A METHOD FOR DETECTI NG HEARTBEAT AND/ OR RESPI RATI ON FI ELD OF THE | NVENTI ON
Enbodi nents of the invention relate to the field of electronic sensing,

such as wvoebsgsomensi ng, for exanple. By way of exanpl ectachagioossads of
the invention relate to a nethod for detecting heartbeat and/or
respiration, as well as a correspondi ng devi ce. BACKGROUND OF THE | NVENTI ON

El ectronic SﬂWﬁEW@B§=@§Q‘§E1’E€¢ING ﬂéﬂmmﬂlmglékqtésmmdmng tine,

to performfunctions such as nonitoring the heartbeat rate and nonitoring
the respiratory rate, for exanple. Electronic sensing has al so been used in
electronic |ie-detector systens, terrorist scanning, athlete health
nonitoring by monitoring a subject’'s pulse rate, for exanple. In nost of

the above nentioned exanpl esF|ElBOF PHECINNERTIONI s typically perforned via
"wired" neans. In this context, wires or cables are connected froma sensor

attaéhed to the subj ect s body to a processing system which will process
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applications means are di fflcult to i npl enent or inconvenient for
pract i cdelaieeto RedBaiheg fon detecinoc hearbealy aﬂdéor\mriaép'é%@nrreﬁ%swﬁ s@pe@n

consi der timating the heartbeat and/or respiratory rate, for
exanpl e. c%‘?res@hn&ﬁ@onf{%e%s one difficult problemencountered in estinmating

t he 1peart beat and/or respiratory rate using wireless neans is that the
refl ected radio wave signal due to the heartbeat and the respiratory
novenent of chest is typically very weak. Although it is possible

BACKGROUND OF THE INVENTION

Electronic sensing has been used in the biomedical field for a long time, to perform
15 functions such as monitoring the heartbeat rate and monitoring the respiratory rate,
for example. Electronic sensing has also been used in electronic lie-detector
systems, terrorist scanning, athlete health monitoring by monitoring a subject's

pulse rate, for example.

20  In most of the above mentioned examples, electronic sensing is typically performed
via “wired” means. In this context, wires or cables are connected from a sensor
attached to the subject's body to a processing system, which will process and
interpret the electrical signals from the sensor in order to display a reading on the
monitored characteristic (such as heartbeat rate, respiratory rate and pulse rate, for

25 example). However, for some applications, “wired” means are difficult to implement

or inconvenient for practical use.

Recently, electronic sensing via wireless means has been considered for use in
estimating the heartbeat and/or respiratory rate, for example. In this context, one
30 difficult problem encountered in estimating the heartbeat and/or respiratory rate
using wireless means is that the reflected radio wave signal due to the heartbeat
and the respiratory movement of chest is typically very weak. Although it is possible
to increase the amplitude of the reflected signal by increasing the transmitted signal
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to increase the anplitude of the reflected signal by increasing the
transmtted signal power, this has adverse effects on the health of the
subj ect. wWbenmicdoss it is not a practical solution to i rcTS&e80hES49
transmtted signal power. Typically, electronic sensing in the bionedical
field utilize radio wave signals with very | ow power. To increase the
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i nterva g requency radi o signal can be used. is is because the

f r equengyaddical pelutien e inceenss thedransimitted signal powetie frequency of the
transmtted signal, where the doppler frequency of the reflected signal can
be i ncreased by increasing the frequency of the transmtted signal.

However ,T_yfaidailg,helbeﬁani@r@ehswg@ the bRehédiogieeldtutilize raticmaati signalsivith
propagating in the human body. As a result, the performance of conventional

met hdds Very loMepewekct i on and t he subsequent analysis of this reflected
radi o wave signal is poor in such applications. Additionally, it is
difficult to get an accurate estimate of the heartbeat and/or respiratory

rate, e3Jpeacaldse thbprobisity cidetatiingrbstrefiected rhdioi sigsalbeithirensdrhe tisensor
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rate. SO cult to extract the heartbeat an respiratory rate
of &0 spéhe dopglaraireguerfayonh theoraflectEte sigatl eancak dneraased diyt increasing: the
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probl em nay "be addressed using enbodi nents of the present invention.
SUMVARY peFfoTTRENCSIERMN\GNItionshemetigsiscen die detection enditba subsagueni@nadisis

detecti %MS %ﬁebc?&tj rgélglm?arversﬁéﬁélrigbb8pin such applications.

15
Additionally, it is difficult to get an accurate estimate of the heartbeat and/or
respiratory rate, especially when there are movement perturbations between the
sensor and the subject. These perturbations introduce additional random
interference in the received signal. In some scenarios, these perturbations will even

20 result in false detections of the heartbeat and/or respiratory rate.

It is also difficult to extract the heartbeat and/or respiratory rate of a specified target
from crowd. The reflected signal contains the heartbeat/respiratory signal from
almost all the subjects in the crowd. It is important to extract the reflected signal

25 from a specific subject. This is especially difficult for conventional methods.

The above discussed problem may be addressed using embodiments of the

present invention.

30
SUMMARY OF THE INVENTION



I's provided. The method provided includes receiving a wave signal, and
anal yzing the recei ved wave signal using a heartbeat and/or respiratory
nodel , t hwoebw/pomsei ding a result signal indicating whetrherscoms/onesaei ved
wave signal represents heartbeat and/or respiration. In another aspect of
the invention, a device for detecting heartbeat and/or respiration is

provi deqp ohReadltk ©f 5O M/dnbieh, a8 meHBUVBF detddtingmddribE=R ridfor REPirkform Wave
signal, and an analysis unit configured to anal yze the received wave signal

usi ng a iherovidedt Themethod axpvidad dngludesi e¢ceiving reewavpraignali agd anedwAing

andror RS HERR R, WoR BaneL skt R KRAWEH M s T Mo e 1 e
r ef er engroifingastresalt gagedlaindicatiag ewhétbet hiee aaBivRarvavé igne) hepreddits
different views. The drawi ngs are not necessarily to scale, enphasis

i nst 8ad heanbeal apd/perespiratiaBed upon illustrating the principles of the

i nvention. In the foll ow ng description, various enbodi nents of the

i nvention are described with reference to the follow ng drawi ngs, in which:
Fi gure 1A ahother aagpentv ohahe diveatien,met hiediceadoordbiecting hewrtbeab odndient  of
the invention, for det ectiﬂ?ﬁgeartbeat and/ or res iratior}, Fi(ﬁl:t”e 1B shows
a syst edfeRiralionds R{oMigerod BYER COMPYISRE A RSNET LY GoNTIaed 1 rechivemy be
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bl ock diagram@awre eart beat respiratory rate nonitoring
(VWHRY) desing e deeribéiahgndioonespirtodi meodelpfthetebyi pravidingna Fesyllr sighad hows
a block irqtljiggtﬁr?gm \On/%eihheer sthgm%‘lecéi(/gg Snv?/atv/er eé:lgeﬁgle rré%(ljeusle%té Spg%beat and/or

respiration.

BRIEF DESCRIPTION OF THE DRAWINGS
15
In the drawings, like reference characters generally refer to the same parts
throughout the different views. The drawings are not necessarily to scale, emphasis
instead generally being placed upon illustrating the principles of the invention. In the
following description, various embodiments of the invention are described with

20 reference to the following drawings, in which:

Figure 1A shows a flow chart of one method, according to one embodiment of the

invention, for detecting heartbeat and/or respiration.

25 Figure 1B shows a system on which a method of detecting heartbeat and/or
respiration may be implemented according to one embodiment of the

invention.

Figure 2 shows a block diagram of a wireless heartbeat and respiratory rate

30 monitoring (WHRM) device according to one embodiment of the invention.

Figure 3 shows a block diagram of the signal fransmit/receive module (STRM)

according to one embodiment of the invention.
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according to one enbodi nent of the invention.Figure 4 shows a bl ock diagram
of a third configuration of the signal transmt/receive nodule (STRM
accor di ngvoeommsossbodi mrent of the invention. Figure 5 fhoss2e0sobaai

di agram of the radio frequency (RF) nodule (RM according to one enbodi nent
of the invention. Figure 6 shows a bl ock diagramof the transmtter
beanfornmer (TB) nodul e according to one enbodi nent of the invention. Figure
7 shows a bl ock diagram of the receiver beanformer (RB) nodule according to
one enbduigurent4 oshewe @anvdeek ofliagramurad @ sthirds corbigukion =ofr dhe signal

det oot on and ST THAE [RERIY eckafilf R 2%, dhdinaniodt 'fe' e

i nvention. Fijgusrgion. shows a bl ock di agram of an inplenentation of the first
met hod of estimating heartbeat and/or respiratory rate, according to one
enbodi ment of the invention. Figure 10 shows a bl ock diagram of an

i npl emrerg: ati t ; { I ;
oot ratddyreraeiowh 2hiogr AR ER crifle Pr e AR oA B RRN debring |
shows a bl ockoaineggrabodiment of the mventien.i on of the third method of

estimating heartbeat and/or respiratory rate, according to one enbodi nent

of the invention. Figure 12 shows a bl ock diagram of an inplenentation of

the Bayerﬁ{;% 6l lshevs! bkBIoLR! GiaGPdrhBE itﬁﬁ RS thter 36 fgrrribrt ere #hodule
3 shows a ullt

enbodi nent of the invention. Figure 1 system according to one
enbaddi ment ofaccheding @ nne @mbadignent ofithesheewtion. bl ock di agram of vari ous
functional bl ocks enpl oyed by a signal

Figure 7 shows a block diagram of the receiver beamformer (RB) module according

to one embodiment of the invention.

15 Figure 8 shows a block diagram illustrating the pre-processing block of the
heartbeat and/or respiration detection and estimation module (HRDEM)

accordihg to one embodiment of the invention.

Figure 9 shows a block diagram of an implementation of the first method of
20 estimating heartbeat and/or respiratory rate, according to one embodiment of

the invention.

Figure 10 shows a block diagram of an implementation of the second method of
estimating heartbeat and/or respiratory rate, according to one embodiment of

25 the invention.

Figure 11 shows a block diagram of an implementation of the third method of
estimating heartbeat and/or respiratory rate, according to one embodiment of
the invention.

30
Figure 12 shows a block diagram of an implementation of the Bayesian filter-like

rate estimation module, according to one embodiment of the invention.



processi ng software operating froma conputer. DETAI LED DESCRI PTI ON OF THE
| NVENTI ON According to an enbodi nent of the invention, nethods for

det ect i ngwbearodzess and/ or respiration are provided. Fi gursG2sshaus a
flowchart 150 of one nethod for detecting heartbeat and/or respiration.
The met hod includes receiving a wave signal at 152, and at 154 anal yzing
the receiyg@ YRY¥RoWws Asstethibil@it AceRaingieBne28RbBlIN ERIVFItAS AiventiBee! |
thereby providing a result signal indicating whether the received wave
signal represents heartbeat and/or respiration. The nethod may include (not

shown), v,

i anal | PR R REGTRA PErk sadtBif et itSls et AR Erblaype, té"%.s!&a y
and/ or hearttmg@egs’m@somgmdpmtmgfmm grﬁmqutent of the invention,

device for detecting heartbeat and/or respiration is provided. The deV| ce
provPded includes a receiver unit configured to receive a wave signal, and
an analysis unit configured to analyze the received wave signal using a
heart beat and/or respiratory nodel, thereby providing a result signal

i ndi cating whet her tDETALEDNBDESGRIPHONOF THERBENTIONart beat and/ or
respiration. The device may include a transmtter unit configured to
transmt the wave signal for the receiver unit. The device nmay al sQ pI’OVI de

an esti AN s anrambpghrawa/ ef the dryentian, raethods fasadatesting dieartheat
i nvegt i %o‘?ﬁe%@réﬁ@j“a?é“ﬁr&lﬁ@&&‘d ule %Ar@howé mw eha 950 of &% ﬂf‘étﬁ&&' on
of t'he heartibea rator

rate via wreless neans nay carried
out as ffot Uetm:tlngll’reartbeat mdﬁ)rsnegpmatlomyﬂhe nethohinclete st recaiving jpewave Next ,

th h h flected fromthe subj b
ccel oo 197 SOAatciahanalyeRoe e Fpiaeh WataeSORBy Chboia tpasy
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and/ or

received wave signal represents heartbeat and/or respiration. The method may
15 include (not shown), before receiving the wave signal at 152, transmitting the wave
signal. The method may also include providing an estimate of respiratory and/or

heartbeat rate.

According to an embodiment of the invention, a device for detecting heartbeat
20 and/or respiration is provided. The device provided includes a receiver unit
configured to receive a wave signal, and an analysis unit configured to analyze the
received wave signal using a heartbeat and/or respiratory model, thereby providing
a result signal indicating whether the received wave signal represents heartbeat
and/or respiration. The device may include a transmitter unit configured to transmit
25 the wave signal for the receiver unit. The device may also provide an estimate of

respiratory and/or heartbeat rate.
Embodiments of the invention emerge from the dependent claims.

30 lllustratively, the detection of the heartbeat and/or respiratory rate via wireless
means may be carried out as follows. First, a wave signal may be transmitted to a
subject. Next, the wave signal, which has been reflected from the subject, may be

received. Finally, some signal processing techniques may be apblied to the



respiratory rate, for exanple. In view of the above, in one enbodi nent, the
nmet hod provided may further include providing an estimate of respiratory
and/ or hesotbmat3orsate. I n one enbodi nent, anal yzi ng theprcese2usdoisaye
signal using a heartbeat and/or respiratory nodel includes carrying out a
spectral transformation on a signal dependent fromthe received wave

si gnal , raedive@naanensignall ihherderafs ioptaiRdaf! &dtthate! BE theCAEgRBYatOBNWYrCch i's
bel ow a predefined fréquency threshold, are used for providing the result

si gnal . reapiatonnheate ciobedampit., the pr edefi ned frequency threshold is in a
range fromabout 0.5 Hz to about 3 Hz. In yet another enbodinent, the
predefined frequency threshold is in a range fromabout 0.2 Hz to about 1

Hz. I'n adneigwkddhaebbve] icorspeniboaimengiisé piethdd provided nray further include
Transformation. In one enbodi ment, anal yzing the received wave signal using
a heértﬂ@@t"dmﬁﬁ@resr'@ﬁﬁ @%ﬁpyat%ﬂé‘ﬂd(%&e@d%@a&éﬁ?yr ng out a regression
analysis (e.g., an autoregression analysis) on a signal dependent fromthe
recei ved wave si gnhal , thereby generating regression paraneters and carrying
out a srjaomnalentbmilmént reatalyaing the lnecesit/@jta\ta\@eagndleu‘srngra)meertbea’eaaded

wave Sl USln e re SI on ara ters rein co onent s of th
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heartbeat respiratory no roses a Bayesianfilter
hearlObeaigradifer fregggnayaefonichoddelow a predefised éreboenoy threshble, are used

Bayesianfilter. lik hear beat d/ or | rat |
ost i mat 118 ARGYIHHg el estiothet Bioospént 358 aredRteed Adianey
filter. thresmw err‘ﬁ@dramgetfrorh ta@)oaam®Haﬂo fabbhteB Hz e yeeanbipeaenibdiment
respiratory el conprises an estinmation nethod based on an unscent ed
Kal man fthetpéedefmedafm@qw@qcy threshold is in a range from about 0.2 Hz to about 1 Hz. In
one embodiment, the spectral transformation is a Fourier Transformation.
15
In one embodiment, analyzing the received wave signal using a heartbeat and/or
respiratory model includes carrying out a regression analysis (e.g., an auto-
regression analysis) on a signal dependent from the received wave signal, thereby
generating regression parameters and carrying out a spectral transformation on the
20  signal dependent from the received wave signal using the regression parameters,
wherein components of the transformed signal, the frequency of which is in a

predefined frequency range, are used for providing the result signal.

In one embodiment, the heartbeat and/or respiratory model comprises a Bayesian-
25 filter like heartbeat and/or respiratory model. In another embodiment, the Bayesian-
filter like heartbeat and/or respiratory model comprises an estimation method based

on a Kalman filter, e.g., an extended Kalman filter.

In one embodiment, the Bayesian-filter like heartbeat and/or respiratory model
30 comprises an estimation method based on an unscented Kalman filter. In another
embodiment, the Bayesian-filter like heartbeat and/or respiratory model comprises

an estimation method based on a Particle filter.



enbodi nent, the Bayesian-filter |ike heartbeat and/or respiratory nodel
conprises an estimation nethod based on a Particle filter.In one
enbodi nenwp 2amad3ymsng t he recei ved wave signal using a Ireaschemstooesas/ or
respiratory nodel includes carrying out a transformation on a signal
dependent fromthe received wave signal, determ ning an observation signa
conpri sijAGneNémbbaitséit! BReIVE|rg e ARSI a8 Ssighdl @suﬁg ¥ hehitsadt andbysi s
on the observation signal, whérein the result signal 1S provided based on
the resuespitstonyhmodentisides sarmying géisstrangfopnatienod signal deprndest oved

Fecei ved aareebRln SR, SR e sl R Mbservlilo Rl GDBRSERIe ' 1
one enbaginditned $igngl &t caNFigRaite srYieticdl grallydiasnahé rabgeprtini Q%ﬁalr ange
of a radio wave signal transmtted froma transmtter device. In t

IS
embodi mviiereinibetresut sionakis nevided baspdian theyesuls of te stakistical apglysis- wave
signal transmtter device, for exanple. In one enbodi nent, the nethod
provi ded further includes beanform ng the received wave signal. |In another
enbodi m#ntonetdmboaihierd, ﬂheo*ebdwddfwa\lmagnianslardelsectrommgnﬁetlt iw:ag/eaS|gnaln$|m t
wave signal to be r flecte wherein the recej ved wave si conprises the

ref | ect &MOiR&Fe YNBAgIMent, LaeRivedentave naiopat el e 'né'Pb‘ﬁaIW‘?%et he

transm fﬁ@&rdw e?chWQ\Le gﬁgg” ated by reflection. In another enbodi nent, the
recei ved wave S gna is tHe transmitted wave signal reflected by a i vi ng
bei 1§ and nodul ated by the reflection. In one enbodinent, the transmtted
wave signal is ul ate on the notion eart wall and th

chest ofihone STORRIIELI g SIprTomBsREre BRYB A NaS hacALERr, ke ates & gnal
i's the tg e WavedsiyRalershdhttediiaha FaAYhatadddicd.nn thef bmbblfient, the

transmitter device may be, but is not limited to, a wave signal transmitter device, for

example.

15
In one embodiment, the method provided further includes beamforming the
received wave signal. In another embodiment, the method provided further includes
transmitting a transmit wave signal to be reflected, wherein the received wave
signal comprises the reflected wave signal.

20

In one embodiment, the received wave signal is the transmitted wave signal
modulated by reflection. In another embodiment, the received wave signal is the

transmitted wave signal reflected by a living being and modulated by the reflection.

25 In one embodiment, the transmitted wave signal is modulated based on the motion
of the heart wall and the chest of the living being. In another embodiment, the
received wave signal is the transmitted wave signal phase modulated by the

reflection.

30 In one embodiment, the method provided further includes beamforming the

transmitted wave signal.



I n one enbodi ment, the nethod provided further includes beanformng the
transmtted wave signal.ln one enbodi nent, analyzing the received wave

si gnal i nebuedes3assodul ati ng the recei ved wave signal . PoT®G08w0E:d MENt |

t he device provided further includes at | east one antenna and a first
beanform ng unit configured to beanformthe received wave signal. In. one
enbodi MpAtonet SALEGISR, anslyZidgadhé tetsived Iwwejgﬁgﬁaainbw@srﬂérh@duluﬂmg the
configured to transmt a wave signal to be reflected, wherein the received
wave si daegivedmpsvesignalhe refl ected wave signal. In one enbodinent, the
device provided further includes a second beanform ng unit configured to
beanformthe transmtted wave signal. The enbodi nents which are descri bed

i n the ¢pohexdmbddinfent et iedideoprodiieeicfurthgr meiuddseattlcastddrey anteaparamid an ar e
anal ogously valid for the respective devices, and vice versa, Figure 1B
showd ~ a fssteamionningunihe@iiourad thbgaforge the faGey/ adewrY® 8KNaknd/ or
respiration nmay be inplenented according to one enbodi nent of the

i nvention. The system 100 includes a subject 1 and a wirel ess hearthbeat and
respi r atlior gpne aembooliméent; | the AWk mevided $further frdlgded |aistrargmibter thié

met hod of detectjng heartbeat and/or .respiration be .pnpl enented on the
Wt oF o5 SORBEMIRGLLE TARGTIA e BIPa) 40 DA acts s B P e deoPRad Svay e
exanpl e gighi c8 r%%is%ﬂiﬂéfct@d Wal8lskmlhear tbeat and respiratory rate
nmoni t ori nNg (V\Hgfr\% evice 5 may be described as follows. The wreless

heal®beat and respiratory rate nonitoring (WHRM device 5 first transmts a
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unit configured to beamform the transmitted wave signal.

The embodiments which are described in the context of the method for detecting
15 heartbeat and/or respiration are analogously valid for the respective devices, and

vice versa.

Figure 1B shows a system 100 on which a method of detecting heartbeat and/or

respiration may be implemented according to one embodiment of the invention.

20
The system 100 includes a subject 1 and a wireless heartbeat and respiratory rate
monitoring (WHRM) device 5. In this illustration, the method of detecting heartbeat
and/or respiration may be implemented on the wireless heartbeat and respiratory
rate monitoring (WHRM) device 5, for example.

25

The operation of the wireless heartbeat and respiratory rate monitoring (WHRM)
device 5 may be described as follows.

The wireless heartbeat and respiratory rate monitoring (WHRM) device 5 first
30 transmits a wave signal to the subject 1. In this context, the wave signal may be,
but is not limited to, an electromagnetic wave signal, for example. In one

embodiment, the wave signal is a continuous wave electromagnetic wave signal.



enbodi nent, the wave signal is a continuous wave el ectromagneti c wave
signal . The wirel ess heartbeat and respiratory rate nonitoring (WHRM device
5 then r ewei2ome3mset her wave signal 3, where this recei vew/Scaws/osegnal 3
may include the reflected transmtted wave signal fromthe subject 1, for
exanple. In one enbodi nent, the received wave signal 3 is the transmtted

wave sigrid wirfié®s hedrtb¥at faﬁdsmypﬂﬁtorgz sl BA i (WBIRM)edéded 5 then

reflection. In another enbodi nent, wherein the transmtted wave signal is
nodul at eracwg%@n@thqrma\fﬁ)s'gaal 3t where thisaracaiead Wakel signal éhaey iasludadhe

ubl et ol W InTA0S il SARITREF INEC MBYE) SopRhmBydY | el ude

I nf or mat’i eart eat res oryra or exanpl e. The
wirel ess heartbeat and respiratory rate nonitoring (WHRM) device 5 then

applies signal processing techni ques to process the recei Vg;(ij wave Si gnal 3,
in oPderiNt¥Ne wmabodinenssthierireeivd W?é’ehﬁ'élﬂ?béats e tensmilied vRvG pigl e of

the subiggtedy Feus) aRBlock” PCARD! MBALEFNIBYISRo3BAL Rohotibh. IR dRsterbed

in nore ter aonthe eart respiratory rate.is
pr ovi deobrhbochmeeﬂ;thheselgnﬁie 'trarvsh'ettedawda\te sslg;mall |s7 rradctubateddbas&d ran vkhet her

the received nal r eart res tion., gure
5" Shove HOBAEL 1 BeA wescai besdignt o 838 sBleet ol timaoFh hararavedr

moni t or iyagye mgﬁm 3URAY ARIGIARAONS o8 tﬁé‘%e%ﬁ%@gt BR@or PbspifRoiyMRB fopn-  As
shown in Figure the wrel ess heartbeat and respiratory rate nmonitoring
(VWHRE) devaimyde 5 |ncI udes a signal transmt/receipt nodule (STRM 11, a
heart beat and/or respiration detection and estimation nodul e (HRDEM 14 and
a systemcontrol nodule (SCM 15. The signal transnmit/receive nodule (STRV

11 perf ori® wikgedd MehitBBabantr ﬁéﬁﬂ’atdr%%té hRoHRMG I(WHRM)0déice BIhhest 1.
The signal transmt/receive nodul e
applies signal processing technlques to process the received wave signal 3, in
order to obtain an estimate of the heartbeat and/or respiratory rate of the subject 1.

15 The signal processing techniques applied will be described in more detail later.

Data on the heartbeat and/or respiratory rate is provided in a result signal 7, the
result signal 7 also indicating whether the received wave signal 3 represents
heartbeat and/or respiration.

20
Figure 2 shows a block diagram 200 of a wireless heartbeat and respiratory rate
monitoring (WHRM) device 5 according to one embodiment of the invention.

As shown in Figure 2, the wireless heartbeat and respiratory rate monitoring

25  (WHRM) device 5 includes a signal transmit/receipt module (STRM) 11, a heartbeat
and/or respiration detection and estimation module (HRDEM) 14 and a system
control module (SCM) 15.

The signal transmit/receive module (STRM) 11 performs the function of transmitting
30 the wave signal to the subject 1. The signal transmit/receive module (STRM) 11
further performs the function of receiving the (reflected) wave signal, which may be

reflected from the subject 1.



further perforns the function of receiving the (reflected) wave signal,
which may be reflected fromthe subject 1. The signal transmt/receive

nodul e ( SVBIP10liBosBso provides a first signal 13 to theproEscGRasanozand/ or
respiration detection and estimation nodule (HRDEM 14. The first signal 13
may be, but is not limted to, a digitized signal which includes

i nf or matpHRNsigRalt tendifigFddepas Ml [STRID 1134186 Yprodiies of fifsheighaPii 8¢d tHe for

exanpl e. The heartbeat and/or respiration detection and estinmation nodul e

( HRDEM) heartbeat andéortnespiratinnt detecipndenc estimgtiandmedulentdRREMNE4hebin@ beat

and/ or X rYa I f e._SubJ . L, . bage h i f

si gnal Iﬁg‘(p?ﬁﬁgﬁiﬁ&ﬁféﬁ b%r cp\t/'“iﬁd'gsH&lhgﬁ’it]tgéui({?sgf rgﬁﬁgét g‘é’f‘?ﬁg’h\é‘ﬁg 'éaél ia%’sat I ng
t he heangfopabtiemahahe heapbeat ad/or pdspiratory ratesofttheaubjed s, f@texamplehe
result signal 7. The systemcontrol nodule (SCM 15 provides a first

contPol signal 17 to the signal transmit/receive nodule (STRM 11 and a
second t ' t i ' i and
coti mati 0 noaupas Ay ota =l cRicclRR, 2R i RaE MGAe \HDERD BT 3
control perfpnals the fanetiars ofl detedtiagpered estinating rthe dieartoead @edédn respiratory he
signal transmt/receive nodule (STRM. 11_and.th ealt [or .

r espi r at B0 ?e%'ﬁi%i1aHaS%§PM§?i%R$3'iﬁ%$UTSéS@£i@EéEﬂ ﬂl’ﬁ%&ﬁi“@@ﬂﬂ% a

bl ock diiggr f indl S AS AT S5 JHTsY 1 irdi ng
to one et 5§iéiurlr§ﬁ%br§fde§tﬁglr®nvent?tz)rﬂalﬁ Iri‘éhlf])wn ié/nﬁFi gur e@g?ﬁ%@g@égffﬁ@
trad8m tsubjrbilvas datduh ¢he BRRIsignalifaicl udes an antenna 2 1, a radio

frequency (RF) nmodule (RM 23, a receiver beanfornmer (RB) nodul e 29 and a
transmtter beanfornmer (TB) nodule 3 1. In one enbodinent, the signal

transm tyHeeoRitee dBikdl md&T@%c@ TRProvitids.8 girstdontiod 8iyrin e 7apttReRigral 1 and
nore than one radio f cy (RF) nodule (RM 23. In this enbodi nent, the

_ _ requen .
ant enna transmitiegcelveamodule (§1%J/?Mhé1 &gl 2 pesend aenisplRignal 19 to the heartbeat
and/or respiration detection and estimation module (HRDEM) 14. The first control

15 signal 17 and the second control signal 19 are used to respectively control the
operations of the signal transmit/receive module (STRM) 11 and the heartbeat

and/or respiration detection and estimation module (HRDEM) 14.

Figure 3 shows a block diagram 300 of the signal transmit/receive module (STRM)

20 11 according to one embodiment of the invention.

As shown in Figure 3, the signal transmit/receive module (STRM) 11 includes an
antenna 21, a radio frequency (RF) module (RM) 23, a receiver beamformer (RB)
module 29 and a transmitter beamformer (TB) module 31.
25
In one embodiment, the signal transmit/receive module (STRM) 11 may include
more than one antenna 21 and more than one radio frequency (RF) module (RM)
23. In this embodiment, the antenna is labeled as 21 and the additional antenna is
labeled as 21'. Likewise, the radio frequency (RF) module (RM) is labeled as 23
30 and the additional radio frequency (RF) module (RM) is labeled as 23'.
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| abeled as 2 1' . Likew se, the radio frequency (RF) nodule (RM is |abeled
as 23 and the additional radio frequency (RF) nodule (RM is | abeled as

23' . I n orwoantodorsent, the antenna 2 1 may be identi cal pro/SGhersadasist i onal
antenna 21'. In another enbodi ment, the radio frequency (RF) nodule (RM 23
may be identical to the additional radio frequency (RF) nodule (RM 23'. In

this il HgheadmhBadindntChR AfehRERIMAY B RIeHaYS 8l thaaddiidrial iahtdritizs21’.
enbodi ment an el ectronmagnetic wave signal in the radio frequency (RF)

range. TheanatitesremabadimantythegadiosiiequenayRmi moduleiRMAbZ3 nsayyhaiidertical he
transmt_path nd to recejve j » 3 (on the receive path).
The radit(&%ﬁ 8@%@969' r@ﬁﬁﬁﬁgﬁﬁmeEé@@e sed to process the RF wave
signal to be transmtted on the transmt path. In this regard, a second

signal 27 may be received fromthe transmtter beanfornmer (TB) npodule 3 1.
The pr odedBisdllgsteation, iaeam benseare that dba avayeysignab? isdp thisepambedppent @d t o
t he ant r LES) an. |0 f (RF) nmodule (RM 23
may be ﬁesme rq%% T%‘?Vﬁ%%%g@?afﬁeﬁggggﬁﬁg%ﬁ%&ﬁ@g?g %I 3 on the receive

path. In this regard, a processed wave signal 25 is provided by the radio

f RFE dul 23 to the recej beantf dul 9,
For 1 ur (Hs SPBTBGEH gY PRHEPALS pB NS HeVs CREA B0DS VB8, PR us e
to form%dt}?g,g%)%ig?q?ﬁ@@ \gvggegﬁdépa@gl(gﬁ tﬁé%cé?g‘?gg{%yt he direction of the

subj ect e recelved RF wave sign be enhanced. The
recédbver beanforner (RB) nodul e 29 receives the processed wave signal 25

fromthe_radi g frequency, d ( 23, and provides the £irst signal
13 5s. | TR TR RaY (REbeRg (HIA' o seaLbeiiKed i G REsiaE ()
=1,--, s'iggnal}f@%enénénﬁttéa%mm%nsﬂﬁt G&AS M this Féartli 8¥ecbh@”’@nal 27 hay ng
the output signal is expressed as )
be received from the transmitter beamformer (TB) module 31. The processed signal
based on the second signal 27 may then be provided to the antenna 21, for

15 transmission.

The radio frequency (RF) module (RM) 23 may be used to also process the

received RF wave signal 3 on the receive path. In this regard, a processed wave

signal 25 is provided by the radio frequency (RF) module (RM) 23 to the receiver
20 beamformer (RB) module 29, for further processing.

The receiver beamformer (RB) module 29 may be used to form a beam to a desired
direction (for example, the direction of the subject 1) so that the received RF wave
signal 3 may be enhanced. The receiver beamformer (RB) module 29 receives the
25 processed wave signal 25 from the radio frequency (RF) module (RM) 23, and

provides the first signal 13 as its output signal.

Denoting the processed waveform signal 25 as x,(n),i=1,---,L, where Lis the

number of sensors, the first signal 13, being the output signal is expressed as

L J
30 y(”)=ZZWijxi("_j)
i=1 j=1
the weights w, is designed according to the spatial and temporal response of the

STRM 11.
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the weights wy is designed according to the spatial and tenporal response
of the STRM 11. The transmtter beanforner (TB) nodule 3 1 nay be used to
gener at e wbeomaosspondi ng signals to feed the antenna 2CI/SG2onsonasas t o
forma transm ssion beamto a desired direction (for exanple, the direction
of the subject 1) . Additionally, in the enbodi nent where the signal
transmt/receive nodule (STRM 11 may include nore than one antenna 2 1 and
nore than one radio frequency (RF) nodule (RM 23, there nay be nore than

opﬂg Zecdl'rh:e st'reﬁwmittgv mwnf@ﬂnl@rtﬁﬁi mtlldtm odtsmay \h@v@sgdgtmm%rfian thei 3
. . . > e
T onal TorieshARdREN0AS 18 By |r: o 3BRLER 10 SRR B8 ol S NrRERD BRERRT e,

as 25 ang d desirdddirdotionl (fdrexeafsie dhealirectibe ofthe subjabeipd as 25'. In one
enbodi ment, the second signal 27 nmay be identical to the additional second

signal 27'. In another enbodiment, the processed wave signal 25 may be

I dentic ; 1§ | 4: ' \ r ' ul d
be not egdqcﬁ@?ﬁ%'ﬁéﬂgﬂ{g%gmg rd gﬁéﬁnfﬁﬁ}%gégéﬁ%éﬁﬁghgﬁgg?@ﬁﬁfﬁéiﬁ@gy%@g?r nged
in di ffa?embydnaﬁdggmmit?gﬁ oneraritefha Qg armmiomlltlgah one radilile fséqymll cy (RF)
transmt/recei ve nodul e T 11 e arran cas a_nmultiple

tr ansm tBeAUISHR) %ékﬁ%@c@awe gx%g%n PR SERGNJ wisinad ,27@{15 g5 &an one
transmt ' R ; ki 7! of 21
and o pl e el B e o R e S yh B afea e e
3. 1A trersd tenbdditionsl second signahis labeladf as 125 .r 8inailarly, the prdcessed WRE
nmodul e 29 and the transmitter bepaxforner (TB) .module 3 1, .th ransmtted
RE wave SO AhaldAS BB ihe AHANATA Brostp SEHAVALE THBeUsTp0 28 S ¢ he
recei ved RF wave signal may be received by the plurality of antennas 2 1

wi th hi %h directivity and a high antenna gain (i.e., with an enhanced
si gnal tlo anei ebediment( eRIgcond signal 27 may be identical to the additional second

signal 27°. In another embodiment, the processed wave signal 25 may be identical

15 to the additional processed wave signal 25'.

Further, it should be noted that the signal transmit/receive module (STRM) 11 may
be arranged in different configurations.

20 In a first configuration, the signal transmit/receive module (STRM) 11 may be
arranged as a multiple transmitter, multiple receiver system. In other words, the
signal transmit/receive module (STRM) 11 may include a plurality of antennas 21
and a plurality of radio frequency (RF) modules (RM) 23, as shown in Figure 3.

25 In this configuration, with the use of the receiver beamformer (RB) module 29 and
the transmitter beamformer (TB) module 31, the transmitted RF wave signal may be
focused and directed towards the subject 1, and the received RF wave signal may
be received by the plurality of antennas 21 with high directivity and a high antenna
gain (i.e., with an enhanced signal to noise ratio (SNR)).

30
It can be seen that by controlling the receiver beamformer (RB) module 29 and the
transmitter beamformer (TB) module 31 accordingly, this configuration has an
advantage of being flexible in relation to signal transmission and signal reception.

12



It can be seen that by controlling the receiver beanforner (RB) nodul e 29
and the transmtter beanfornmer (TB) nodule 3 1 accordingly, this

conf i gur avoanionas2zan advant age of being flexible in rel aCiree2008/0803gnal
transm ssion and signal reception. However, this configuration has a

di sadvantage in that it has high inplenmentation conplexity as well as high

| npl energ@Lewdt, Prﬂ§to%nflbﬂra@|oﬁeﬁé§'§ dioadvaaGe irPthattinBas i HigRimplementation
transmt/recei ve nodul e (STRM %be arranged as a single transmtter,

mul ti pl eongdexityeas S\@ﬁtaérhlghﬂnplﬁfﬁel’da mgastati on, the signal
transmt/receive nodule (STRM 11 may include a plurality of antennas 2 1
and a plurality of radio frequency (RF) nodules (RVM 23, as shown in Figure

3. Howevgra skfohdicenfiguniation) e QignaDtrszmnﬁreb@ldeandal@UésmMo RA) naydbé es
(RM 23 may have a receive path as well as a transmt gath whil e the ot her

radi § frasEngesyag rreingigdiansinittesymulticlesipcrives syslem.dnrtbisesriigygatipn.itha.  no
t t
bl ural (351 VanshIBRLERI e (STRAY P P il kINLAERY bf ahrfldind<ler

S: gna: 3nd ?Epluralltyeof mbvfwhlﬁlﬁhow(\RFh O?smgclaIes.rr(f:l's’zl\/lb)<23r easeshmmln by Rigare 3.
purait of antennas 1 wt Irectivit hi ain

e e, iR ceiiraNel QN HBE SepIRAIENERRT) MG pR) AALEY

conf i gur Sitt r om
COnt | SUIBHER EPBalSA A o108 NG i GRS o fer KRB Rty 1RF)
AddilOi omad)dilyiest(RM)lZﬁJmamavatordy\ao’eeewefpalth {ird. sne trahsmitrpathpn i s | ower than

that for the first configuration. Figure 4 shows a bl ock diagram 400 of a
third configuration of the signal transmt/receive nodule (STRVM 11

accor di Nthd Se CSHTRANARIH ha$ ah @%lvbﬁté?étthHat the @ufdity of asehhasratiay, the

signal transmt/receive nodul e Iég] be arranged as a single
ant enna tzeysnﬁ@mtomﬂhﬂmenmajmlmb M@NﬁaSIgnal andeoriberggriyetr Rhuwayg ( RF)

modul e (s%ﬂalaﬁay be P&%M@d By '%hg%t?raﬂty of antennas 21 with high directivity and a

15  high antenna gain (i.e., with an enhanced signal to noise ratio (SNR)). Further, this
configuration may be used to focus on the received RF wave signal 3 from the
subject 1 who may be in the midst of a crowd, for example. Additionally, the
implementation costs for this configuration is lower than that for the first
configuration.

20
Figure 4 shows a block diagram 400 of a third configuration of the signal
transmit/receive module (STRM) 11 according to one embodiment of the invention.

In a third configuration, the signal transmit/receive module (STRM) 11 may be
25 arranged as a single antenna system, which includes one antenna 21 and one radio
frequency (RF) module (RM) 23, as shown in Figure 4.

In this configuration, the receiver beamformer (RB) module 29 may be a direct
connection from the processed wave signal 25 to the first signal 13, for example. In

30 other words, the first signal 13 may be the processed wave signal 25.

Further, in this configuration, the transmitter beamformer (TB) module 31 may be a

single output system, for example. In this regard, the internal linear filters of

13



In this configuration, the receiver beanformer (RB) nodule 29 may be a

direct connection fromthe processed wave signal 25 to the first signal 13,
for exanpwe.2oiom3eisBer words, the first signal 13 nmay berChscpomsoessed wave
signal 25. Further, in this configuration, the transmtter beanfornmer (TB)
module 3 1 may be a single output system for exanple. In this regard, the

i nter n%g!sﬂnﬁ?é’rfbéémfo?rh%r ?1'85 %&lﬂlé tAr (AReRTvaN ey discBsedvhrord det@iliinch

will I scussed In nore detail inrelation to Figure 6 later) may not be
i npl emeelation tarRigurei 6 Witeyp Mayyoetde aplegended.advantage in that it has a | ow
I mpl enentation cost. However, the first configuration does not have the
capability to enhance the recelved wave signal 3. Figure 5 shows a bl ock

di agr amhaOfirafcdrifiguraidnohad afuRIventdddin tredul Bag BNbMEBnpbmnmah@’l cosbne
enbodi nent of the invention. As shown in Figure 5, E? e%dlo freqadecﬁgy (RF)
ity tgseniia

rmdill e Howgvers the.cﬂraﬂ@@nag@wpex gpeg3noty hpzesﬁ\eﬁheaﬁﬁp? at or
a ﬁjé&,l&éd %a%% converter (D/A) 39, an oscillator 4 1, an analog to

d| gl t al conve 43, a denodul ator 45 and a | ow noise anplifier 47.
The dupl exer 33 may be used to control the operation node of the antenna 2

1. As t d I th t b d t | ir i esRF
wave sFIRe BaowRea sk AD ahire GRg dayBnen -y METEELRIMRSS o
t he re%%be\@ r@f&‘%ne b&b&ﬁhﬁeﬁ%tﬁétmﬁérﬂfont he transmt operation m)de t he

dupl exer e used to swmtch the antenna 2 1 such that the antenna 2 1
i sl@onnected to the correspondi ng conponent on the transmt path, nanel y,

dup! oxis Skt T ETguis1% dhearadin Thedine G SH64YS, BRRN72) elRi® 470 |
i s congeplserids, t:b%owyrreﬁﬁﬁlﬁléi“m £QfBeUIatSr 97, & hHgitaicie wpalpgt honverie! vy,
the | ow noise anplifier .
(D/A) 39, an oscillator 41 an analog to digital converter (A/D) 43, a demodulator 45
and a low noise amplifier 47.
15
The duplexer 33 may be used to control the operation mode of the antenna 21. As
mentioned earlier, the antenna 21 may be used to transmit the RF wave signal (on
the transmit path) and to receive the RF wave signal 3 (on the receive path). In this -
context, for the transmit operation mode, the duplexer 33 may be used to switch the
20  antenna 21 such that the antenna 21 is connected to the corresponding component
on the transmit path, namely, the amplifier 35. On ghe other hand, for the receive
operation mode, the duplexer 33 may be used to sv?‘vitch the antenna 21 such that
the antenna 21 is connected to the corresponding component on the receive path,
namely, the low noise amplifier 47.
25 ' |
The components along the transmit path may include the power amplifier 35, the
modulator 37 and the digital to analog converter (D/A) 39. The signal flow along the
transmit path may be described as follows.
30 The second signal 27, which is received by the radio fréquency (RF) module (RM)
23 from the transmitter beamformer (TB) module 31, is a digital signal. The digital o
analog converter (D/A) 39 converts the second signal ?7 into an ahalog signal 611

! i
| I
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The conponents along the transmt path may include the power anplifier 35,
the nodul ator 37 and the digital to anal og converter (D/A) 39. The signal
fl ow al oryotzhm/Bomasni t path nay be described as fol | oweCT/Baeom®oaae si gnal
27, which is received by the radio frequency (RF) nodule (Riv/j) 23 from
the transmtter beanforner (TB) nodule 31, is a digital signal. The digital

o anal ogyeanvgs trRbdlIRte) 3P MEQNNMESS thd %a%%%a‘-f'@ﬂ@nt@% HJf w09
si gnal .Nexf, t he nodul at or 37 nodul ates the anal o onto a high

f r equencsarderr gigeal 63 dnalin egderto phtain @eresufanbmgdy ?@tede@malaﬁﬂ nellhwiag ed

of e ~aehy e PhAr A @fher 57 afRiEs T8 araplfhes pr Rkt et S

1 is fedkigmalts®e @m@m@na%lthe anfdnﬁe@itsmr@{em #3fed o thes iafleeritet 21 Via then be
seen fromFigure 5 that the high frequency carrier signal 63 is provided by

the SscidyYri@x¥ 38.1 to the nodulator 37 as well as to the denodul ator (on
the receive path), i.e., the high frequency carrier signal 63 rmy be used
on both the transmt and receive paths. Further, it should be noted that
the frecdencidehotd)dt bamgbefsemquzonyFigame i ®thatithe digbfeqliency camier lsignal

sel ected_ according.to the |nte pplication S|nc the gep rwgcs

penet rat‘?%'ﬁ RipVvidRe byithe Q‘S}Cgl&&%rf&/toc@farm@a ?Fclj’r%ﬁ a% tgd @rﬁ{ﬁ Watorhe

f requenqynahet RGeiio e t

fr equondy"ofet sgeliecha ey M IioglefbEkalreg i‘”gﬁé‘eﬁ@ BE oo pA
rand® frlmfhéhmtran&mﬂamdzrecelvé maths. for exanple. Turning now to the receive

path, the conponents along the receive path may include the analog to
digital converter (A/D) 43, the denodul ator 45 and the | ow noise anplifier

47. The mirfHe! itfdHoudEbenbibdahseaRl fteqieidy FRhRigheFeqlERE esriePIsighig -

63, f,, may be selected according to the intended application, since the depth of

penetration of the high frequency carrier signal varies depending on the frequency
15 of the high frequency carrier signal. In one embodiment, the frequency of the high

frequency carrier signal 63, f,, may be in the range from about 100 MHz to 4 GHz,

for example.

Turning now to the receive path, the components along the receive path may

20 include the analog to digital converter (A/D) 43, the demodulator 45 and the low
noise amplifier 47. The signal flow along the receive path may be described as
follows.

A received signal 53 from the antenna 21 is provided to the low noise amplifier 47
25  via the duplexer 33. The low noise amplifier 47 amplifies the amplitude of the

received signal 53.

Subsequently, the amplified received signal 55 is provided to the demodulator 45.
The demodulator 45 processes the amplified received signal 55 using the reference
30 high frequency signal 63, in order to retrieve a demodulated baseband signal 57. It
should be noted that in general, the frequency components of the demodulated

15



A received signal 53 fromthe antenna 2 1 is provided to the | ow noise
anplifier 47 via the duplexer 33. The |low noise anplifier 47 anplifies the
anpl i t udewof2otonsoxrsecei ved si gnal 53. Subsequently, the aaoplsckomsdosaeei ved
signal 55 is provided to the denodul ator 45. The denodul ator 45 processes
the anplified received signal 55 using the reference high frequency signal
63, in gepah@ sigidliFVarctusiAH & R:ﬂnﬁ%?a?ﬂl?qaﬂle?*f%%bnéy coh?pa?@&’g%(ih@e
noted that in general, the frequency conponénts of the | at edbaseband
si gnal Sreouescy of the blgbffrm]langwchmmrmgr}allgv\er frequency conpared to the
frequency of the high frequency carrier signal, f ¢ . Next, the analog to
digital converter (A/D) 43 may be used to sarrpl e and convert t he

denpdul § S [ V, hi s
cont ext Nt MR ER200 45 0L BRykBbP LA/ 58 BEAZBELSERD SABREAR coblat ! For
exangl ethahemmmnameﬂamdss@nel 525int®Yh® prosesseldowalver digeal 25 girt &hs
processi Further, the sanpling process carried out by the analog to

di gital C@%f‘ﬁ)‘é’r he Rragesseszwaver REnak RS imax &e Basiglighdasehaad signahyfope,

but is I hannel
ol | neXamplel TR pldbesSed Wile G A nag MU PIOP KIS aigfEl iMlabsSho, o
transmtter beanfornmer (TB) nodule 3 1 accor di ng to one enbodi nent of the

i nventi The,transm tter beanforner (TB 3.1.includes

Lomerat BhitET ot S lngtroghss FRea oy v e Shalos 1o diitel Sasmiershi Fhe
trangm ighethed eemdRiulREd (B%bb%éuélﬁnél é?%éy'b‘?' b'@leusnﬁbﬁ‘ ibfiRY B8NS lsirfpar
filter 8 1. I n this enbodi ment | I near ter 1s | abel ed asSlandthe
addi t i oshRnhekhsampling process, drarel-Qochenrgl samipling pootass, forexdinmat , t he

linear filter 8 1 may be identical to the additional linear filter 81'. The
signal generator 77 may be used to generate a transmt wave signal 83. The
at Figure 6 shows a block diagram 600 of the transmitter beamformer (TB) module 31

according to one embodiment of the invention.

15
The transmitter beamformer (TB) module 31 includes a signal generator 77 and at
least one linear filter 81.

In one embodiment, the transmitter beamformer (TB) module 31 may include more
20  than one linear filter 81. In this embodiment, the linear filter is labeled as 81 and the
additional linear filter is labeled as 81’. In another embodiment, the linear filter 81

may be identical to the additional linear filter 81'.

The signal generator 77 may be used to generate a transmit wave signal 83. The at
25  least one linear filter 81 may receive and filter the transmit wave signal 83, and may

provide the second signal 27.

Additionally, in the embodiment where the transmitter beamformer (TB) module 31
may include more than one linear filter 81, there may be more than one second
30  signal 27. In this embodiment, the second signal is labeled as 27 and the additional
second signal is labeled as 27'. In one embodiment, thel second signal 27 may be

identical to the additional second signal 27'.
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| east one linear filter 8 1 may receive and filter the transmt wave signal
83, and may provide the second signal 27. Additionally, in the enbodi nent
wher e t hewoOnargiisser beanformer (TB) nodule 3 1 nmay i nekude20n8roe034man one
linear filter 8 1, there may be nore than one second signal 27. In this
enbodi nent, the second signal is |abeled as 27 and the additional second

si gnal As anhmmraéueaes(aﬁ?ple inraroembentmeitnehere thieee aee:bhlmeargﬂtars a7, ey be

dent I t trat I

0 an Camshite eafiarber nipy TESER 31 dBaY daheral Al seeoidididtas a2 e ©
beant oRr td 16dd Hetintensda 21BYolf Refrat SnsRACEEn b e sSired’ dirddliod! it t o
feed the antenna 2 1 to forma transni ssion beamto a desired di rectlon

for exexghple. 1t shoul d be noted that the response of the at |east one
g ear filter 8 1 may be controlled using the first control signal 17. The
ponse of the at |east one linear filter 8 1 may be designed using

conventtlsmmld rﬂi@th@t@a thfa@rthemgpdme A$ taa dtl leust babi lireaefitgp| &1 ndyebat | east
one linear filter may be designed as a tinme-shift f||ter with different

del ay €qnidledTysing é@%fg@%ﬁroémgmaéwr negrrespppes ofdle 3t leagiranesiieals sin(
k-D) Tg T th I
i o) viferg gy BeTacsidhied oo orvBfudridlpaRedy BRSGmAS | Ih Sapling

shoul d be not ed that the respectlve values to be used may be determ ned by

exper nt jn order to a e the desired ornmance., > Additionally, if
SR (AT Hn IiheBRiE pxomplaaRe; 2l I3stions fiBcab e 0 GBBY:hs JERGNER A Aannel

may  beqHelpifiRGWRY different delay times. The response of such a linear filtter may be
expressed as

sin(z(k — D)T,)
(k- D)L,

h(k) = , k=0,--,K (1)

where Dis the time delay and T, is the sampling intervél.‘Further, K may be
5 selected to be a value larger than D . It should be noted that the respective values

to be used may be determined by experim,e'ht in order to achieve the desired

performance. '

Additionally, if a uniform linear array (ULA) is used, the delay timeD, for the i/

0 channel may be determined by

Di=z-d-c059 2)

C
where d is the inter-element distance of the array and c is the speed of the radio

wave signal.

'5  The delay of each channel may then be determined. Next, the impulse response of

each FIR filter h(k)may be calculated, so as to steer the beam to the specific

direction@.

Figure 7 shows a block diagram 700 of the receiver beamformer (RB) module 29

0 according o one embodiment of the invention.
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DJ-d- q( c 2) where dis the inter-elenent distance of the array and c
Is the speed of the radio wave signal. The delay of each channel may then
be det er mvoadio/dse2s8, t he inpul se response of each FIR fiPCrsG20sopozamy be
calculated, so as to steer the beamto the specific direction . Figure 7
shows a bl ock di agram 700 of the receiver beanformer (RB) nodul e 29

accor diThe ksrepist sudrofdrmien{RB) nidthulé 29eintiudes Hideastcone inedrefilteramand ( RB)
nmodul e 29 includes at | east one linear filter 67 and an adder unit 69. In

one entRiudderUNt®R recei ver beanforner (RB) nodul e 29 nay include nore
than one linear filter 67. In this enbodinent, the linear filter is |abeled
as 67 and the additional linear filter is |labeled as 67'. In another
enmbodi rmandne eftbddiment, thel reeeivé beanforméed¢RB) aaddule 2thmayditictudenaioréi near
filter ch of th east one |inear. fil rec
proées%a”\%‘@a'r@?ﬁﬁgﬁr g_éﬁ rtbﬁ%[“@%ﬁ"m%ﬁo Walrigﬁb |Pgal)l‘/?9 % ?%Pr%dul e
(R - 23adifsiihl thebPfité is! @Bled2ae o7 NAA d‘thért 8 airTBit fthéthﬁéaF hRePpPCESSEd
wave signa and may output a ere wave signal 65. The output signal
(i.e. trhayberidentidaytmthel@yditigrialilinear fiten@&. r ecei ver beanf or mer (RB) nodul e
29 is the weighted sum of the tap-del ayed signal sanples X1(H) of the
processed wave signal 25, i.e., Additionally, in the enmbodinent where the

recei VeEaérf-‘afrfﬂ% B ed SRRNTUHIEAIRS GRYhdy Fddeire E%l%ch@éU Wiﬁ/e| sigaar 26i | ter
67, there may be nore than one processed wave suh;/g and nore than one

fi I10er dtbmea sogegpandiag radie requenayb@i hewdule (R r%%éé@@uoww atilepsdl is
| abel ed ot lirf eSarQ‘ﬂgr %9%3}9%& t%?)ro@ésos%%s\ﬁg\ge %Yﬁl 55%%%5? output a filtered

wave signal 65.

The output signal (i.e. the first signal 13), y(n), of the receiver beamformer (RB)
15 module 29 is the weighted sum of the tap-delayed signal samples x,(»n) of the

processed wave signal 25, i.e.,

L J

ym) = Z:Z;myxi (n—J)
s
Additionally, in the embodiment where the receiver beamformer (RB) module 29
20 may include more than one linear filter 67, there may be more than one processed
wave signal 25 and more than one filtered wave signal 65. In this embodiment, the
processed wave signal is labeled as 25 and the additional processed wave signal is
labeled as 25'. Likewise, the filtered wave signal is labeled as 65 and the additional
filtered wave signal is labeled as 65'.
25
In one embodiment, the processed wave signal 25 may be identical to the
additional processed wave signal 25'. In another embodiment, the filtered wave

signal 65 may be identical to the additional filtered wave signal 65'.

30 The adder unit 69 may sum all the filtered wave signals 65 from the respective at

least one linear filter 67, to form the first signal 13.
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| abel ed as 25'. Likewi se, the filtered wave signal is |abeled as 65 and the

additional filtered wave signal is |abeled as 65 . |In one enbodi nent, the
processedwvoaue/sipaal 25 may be identical to the additi ecalsGpemsmessaed wave
signal 25 . In another enbodinment, the filtered wave signal 65 may be

identical to the additional filtered wave signal 65 . The adder unit 69 may

sum al IAd Be flustrshvedex@vplesiignm @nﬁﬁ)dfmem Where Gtﬁé&!:hre/e\l dihehie fiRérsobP
linear filter 67, to formthe first signal 13.As an il ]lustrative exanple,

in an dADAKArESPOREEGY. t’Hé?r@C%?@d\IVWaNﬁe%lQmP'ﬁl 2205 filleredcwave SRl ngl v,
N
59"y g ey fiB0Tmay sih \ikerehhat YtRIP 8YR Tofivlne BRE ST

shoul d 4% noted that the at least one linear filter 67 may be controlled
using the first control signal 17. The response of the at |east one linear
filfer 67 may be designed so as to maximze the signal to noise ratio (SNR)

Of t hedf 'sﬁélﬁldsﬁ&ﬂﬁfedlt%at HY a8 lofie 1i I?fé%rffiltéﬁ%?%ﬁyrtf& cShtERIR &Jnng‘gb{em SO

used to cont he array peam pattern to specitTilC direction
exarrpl dirstFooninelr sighake 171 Mher reswpeesm‘ thie ahdéeanat ormdineandilter Bfamalyi beer 67

be fixed d t t Fur.t h i rst signal ded
1o 1 e drsiiiasbie A 38 mabdintes it tormdinniratia (SIIR) Bt P SBnatdanio™r  ray
i ncl Udee%a'ﬁ@p@o?ﬁbeﬁrsf b@ﬁlﬂ#@lnﬁgnamwﬁa& b gte b lf@@bh‘ér@mheaaﬁéwbeam

respiratory rate. Next, three different inplenentations of
hed®t bamttareétpspa@ﬁ@yhra@mcettfmmxasmﬂleest| mati on rmodul e (HRDEM 14 are

rate odutna 6 ehCReSHRF Bt (8o lnst F1Y uBERE ER a7cRiAEhs BRA R Pas

Four i eradepiinelycddjugted.T) techni que. This

Further, the first signal 13 provided to the heartbeat/respiratory detection and
15  estimation module (HRDEM) 14 may include the Doppler frequency information of

the heartbeat and/or respiratory rate.

Next, three different implementations of the heartbeat/respiratory detection and
estimation module (HRDEM) 14 are discussed. In each implementation, different

20 heartbeat and/or respiratory rate estimation methods may be used.

The first method is based on the Fast Fourier Transform (FFT) technique. This
method has an advantage in that its implementation is quite simple and low cost.
However, this method only has low frequency analysis resolution and may not be
25 suitable for applications with perturbation between the equipment and the subject,

e.d., a human.

The second method is based on the auto-regressive (AR) model for high resolution
analysis. This method has higher frequency resolution. However, the frequency
30 resolution provided by this method may still not be suitable for application with

perturbation between the equipment and the human.
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met hod has an advantage in that its inplenentation is quite sinple and | ow
cost. However, this nethod only has | ow frequency anal ysis resol ution and
may not bwo=uiwmbize for applications with perturbation perweeonsione49

equi pnent and the subject, e.g., a human. The second nethod is based on the

f h | | h hod h
ﬁt’;ﬁeﬁe%ﬁséﬁgﬁe@étﬁgédgﬁeﬁsﬁoﬂka@wéﬁéﬁs&’r}ﬁ ey heSianal MeRebR eod by
this meppeeneYsighall In S eﬁﬁ)o‘élméﬁtbb%élﬁ{ 'lﬂi@t rgeegg.@gsgﬁ@wn%ts&n

bet ween t he equipnent and e t on a
st at e- spae@, froondgrato extract ﬁeehear@n%t/reepieatoemdatehwntbtimgh\meetomngnarrhus n one

nmbodi t Kal filt i, K ' t b . der to
oxt ract THoR SER: e e plage i B R i e et iroreLapndt BifVidHs Tadhod
has sn apkats deal W’thtgﬁé’turbbﬁoﬁ'b@alﬁwééﬁwérédmdrﬂéﬁi ahuqmméan@We%ﬁ Ry be
able to deal with perturbation between the equi pnent and hunan. However ,

this mefMeiiodalse has aisadventage ingbat it halsa high crsputatipg hoachapmparédte | oad

conpar e r ed nethods. Figure 8 shows a bl ock di agram 800
illustratin re-processin oc 1 of the heartbeat and/or
i ﬂlé&é‘%? ﬂ"éﬁt“ﬁ’egrm%f’% g block 9 1 of the hearthb d/

respiration detection and estimation nodule (HRDEM 14, according to one
enbodi nt of e invention. The Ere processi ng bl ock 9 1 may be used to

apply s ?)ISBEE@S‘J? hb"*éﬁ%’fﬁ&h@ 0 diitstradingithepreinspeessing biggkH tef theo
obt gj n H%Qﬁﬁeé‘lr %(fﬂ?&re% ]d%ectldﬁh tIHF &é?{?ﬁ%?ﬁ ﬁgauﬁbgHﬁﬁ’éﬁlﬁs?g,
able f u

si gnal my be in a orm 'S nore sul or-s equent

pr ocessaocprdiffgetopree pmbodisemtpflihe ddvehtibni ncl udes a | ow pass Finite |npul se
Response (FIR) filter nodule 93 and a downsanpiing nodul e 95. The | ow pass
Finite I nmpul se Response (FIR) filter nodule 93 may be used to

The pre-processing block 91 may be used to apply signal processing techniques on
the first signal 13, in order to obtain a pre-processed signal 13'. In this context, the

15  pre-processed signal 13’ may be in a form which is more suitable for subsequent
processing.

The pre-processing block 91 includes a low pass Finite Impulse Response (FIR)
filter module 93 and a downsampling module 95.

20
The low pass Finite Impulse Response (FIR) filter module 93 may be used to
remove the high frequency components in the first signal 13, in order to form a
filtered first signal 97.

25 The downsampling module 95 may be used to reduce the sampling rate of the
filtered first signal 97. The sampling rate of the filtered first signal 97 may be
reduced by a factor of 2 or a factor of 5/4, for example.

Figure 9 shows a block diagram 900 of an implementation of the first method of

30 estimating heartbeat and/or respiratory rate, according to one embodiment of the

invention.
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renove the high frequency conponents in the first signal 13, in order to
forma filtered first signal 97. The downsanpiing nodule 95 may be used to
reduce thwo=ampisozsg rate of the filtered first signal 9PCT/Raeomangs4y ng rate
of the filtered first signal 97 may be reduced by a factor of 2 or a factor
of 5/4, for exanple. Figure 9 shows a bl ock diagram 900 of an

i npl eneABaleBHORd 1eslian the firsl Methed of wstimatinggheadbeateand/andéspiratory

respira : ' n I ren he i nvention.As nentioned
earl i er?é%téméﬁ)ggtaggél%\gheg?ésg@iuﬁgfﬁ%%ﬁ%% k%e )(%e&ﬁai%#e- respiratory rate
may be based on the Fast Fourier Transform (FFT) techni que. The

i mpl ement at.ion of the first pethod of estimating heartbeat and/or
respi raﬁlb?ymﬂo&l{?r@e?wpﬂﬁs’%§ ‘grgF imgthed qigsiimating: bredbeatl and/dnlrespiciona zer o

appendi pge WﬁéUH.@s H0<eris tgaééraﬁé’lgﬁﬁélf)grt-gr ?’H{?«{l@%rqdd: FT#E@’%‘%%&@‘&@@%H@; ate

extracti on nodul e 106. The seri par a conv

conver t 10%ea FeskF awierpiransioone &0 nsodinall 043ind atratedexdizdtioh hoOak 1588 Wit h
|l ength L/, for exanple. The zero appendi ng nodul e 102 may then append the
bl ock signal 108 with N zeros (at the end of the block signal) to forma

new bl oTke skegapto phkailclABndefi f i | signal
110 is N+N . l\,lext?b*t _h% ngteﬁl%gﬁlro? gﬁ!ﬁ%@oﬁwg&%e Hﬁ@%‘dgg%fgﬁﬁg?ﬁs&gm y a
Four i erSignahtd dnteappignat bloak dABtwith leagttbNofdr exiagmale. 110, and provi de an

output signal 112 to the rate extraction unit 106. In nmathenmati cal
expression, the Fourier Transform may be expressed as X(Jc)= c(n)e (3) H=O

}/\/ner e xThe _)zega dpipenaimgonmiended magnmenVasieid tHAdIdddenk 1dst\gh

requency i ndex,

a zélros rza’c the end of the block signal) to form a new block signal 110. As a side note,
the length of the new block signal 110 is N+N".

15 Next, the Fast Fourier Transform (FFT) module 104 may apply a Fourier Transform
operation on the new block signal 110, and provide an output signal 112 to the rate
extraction unit 106. In mathematical expression, the Fourier Transform may be
expressed as

N+N'-1 2Tk
X(k)= Z x(n)e "NV (3)

n=0

20 where x(n)is the zero-appended signal vector. The index kis the frequency index,
i.e., the K bin is equivalent to the frequency &, /(N +N"), where /.is the sampling

rate.

As a side note, in practice, the calculation of Fourier Transform may be

25 implemented in a more efficient form known as Fast Fourier Transform (FFT), for
example.

The rate extraction module 106 may select the peak of thé output signal 112 in low
frequency band according to the sampling rate of the first signal 13’ and the

30 conventional frequency band of heartbeat and respiratory signal. The rate
extraction module 106 provides an output being the resuit signal 7.
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i.e., the \ h binis equivalent to the frequency kfs I (N+N ) , where /Js
the sanpling rate. As a side note, in practice, the calculation of Fourier
Tr ansf or mvory10ms0138pl enented in a nore efficient form kiromrsGassfassis Four i er
Transform (FFT), for exanple. The rate extraction nodule 106 nay sel ect the
peak of the output signal 112 in | ow frequency band according to the

sanpl i Riguratt) siowsa Bloclks diagramal00030f amimplemeardatiamof theasedondguetiogd band

f h beat d i rat i T t t i le, 1
o ov: k5o b SBLAEA S EsBlory RSt e R $Efe
di agr ajpdREGh.of an inplenmentation of the second nethod of estimating

heart beat and/or respiratory rate, according to one enbodi nent of the
invention. As nentioned earlier, the second nethod of estimating heartbeat

P g rASETAHe St Fuf el RERGRASE sbiifatlls MerEBeRtahBracRlnEy” '
est i nmatdtemdlene bbes orntteciutd-es@iessivel(AR) atedél et highsesoldtbaynandid.e 120, a
subtraction nodule 122, an optinmal weight cal culation nodule 124, a rate

extraction nodule 126 and a Finite |Inpul se Response (FIR) filter nodul e

128. 14R1LS; -hat Lved = I - i I
aoner 24" HTPRITERUOT. o ! SSRPHEnRAAR" OF cEafha Rbatiegt St o2
pr e- pr espiatdy sagniakclutid’s,a delag)modutey! 20 acsyirtessctiod moedule(129, am @ptakal n - k)

+ 4) k=\ wh k h - [ AR I
PP (o a st R RU5oNS A S sl P R ABh IR FRRALATRLRL 2N
Response (FIR) filter module 128.

It is assumed that the received pre-processed signal 13’ is a signal generated by an
auto-regressive (AR) model. In this regard, the pre-processed signal 13', x(n) , may

[5 be expressed as
2
x(n) = a,x(n—k)+v(n) (4)
k=1

where {q,}are the auto-regressive (AR) model parameters and v(n) is the process

noise.

20  The delay module 120 may receive the pre-processed signal 13’, and may output a

delayed first signal 130.

The Finite Impulse Response (FIR) filter module 128 may receive the pre-

processed signal 13’, and may output a third signal y(n)136. The third signal

)5 y(n) 136 may be expressed as

Y00 =X axn =) ©)

The subtraction module 122 may subtract the third signal y(#) 136 from the delayed

first signal 130, to form an error signal, e(z) ,132, which may be expressed as
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The del ay nodul e 120 nmay receive the pre-processed signal 13", and may

out put a delayed first signal 130. The Finite Inpul se Response (FIR) filter
nodul e 1280mral/a3esei ve t he preprocessed signal 13', andpomgGauspodd4a t hird
signal (n) 136. The third signal y() 136 may be expressed as y(n) =
akx(n-k) (5) The subtraction nodule 122 may subtract the third signal y{n)
136 fromthe delayed first signal 139, to forman error signal, e( , 132,
whi ch may be expressed asef =5&¥h73?5k%%ﬁkk) (6) The opti nal meigZ%) .
cal cul ation nmodul e 124 may calcul at&'the filter coefficients of the Finite
| mpul se Response (FIR) filter nodule 128 (138). The al gorithms used for
calculating the filter coefficients of the Finite |Inpulse Response (FIR)
filt er Thedeptenalogeighggpiculatipnomodyle 134 emapcalulatectie: tifer ereflicigats of

redi ctl op: ¢ ficie i n
gl gori M]enF gﬁ%%‘?@%%%&?é{jﬁ%% @ﬁ?ﬁtghﬂﬁdéﬁ%igggqg%on ﬁ%gHﬁ{éﬁs &'%%’%. The
opt$ makaleelaging thelfitielr abefitiems Wf ehd Fhitaimplise Responde (FIRpAkéMmodule
estimation of the auto-regressive (AR node|l paraneters {ak } 134. The
al gori 1R& (1S8Y may be.obuldarey nehdmited ealthe dineskirredichen gaeffigient (Lddfrkssi ve
AR har t ok e | i near
E)r eZ:Ii g? @lﬁlt@ﬁ’e | Lﬁsﬁt’ﬁ%@&gﬁ&w&g%%?ﬁ% gggttﬁﬁé.g%u@q\}l?a%g%?fﬁ}é?%
al gor i {IRb8 paidotithen rfec exaimpte.| east square (RLS) algorithm for exanple. As
an illustrative exanple, using the |east nean square (LMS) algorithm the
optimal estimation of the auto-regressive (AR) nodel paraneters {a 134 may

be; @bt §nBEShiRTal MeightaltBiion Rodule 124 may also provide an optimal estimation

of the auto-regressive (AR) model parameters{a,}134. The algorithm used for

providing the optimal estimation of the auto-regressive (AR) model parameters

{a,} 134, may be, but are not limited to, the linear prediction coefficient (LPC)

algorithm, the least mean square (LMS) algorithm and the recursive least square
15 (RLS) algorithm, for example.

As an illustrative example, using the least mean square (LMS) algorithm, the
optimal estimation of the auto-regressive (AR) model parameters {a,}134 may be
obtained as

20 a, < a, + pe(n)x(n—k) (7)

where u is the step size.

The other algorithm used for providing the optimal estimation of the auto-regressive
(AR) model parameters{g,} 134, such as the linear prediction coefficient (LPC)

25 algorithm and the recursive least square (RLS) algorithm, for example, may aiso be
applied in specific applications, such as in a reduced computational load scenario
or in block processing mode, for example.

The rate calculation module 126 receives the calculated auto-regressive (AR)

30 model parameters {a, } 134 and computes the spectrum of the first signal 13’ as
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where mis the step size. The other algorithmused for providing the
optimal estimation of the auto-regressive (AR) nodel paraneters { 134, such
as the |iweaniopm3ensscti on coefficient (LPC) al gorithm anectrise200000389 ve
| east square (RLS) algorithm for exanple, may al so be applied in specific
applications, such as in a reduced conputational |oad scenario or in block
processi ng node, for exanple. The g’ate cal cul ati on nodul e 126 receives the
cal cul at ed aut o-regressiveP —odet—paranmeters {ak } 134 and comﬁﬁ) es the
spectrumof the first signal 13D ags” P(W) = - (8) J A=l where is the
vari ance of process noise and riis the sanpling rate. The heartbeat and/or
respiratory rate may then pe extracted fraomthe power spectrumP( ) of the
resul t W a '?.th?%f'ﬁﬂ%ee RIOSRES NOkE @ &'?@?ﬁﬁgﬁ‘\@n@ds tespond to the
heart beat and/or respiratory rate. Figure 11 shows a bl ock diagram 1100 of
an inplenentation of the third nethod of estinmating heartbeat and/or
respi r Fher Heh@beat éﬁ@/brrd#déﬁiréfbr?nr%t@fm%“ﬂ%ﬂt bef ekftgctelY ABH QRe PSwer
mentioned earlier, the third method of estimating heartbeat and/or
r espi r 8peeiUm A @) whjhe eespiissigna 7 . dn $higcentprdcbefspesinum peakeeotreepaidynal
nodel n&t?t he cg)%zrve sig{?al. The inplenentation of the third nethod of
esti matq Adldesrratanniaies ory rate incl udes a Bayesi an
filter-like rate estinmation nodule 160. The Bayesian filterlike rate
estimation nodul e 160 accepts as input the first signal 13 and produces as
Figure 11 shows a block diagram 1100 of an implementation of the third method of

estimating heartbeat and/or respiratory rate, according to one embodiment of the
10 invention.

As mentioned earlier, the third method of estimating heartbeat and/or respiratory
rate may be based on a state-space formulation of the signal model and the

observed signal.

15
The implementation of the third method of estimating heartbeat and/or respiratory
rate includes a Bayesian filter-like rate estimation module 160. The Bayesian filter-
like rate estimation module 160 accepts as input the first signal 13 and produces as
output the result signal 7.

20

In this implementation, it is assumed that there are perturbations between the

subject 1 and the antenna 21. Therefore, the resultant Doppler frequency

information in the received signal wave 3 includes the frequency components not

only caused by heartbeat and/or respiration, but also the perturbation between the
25  subject 1 and the antenna 21.

The said perturbations are not known typically during the processing. However, the
variance of the said perturbations may be estimated by experiment or may be given
by prior knowledge. As such, this implementation may be able to estimate the

30 heartbeat and/or respiratory rate with the unknown perturbations.
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output the result signal 7. In this inplenentation, it is assumed that
there are perturbations between the subject 1 and the antenna 2 1.

Ther ef or ewotzhm/a3exs8l t ant Doppl er frequency infornmati on iPoTiSceoosmoEsyed
signal wave 3 includes the frequency conponents not only caused by

heart beat and/or respiration, but also the perturbation between the subject
1 and tNextatheesigaallmbdelli60sfar Bayestan filker-likesrate essiimatiomisndisgpssad fry
during the praocessing. However, the variance of the said perturbations may
be estiMf é@t 5 experinment or may be given by prior know edge. As such,
this inplenentation may be able to estimate the heartbeat and/or
respiratory rate wth the unknown perturbations. Next, the signal nodel 160
f or Bayégueen12 shews-a bloek Idmgxaersﬂfzgﬁpf anh impleinepi@ion dfithe Bayesicet filtar-

Fi 11 or ke aRP RS BB b B R Ao ol o, B LRGN E M. O Buerithin o 1 ne

i nvention. The Bayesian filter-1like rate estimation nodul e 160 includes an

observation noi se nodul e 150, a signal nodel nodul e 152, a state nogise
nodul e h@@azﬁﬁ'%ééﬁfﬂ%(ﬁit@ asfnatian alqwl%ﬂ 6RgAGIUes 53 obrpervalie’ MRige on

noi se fﬂm n ri nd
provi dermﬁ“k?o the Sl naI BG%F ngsﬁzvg% S?%ﬁ ﬂgrt'%gt@foﬁgfésg%ﬁ égﬁ may
gener atsodulgd66 wnkad delayshgdale 4581) 166 and provide it to the adder m)dul e
156, The adder nodul e 156 may add the received perturbation signal V(Z)

1680t 0 a del ayed Doppler signal f h{n-\) 170, in order to obtain a Doppler
si gnal ig( Z)PT%%gﬁidi%;hoei‘%%hﬁo@Eﬂ%ph% agNgendrald )anl @ sBERAtORCRoike Bighwl ded to

t he signal
w(n) 162 and provide it to the signal model module 152.

The state noise module 154 may generate a perturbation signal v(n) 166 and

15 provide it to the adder module 156.

The adder module 156 may add the received perturbation signal v(n) 166 to a
delayed Doppler signal f,(n~1) 170, in order to obtain a Doppler signal f,(n) 168,

i.e.,

20 Lim)=f,(n=-D)+v(n) (9)

The Doppler signal f,(n) 168 may then be provided to the signal model 152 and
the delay module 158. The Doppler signal f,(n) contains data on the heartbeat

and/or respiratory rate.
25

The delay module 158 may generate the delayed Doppler signal f,(»—1) 170 from
the received Doppler signal £, (n) 168, and provide it to the adder module 156.

The signal model module 152 may generate an observed signal y(n) 164 based on
30 the received observation noise signalw(n)162 and the received Doppler signal

f,(n)168. In more detail, the Doppler signal f,(n) 168 controls the auto-regressive

25



t he del ay nodul e 158. The Doppler signal f (n) contains data on the

heart beat and/or respiratory rate. The delay nodul e 158 may generate the
del ayed Dwppbsvo3sizgnal f h(n-\) 170 fromthe recei ved Depplseroosiogesad f h(n)
168, and provide it to the adder nodul e 156. The signal nodel nodul e 152
may generate an observed signal y(n) 164 based on the received observation
noi se $ABhahodéinparbfitetarsda;ihef ribe edhsenivéd migreal y&i)griéh. An (this fedfard) theror e
detail, the Doppler signal f h{) 168 controls the auto-regressive(AR) nodel
par amepbservedaigndle (lgiSdrmay beiaymiessgd @43 164. In this regard, the observed
signal y(n) 164 may be expressed as y(n) = g(f h(n)) + w(n) (10) where
g(fh(n)) is a function of signal nodel 152. It will be appreciated that,

froma signal processing g(@év#gml%@(?ggﬁwed signal y() '\&A is eqﬂhg?l ent

to the preprocessed signal rgure” 8. As a side note, the function
g(fé&(n)) is generally non-linear. Further, it should be noted that the
Bayesian filter-like rate estinmation nethod may be based on the observation
si gnal whene glff)hisda tfhectmingefasignaldmiodeb252. H{ wjll be lappvédatedrthal,(fromias a

Kol mn SEEL GHOGRSRRG ipe thes ARG Sl R B o POV Rifes Ao
Parti o : [ : | e, b dt timat :
Fur ¢ neProGssed SR ROTBNTE 1T T ncar, and onl y the function () is

non-linear, the Unscented Kalman filter algorithmmay be a suitable choice
ice. The estimation of the

to_use as the nethod of esti i I n prac . X
fr &Quehsya @ﬁe m%,ageofageﬁ'qrb%w (151 9IS APDHISRE o HRRET it ghyouldgee p(o) =
0.1 (1nlded that the Bayesian filter-like rate estimation method may be based on the

observation signal y(n) 164 and the signal model 152 £, (n).

In view that y(n) is a nonlinear function of f,(n), methods of estimation such as the

15 extended Kalman filter algorithm, the unscented Kalman filter algorithm or the

Particle filter aigorithm, for example, may be used to estimate y(n). Further, since
the function f,(n)is linear, and only the function g(x)is non-linear, the Unscented

Kalman filter algorithm may be a suitable choice to use as the method of estimation
in practice.
20

The estimation of the frequency f, (n) may be described as follows.

Initialization
£,(0)=60 P(0)=0.1 (11)
25 It should be noted that any value may be used to the initial values. The initial values

may be different from the ones shown in Equation (11).

Next, for the iterationsk «1,---,0, the following are calculated.

30 Calculation of Sigma Points
Fle-=[f,(k=1) f,(k=1)+yPGE=1) fA,,(k—l)—y«/P(k—-l)] (12)
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It should be noted that any value may be used to the initial values. The

initial values may be different fromthe ones shown in Equation ( 11)

Next, forwoheloderations /c e l,---, , the follow ng areTsahasioadsasa.

Cal cul ation of Sigma Points F(k-i ) =[fh - ) Z* (*-i)+ P (*-1)- /P(-1)]

(12) Time Update F*(k\k- )=F(k- ) F(f - iy=f,;{k) f,;(k)+ r Jv-(k) f,;(Kk)-

r Jp (k) 5 Measurenent Update ;=0 K(Jz)=V (14) F(k) =p-(k)-K 2(k)JI> where w
ggé 2,s are respectively the variances of the observation noise

and th imediRdate; o noi se. The function g(x) = sin(2pxt) may be used in the

iteration processing. * € t_gp'g%_ heart beat rate nmay be given by an

estimate of f h{k) 1 a system 1300 built according to one

enbodi ment of the |hvent I iy L ystem 1300, a single transceiver,
is used, the transcei verfﬁQY) '!Vn g@"rﬁ‘ Slé unit EO2 for RF signal

transmtting, and a receiver |t EO3 for receiving the wave signal

reflected froma subject pEQCJ) W(Jﬁ?: stegl 796n F@g@‘;l Htp(yi S a sine
or :

wave operating at a frequency,_ exanpl e, e gener at e(\ﬁ )3| ne
wave signalis transmtted fromthe transm unit EO02 t of t %

transmtted wave signaf (Fs—Deif det el &0 omithér)s uhj @t yeEL (5) ]where

informati on on the heartbeat ‘and/ or
Y wk-1y=g(F(klk-1))

2L
Fi= 3 WYk k-1)
i=0

5 Measurement Update
2L
P, = WO (k| k=)~ 9T (k| k=)= 5] +0?
i=0
2L "
P =Y WOLF: (1)~ 7~ (o)1, (-1,
i=0

K(k)=P Py (14)

L= (O)+K (k) p,~57)
P(k) =P~ (k)-K*(k)P,

(m) __ (c) __ (
where Wy =gin W° =gdy+(1-a’+p) and WO =W =5t-i=1---,2L, and
o’,o0’are respectively the variances of the observation noise and the process

L0 noise. The function g(x)=sin(27xt) may be used in the iteration processing. The

estimated heartbeat rate may be given by an estimate of f”,, (k).

Figure 13 shows a system 1300 built according to one embodiment of the

invention.

In the system 1300, a single transceiver, is used, the transceiver using a transmitter
unit EO2 for RF signal transmitting, and a receiver unit E03 for receiving the wave
signal reflected from a subject EO1. A RF signal generator E04 outputs a sine wave
operating at a frequency of, for example, 24GHz. The generated sine wave signal
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respiration of the subject EO1 is contained in the reflected signal. Due to
t he novenent of the heart wall, the chest wall and/or perturbation of the
human bodyo 20tm3b23equency of the refl ected signal may bectlsangsadoosine
changed frequency is called the doppler frequency. This reflected signal is
received by the receiver unit EO03, and multiplied, in the nmultiplier EO5,
wit h aisrefesmitice feapythefiransmitier ghitd02. r Rastnoft thedransmitied twawes signakts f r om

the t | t it EQ2.. Th Lved ) ' | (L. t flected
i gnal TR oe e eGS0k nengin BBt thapheadBest asien: o
si gnal r&OIaRbRIMhSI Sl EO IR colRBMelinfthe AbiReYd sighaput put from the BPF

EO6. The output signal” fromthe BPF EO6 is anplified by the anplifier EO07,
which may in this enbodi nent, be a two-stage operational anplifiers with a

25 el B T o el P 0,
cont r ohLafndody, 3he rmiql?@h_@yQﬁsh@geﬁ@étéwgwanﬁa;auden@héﬁgw. Theothmtigyd EO09.
Figure 14 shows a bl ock di agram 1400 of _various functional bl ocks é\% lto

E15) effpugeey isycalied theginrnpler teadensyy $bistipieetesheigasl isgeceyrd Pycteput er
oo > _ e . _ Ng.
o gur o et il B ard it i the hiiict EOR Wity &FBletoncd oah 885 |

exanpl eriginat trhesrafttetidignalnchramiftéd ffori\iXe trensritteramit BOZE sanpl ed di gi t al

si?nal E10 is first fed to a lowpass filter (LPF) E 11, which is designed
usfthg a filter design toolbox in Matlab. After filtering, the signal is

ol omaREaCy gl EREOSERR (.20 HE rbneed SR pRESabes e M BEbaR Ty i o
pr ef er paby fillec@RIOHEND,i st that evsigadl canddining datat @ the applerifodps®y4is For
each output from the BPF E06. The output signal from the BPF E06 is amplified by the
amplifier E07, which may in this embodiment, be a two-stage operational amplifiers
15  with a gain of about 100. The ampilified signal is fed to a data acquisition system
EO08 (such as one manufactured by [National Instrument (NI)], which is controlled by

a signal processing software operating from a computer E09.

Figure 14 shows a block diagram 1400 of various functional blocks (E11 to E15)
20 employed by the signal processing software operating from a computer E09 (see
Figure 13).

The amplified signal from the amplifier EO7 (see Figure 13) undergoes sampling, by
the data acquisition system E08, at for example, a rate of 1KHz and at 16bit ADC

25  resolution.

The sampled digital signal E10 is first fed to a low-pass filter (LPF) E11, which is
designed using a filter design toolbox in Matlab. After filtering, the signal is
downsampled by a downsampling unit E12, by a factor of 100. In practical
30 implementation, for downsampling factors of this magnitude, downsampling is
preferably decomposed into several smaller factors, e.g., 100=5x5x4. For each
filtering and downsampling procedure, only 5 or 4 times downsampling is

implemented.

28



filtering and downsanpling procedure, only 5 or 4 tinmes downsanpling is

i npl enment ed. A downsanpl qd signal with a sanpling rate 10Hz is fed to an AR
nodel baswo 28patz3am anal ysis unit E 13. The order of treTAR20m306é34ased
spectrum anal ysis unit E13 nmay be 4. Wth the estimted signal spectrum
obtai ned by the AR nodel based spectrum anal ysis unit E13, spectrum peaks
are | ocated by the spectrum peak | ocalization unit E14. The strongest peaks

h d | h h hig
1 equobcoureyTEis SaRal BRAA GBS i i Rl o cttt ARD odtlasdet o
13), wghé&rdrharkeals Whit E1RWTheasden ey ths AR méiqia%earsﬁéaﬁ—uheéﬁbryersor y

rate (see Figure 13). The peak locations are then transfornmed to the
hear t beait Ed8dney heedpiWih dhg estimatethsigsabspestrum mbtamegltwtmnm raegel Wi | e

Spcti { beasahatRam Sy PR3 ebaRARCo8RE B8 ThbaEd A b aBRRTRE "o

that vpealoUscatiaiere sinit/Efpr rrhersiroi@e@t peBiRy ih eharGeniated gighalishBeutim
departing fromthe spirit and scope of the invention as defined by the

appenda® ocatadk Wheie tb@(ﬂ?@kdﬂlth hegh fﬁ@@wn%pwd&m@aﬁar@n ¢ha baaphegief

append I &gﬁr@ nge of
equi vaﬁ"%ncybej‘(fls)(ﬂﬁl%(ﬁf(;gs #' g)et h\(faYr@et ﬁ" @%HFQH% 5’@%&3’% I?II\/B What
is ﬁ I gthmdzspﬂato]cy raﬁerteéelﬂbdrem Br)efl'hetpetg( Ibeatlcbﬂmeatel med/tmnsrf]@mdmimS t he
net od conpri recejvin wave si ana ng the received wave

al he’rtheata %Heee&@’tﬁaﬁeranﬂe%nﬂvah ey U”%/% 'ngy provi ding a
resuIt signal indicating whether the received wave signal represents

heart beat and/or respiration. 2. The nethod of claim11, further conprising
While the invention has been particularly shown and described with reference to

specific embodiments, it should be understood by those skilled in the art that
various changes in form and detail may be made therein without departing from the

15  spirit and scope of the invention as defined by the appended claims. The scope of
the invention is thus indicated by the appended claims and all changes which come
within the meaning and range of equivalency of the claims are therefore intended to
be embraced.
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providing an estimate of respiratory and/or heartbeat rate. 3. The nethod
of clains 1 or 2, wherein analyzing the received wave signal using a
hear t beatwandioo3o23espi rat ory nodel conprises carryi ng oRCTSGEBODIZAD
transformation on a signal dependent fromthe received wave signal; wherein
components of the transfornmed signal, the frequency value of which is bel ow
a predebiamd® frequency threshold, are used for providing the result signal.
4. The method of claim3 , wherein the predefined frequency threshold is in
a range from about 0.5Hz to about 3 Hz. 5. The nethod of claim 3, wherein
the prgﬂQ# ency threshold is in a range fromabout 0.2 Hz to about
ﬁ§€%%? ggyof clainms 3 to 5 wherein the spectral transfornmation
|s a Fourier Transformation. 7. The nethod of clains 1 to 6,wherein

an y2| ng the R e ve sign sing a hear bea and/ spiratory
tomor fomeiegh o7 el et h A bedt ol ety ot g Gog kR RiRER ot
fromthe recei ved wave Si gnal thereby generating regression paraneters;

and carrying out a spectr al transformation on the si gnhal dependent fromthe
recei ved watecelyigaalwawg signah@ndegr essi on paraneters; wherein corrponents of

e Aol oL eI, b fed BRSO e Sqhdof rBASREBHIES,
of cl afriwlel, thereby providing a result signal indicating whether the received wave signal

10 represents heartbeat and/or respiration.

2. The method of claim 1, further comprising
providing an estimate of respiratory and/or heartbeat rate.

15 3. The method of claims 1 or 2,
wherein analyzing the received wave signal using a heartbeat and/or
respiratory model comprises carrying out a spectral transformation on a signal
dependent from the received wave signal;
wherein components of the transformed signal, the frequency value of which
20 is below a predefined frequency threshold, are used for providing the result signal.

4, The method of claim 3,
wherein the predefined frequency threshold is in a range from about 0.5Hz to
about 3 Hz.

5. The method of claim 3,
wherein the predefined frequency threshold is in a range from about 0.2 Hz
to about 1 Hz.

30 6. The method of claims 3 to 5,
wherein the spectral fransformation is a Fourier Transformation.

7. The method of claims 1 to 6,
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wherein the heartbeat and/or respiratory nodel conprises a Bayesian-filter
| i ke heartbeat and/or respiratory nodel. 9. The nethod of claim8, wherein
t he Bayesweanofod3vmss | i ke heartbeat and/or respiratory mpdelSGeaispniges an
estimati on nmet hod based on an extended Kal man filter. 10. The method of
claim8, wherein the Bayesian-filter |ike heartbeat and/or respiratory
nmodel conprwheseinnanalyzimgt itloe mebived based signadnusingc eanthedrikebiremdion t er .
11. The nethod of claim8, wherein the Bayesian-filter |ike heartbeat

and/ or resP¥BIanyeedel ROISEShpri ses an estimati on nethod based on a Particle

filter. 12. The f+ ol @i i rgi ' eggl ved
wave signal usi ngggrﬁﬁga‘??tbga't@gg%&ﬁrﬁ %rnéiypsilér,@ﬁ o?ygﬂbﬁﬁgpgé%ﬁn%}riﬁgg%hcgﬁyi ng
out a recansfdowaee sigmahrtharebygesmeratineratrassion parametarscand/ed wave si gnal ;

det I Ni bser.vat i ' I i Si t he, t f d si | d
cartying out a starydd oda maefel EebiorRalidnatt tha PbelidsRE TR, he
resul t e @RalvedSwae¥igharudiag e ARyrebsionh avhietdrst he statistical anal ysis.
13. The method of clains 1 to 12, wherein the received wave signal is an

el ectromagnet i c Waeeeisicgmaonents offthe tiansfermed signal.nthedreavescyivaluenef
recel V&/ﬂic\fxﬁgﬁn 3 @rgalefill@d ﬁeﬁﬂ@ﬁéﬂ%‘é@, g@e"&sgé ?ocrtﬂr8%ﬂ'{betth'ecresult signal.

10 8. The method of claims 1 to 7,
wherein the heartbeat and/or respiratory model comprises a Bayesian-filter
like heartbeat and/or respiratory model.

9. The method of claim 8,
15 wherein the Bayesian-filter like heartbeat and/or respiratory model comprises
an estimation method based on an extended Kalman filter.

10. The method of claim 8,
wherein the Bayesian-filter like heartbeat and/or respiratory model comprises
20 an estimation method based on an unscented Kalman filter.

11, The method of claim 8,
wherein the Bayesian-filter like heartbeat and/or respiratory model comprises
an estimation method based on a Particle filter.

12. The method of claims 8 to 11,
wherein analyzing the received wave signal using a heartbeat and/or
respiratory model comprises
carrying out a transformation on a signal dependent from the received
30 wave signal;
determining an observation signal comprising the transformed signal;
and

carrying out a statistical analysis on the observation signal;
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wave signal. 15. The nethod of claim 13, wherein the el ectromagnetic wave
signal has a frequency in a range of a radio wave signal transmtted froma
sensor dewoce10/6238The met hod of clains 13 to 15, furthecTsoamsise3ay:

beanf orm ng the received wave signal. 17. The nmethod of clains 1 to 12,
further conprising: transmtting a wave signal to be reflected, wherein the
recei ved wave si gialeinother iregdt tdignal eisl poividedvehesesi gnathe I8sulfhef thet hod of
cl ai s .%.0 16, . further conprising: transmtting a wave signal to be
ref | ecBEHSUGH AN S he recei ved wave signal comprises the reflected wave
signal. 19. The nmethod of clainms 13 to 16 and 18, wherein the received wave
signal is the transmtted wave signal nodul ated by reflection. 20. The

met hod18f clTaemeathodwielaiing tte12.ecei ved wave signal is the transnitted

wavge signal refl. d a. ljving hein d.nodul at.ed by th efl ection. 2
1 e, et nolEGrRahE oSy Wl Hr s Bl Te R e MRel 1 < “roat at e
based on the notion of the heart wall and the chest of the living being.

22. The method of clains 13 to 16 and 18 to 2 1, wherein the received wave
si gnal 1#s t ABetmethediaft@imib%e si gnal phase nodul ated by reflection. 23.

The et hod g oGLiA! fRe? rdueled wave Sighal i§ YRiontihl8us wave electromagnetic

wave signal.

10
15. The method of claim 13,
wherein the electromagnetic wave signal has a frequency in a range of a

radio wave signal transmitted from a sensor device.

15 16. The method of claims 13 to 15, further comprising:

beamforming the received wave signal.

17.  The method of claims 1 to 12, further comprising:
transmitting a wave signal to be reflected, wherein the received wave signal
20 comprises the reflected wave signal.

18.  The method of claims 13 to 16, further comprising:
transmitting a wave signal to be reflected, wherein the received wave signal
comprises the reflected wave signal.

19. The method of claims 13 o 16 and 18,
wherein the received wave signal is the transmitted wave signal modulated

by reflection.
30 20. The method of claim 19,

wherein the received wave signal is the transmitted wave signal reflected by

a living being and modulated by the reflection.
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beanform ng the transmtted wave signal. 24. The nethod of clainms 13 to 16
and 18 to 23, wherein analyzing the received wave signal conprises

denodul atwogotonsorsecei ved wave signal. 25. A device for pdetsecodsngosagart beat
and/or respiration, the device conprising: a receiver unit configured to
receive a wave signal; and an analysis unit configured to analyze the

r ecei ved. waTbeegngimald ofgilaign 20,heart beat and/or respiratory nodel, thereby

providing a result, signal .indicatin et her . the recei ved wave signal
represents WOSI¢ipdhe t'%ﬁ’&m{ieg@’?ﬂ?rsé&f e .Ulqtﬁg tl?é\?ﬁcoé‘ %‘Pg?'?noga',‘e
wher ei RehRSvdIEAnd RRAENSNYf e RBGbERIPr Y model conprises a Bayesian-filter
| i ke heartbeat and/or respiratory nodel. 27. The device of claim 26,

wherein the Bayesian-filter |ike heartbeat and/or respiratory nodel

conprisgs am,estimati gn unit S ended Kalman filter. 28. The
devi peigf cﬁglgr{ﬁﬁg'%dvﬁ?le‘?%w 1?@’ E@?ggi@tpﬁ*’t er |ike heartbeat and/or
respirat orywhefgih fHRRECSiSd anaws tsigradli iBntHen itaneafited onave sigediephgse Kal man
filter.29. The device of claim 26, wherein the Bayesian-filter |ike

hear t bE¥duWdgddy neflspiiomt ory nodel conprises an estimation unit based on a
Particle filter. 30. The device of clains 25 to 29, wherein the received
wave signal is an electromagnetic wave signal. 3 1. The device of claim 30,

f ur t hee3confiheshethodadf diaias21 on22afulrikyen @bmgoniding:
10 beamforming the transmitted wave signal.

24.  The method of claims 13 to 16 and 18 to 23,
wherein analyzing the received wave signal comprises demodulating the
received wave signal.
15
25. A device for detecting heartbeat and/or respiration, the device comprising:
a receiver unit configured to receive a wave signal; and
an analysis unit configured to analyze the received wave sighal using a
heartbeat and/or respiratory model, thereby providing a result signal indicating
20  whether the received wave signal represents heartbeat and/or respiration.

26.  The device of claim 25, .
wherein the heartbeat and/or respiratory model comprises a Bayesian-filter
like heartbeat and/or respiratory model.
25
27. The device of claim 26,
wherein the Bayesian-filter like heartbeat and/or respiratory model comprises

an estimation unit based on an extended Kalman filter.
30 28. The device of claim 26,

wherein the Bayesian-filter like heartbeat and/or respiratory model comprises

an estimation unit based on an unscented Kalman filter.
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a first beanformng unit configured to beanformthe recei ved wave signal.
32. The device of claim3 1, further conprising: a transmtter unit

confi gur eslot2o10t03e238Mit a transmt wave signal to be reflpettsedoosiwhenei n t he
recei ved wave signal conprises the reflected wave signal. 33. The device of
claim 32, further conprising: a second beanform ng unit configured to

beanf o8 t h&herdevioe a¢f claive28) gnal .

wherein the Bayesian-filter like heartbeat and/or respiratory model comprises
an estimation unit based on a Particle filter.

5 30. The device of claims 25 to 29,
wherein the received wave signal is an electromagnetic wave signal.

31.  The device of claim 30, further comprising:
at least one antenna; and

10 a first beamforming unit configured to beamform the received wave signal.

32.  The device of claim 31, further comprising:
a transmitter unit configured to transmit a transmit wave signal to be
reflected, wherein the received wave signal comprises the reflected wave signal.
15
33.  The device of claim 32, further comprising:
a second beamforming unit configured to beamform the transmit wave
signhal.

20
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