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Abstract—This article analyzes Heart Rate (HR) information
from physiological tracings collected with a remotemillimeter
wave (mmW) I-Q sensor for biometric monitoring applcations.
A parameter optimization method based on the nonliear
Levenberg-Marquardt (LM) algorithm is used. The mmW sensor
works at 94 GHz and can detect the vital signs of &uman
subject from a few to tens of meters away. The reftted mmw
signal is typically affected by respiration, body mvement,
background noise and electronic system noise. Pra=ng of the
mmW radar signal is thus necessary to obtain the tre HR. The
down-converted received signal in this case conssbf both the
real part (I-branch) and the imaginary part (Q-branch), which
can be considered as the cosine and sine of the ee®d phase of
HR signal. Instead of fitting the converted phaseragle signal, the
method directly fits the real and imaginary parts d the HR
signal, which circumvents the need for phase unwrgpng. This
is particularly useful when the signal-to-noise rab (SNR) is low.
Also the method identifies both beat-to-beat HR andndividual
heartbeat magnitude, which is valuable for some mecal
diagnosis applications. The mean HR here is compateto that
obtained using the Discrete Fourier Transform (DFT)

Index Terms— Heart Rate; Millimeter wave radar; Algorithm

I. INTRODUCTION

H

Frequency (LF) signal component (0.015-0.15 Hz) #mal
High Frequency (HF) signal component (0.15-0.4 Hag
related with sympathetic and parasympathetic owtfoas
well as respiratory rhythm; Also the LF/HF ratioveals

information about the balance between sympathetid a

parasympathetic outflows [6], [7]. Conventional atteeal or
mechanical sensor, e.g., electrocardiogram (ECEquires
direct attachment to the subject [1]-[5]. Recentlyere has
been an increasing interest in remote contactlessction of
HR using ultrasonic [8]-[10] or electromagnetic [{15]
sensors for biometrics applications. Such non-iiveas
electromagnetic sensors are particularly importander
certain circumstances such as severe scald ambsistay
which the use of contact sensors may not be vigtlg In
this article, we deal with anillimeter Wave (mmW) sensor
working at 94 GHz, which was used to remotely mea$iR
at relatively long standoff distances.

Unlike the QRS complex of ECG signal, the receittd
affected by complications introduced by respiratéom body

signal from contactless electromagnetic sensor ggerg
movement in addition to background noise and eledr
system noise. So, the extraction of HR informatij@merally
requires employment of various signal processinthous, as
has been done for QRS complex detection in ECG[A%]
Due to the well-established QRS complex, diffeiderivative
methods and filter schemes have been successfuljed to
ECG analysis [16]-[20]. However, direct applicatiohsuch
methods to HR signal detected with the remote
electromagnetic sensor described in this articleotspossible
since the heartbeat complex is not well-definedval QRS
complex in ECG [11]-[15]. Recently, parameter opziation
modeling has been proposed to analyze various dguials
[21]-[23]. In this article, we applied such paraperet
optimization method based on the nonlinear Levegber
Marquardt (LM) algorithm [24]-[29] to extract the RH
information by expressing the received I-branch-plimse
component) and Q-branch (quadrature-phase compoasnt
the cosine and sine of the received signal, whiah be
expressed as the sum of heartbeat complex, rdepiréiody
movement, background noise and electronic systasendhe
advantages of our parameter optimization methodpeoed to
other methods like Discrete Fourier Transform (DREfg: 1)
the method requires no phase unwrapping—insteditiof

EART Rate (HR) analysis has been extensivelfhe converted HR signal, the fitting is done diedb the
investigated in the past decades [1]-[5]. The Lowosine (l-branch) and sine (Q-branch) of the remmtiphase

modulated signal, which is important when the SISRoiw,

and 2) the method obtains both beat-to-beat HRiradididual

heartbeat amplitude, critical for diagnosis of hefisease in
certain applications.

Il. 94-GHz MILLIMETER WAVE SENSOR

The schematic of the mmW system and the measurement
setup is shown in Fig. 1. A W-band solid-state Gasdillator
generates the reference and transmitted mmW sighaih
goes through a circulator, followed by a standaidutar
corrugated horn antenna and is focused by a 6diemeter
dielectric lens on the thorax area of a subject ahtenna
system has a gain >25.0 dBi and a beam angle i8. T
reflected mmW signal is then directly down-convdrte
(homodyne) by an I-Q mixer. All data acquisitiondan
processing are done by a personal computer usirg th
LabVIEW™ software. The outputsS; , S, ) for the | and Q
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Fig. 1. Schematic of mmW transmitter-receiver systthe Gunn oscillator source generates th&B#-mmW signal, which is direct
to a horn antenna via a circulator; the radiated/hisifocused on the target by a Gaussian lengefifected signais then demodulat
into I/Q-branch for baseband detection using a mamd digitalized by a data acquisition (DAQ) boatdl processing is done
LabVIEW™ running on a personal computer (PC).

branches containing the HR signal, i.e., the aasediphase from which we can rewrite Egs. (1) and (2) as

#(t) , can be expressed as follows [11]-[15], ~ N Mg 7
S, =A, t)codp(®)] + ) S, =A, ([)COSLZ:; [aiH(t—ri)]+I(Z:;)k!cktk}+n| (1)
Sq =Ag (t)sin[g(t)] + no (2) M

Sq =Aq (t)sin{ZN: [aH({-7)+ ;thk}'no (8)

i=1 k=0

where A, (t), Aq(t) are the amplitudes determined by the gain
setting for each branchin(,Ng) are added noise (including . OPTIMIZATION METHOD FORHR ANALYSIS
background noise and electronic system noise) fier It
branch and the Q-branch, respectively. For a cabior
quadrature mixer, (t) = Aq (t)

The major task of HR analysis is to search forapgmized
parameters in Eqgs. (7) and (8), ia&,, r; andc, .The nonlinear

S LM algorithm is used for this purpose [24]-[29].
_ Q "M
#() = ama”{ S —n } A. The LM algorithm

(LY
The HR signal or¢(t) contains object distanckt)and The LM algorithm [24-25] works by iteratively conting
the residue error through updating the parametes;se

Doppler frequency (t) information [15],
ar 1 d(t By = Bya- (3734 Ac [JTJ])-ltAS't ©)
ty=—-d(t), fyjt)=——"7"7== 3 Pj = Pj iag
() =—-d® a0 =>4 3) i H ASq
wherel is the operating wavelength of the sensor. We camherej denotes thg" iteration;/ is the controlling parameter
express the signag(t) as the sum of the heartbeat complexyhich is automatically adjusted during the eactatien; Jis
H(t) and baseline composed of respiration and bodie Jacobian matrix consisting of columns of fifstivatives

movement(t), of (S,Sy) over the parameter sef;AS =s -§ and
#(t) = ZN:[a-H t-7)+ k) (4) L= SQ—§Q are vector differences of the real and imaginary
1= parts between actual measurement d&a §; ) and the fitted

where g is the amplitude of each heartbeat located at tecen
time of 7; and N being the total number of heartbeats. Fof’jata (S' ’SQ)
smooth respiration and body movement, we can expaed The numerical recipe for the LM algorithm is sumined

baseline signal in (4) as a Taylor series, in Fig. 2, which is also described below,
Mg 1) Specify the initial parameter s@, and/ = 001. In our
&)= 2 LS ® _ - o _
k! simulation, we adopta, =landc, =c, =0for first order

where ¢ is the Taylor coefficient and being the order of approximation;
expansion. Substituting Eqg. (5) into Eq. (4) gives 2) Calculate the parameter set and store it asnpdmry

M vector p, according to Eq. (9);
p0=3 anli-r ) > e Q

ko K! 3) Calculate thg? error of the current iteration of th¢™"
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1) Pick the reference heartbeat complleb(t) from the

iteration to see if it is smaller than the Iase.,i.(j —l)th
trace where there is minimum influence from redgpora

iteration,
and body movement;
N N 2) Obtain a small segment of HR signal at tipe
Xi%= ;{Z [S.,j - §.,j] ’ +z [SQ,J- - §QJ] 2 3) Run the nonlinear LM algorithm stated above (also i
= = (10) Fig. 2) and calculate the(izerror of the {" iteration;
with N being the number of sampling ensemble that costain 4) Leti =i+1and repeat steps 2) through 4) to obtain all
the whole heartbeat. optimized parameters whe)\e2 is minimum.

4) If they,”<x,4°, then update the parameter set
IV. EXPERIMENTAL DATA AND RESULTS
Before we apply our method to real HR signal ana)yae
old parameters and sgt=104;_; ; first demonstrated that our mmw system works well b
. comparing it with the HR signal obtained by a conuialy

5) Repeat steps 2 to 4 until t@error becomes smaller than available laser vibrometer (PolyfecOFV-3000/0FV-302

the specified value. helium-neon laser vibrometer). The signal showim B was
collected from a simulated target made of a flatelcovered

Pj = Premporary@nd se#l; =A;_; /1Q otherwise, maintain the

[ Specify an initial parameter set 7, and 4, ] with a piece of rubber (mimic; human skjn). Trgnais were
created by the sum of 3 arbitrary functions usinfurection

. generator: a sine wave for the baseline; a trapat@iulse to

[ Calculate the parameter set Pmporary by EQ. (9) }7 simulate respiration (0.5Hz respiration rate); andght-half
I sinc pulse to simulate heartbeat (1.3Hz HR). Frdme t

5 comparison, one can clearly see that the mmW tgadiosely

[ Evaluate the error 7, by Eq. (10) ] follows that of the laser vibrometer. What's mongpbrtant is

that the mmW signal reveals more detail about thetire of
heartbeat (the sinc function here).
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Fig. 3. Comparison between mmW (bottom) and lasg) vibrometers using
a simulated object consisting of a flat plate cedewith a piece of rubber to
mimic the human skin.

Fig. 2. Flow chart of nonlinear LM algorithm usext fletection of HR.

B. The real-time optimization method —s,

Although it is possible to fit to arbitrary duraticof HR
signal at the same time, in a real-time monitosggtem, one
usually fits a short-period (small segment) of HRynal
containing only one heartbeat complex. For a cafdud

quadrature mixeA, (t) = A (t) =,/S? +Sé . Below we
summarize the procedure for applying the LM aldpomitto Am
single heartbeat complex for real-time HR analysis,

3 4
Time (sec.)

Fig. 4. Tracing A: real/imaginary parts(, SQ) of the raw signal taken

from 5 meters away for a 94-GHz mmW vibrometer.
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Fig. 5. Tracing A with respiration onlihe optimization result of heartbeat #6 (the blegnsent) are shown in Figs. 5 through 7. Heartb@#th#
green segment) is the reference heartbeat conifiexced asterisks are the centers of each heartbeat

Now, let's analyze two types of HR tracings takenaa
distance of 5m from the subject: A) HR tracing with
respiration only; and B) HR tracing with both resgion and
body movement. In each case, the HR is compardd that
obtained using the Discrete Fourier Transform (DFAT) our
data are taken with a 1-KHz sampling rate.

A. HR signal with respiration only

The tracing A was obtained when the subject wafsant of
the mmW sensor with arms stabilized to allow ontga#i
body movement. The real and imaginary parts of da&ga
collected from a distance of 5 meters are showrign4. The
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corresponding unwrapped phagit) is shown in Fig. 5,

Fig. 7. Beat-to-beat HR for tracing A shown in Fag.

together with the parameter optimization resultnfrahe
nonlinear LM algorithm described in Section Ill. &kelected
reference heartbeat compleak(t) is heartbeat #8 (green dots).

The center of each heartbeat is marked with a seatiaks.
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Y Fig. 8. DFT power spectrum of tracing A shown ig./. The red asterisk
015 - K shows the peak HR=1.5 Hz.
V)
0238 3.9 4 4.1 394 3.95 3.96 05.?94 3.95 3.96 - 2 .
Time (see) el Time (see) The fitting errory“and heartbeat amplitudey;, are also
Fig. 6. Optimization result for heartbeat #6 oting A shown in Fig. 5: The

displayed for each heartbeat fit of the HR signahe
nonlinear LM fitting result is given in Fig. 6 faa typical
heartbeat (heartbeat #6 in Fig. 5). The beat-ti-b¢R is
calculated from each heartbeat center in Fig. 5iamotted

left plot shows the agreements between measurétinaginary parts with
the fitting results; the middle plot shows theiffigt error for different heartbeat
center trials; and the right plot shows the fittihgartbeat amplitude for
different heartbeat center trials.
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Fig. 9. HR tracing B with both respiration and badgvement: the optimization result of heartbeafthi2 blue segment) are shown in Fig. 9 to Fig
The red asterisks are the centers of each heartbeat

in Fig. 7. A mean value of HR=1.45 Hz is determirfiedthat .
data. Also the mean magnitudeds= 0.7466 and the standard s

o
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deviation is g =0.2241, giving(a/é)zz 0.0901, a quantity
that indicates the normality of heartbeat activaytow value
means stable heartbeat activity. We also appliedDRT on
the HR signal, the power spectrum of which is shaavirig.

8. We obtained a peak HR=1.5 Hz (the red asteridkig. 8),
approximately the same as that obtained using the L

optimization method (HR=1.45 Hz above).
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The tracing B was obtained with the mmW system euitithe Fig. 10. Optimization result for heartbeat #2 of Hé&cing B shown in Fig. 9.
subject being stabilized; i.e., small body movemerds

allowed. The mmW signal collected over approximatel6s 18 X
interval is shown in Fig. 9. The reference heartthmanplex 17 A
H(t) is the same as that of HR tracing A. The optinmzat 16"‘\‘ . \/
result for this case is shown in Fig. 10. The mdtigives a f\\ I =

mean value of HR=1.3862 Hz (Fig. 11). The mean rnitade
is a=0.9535 and the standard deviatiowis0.4048, giving

>

S
-

(0/5)2: 0.1802. The DFT power spectrum of this tracing it

shown in Fig. 12. Unlike HR tracing A, there is abvious
HR peak in the frequency spectrum.

Heartbeat Rate Between Two Adjacent Heartbeat Pair
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o
)

2 3 4
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Fig. 11. Beat-to-beat HR for HR tracing B showrfig. 9.
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demonstrate that the algorithm is robust in thafsitnot
sensitive to typical levels of noise. Two tracirgfsrecorded
data affected by respiration only and by both medigin and
body movement have been analyzed. Good fittingltestere
\ obtained in both cases. The method fits the redlisaginary
parts of the I-Q sensor, eliminating the need fdrage
unwrapping, which is particularly important when S low.

5 ™ Additionally, the method provides both the beab&at HR
0 o and the amplitude of each heartbeat, which is densd as
S . s s s critical information for some heart disease diagnos

15
Frequency (Hz)

Fig. 12. DFT power spectrum of HR tracing B showrrig. 9. No obvious
peak HR shows up for this case.

V. DISCUSSION
We presented a parameter optimization method for H

analysis of a remote mmW [-Q sensor that shows smehe !\Iational ) .
Intelligence (MASINT) office of the U.S. Defensaétligence

performance for signals affected by respiratiomaland by

applications.
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