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Abstract—This paper introduces a novel signal processing
method for wideband radar system to estimate heart rate in
presence of large random body movement. The new method
estimates the bulk body motion prior to range transformation
by dividing the wideband signal into multiple narrowband
continuous waves. Each subband is used to obtain a coarse
estimate then combined to produce a refined estimate. The heart
rate is indirectly estimated from radar heart sound signal by
looking at the heart sound repetition frequency. Since the heart
sound signal is mainly located at much higher frequencies than
the fundamental heartbeat frequency, the final body motion
estimate is low-passed version of the refined estimate to preserve
the high frequency heart sound. The motion cancellation occurs
at complex signal domain after locating the targeted range bins
of interest without the need of judicious phase calibration. The
proposed theory is validated using a simulated K-band stepped-
frequency continuous wave radar system. Monte carlo simulation
study shows that the developed signal processing technique and
heart sound recovery based heart rate estimation almost achieve
perfect accuracy in presence of large-scale body motion.

Index Terms—Remote sensing, random body movement, signal
processing, SFCW, vital signs

I. INTRODUCTION

Radar technologies for vital sign measurement have the
potential to greatly improve patient experiences and practi-
tioner safety while creating the opportunity for comfortable
continuous monitoring [1]. The feasibility of heath radar has
been established a few decades ago [2]. Since then significant
research has been efforts devoted to developing and promoting
radar signal processing and systems for contactless vital signs
[3]. Up to now, requirement for robust sensing in more realistic
scenarios, such as free-living, still prevent radar technology
from widespread use in our daily life [4].

This paper investigates an important issue in radar based
vital signs detection in presence of large-scale random body
movement (RBM). The focus of this paper is developing
signal processing approach for RBM without complicated sys-
tem and auxillary sensors. Existing active RBM cancellation
methods either require complex system setup [5]-[7]. For
example, [5] demonstrated dual continuous wave radars placed
at front and back sides to cancel out RBM. [8] performed
similar experimental setup but exploiting self-injection-locked
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Doppler radar technique. [6] exploited external camera sensor
to estimate body motion and fuse with radar in order to
cancel RBM. Another attempt [7] showed dual-ultra-wideband
inpulse radar strategically placed at tilted angles to achieve
RBM cancellation.

The proposed signal processing method is developed using
stepped-frequency continuous wave (SFCW) signal model.
And it can be readily generated to other wideband radar using
frequency-modulated continuous wave (FMCW). RBM even
for quasi-stationary subject generates spectral spread, masking
the vital signs frequency features at very low frequency range
close to DC. The conventional phase based methods cannot
handle motion interference in vital signs detection since body
motion introduces dynamic DC-offset [9]. Existing DC-offset
calibration methods [10] assume static offset and thus fail to
function. The phase errors after offset calibration can leak
into the frequency range of vital signs and the leakage spread
depends the RBM velocity. For large-scale RBM, the residual
phase errors are proportional larger. The corresponding dis-
placement error can overwhelm the vital signs motion.

Contributions:

o Develop a novel RBM cancellation technique for wide-
band SFCW radar

e Incorporate parametric heart sound model development
in [11]

o Estimate heart rate indirectly from high frequency heart
sound

o Develop a simulation tool to evaluate the impact of RBM
on heart sound recovery

II. RADAR HEART SOUND BASED HEART RATE
ESTIMATION

A. Radar Heart Sound Model

A radar heart sound signal model is briefly described and
adopted from [11]. Having an precise heart sound model aids
in signal analysis method development.

This model captures the general structure of each individual
radar heart sound and derived from actual radar heart sounds
from several subjects. Each cardiac cycle consists of two
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Fig. 1. Individual radar heart sound (RHS) compared in time and frequency
with model heart sound. The stronger lower frequency component and weaker
higher frequency component can be seen in both signals.

distinguishable heart sounds, S7 and S;. In the time domain
the time duration, peak amplitude and separation between
each heart sound vary subject to subject. Visual inspection of
individual heart sounds indicate that they reach peak value in
the center of the heart sound and taper in a Gaussian shape. In
the frequency domain. Each individual heart sound is found to
consist of two main frequency components. One very strong
lower frequency component in the 20-30 Hz range and one
much weaker component in the 30-50 Hz range.

To capture both main frequency components and their
respective strengths, the underlying signal is modelled as a
sum of two weighted sine waves. A Gaussian window is
applied to taper the shape of the model waveform to resemble
the shape of the of the radar heart sound. The modeled heart
sound is given as,

x(t) = w(t) sin(27 f1t) + .2 w(t) sin(27 fat), (1)

where f1 and f, are the strong and week frequency compo-
nents respectively and w(t) is the windowing function given
as,

w(t) = Pe e (2)

Where P is the peak amplitude of the respective heart sound,
and 0 = T,/2 with T being the time duration of the heart
sound. The spacing, time duration, frequency components and
amplitudes of the model are parameterized.

B. Heart Rate Estimation

Due to the close vicinity of the vital signs, including
heartbeat and respiration, to the DC. Additionally, the RBM
generates wide spectral spread and masks the vital signs. The
heart rate is indirectly estimated from the repetition frequency
of the heart sound signal. The spectrogram of heart sound
signal reveals the distinct heart sound events S7 and S5 in
a repeated fashion. From our previous study [12], the major
radar heart sound energy is roughly located about 20 Hz. In
the heart sound spectrogram, a 1-D slice along time axis at
30 Hz is selected to produce an estimate of the pulse signal.
The first dominant spectral peak location gives the heart rate
estimate.

III. SFCW SIGNAL PROCESSING
A. Vital Motion Extraction

Radar system deploys a SFCW signaling and operates in
the frequency domain. The SFCW radar transmits a series of
discrete narrow band pulses in a stepwise manner to achieve a
larger effective bandwidth. The modulated waveform consists
of a group of N coherent pulses with pulse duration 7,
and frequencies f, = fo + nAf. Assume that each SFCW
waveform has N pulses called one SFCW frame and the center
frequency of the first pulse is fj, as illustrated in Fig. 2.

One transmitted SFMCW frame is represented as a sum of
N windowed narrow band signals,

T — TLT) ejgﬂ—(f0+nAf)T. (3)

1
ZTex(T) = 77 zn: rect ( T

The backscattered SFCW frame in baseband is modeled
by concatenating the down converted received pulses. The
received pulse is an attenuated and delayed version of the
transmitted pulse at a nominal distance Ry. However, a slowly
time-varying delay is expected due to target motion, Rp(t) is
a function of slow-time ¢,

—9 Ro + RT(t)
&

. 4)

TD(t)

where ¢ denotes the speed of light. For example, the m-th
frame of received waveform is written as,

Tix(t=mNT,7=nT) =z (Mm,n) ®)
— ¢i2nforn(m) —j2mnAfrp(m)

(6)

The range profile is obtained by performing inverse Fourier

transform of the N fast frequnecy samples with respect to n

for every frame. Then, the normalized baseband slow-time (m)
versus fast-time (k) data matrix is computed as,

sin[m(k — km)]
sin[m(k — km)/N]  (7)

er(m, k) :e—jﬂ'(k—km)(N—l)/N
ed2mforn(m)

The phase information directly related to motion of interest
is preserved in the term e/27/o™ (™) To extract signal of in-
terest with maximum SNR, one fast-time delay sample (range
sample) is selected across slow-time frames as k = k,,,, which
is computed as the ceiling of 7o (m)NAf, since |X,x(m, k)]
achieves its maximum as k = k,,,.

The normalized baseband signal at the target range gives,

. 4m fo Ry (t)
c

Xx(t) =€’ (8)

B. Random Body Movements

With RBM, the human body generates much stronger re-
sponse in the radar receiver as the radar cross section and
motion displacement magnitude increased significantly com-
pared to the stationary case. The radar captures RBM b(t), vital
motion v(t), including respiration and heartbeat, and heart
sound induced surface skin motion h(t). The target motion is
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Fig. 2. Stepped FMCW radar transmission scheme.
sum of the three types of motions, Ry (t) = b(t) +v(t) + h(t).

The baseband signal model of the composite signal gives,

-47rf'0(b(t)+v(fr>+h(t))

Xx(t) =¢’

eI EEb(t) i Ev(t) 7 HEA(T) 9)

SRS N0

el
where [(t) = b(t) + v(t) denotes the low-frequency body
motion. Existing radar methods estimate heart rate relies on
spectral analysis. The spectral peaks at the heartbeat frequency
region of interest are the estimation candidates. But this is
not feasible and RBM will mask v(¢). The spectral support
of RBM can extend beyond a few Hz depending on the
radar carrier frequency and body motion speed. The major
radar measurable heart sound frequency resides above 20 Hz.
Due to the convolution effect, the heart sound frequency will
be shifted as much as the Doppler frequency induced by
RBM velocity in Eqn. 10. To successfully recover heart sound
frequency and then estimate heart rate from it, a deconvolution
method is required. This is accomplished by the motion
cancellation technique.

S(f) = ]:{634"l(t)e] )y
= F{elTU0} « F{edhl)

IV. RBM CANCELLATION TECHNIQUE

The RBM cancellation directly operates on SFCW fre-
quency data samples prior to range ¢F'F'T. The ideal of
multifrequency based phase tracking developed in [13] for
FMCW is invoked and modified for this problem. The SFCW
signal frame is decomposed into multiple narrowband CW

signals as seen in Fig. 2. At a fixed frequency f;, the slow-time
sampled beat signal gives,

(10)

s(t]m) = e ZEE o)

(1)

— e]mfn
where p(t) denotes the RBM observed in each subband.
For a fixed f, and 7,, Eqn. 11 has the form of a phase-
modulated CW radar with a frequency of f,. For N samples
per frequency sweep, parallelly N CW signals are leveraged to
estimate motion displacement, from f; to fx. The modulated
phase signals ¢(t|7,) =~ 4mwp(7)/A, are extracted by taking

phase angles or other phase based method [14]. Overall
displacement from body motion is obtained by summing and
averaging n phase signals,

The estimated displacement p(t) dominates the spectral and
potentially spreads beyond 20 Hz. In order to recover the high
frequency heart sound in the subsequent cancellation step,
a moving average filter is applied to p(7). The number of
samples M to average in the filtering is determined by the
designed cut-off frequency, 20 Hz, and the SFCW frame rate,
which is 1000 in the radar configuration. Thus, the final RBM
estimate becomes,

(12)

I(t) ~ £{p(t)

where f denotes a filtering operator which returns a local M-
point mean values and each mean is calculated over a sliding
window of length M across neighboring elements in p(.).

Note that the RBM cancellation occurs in complex base-
band, the desired signal after cancellation has the following
form using Eqn. (14),

, M}, (13)

JAEi) (14)
~ e] >h(t)

Thus, the F'T of h.(t) reveals the meaningful heart sound
signal without the convolution effect.

V. SIMULATION STUDY

A. RBM Modeling

RBM is generated with random work model in back and
forth movement at a varying random pace. For evaluation pur-
pose, the model is parameterized by two parameters maximum
motion velocity in both directions, V,,,4, varying from 5 to 60
mm/s and maximum motion magnitude, M,,,, = 100 mm.
Since the goal is to recovery heart sound signal, the other
vital signs heartbeat and respiration are ignored. The heart
sound signal magnitude fixed at 0.05 mm while the other vitals
are heartbeat 0.5 mm and respiration 2 mm. Each heartbeat
corresponds to one heart sound cycle. The total signal length
lasts for 10 s and the RBM persists the entire duration. One
trial of the model is displayed in Fig. 3. Assuming the subject
is located at 1 meter away. There is no signal propagation loss
in the air for simplicity. The SFCW radar operates from 24
GHz with a bandwidth of 2 GHz. The SFCW signaling frame
rate is 1000 Hz. The added system phase noise is controlled
such that the integrated heart sound signal to the noise ratio
(SNR) is 16 dB. One example spectra of the different motion
signals are given in Fig. 3 (a)-(d) assuming that they are
independently present at the receiver while the composite
signal signal spectral is also provided in (e).
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Fig. 3. Modeled physiological motion and RBM. From top to bottom, heart
sound, heartbeat, respiration and RBM of a period of 10 s.

B. Heart Sound Recovery

To correctly recover the heart sound signal, the RBM signal
should be firstly estimated and cancelled. Example estimated
RBM spectrum corresponds to the Fig. 4(a) is given in Fig.
5(a). Following the proposed motion cancellation technique,
the meaningful heart sound signatures are revealed in Fig. 5(b).

Heart sound exhibits regular time-frequency structure re-
peating at the heartbeat frequency. The comparison of spec-
trogram among the ideal heart sound signal Fig. 6(a), RMB-
cancelled signal (b) and high-pass filtered one (c) confirms the
effectiveness of the proposed method for heart sound recovery
in presence of RBM. Naive high-pass filter simply fail because
it cannot decouple the convolution effect as mentioned in
Section III-B.

C. Heart Rate Estimation Performance

Computer aided simulation allows evaluation of heart rate
estimation performance by varying RBM model parameters.
The following Monte Carlo simulation shows the heart rate
estimation by varying V.., from 5 to 60 mm/s at fixed
Mo = 100 mm. Each experiment is averaged over 100
trails.

The reconstructed heart sound signal SNR manually com-
puted by the power ratio of the heart sound signals to the non
heart sound signal (noise) gives direct measurement of the
recovery performance. The higher the V,,,, the poorer the
recovery is because the more RBM spectral leakage into the
heart sound spectral band Fig.7. An important observation is
that heart rate estimation accuracy is not affected much by the
cancellation residual, e.g. in Fig. 5(b), due to the increasing
speed of RBM. In particular, estimation root-mean-squared-
error (RMSE) is constant at 0.6 beats/min (bpm) at different
Vinaz Fig.7. The desirable result is feasible because the new
heart rate estimation methodology based on heart sound signal
recovery, further enhanced by the active motion cancellation
technique.
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Fig. 4. Spectra of the signals in Fig. 3 at the radar receiver assuming

independently present. (a) RBM; (b) heart sound; (c) heartbeat; (d) respiration;
and (e) mixed signal of (a)-(d). Vertical lines in (c)(d) denote the heartbeat
and respiration frequencies, respectively.
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Fig. 5. Spectra of the estimated RBM in Fig. 4(a) and the RBM suppressed
revealing heart sound spectral features, highlighted by the circle.
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Fig. 6. Heart sound spectrogram. (a) true; (b) motion-cancelled; (c) high-pass filtered. Results (b)(c) are generated when the RBM occurs with Vinqe =

60 mm/s and Mpmae = 100 mm.
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Fig. 7. Heart sound recovery in terms of SNR and robust heart rate estimation
accuracy as a function of RBM velocity from 5 to 60 mm/s given the
maximum RBM bounded by 100 mm.

VI. REMARKS

This paper presented a novel wideband radar signal pro-
cessing method for robust heart rate estimation in presence of
large-scale RBM. Such capability is enabled by 1) a motion
cancellation technique operated in complex signal domain
insensitive to phase calibration compared to conventional
methods and 2) a radar heart sound based heart rate estimation
strategy leveraging spectral separation and its resilience to
motion interference in time-frequency domain.

The simulated study showed encouraging results of the new
methodology. Actual Human subject test and system validation
will be performed in the future.
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