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Abstract— Heart rate variability (HRV) analysis using Doppler
radar (DR) is a promising method for noninvasive health and
stress assessment. However, the respiration signal harmonic
content typically limits HRV parameter estimation accuracy.
While several harmonic reduction techniques have been used
to improve the average HR estimation accuracy, achieving high
beat-to-beat interval (BBI) accuracy is still challenging. This
article demonstrates that arctangent demodulation (AD) with
wavelet-based signal processing enhanced with template matching
is effective to estimate HRV parameters with accuracy on the
order of 10 ms with 2.4 GHz DR. Moreover, it was theoretically
and experimentally demonstrated that the cases where AD pro-
vides limited improvement due to phase delay between thorax and
abdomen motion are easily identifiable, and can be alternatively
processed using a single-channel data.

Index Terms—Doppler radar (DR), heart rate monitoring,
heart rate variability (HRV) analysis, multiresolution analysis,
noncontact monitoring, respiration harmonics, template match-
ing filtering.

I. INTRODUCTION

HE use of Doppler radar (DR) for physiological sensing

was first demonstrated in the 1970s [1], [2]. Since then
vital signs monitoring using DR sensors is becoming increas-
ingly popular due to its unobtrusive and noncontact nature [3],
[4]. Besides finding heart rate and respiration rate, DR can
be employed for more sophisticated analysis such as heart
rate variability (HRV). In contrast to traditional methods such
as electrocardiogram (ECG), photoplethysmography (PPG),
spirometry, etc., radar sensors can be employed for such
analysis without requiring any physical connection to the
patient’s body.

Manuscript received 11 July 2023; revised 8 September 2023;
accepted 26 September 2023. Date of publication 26 October 2023; date of
current version 10 January 2024. This work was supported by the National
Science Foundation (NSF) under Grant IIS1915738 and Grant CNS2039089.
(Corresponding author: Jannatun Noor Sameera.)

This work involved human subjects or animals in its research. Approval
of all ethical and experimental procedures and protocols was granted by the
University of Hawaii Human Studies Program’s Institutional Review Board
(IRB) under Application No. CHS 14884. “Remote Sensing of Physiological
Motion Using Doppler Radar” protocol.

The authors are with the Electrical and Computer Engineering Depart-
ment, University of Hawaii at Manoa, Honolulu, HI 96822 USA
(e-mail: jsameera@hawaii.edu; ishrak@hawaii.edu; lubecke@hawaii.edu;
olgabl @hawaii.edu).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TMTT.2023.3324444.

Digital Object Identifier 10.1109/TMTT.2023.3324444

HRYV refers to the time alterations in the beat-to-beat interval
(BBI) of heart signals and can index autonomic nervous system
(ANS) activity. Hence, it reflects how the cardiovascular regu-
latory system responds to demand, stress, and illness. Reduced
HRV has been associated with decreased vagal activity [5].
Furthermore, HRV can be used to predict the prognosis of
cardiovascular diseases and the onset of metabolic disorders.
In a recent work by Ahmed et al. [6], an IR-UWB radar was
employed to measure HRV during rest and fatigued states.
Another study presented a fast and real-time HRV extrac-
tion using a compact 24-GHz continuous wave (CW) DR.
The study introduced a computationally intensive algorithm
using bandpass filter banks to determine the heart signal [7].
In another study, an algorithm for detecting peaks of the heart
signal was introduced for HRV analysis to predict drowsiness
[8]. However, peak detection of heart signals is severely
affected by the presence of respiration harmonics in the DR
output. Respiratory signals have amplitudes ranging from 4 to
12 mm and a normal respiratory rate of 5-25 breaths per
minute (b/m). In contrast, heartbeat signals have amplitudes
ranging from 0.2 to 0.5 mm and a normal heart rate of
50-120 beats per minute (bpm) [7]. The significant difference
in amplitude between respiratory and heartbeat signals makes
respiratory harmonics a source of interference in identifying
heartbeat signals. When the harmonics are close in frequency
or have similar amplitudes to the heart fundamental, it can
result in incorrect peak detection and consequently lead to
inaccurate HRV analysis [9], [10].

A study [11] presented the use of an adaptive harmonic
comb notch filter, which consists of multiple notches at
respiration frequencies and harmonics, with a magnitude deter-
mined by the ratio of harmonic amplitude. In order to combat
such harmonic interference, Tu and Lin [12] proposed the
use of complex signal demodulation that does not require
compensation of dc offset which is another challenge in
DR signals [3]. Another study involves the Hough trans-
form that accumulates signal energy along a preset frequency
trajectory for extracting heartbeat signals [13]. Alternatively,
higher order respiration harmonics have also been used for
separating heart and respiration signals using an adaptive
harmonic cancellation filter method based on the least mean
square algorithm [14]. However, these studies were limited
to only separating heart signals and accurate extraction of

0018-9480 © 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: UNIV OF HAWAII LIBRARY. Downloaded on October 09,2024 at 03:14:22 UTC from IEEE Xplore. Restrictions apply.


https://orcid.org/0000-0001-7055-359X
https://orcid.org/0000-0001-8407-3554

SAMEERA et al.: ENHANCING BEAT-TO-BEAT ANALYSIS OF HEART SIGNALS

average heart rate. Studies concerning instantaneous heart rate
measurement, HRV analysis, etc. became very inaccurate in
the presence of such harmonics. Correct BBI estimation is a
foundation for accurate HRV analysis.

This article builds upon our previous study [9], which intro-
duced a method using the maximal overlap discrete wavelet
transform (MODWT) to reduce harmonic interference in beat-
to-beat analysis for single channel and linearly demodulated
signals. The average error in average heart rate extraction
varied from 0.47 to 3.64 bpm. The difference between the
standard deviation of NN intervals (SDNN) extracted from
radar and PPG signal was reported to be 71 ms on average.

This article focuses on mitigating respiration harmonics by
employing arctangent demodulation (AD) and presenting an
algorithm for reducing such interferences in heart signals.
This algorithm applies multiresolution analysis MODWT to
the filtered signals after AD, followed by the utilization of a
template matching filter (TMF) and peak detection method
to identify accurate peaks in the heart signals [15]. These
processing steps have resulted in significant and consistent
improvement in BBI estimation, resulting in highly accurate
HRV parameters: SDNN accuracy of 10.71 ms, and RMSDD
accuracy of 14.16 ms. These results present the highest HRV
accuracy reported to date with a 2.4-GHz radar system with a
low sampling rate of 100 Hz.

This article is organized as follows. Section II provides
theoretical analysis and simulation results assessing the sen-
sitivity of respiration harmonics to breathing features and
demodulation methods. Section III describes the data col-
lection protocol, while Section IV quantifies the reduction
of harmonics achieved through the use of AD and provides
an explanation for the varying degree of reduction among
subjects. Section V introduces a proposed algorithm for beat-
to-beat analysis of heart signals, evaluates the accuracy of the
proposed algorithm in terms of HRV features, and compares
it with existing methods. Finally, Section VI concludes the
article with a discussion and outlines future plans.

II. DR SYSTEM

The fundamental principle of using DR for physiological
motion sensing is to analyze the time-varying phase shift in
the received signal caused by chest wall movement due to
heart and respiratory efforts. Fig. 1 shows the block diagram
of the CW quadrature channel DR operating at 2.4 GHz.
To avoid the demodulation sensitivity to the target’s position,
a quadrature receiver is chosen instead of a single-channel
radar system [16].

The RF wave reflected at the chest wall undergoes non-
linear phase modulation which can be denoted by 6 which
is dependent on the nominal distance between the target and
the antenna. The received I and Q baseband outputs can be
expressed as

4 x(t)

B;(t) = Ap cos(@ + + A¢(l)) (D

4 x(t)
A

By(t) = Ap sin(e + + Aqb(t)) )

. ((( IRx

Data
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Fig. 1. Block diagram of a quadrature CW DR [9].

where the baseband amplitude due to receiver and mixer gain
is given by Ap, the target’s time-varying displacement is given
by x(¢), and the residual phase noise is given by A¢(¢)
[16]. Considering the equation for the I-channel baseband
output, it can be approximated and represented in its equivalent
Fourier series as follows:

4 x(t)
0+ ﬂ

B;(t) =~ cos [

> dmm
— Z J"(T) cos(nw + P) 3)

n=—oo

where, ¢ represents the total phase shift (i.e., A¢(¢)+6) and J,
denotes the Bessel function of the first kind. Different values
of n correspond to different frequency components of B; ().
Hence, this nonlinear property of the cosine transfer function
results in harmonic interference in the baseband spectrum [10].
The harmonic content depends on the total phase shift ¢,
which is a function of the distance between the radar antenna
and the target, and the features of the chest wall motion x(7),
which includes breathing and heart motion.

A simulation is performed to illustrate how harmonic
content varies with the total phase shift using MATLAB.
A sinusoidal half cycle with a rounded cusp can be taken
as an idealized chest motion due to respiration [17]

pr(t) = sin” wfr(t) )

where fr is the respiratory frequency and p manipulates the
rounding of the cusp. The heart motion can be modeled with
an analog pulse of an exponential et having a time constant
of t with a critically damped second-order Butterworth filter

; —r + «/5 1 )si [ON3 [ON3 e 5)
=er — SIN — — COS — |¢é .
b woT V2 V2

fo represents the cut-off frequency of the filter and fy

denotes the heartbeat frequency [17]. The orthonormal base-

band outputs are simulated with x (¢) as a combination of pg(t)

and py(¢). Assuming the initial angle to be 6,, the constant

phase shift can be written as

6=""p_¢ 6

= - (6)

Here, D is the nominal distance between the target and the

antenna. The initial angle is taken to be equivalent to phase
change at the reflection surface.
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Fig. 2. FFT of simulated I and Q channel signals at different phase shifts,

illustrating the corresponding variation in harmonic content. (a) I channel with
initial angle = 30. (b) I channel with initial angle = 270. (c) Q channel with
initial angle = 30. (d) Q channel with initial angle = 270.

To illustrate the origin of harmonics due to the cosine
transfer function in the baseband output, the FFT plot of
simulated I and Q channel signals at different phase shifts
is shown in Fig. 2. It can be seen that the harmonic contents
vary as the phase shift is varied.

To overcome the issue associated with cosine transfer func-
tion dependency, AD can be applied to the ratio of the two
orthonormal outputs to obtain phase information directly.

The amplitude and phase imbalance between the two chan-
nels must be compensated before demodulation to avoid mag-
nifying the harmonics [18]. The dc offset is compensated using
a circle-fitting method based on the Levenberg—Marquardt
(LM) algorithm. The phase shift caused by the chest wall
displacement due to cardiopulmonary activity can be extracted
from such a nonlinear demodulation technique, which is
written as

Oap(t) = arctan ——
Ap(t) = arctan B,0)

sin(# +AD() + 9)

= arctan
cos(@ + AD(t) + 0)

— 4”§(’) L AD() + 6. (7)

Since the demodulated output does not contain the cosine
transfer function, the harmonic interference can be attenuated
with AD.

However, respiration harmonics are also inherent to breath-
ing features. The respiration model used in (4) is an example
of a typical breathing motion that includes higher harmonics.
In addition, time delay between thoracic and abdominal motion
also produces respiration harmonics. During inhalation, air fills
the thorax first, then the abdomen expands. Similarly, the exha-
lation process starts earlier for the thorax. Since the abdomen
motion is delayed with respect to the thorax, the overall torso
moves in a short nonuniform ripple, which directly affects
the effective radar cross section. Hence, the characteristics of
respiratory motion vary between humans [19].

To illustrate this, a simulation study is carried out where
the reflected wave from the moving torso is represented as the
superposition of two components that are different in ampli-
tude with a phase offset. For this simulation, the baseband
outputs are modified where the heart motion is neglected for
simplicity

4
Bi(t) = Ar COSI:TXR(t) + ¢t0tj|
4
+ Aa COSI:T[XR(I — )] 4+ P + a} (3)
L [4n
Bp(t) = Ar SIH[TXR(Z) + ¢loti|

[ 4x
+ Ay sm[T[xR(t — 1)) + P + a} )

where, the amplitudes of the components from the thorax and

abdomen are given by Ay and A4, respectively, « is the phase

offset due to the difference in the nominal target range, ?;

is the time delay of the abdomen motion and the roundtrip

phase offset is given by ¢y These two equations are further

simpliﬁed by taking a respiration rate of 18 b/m and setting
A

U= g4 with A7 = 1. Since a 2.4-GHz radar is used in this

study, the wavelength is set to 12.5 cm for this simulation

B;(t) = cos[cos(2m - 0.3 - 1)]

+u- cos[cos(27r -03-1)+ T + Z] (10)
k n
By (t) = sin[cos(2m - 0.3 - 1)]
. T
u- sm[cos(Qn 030+ 2+ —]. (11)
k n

The phase offsets caused by the abdomen motion delay and
the difference in levels are expressed with the variables k and
n, respectively [19]. The IQ plot and frequency domain plots
of the single channel and AD signals are presented for three
cases. The first case is when the phase shift and motion delay
is at 30° and 23°, respectively.

To illustrate the worst case scenario, n is set to 2 and &,
respectively. Fig. 3 illustrates these cases and it can be seen
that with increasing phase shift and motion delay, the harmonic
contents in the single-channel signals also increase. Hence,
when the phase shift is increased to 90°, the harmonics atten-
uation with arctangent demodulated signal decreases as well.
With increasing phase offset, AD loses its merits. Fig. 3(g)—(1)
illustrates that the demodulation becomes inaccurate due to the
incorrect circle-fitting method in the worst case scenario with
180° phase offset referring to the case where the thorax and
abdomen move in completely opposite directions. As a result,
the harmonics reduction is also severely affected.

III. DATA COLLECTION PROTOCOL

For this study, data is collected from four subjects breathing
at a fixed breathing rate of 13, 15, and 18 b/m with the
aid of a metronome. As shown in Fig. 1, an E4433B signal
generator is used as a signal source at 2.4 GHz and amplitude
of 16 dBm. Additionally, the radar setup included ZFM4212
mixers, ZX10Q-2-25S+ 90° splitter, and a Narda 4923. Mix-
ers’ outputs are low pass filtered at 10 Hz and passed through
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Simulated graphs showing (a) IQ plot, (b) FFT plot of single-channel signal, and (c) FFT plot of AD signal when phase delay = 30° and motion

delay = 23°. (d)—(f) Corresponding graphs of phase delay increased to 90°. LM algorithm fails at phase offset = 180° in (g) causing incorrect AD and higher

harmonics in (h) and (i).

a dc-coupled SR560 LNA for amplification of the signals.
Finally, the I and Q outputs are recorded with an 18-bit DAQ
at a sampling rate of 100 Hz. PPG signal is collected as a
reference signal from the right-hand wrist of the subject. For
this purpose, a wrist-based watch containing SpO2, HR, and
HRV health sensor platform, MAXREFDES103 is employed.
The watch operates in transmission mode by utilizing a green
LED light to measure the volumetric variations of blood
circulation. PPG data from this watch is recorded at a 100-Hz
sampling rate using the Maxim Integrated software. Data
from the radar and watch is aligned using the timestamps.
To derive the imbalance factors, data from a mechanical mover
with a spherical surface moving at a fixed frequency with
a 4-cm peak-to-peak amplitude is taken [20]. The amplitude
and phase imbalance factors are calculated using the algebraic
ellipse fitting method. These values are used to correct the
imbalance in human data using the Gram—Schmidt method
before demodulating the single-channel signals [20], [21].

IV. RESPIRATION HARMONICS CANCELLATION

In this section, the effect of AD in harmonics reduction is
presented. To better assess the harmonic contents, the signals
are filtered from 0.05 to 1 Hz with a bandpass filter of
600th order. The power spectrum for the two single-channel
signals and the arctangent demodulated signal is plotted in
Fig. 4. In contrast to the single-channel signals, the power of

—I-Channel Signal
0- ——Q-Channel Signal 1
‘ Arctangent Demodulated Signal

Power spectrum (dBW)

1.5 2

5 1
Frequency in Hz

Fig. 4. Power spectrum of the single-channel signals along with the
arctangent demodulated signal.

fundamental respiratory frequency is much higher compared
to that of the harmonics in the demodulated signal. This is
further illustrated in Fig. 5, which shows the percentage of
the amplitude of the second (H2) and third (H3) harmonics
with respect to the amplitude of fundamental frequency for
each of these signals.

As can be seen from Fig. 5, the percentage amplitude (PA)
of harmonics for Subject A reduces when the single-channel
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Fig. 5. Percentage of the amplitude of (a) second and (b) third harmonics,
relative to the amplitude of the fundamental respiration frequency.

signals are demodulated for all three breathing rates. For
the dataset from Subject A at 13 b/m, the PA decreased
from 36.57% with the Q-channel signal to 9.32% with AD.
In this case, the highest harmonic reduction using demodulated
signal is 83.03% with respect to the Q-channel signal with a
breathing rate of 15 b/m. However, for Subject B, the decrease
in PA is not as significant compared to the former subject.
For example, with Subject B at 15 b/m, the PA decreases
from 19.73% to 14.04% when the demodulated signal is used
instead of the I-channel signal. For Subject-C, this reduction
deteriorated further where the demodulated signal shows a
lower decrease in PA than the Q-channel signal when the
breathing rate is at 13 and 15 b/m. This can be attributed
to the increased phase offset between the abdomen and thorax
as explained in Section II.

Fig. 6 illustrates the IQ plot of approximately one breathing
cycle of Subject A and Subject C with both at 13 b/m. It can
be seen that the IQ plot of Subject C is hollower compared to
Subject A, which indicates the higher phase offset in the torso
in the former subject [20]. As shown in Fig. 3, with increasing
phase offset, AD becomes less accurate, and hence resulting
harmonic attenuation is also decreased.

Lastly, for Subject D, the harmonic distortion can be seen
to be reduced in Fig. 5 in the demodulated signal compared
to single-channel signals. The PA of second harmonics in the
15 b/m dataset of this subject is 5.52% and it decreases by 52%
with demodulation. However, when the subject’s breathing rate
is increased to 18 b/m, the harmonic distortion becomes higher
in the demodulated signal compared to the single-channel
signals.

V. BEAT-TO-BEAT ANALYSIS
A. Proposed Algorithm

The algorithm employed for processing the radar signal for
beat-to-beat analysis of the heart signal is shown in Fig. 7. The
arctangent demodulated output is at first unwrapped and then
filtered with a bandpass FIR filter to attenuate the respiratory
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Fig. 6. IQ plot of approximately one breath. (a) Subject A at 13 b/m and
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Fig. 7. Digital signal processing algorithm prior to peak detection in heart

signals.

signal. Next, the signal is passed through the multiresolution
analysis MODWT. It uses Symlet (sym) four mother wavelet
to decompose the filtered AD signal into 12 different levels
where smaller levels refer to the higher frequencies. It does
so by transforming the input signal into detail coefficients and
scaling coefficients with respect to variations over a set of
scales.

The convolution of MODWT for a time series C/ ©. n) =X,
can be written as

d = Zh cM.(n—2/""1) mod N (12)
=0
c Z g, CM. (n=27") mod N (13)

where, d%) and C%) are the wavelet and scaling coefficients,
respectively, n = 0, 1,..., N — 1 denotes the length of time
series. M stands for MODWT.

Unlike discrete wavelet transform, MODWT suffers less
from boundary effects as its decomposed level is defined
for any sample size. Furthermore, MODWT offers better
alignment of decomposed wavelet and scaling coefficients at
each level with the original time series. As a result, the analysis
of localized signal variation with respect to scale and time is
easier with this process [22]. Next, the reconstructed signal
at levels 5 and 6 is passed through the TMF. This adaptive
approach emphasizes the input signal by convolving it with
another signal used as a template. This is an optimal filter and
the maximum signal-to-noise ratio of the output signal is its
optimal criterion [23].

The effectiveness of a TMF lies in the proper selection of the
template signal. In some studies, a polynomial approximation
is utilized to create a template in a 2-s time window [24].
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Fig. 8. Tachogram of the BBI from demodulated signals (a) with the proposed
algorithm, (b) without the proposed algorithm, and (c) PPG signal of Subject
D at 15 b/m.

Methods such as singular value decomposition [22] and
eigenvector-based spatial filtering [25] are also proposed to
generate the templates. Furthermore, the heart signal captured
keeping breath held for a few seconds has been used as a
template signal for studying HRV [15]. In this experiment,
the template is generated by filtering a 20-s segment of the
reference PPG signal. Next, according to the TMF algorithm,
the time-reversed and conjugated version of the template signal
is convolved with the reconstructed signal.

Assuming x[n] to be the reconstructed signal and h[n] as
the template signal, the TMF operation can be given as

xp[n] = x[n] x h*[—n] (14)

where x,[n] is the output signal. Finally, the peaks of the
output signal as well as the reference PPG signals are identified
[26]. The BBIs obtained with and without the algorithm
are shown in Fig. 8, along with the reference PPG signal.
The proposed algorithm effectively reduces harmonics in the
demodulated radar signal, resulting in a significant decrease
in false peaks. The AD signal with the algorithm exhibits
missing peaks and noise interference, which are more frequent
in the AD signal without the algorithm. Furthermore, the
BBI variability in the signal in Fig. 8(b) does not match the
reference signal and numerous false peaks are detected, mainly
due to harmonics interference, which is significantly reduced
when the algorithm is applied.

The average heart rate of the subjects at different breathing
rates is determined and listed in Table I. The proposed
algorithm presents a computationally effective and fast method
to extract heart rate using simple radar architecture. The mean
of the difference between average heart rates extracted from
the radar and the PPG is 1.56 BPM with a standard deviation
of 1.41 BPM with a mean absolute error (MAE) of 19 ms
for the extracted BBIs. This accuracy is within the expected
resolution for a low sampling rate of 100 Hz.

Furthermore, the Bland—Altman plots are presented in Fig. 9
to assess the accuracy of the algorithm in determining correct
BBIs from the radar signal. The bias in such plots refers
to the average of all differences between the BBIs extracted
from the radar signals and the reference PPG signal. The
limits of agreement between the BBIs of these two signals are
defined by the 95% confidence interval. The analysis shows
satisfactory agreement between the BBIs from two signals
at varying breathing rates, which shows the reliability of the
proposed method in removing the harmonics to improve the
beat-to-beat analysis of heart signals.
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TABLE I

AVERAGE HEART RATE EXTRACTED USING THE PROPOSED
ALGORITHM FOR ALL DATASETS

Average heart rate (BPM)

Dataset Radar PPG
Subject A (13b/m) | 67.63 69.29
Subject A (15b/m) | 66.59 65.48
Subject A (18b/m) | 69.86 67.32
Subject B (13b/m) | 65.58 62.97
Subject B (15b/m) | 59.87 60.09
Subject B (18b/m) | 59.32 60.52
Subject C (13b/m) | 65.23 63.99
Subject C (15b/m) | 64.88 65.20
Subject C (18b/m) | 68.70 68.03
Subject D (13b/m) | 79.31 79.33
Subject D (15b/m) | 80.34 85.44
Subject D (18b/m) | 81.88 84.02

(1.96.50)

085 080 035 160 105 110 115 5 1
Mean of BBIs(s) Mean of BBIs(s)

Fig. 9. Bland-Altman plots for BBI measurements for datasets from
Subject B at (a) 13, (b) 15, and (c) 18 b/m, respectively.

B. HRV Features

For this analysis, the HRV features extracted from the beat-
to-beat analysis are the standard deviation of BBIs (SDNN)
and the root mean square of successive differences (RMSSD).
Since all the datasets in this study were at most 2 min long,
these two features are used for their suitability in short-term
measurement [27]. SDNN is a measure of overall ANS activ-
ity. RMSSD is a measure of high-frequency HRYV, and it
reflects the integrity of the vagus nerve-meditated autonomic
control of the heart [27].

If a heartbeat N occurs at time #(n) where n € 1, N, the
interval between the beats can be denoted by 6(n) = t(n) —
t(n — 1), and the average BBI can be denoted by 5. Hence,
SDNN and RMSSD can be measured using the following two
equations:

R _
_ _ 2
SDNN = | —— ;(5(;1) 8) (15)
1 N
RMSSD = N 3 HZ:;‘[W) -8 -1 (16)

These two features extracted from the PPG and the heart
signal after applying the proposed algorithm are summarized
in Table II.

To better assess the improvement in beat-to-beat analysis
resulting from the harmonic attenuation by using AD, these
features are also obtained with a single-channel signal with a
lower harmonic content (Fig. 5). In all cases, AD accuracy is
within 38 ms with an average accuracy of 12.43 ms, whereas
single-channel accuracy is within 55 ms. This accuracy is
within the resolution for a 100-Hz sampling rate. Overall AD
accuracy is significantly higher than single-channel accuracy,
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TABLE II
EXTRACTED HRV FEATURES FROM BEAT-TO-BEAT ANALYSIS FOR ALL DATASETS
SDNN (ms) RMSSD (ms)
Dataset Radar Radar
Radar (Single Radar (Single
(AD signal) | Channel | TP | (AD signal) | Channel | FFO
signal) signal)
Subject A (13b/m) 64.83 107.13 68.55 58.36 116.84 74.26
Subject A (15b/m) 58.03 71.74 32.89 40.66 84.56 31.52
Subject A (18b/m) 42.09 61.34 34.89 43.09 49.74 27.96
Subject B (13b/m) 72.11 66.77 76.99 68.00 58.58 72.79
Subject B (15b/m) 75.70 54.58 71.79 83.54 59.67 78.19
Subject B (18b/m) 82.05 90.75 76.32 77.31 73.28 72.52
Subject C (13b/m) 28.83 36.23 41.63 28.04 31.78 37.62
Subject C (15b/m) 4487 51.81 32.18 29.52 53.59 25.62
Subject C (18b/m) 19.16 24.69 31.15 15.75 24.86 34.12
Subject D (13b/m) 54.01 68.75 40.08 56.17 87.29 32.70
Subject D (15b/m) 42.57 54.41 37.02 51.91 62.45 29.37
Subject D (18b/m) 56.21 46.86 35.22 65.05 51.83 28.02
TABLE III
COMPARING THE ACCURACY OF HRV FEATURES BETWEEN THE PUBLISHED DATA AND THE PROPOSED METHOD
Radar System Sampling rate (Hz) Data collection setup Igd[x;;r;\]AverageRENllTSog[()ms) Method
CW Quadrature Radar at .. Robust autocorrelation on linearly
13] 2.4 GHz operating frequency 1000 Seated position 2015 194.84 demodulated signals
7 CW Quadrature Radar at 1000 Seated it 1.97 2.86 Narrowband band pass filter bank
24 GHz operating frequency cated position 12.25 20.75 Chirp Z-transform
CW Quadrature Radar at Supine position in wake state 120.25 242.36 . L - . ]
18] 2.45 GHz operating frequency 1000 Supine position in drowsy state | 171.39 348.95 Peak detection alogirthm based on windows.
CW Quadrature Radar at . 2.56 6.37 Decoding peak detection
(28] 24 GHz operating frequency 50000 Seated position 236 705 Hidden semi-Markov model-based
i i radar signal segmentation
] j Proposed algorithm with single channel signals for 2
This work | f\gHQ“ad“‘?,'e l}ad“ a 100 Seated position 9.31 12.42 datasets (Subject C at 13b/m and Subject D at 18b/m)
! # operating frequency and AD signals for other datasets
10.71 14.16 Proposed algorithm with template matching filtering

even though in some cases single-channel harmonic content is
comparable or slightly lower than with AD. This is likely due
to single-channel harmonic content sensitivity to phase angle
(3) that does not affect AD output.

However, for datasets involving Subject C at 13 b/m and
Subject D at 18 b/m, the accuracy of HRV features obtained
from the single-channel signal surpasses those obtained with
AD. As can be seen from Fig. 5, both second and third
harmonic amplitudes are lower in the single-channel signals
in these two cases. The performance of circle fitting based
on the LM algorithm preceding AD deteriorates when a large
phase offset is present. Furthermore, the accuracy of AD is
degraded in the presence of a large phase offset inherent in
subjects breathing. Consequently, harmonics are not attenuated
to a significant extent using AD in these cases, resulting in
lower accuracy in beat-to-beat analysis. These cases with high
phase offset between the thorax and abdomen motion can be
identified through respiration harmonic analysis (Fig. 5) and
IQ plots (Fig. 6), and subsequently analyzed using a single
channel with a lower harmonic content.

The results given in Table II show agreement between the
HRYV features (SDNN and RMSSD) acquired from radar and
PPG signal. For all the measurements, the average difference
of SDNNs between radar and PPG signals varied less than
411 ms, while the RMSSDs between the two signals differed
less than £15 ms. The difference is reduced to £9.31 ms for
SDNN and +12.42 ms for RMSSD when single-channel signal
for datasets Subject C at 13 b/m and Subject D at 18 b/m and

AD signal for the rest of the datasets is used. Next, the MAE
is used to assess the accuracy of the proposed method and
is compared with the state-of-the-art algorithms as shown in
Table III [29].

Table III shows a comparison of the proposed method with
other published 2.4- and 24-GHz HRV data, that were all
captured at a higher sampling rate. Petrovic et al. [7] uses
a two-step process Chirp Z transform (CZT) to determine
coarse heartbeat followed by a selection of bandpass filter
bank and zero-cross peak detection to determine heartbeat
peak positions. Here, accuracy was improved using the cascade
of FIR bandpass filter bank that increased the computational
complexity as well. In [28], a hidden semi-Markov model
(HSMM), frequency envelogram, and data segmentation to
detect the heart sounds P1 (closure of the mitral valve) and P2
(closure of the pulmonary valve) of cardiac cycles. Although
the work reports a higher accuracy in the HRV features, their
proposed methods require a spectrogram of high resolution
which in turn necessitates a high sampling rate of 50 kHz for
data acquisition.

This study demonstrated the best HRV accuracy with
2.4 GHz radar, obtained with the lowest sampling rate of
only 100 Hz. The obtained HRV parameter accuracy is
within the sampling resolution limit, and sufficient for detect-
ing meaningful changes in ANS activity [30]. Furthermore,
this is the first paper to extensively demonstrate the effect
of respiration harmonics on both HR and HRV extraction.
Previously published papers, related to harmonics reduction
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[11], [12], [14], focused on HR extraction only. However,
the performance of the proposed method deteriorates in the
presence of a large phase offset as the circle fitting becomes
incorrect in these cases. As a solution, other demodulation
techniques that can enhance HRV analysis and attenuate
harmonic interferences even in the presence of high phase
offsets are planned to be studied.

VI. CONCLUSION

This article demonstrates the theoretical and experimental
sensitivity of respiration harmonic content to signal
demodulation and respiration features, such as phase
delay between the abdomen and thorax motion during
respiratory effort. Arctangent demodulation with imbalance
and dc compensation is used to reduce the harmonic content.
The highest reduction in harmonics using AD is reported
to be 87.14% and 83.03% with respect to I-channel and
Q-channel signals, respectively. An algorithm incorporating
multiresolution analysis, MODWT with TMF, is proposed
to extract the heart signal from AD signals. The proposed
method was tested using human subject data obtained using
a 2.4-GHz CW quadrature DR with a 100-Hz sampling rate.
HRV parameters, SDNN and RMSSD, were estimated with
an accuracy of 12.43 ms compared to a PPG reference. These
results present the highest HRV accuracy reported to date
using 2.4 GHz DR with a minimal sampling rate.

While AD provided significant accuracy improvement
for all datasets, it was found theoretically and confirmed
experimentally that high phase delay between thorax and
abdomen motion limits the effectiveness of AD. Those cases
can be identified based on respiration harmonic content and
IQ plot features and can be more effectively analyzed using
the single channel with the lowest harmonic content. This
method demonstrated improvement of 10.71 ms in SDNN,
and 14.16 ms in RMSSD, and lowered the overall MAE to
12.43 ms.

Time domain measurements related to average HR have
been used to study the cross-sectional association between
anxiety and reduced HRV. In the future, the aim is to correlate
HRV features, such as SDNN and RMSSD, for noninvasive
stress assessment.
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