelecinge potentials or biophysical
signals gencrated by the body is a commonly used nmethod
ol monitoring health stats, Such systews. bke the electro-
cardiogram (106 or BKG). provide o noninvasive. paniess
test with rapid resuits and are standard cquipmient in the
medical and velermary communities. However, sensors typi-
cally employed by such devices are often obtrusive and may
reaquire external power sources or batteries. Funthermore.
wired sensing devices are cumbersame lor the wearer and
are at risk of being damaged or misaligned during use,
particularly if the associated wires become enangled with
clotimg or are otherwise disturbed by the woarer's move-
ments. These 1ssues are (arther conlonnded when the seas-
ing device is luplanted or must be worn for longer periods
of time.

Wireless sensors are uselul when a wired connection 1s
inconvenent or impractical. such as with body-worn sen-
sors, mnplantable sensors. and reote scasors. [n additon.
passive wireless sensors cun climmate contact wires and
batteries. making continuons patient momtorag in day-to-
day life more practical. Current wircless passive sensors
require the use of o digital chip. which  sigoificantdy
increases the cost of e devices and can olien lead w Lailure
ol the device.

Current wircless analog passive (WRADP) sensors are oot
able 0 receive physiological signals where inlormation 1
contained m differential inputs. such as OG0 EMG and
141G signals. o the case of wired counterparts. differential
amplificrs are employed o address this issue. These ampli-
liers repeet most of the common mode noise while simlia-
neously amplifying differences between the two sipnals. The
related metric is comumonly known as Common Mode
Rejection Ratie (CMMIQ). As dillercatial amplificrs require
a power supply. they camnot be employed m passive (e,
WRAP) sensors, which are batieryless. [n additon, the
maxinmn range ol coupling i current passive (e.g.. WRAP)
sensors is very siall (ess than 10 em). which limits the
distance between the senser coil and the scanner caoil,

Lxamples of prior arl bio-sensor systems are disclosed in
Morshed, 115, Pub. No. 200700135215 (1.5, Pai. No.
10182499, assued Jan. 150 2019} (“Mululaver Addiuve
Ponted Ciwenit™y: and  Morshed, ¢ al. U8, Pub. No.
20160128396 (U8 application Ser. No. 14938 934) (“T'ully
Recondipurable Modular Body-Wora Seasors™): all of which
are incorporated herein by specific reference in their eatire-
tics for all parposes. Vurther detanls about the operation of
WRAP scosors. and the wireless passive seosing ol plivsi-
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2
ological and biopoteitial sensing nsing WIRAL sensors. are
disclosed 1 Morshed. ot al, U8 Pub. No. 20150289763
(LS. application Ser. No. 14/686.275) ("Wireless Analog
*assive Sensors”), which is incorporated herem by specilic
reference T its catirety for all purposes.

Accordingly there 15 3 need Jor sceessing diflerential
iputs lrom more than one clecteodes off WIRADR scusors.
which arc wnobirsive. wireless. and passive body-wom
sensors o collect physiological signals. There 1 a {urther
ueed Jor o system and wethed Tor extending the range ol
WAL sensing devices such that the sensor and interrogator
can be placed forther apart on the body.

SUMMARY OF T1{E INVENTION

I various exemplory embodiments. the present invention
comprises wireless resistive analog passive (WRADP) sensors
hai can transm analop sipnals withowt any digial chips.
Embodiments ol the novel WRAP seusors use inducuve
coupling between (wo or more printed spiral coils {(PP8Cs)
and are conligured 1o capture vanous physiological signals,
such as. bui not limtied (0. heart rate, respiration rate, pulse
oxymeicr. and core body temperaiure. The present invention
1s purticularly uschul or capturing physiological signals that
require dilferential inputs. such us ao BCGL EMG or HHG
signal.

The invention lurther comprises systems and methods 1o
allow dilferental signals {such as BKGAHCG MG BEEG.
and the Like) W be caplared uwsing wircless induction cou-
pling nsing a conjugate coil puir. In certuin cibodiments.
he invention comprises systems and methods for transmit-
g wircless mduction conpling signals over longer range
using o lully-passive {Le.. batcey-less) range extender cie-
cuit comprising g paired coil. The runge extender con be
used not oudy for the disclosed FOG WIRAL sensor. but also
previously disclosed WRADP sensors, inchoding heart mie.
respiration rate. pulse oxymetier. and core body temperature
sensors, o one embodinent. the present mvention coms-
prises body-worn. lully-passive {buttery-less} sensors.

BRIEF DESCRIFIION OF THE FIGURES

FIG. 1 provides o dizgram ol o fully-passive. simplificd
svstem with scauner (.13 and sensor (1.2} coils for single
channel bio-potential sensing vsing the WRADP systom.

G 2 shows a dingrmmmatic representation ol an exem-
plary WIAPR HCG system that ciaploys a scanner coil (1.1}
and a sensor conjugate cotl pair (§.2-1 .3} for bio-potential
sensing. The WRAP ECG sensors are shown connected 1o a
series of electrodes attached to the chost area of o homan
subject.

F1G. 3A provides o top perspective schematic view ol an
excinplary WRAP 1HCG sensor system with o scanner coil
{(primary) and a sensor conjugaie coil pair (secondary)
posiioned at a co-mxal posiion.

FIG 313 18 a photogruphic view of an exemplory WAL
FECG sensor system with o sconner coil {primary) and o
sensor comugate coil pair {secondury) positioned uat a co-
axial positton.

FFIGS. 4A-C show graphical represeniations of sinusodal
siginal woves (oputs 1 and 2 from sensor conjugate coil pair.
first two wavelorms. output from sconner coil. the lust
wavelorm) caplured nsing an exemplary conjugaie coil pair
WRADP system wiih input signals in phase (4.A). 907 out of
phase (413). and 180° ont of phase (40).

FIG. SA shows u comparison of an BCG sigoal caplured
with au odl-the-shell. commerciaily available 150G deviee
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{top) o an 140G signal captured using an exeimplary WILAP
10 sensor with conjugate coils (botiom).

FIGS. 813 and 5C shows time frequency domain compari-
son of an BOG signal caplured using the commercially
available 1OG deviee (513 with the exemplary WRAP ECG
system (5C7)

FIGL. 6 15 a graphical chart comparing the BOCG signals
collected from the commercially available 15CG device (top)
and those collecied using the exemplary WRAP 1:CG system
{bonom). The PQRYT siguals are wdentified on the sigoal
obtaied frow the WRADP BECG sensor witl a conjugate col
patr.

VIG. 7 provides a schematic view ol an exemplary WRAP
systein employing s range exteader with o paired coil
between the scusor and the scanner components.

IIG. 8 15 u graph showing an example ol use ol the WRAP
system over varving distances with and withoot a range
extender will paired coil.

DISTATLED DESCRIPTION OF EXEMPLARY
EMBORIMENTS

All putents. patent applications. and publications cited
herein are hwereby ncorporated by reference 10 their entirety,
The disclosures of these publications in their cutiretios are
hereby incorporated by reference into this application in
order (o more fully deseribe the state of the ar as known Lo
those skilied therein as of the dote of the invention described
und claimed herein.

This patent disclosure contams matenal that is subject Lo
copyright proteciion. The copyright owner hias no objection
to the facsimile reproduction by anyone of the patent docu-
ment or the patent disclosure as it appears in the LLS, Patem
und “Trademark Office putent file or records. but otherwise
reserves any and all copynght rights.

Detailed descriptions of one or more preforred embodi-
ments are provided herem. [ s o be understood. however,
that thwe present invention may be embodied m various
Forms. Therelore. specific details disciosed herein are not Lo
he interpreied as limiting. bui rather as o basis for the claims
and as a represemative basis {or eachmg one skilled in the
art o cmploy the present vention i suy  appropriste
IENer.

The singulor Forms "o “an” and “the”™ inclade plocal
relerence unless the context clearly dictates otherwise. The
wse of the word =™ o “an™ when vsed in conjunction with
the tenn “comprising” in the claims and/or the specilication
may mean “one.” bat it s also consistent with the meaning
ol one or more.” “at least one.” and “one or more than one™

Wherever any of the phrases “for example.”™ “such as”
“mcluding™ and the like are wsed herein, the phrase “and
without linitation™ is understood (o foliow unless explicitly
stated otherwise. Similarly “on example.” “exemplary™ and
the like are undersiood 1o be nonlimiting.

The term “substantially™ allows for deviations from the
desenplor that do not pegatively impact the intended pur-
pose. Descnplive terms are understood 10 be modified by the
term Usubstantially™” even i the word “substantialiy” is not
explicitly recited. Therelore, for example. the  phrase
“wherein the lever extends vertically” means “wherem the
lever extends substantaily vertcally™ so long as o precise
vertical arrangement is oot necessary lor the lever © per-
form s Lonction

The terms “comprisne” and “imcloding” and “having”
and “involving” (and sinnlarly “comprises.” “includes.”
s, and “mvolves™ and the hike are vsed interclhangeably
und have thwe smne meaning. Specifically. cach ol the terims
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is defined consistent with the comimon United States patent
law definition of “comprising™ and is therefore interpreted o
be an open term meaning ol least the followinge.” and is also
interpreted not 0 exchide additional featores, limiiations,
aspects. ete. Thus. Jor example. “a process involving steps a.
b and ¢ means et the process includes ot least steps o, b
and ¢ Wherever the terms "™ or “an™ are used. “one or
more” is understood. unless such inierpretation is nonscn-
sical in coutext.

As used herem the terim “abom™ is nsed herein 0 mean
approxnnately. roughiy. aronnd. or “in the region ol When
he term “abont” 15 used in comunction with a nomercal
range. 1 modiles that range by extendmg the boundaries
above and below the nmuerical values st lonh. in geaeral.
thwe term “about” is used herein W modily o numerical value
above and below the stated value by a vanance of 20 percent
up or down (Ingher or lower).

The WRAP LCOG sysiem disclosed herein comprises a
pair ol conjugate cols (hat are W wircor opposite configy-
ration. When so situated. the induced magneue ficld by two
coils cancels cach other when signals are common (common
mode signal). but do not cancel when signals are different
{dillerential mode signal). This allows differenual mode
signals such us 100G 10 be coptured with the WRADP sensor
teehuigue.

Under several exemplary embodiments. the invention
comprises 8 novel WRAD sensor for measuring differential
BECG signals using one pramary coil and a pair ol secondary
conjugate coils. The differential inputs are connected 10 (wo
simple amphilers such as metal-oxide-semiconducior {ield-
effect transistors (MOSETTs) that change loading of the two
secondary cotls. As a result, the common signal ol both
sensor coils are cancelied out while dilferential siguals are
transmitted. and leads © the ability 10 access only differen-
tal bio-potental signals that modulate the carrior signal al
he primary.

IFIG 1 shows a simplified schemaiic ol a scanner 10 and
sensor 12 components for o system for bio-potential sensing,
using asingle loop antensa (1.c..coil} {1.1) in the scanner and
a smgle loop antenna (e col) (1.2} in the sensor.

IFIG 2 shows an exemplary of o WRAP BCG sensor {or
tio-potential sipnal sccess using o conjugate coil pair {1.2.
.3} in the sensor component 26, This cobodiuent 15 con-
figured W sease the differential mput vollages between
clectrades 131 and 112 Three spiral cotls are shown. Two
wdentical coils (1.2 and 1.3} are presenied o conjugaie
arientalion as passive seusors in the seusor componeint 20
and one coil {1.13 as a scanner device 10, When so oricined.
the magaetic field ol conjugate coil (1.2} opposes the olher
(1.3). and vice versa. Cortmin embodiments employ a dual
gate depletion mode MOSET {or bio-potential caplure due
e its hagh sensitivity or siall input voltages (Vind. fn the
FiG. 2 embodiment. input voltage 1s converted 10 a corre-
lated resistive variation of source-drain resistance ol the
MOSEFRT (R, resistance betwoeen Source and Drain ter-
ininals).

The pomary ponted circuit bourd (PCTY compnses (wo
subininiature version A {CSMAT) coaxial RE connectors {see
FIG. 313). one for dwe carrier inpund that oscillates ai an R
carner wave (8.37 MUz wsed in this cabodiment). and the
other oue 1s geross the conl T and carries (e woduiawed
sigial W another printed circuit board with electronic ¢i-
cnits Loz detecting. filtering, and amplification. The capacitor
C1 15 vsed 10 maich the antenna 0 3082 and capacitor (2 s
used (o adjust the resonance {requency with 11 The loop
anteunas (110 120 and 1.3} are desigued as planar printed
spiral coils (PSCY and can be modeled as mductors. ‘The
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passive sensors have wentical civenits where O3 and (4 are
nsed fo fune the antenna al the resonance lrequency. The
Ciate-1 (G of one MOSEET and drain of that MOSFI are
connected o one set ol the olectrodes (e, one channel ),
wiiile the CGate-1 {G1) of the other MOSEED and dron of
that MOSFET are connected mversely (o the other set of
clecirodes (e, second channel) o collect the difference of
the two signals (e two channels on the body o capiore
140G signal) by combimng one ol the GT wo the other drain
us o single reference clectrade. “The second gutes. Gute-2
{2 are connected W source of corresponding MOSEE T o
increase semsitivity for V,, sensing (pv-range).

1n one embaodiment. the outer diameter of the primary and
the secondury coils are 40 and 20 min. respectuvely, The
planar coils of the seusor boards can be placed (o luce cach
other with an wsolation material between he two coils
(shown i IFIG. 3A) In one embodiment. the wmsnlation
material comprises a polyimide film. such as Kapton®: tape
50 (manufactored by 141 du Pont de Nemours and Con-
paiy. Wilmington., Del. USAY The plasar coils and the
insulation maierial can be also printed between the traces,
such as disclosed  “Multilaver Addiive Printed Circuit™,
U8, Pat. No. 10,182,499 {referenced above and 1ncorpo-
rated herein by specilic relerence lor oll purposes). A fixture
cait be ciployed o momtain the boards in parallel @t o
co-axtal posiion. [n other embodments. the conjugate PSCs
can be within the same cirewt board printed on difierent
layers or on different sides. In other embodninents. the
corjugate coils can be designed o occupy the sane laver or
same side by employing a double spiral design of a single
S

VIGS. 4A-C provide a graphical representation of experi-
mental signals copared wsing o conjugate coil pair as
discussed above, These duta cinploved the dillierential pas-
sve sensor selnp ((wo sensors with a comugate coil pair) to
show the responses 1o differential mode and common mode
input voltages. In FIGS. 4A-4C, the received signal 110
{third wavelorin, blue) is the dilference between Vinl 120
{first wavelonu. green) and Vin2 130 (sccond wavelorm.
red). The input signals of FIG. 4A are shown with difference
hetwoeen phase equal to 07 (n phase): e iapul sipnals of
FIG. 413 are shown at 90% {out ol phuse): and e 1nput
signals oF TG 40 are shown at 180 (sut-phase). Both Vind
und Vin2 are sinusoidal signals with o peak-to-peak voltage
ol 100 wmV and frequency of 100 Tz The results show that
the ontpd signal s signiflicant]ly attenuated when both mput
signals are dentical (FIG. 440 while e ongpuat sigoal 15
umphiicd wien they have waximum dilierence (G, 40},

FIG. 8A shows a comparison of BOG oblained signals
from commercial POG hardware (in this case. manu facinred
by OLIMEX BRGHMG shield: Olimex. Tid. Plovdiy, Bul-
gariu} w0 those obtamed from the presently -disclosed cou-
Jugate conl pair WIRRADR HOG system. I vive BOG data was
captored  vsing commercial el ype FOG clectrodes
Ag/AgCl (GS-26. Pre-gelled isposable sEMG Plectrodes,
Muiu i3e8cnsors lne.).

UIG. SA shows the raw duta of the 100G signal recorded
using the commercial HOG deviee (lop wavelorm. red 2009
and the passive sensor (bottom wavelom. blue 210} Some
noise can be seen in the unprocessed sipnal using time-
frequency analysis of the passive seasor data. which can be
de-noised using an analog or g digital diber. FIG. 513 shows
the time-frequency analysis ol the 1OG signals oblained
from the commercial device, and FIG. 85C shows e time-
frequency analysis of the FOG sipnals oblained from an
cibadiment of the presently disclosed passive sensor. These
data reveal that e 140G signals recorded using the presently
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disclosed pussive sensor (1 IG. 5CY had more components ol
the vality hine (e, 60 1z) nowse and its harmomics than e
data from the commercial device (F1G. 813). However, as
seen o FIG. 6 all of the BCG components (R-peaks,
QIES-complexes. T-waves. and P-waves) are cosily recog-
nizable from (e raw data without any downstream process-
mg.

FIG. 7 provides a schematic representation of o range
extender 300 comprising o paired coil connecting o WIRADP
passive sensor 310w o WRAP scanner 320, in sccordance
with an exemplary cinbodiment ol the preseat inventioi.
This arrangement permiis the scanner ool o be physically
separaled far from the sensor coil via a folly-passive paired
coil circuit (buttery-less). while sull permitting power and
duta collecuon. In several cnbodinents. tw range extenders
comprise al least two ¢oils 312 314, InFIG. 7. a first coil 314
of the range extender is coaxially positioned adjacent 1o the
WRAP scanner coil. and a second coil 312 of the range
extender 15 adjacent 1 the WRAP sensor {e.p.. WRAP 1:CG
sensor) permiting (e sconner sud sensor W be comumuni-
catrvely hinked over a given distance. The paired coils are
connecled wsing Jexible wires, and optionally can have
twning capacitors connected 1 paralle] W colls Jor resounant
coupling.

As can been seen. the number of coils ciuploved by the
range exiender will vary with the number of sensors, scan-
ners. or both. The range extender con be easily releasably
altuched o the user’s body or o the user™s clothing (such as
underganments). ln several cinbodiments. the range exteader
1s embedded. woven. or stitched within clothing worn by the
user. The range extender thus, for example, allows the sensor
o be attached o e vser’s chest. while the scanner is
altuched o the waist {e.g.. on u bell in o pocket. or the like).

1G. 8 shows data collected (rom an ciibodiment with o
range exiender comprising two conls and a length ol about 45
e The blee line 350 (on the leli side) represents data from
a setop that does not include a range exiender and the red
line 360 {on the nght side) represents duta oblam rom o
system that includes the range extender with a paired coil. In
the absence of a range extender. the voliage drops below (0.5
Volor the given input at a distance of about 15 nma By
contrust. incorporation of o range extender perits  the
outpit voltuge o be maintained higher than 0.5V Jor more
thwn 450 mum {the enuree length of the range extender nader
this embodiment). Thes, the range exiender permits the
power device (e.g. scanner) o be sitnated further away from
thwe buttery-less WRADP sensor (such as WRADR HOG sensor)
and at o more convenient location on the subject’s body, The
range exiender i ths embodiment simply comprises two
coils comected w0 cach with a long wire pair. [t can also
mclude wnmg capacitors, that can provide improved lre-
quency scelectivity,

Thwe length of the range extender can be lurge. c.g. up o
500 cm. [n embodiments. the range extender 15 up 0 abont
103G om m lengih. The range extender can be between abont
10 aid about 100 em Jong. In one cnbodinent. the range
extender is less than 50 cm in length. The length of the range
extender can vary depending on the requirements of the user.
such as e distance from the user’s chest to the vser’s waist
or pocket.

The systems and methods disclosed herein provide o
cost-cifective. more combortuble. and wsable body-wom
sensor network or system lor unobtrsively collecting physi-
ological and neurological body sipnals. The embodiments
described herem may be wsed {or various purposes includimg
discase dingnosis and proginosis. physical sclivity wwomitor-
ing. and carly discase detection.
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Thus. it should be vnderstood tun the cnbodiments and
examples deseribed heremn have been chosen and described
in order (o best Mlosirate the principles of the invention and
its praciical applications o therchy enable one of ordinary
siall in the art W best wulive the invenuon in various
cinbodiments and with vaoons wedilicutions as are suited
for particular wses contemplated. Lven though specilfic
cmbodiments of this invention have been described. they are
not @ be wken as exhaustuve. There are several variations
that will be upparent 1o those skilled mthe an. Those skilled
in the art will recognive. or be able W ascertain, vsing uo
more than rontine experimeniation. pumerons cquivalenis (o
the specilic substances and procedures described herein
Such cauivalents are considered 1o be within the scope of
this nveition.

What 15 claimed 1s:

I A wireless resistive analog passive sensor sysiom.
COmprismg:

U SCHANCT COIIPORCHL COMPrisig o scomning planur spiral

coil.

asensor componeni comprismg two identical planar spiral

coils in conjugate orenation:
whierein the system is condigured 10 recerve plivsiological
siginals where mlormation 13 contained m differental
Tputs: and

wherein each of said (wo conjugate planar spiral coils in
ihe sensor component generaie is own induced mag-
uctic field. and the coils are situated W o mirror
opposile configuration so that the mduced magnetic
ficlds generated by said two coils cancel cach other
when e recerved signals are common mode sipnals,

e

4]

20
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but do not concel cach other when the received signals
are differential mode signals.

2. The system ol claam 1. wherein the physiological
signals compnse BLGL BRGL BOG, o BMG signals.

3 The system of claim 1. wherein the system docs aot
comprise a dillerential amplifice.

4. The system of claim 1. wherein the sensor component
15 hatiery-loss.

5 The system of claim 1. further comprising a range
exiender.

6. ‘The systeim of claim 5. wherein suid range extender
comprises o paired coil connectng (e sensor componeat 1o
the scanner component. suid putred coil comprising a first
coil and a second conl.

7. The sysiem of claim 6. wherein the scanner component
15 physically separated from the sensor component.

8. The system of claiin 6. whwerein a first coil of the paired
coil ol the range extender 15 couxially positioned adjacent 1o
the coil in the scanner component. and the second coil of the
paired coil ol the range exiender 1s positioned adjacent 1o the
SCRSOT COMPOICL,

9. The system of elaim 8. wherein the fiest coil and second
coil of the range extender are connecied by Jexible wires.

T3 The system ol claim 9. forther comprising one oy more
wuping capacilors connecied in parallel o the first coil and
second coil.

I1. The system ol claiin 5. wherein said ronge extender
comprises a plorality of paired coils conpecting one or more
SCNSOF COMPORCINS 10 O0C OF MHOFC SCANNCT COmponent.
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