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Abstract: Self-mixing optical coherent detection is a non-contact measurement technique which
provides accurate information about the vibration frequency of any test subject. In this research,
novel designs of optical homodyne and heterodyne detection techniques are explained. Homodyne
and heterodyne setups are used for measuring the frequency of the modulated optical signal. This
technique works on the principle of the optical interferometer, which provides a coherent detection
of two self-mixing beams. In the optical homodyne technique, one of the two beams receives direct
modulation from the vibration frequency of the test subject. In the optical heterodyne detection
technique, one of the two optical beams is subjected to modulation by an acousto-optics modulator
before becoming further modulated by the vibration frequency of the test subject. These two optical
signals form an interference pattern that contains the information of the vibration frequency. The
measurement of cardiovascular signals, such as heart rate and heart rate variability, are performed
with both homodyne and heterodyne techniques. The optical coherent detection technique provides
a high accuracy for the measurement of heart period and heart rate variability. The vibrocardiogram
output obtained from both techniques are compared for different heart rate values. Results obtained
from both optical homodyne and heterodyne detection techniques are compared and found to be
within 1% of deviation value. The results obtained from both the optical techniques have a deviation
of less than 1 beat per minute from their corresponding ECG values.

Keywords: homodyne detection; heterodyne detection; Mach-Zehnder interferometer; acousto-
optics modulator; vibrocardiogram; heart period; heart rate; heart rate variability

1. Introduction

The maximum critical cases across the world are related to chronic cardiorespiratory
conditions. Demographic changes are expected to cause home monitoring approaches
to take a leading role in the future treatment of such patients [1,2]. Remote monitoring
technologies have gained a significant importance in the COVID-19 era. During the
pandemic, the use of non-contact type techniques for the measurement of bio-parameters
have increased rapidly. Although fixed-on-body electrodes are reliable and give good
signal quality, there are several disadvantages of this method. The major demerit of
this technique is the direct fixing of electrodes on skin, as it leads to discomfort among
patients. Direct measurement on skin becomes very critical, especially in the case of infants
and people with burn injuries. Therefore, the interpretation of cardiovascular signals
through unobtrusive means has gained importance in recent years. A vast amount of
research is available for the measurement of cardiovascular parameters, but most of the
research is related to contact type measurement. There is much less clinical awareness of
non-contact type optical measurement of cardiovascular parameters. There are several
reasons contributing to this fact, such as the absence of a specific therapy for prognosis
improvement. Furthermore, there is a lack of standardized methodology for parameter
assessment due to the variability of factors, such as gender, age, medical history for illness,
and drug interferences [3]. The common intention behind this development is to enable the
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monitoring of cardiovascular parameters, such as heart rate (HR) and heart rate variability
(HRV), in scenarios that prevent the use of conventional clinical sensors, normally requiring
some sort of direct electrical (resistive) or mechanical coupling. Less variation in HR is
not good for the health of a person. Generally, a high variability in HR is an indicator of
good health for a person [4,5]. HRV provides information about the person’s physical and
emotional response towards any illness and stress [6]. It can provide important information
about blood sugar, blood pressure, digestion, and the respiration cycle. Understanding HRV
provides vital information about many biological systems and processes. The measurement
of HRV is more complex than the measurement of HR. As HRV measurement involves
changes in the heart period in the order of milliseconds, it requires higher degrees of
accuracy than HR.

Optical interferometer-based detection setups are widely used in many fields, such
as medicine, automation, and architecture. Optical coherent detection techniques mainly
consist of homodyne and heterodyne type detection methods. S.E. Jacobs first provided the
theoretical comparisons of two detection schemes [7], compared the modulation schemes
of both techniques, and provided the methods of optical beating inside a Mach-Zehnder
interferometer. Koukoulas et. al. presented the results of a hydrophone calibration compar-
ison between reciprocity and interferometry [8]. The same author provided a comparison
between heterodyne and homodyne interferometry in order to realize the acoustic pascal
unit of acoustic pressure in water [9]. The author directly compared the two techniques
used in underwater acoustics and ultrasonics in terms of acoustic pressure estimation.

More recently, laser vibrometers have been considered for the non-contact monitor-
ing of cardiac activity from measurements performed on the chest wall. Laser Doppler
vibrometer-based methods are used to perform both HR and HRV analysis, with results
equivalent to ECG. Tomasini et al. demonstrated the measurement of pressure waves by
means of a laser vibrometer [10]. Morbiducci U et al. used a commercial laser Doppler
vibrometer for vibratory measurements at long operative distances (tens of meters) [11,12].
Lorenzo Scalise et al. proposed a protocol for monitoring cardiac activity by measuring
the skin surface vibrations of the main neck vessels caused by vascular wall motion in the
carotid artery [13]. The author proposed the measurement of the velocity of displacement of
the skin in correspondence to the chest wall. The method is based on the optical recording
of the movements of the neck by means of laser Doppler interferometry. De Melis et al.
proposed a vibratory signal measurement from the chest wall and carotid [14]. Many
studies have demonstrated displacement measurements with % (or better resolution). In
this approach, scattered light from a vibrating surface is used to detect the amplitude and
frequency of surface vibrations [15-17]. Many studies have demonstrated the absolute
distance measurement with a self-mixing method [18-22].

The heart and lungs work together to transport oxygenated blood throughout the
body. Deformation of the heart results in the generation of vibration frequencies on human
skin, especially on the chest wall and the wrist. Therefore, the analysis of vibrations on
the skin surface provides crucial information about the type of disorder. The movement
and deformation of the heart, as well as the pulse wave traveling through the body,
results in displacement and vibration of the body surface [23]. The human chest wall
consists of independent mechanical components that contribute to chest wall mechanics.
Optical coherent detection is one of the important techniques for measuring the frequency
of vibration on a test subject. The aim of the optical sensing method proposed here
is to observe the activity of the heart with an approach based on a custom-made low-
cost self-mixing laser interferometer. The optical interferometer-based system directly
measures the vibration frequency on human skin with a very high accuracy and temporal
resolution. The coherent detection technique involves the vibration measurement by two
independent optical setups, namely homodyne and heterodyne. It works on the principle
of the modulation of light signal by mechanical vibrations. Measurements carried out with
these techniques are non-intrusive and non-destructive. These techniques are completely
contactless and are relatively precise and sensitive [24]. The detection method is called
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self-mixing because the two interfering beams are obtained from the same optical source
from the beam splitter [25]. The optical coherent detection technique is useful for the
monitoring of the burnt patients or preterm infants.

The main contributions of this research are:

1. A novel design of a self-mixing optical homodyne and heterodyne detection setup for
measuring the vibrations of chest wall or wrist position is proposed;

2. A comparison of results of homodyne and heterodyne techniques with available
contact type measurement techniques, such as an electrocardiogram (ECG), is studied;

3. The feature extraction of the vibrocardiogram (VCG) signal for the monitoring of HR
and HRYV is obtained.

In this research paper, Section 2 describes the modulation scheme for the design of
optical homodyne detection and optical heterodyne detection. Section 3 provides details
about the experimental setup for the measurement of vibration on the chest wall and wrist.
Section 4 analyses the results of the HR and HRV measurement. In this section, feature
extraction of vibrocardiogram (VCG) waves is performed and its mapping with ECG signal
is explained. Further, the results of optical homodyne and heterodyne techniques are
compared based on the results. The research also provides details of the construction of the
proposed optical homodyne and heterodyne setups.

2. Optical Coherent Detection Technique

The optical coherent detection techniques consist of a Mach-Zehnder interferometer or
Michelson interferometer. In a Mach-Zehnder interferometer, an optical signal is divided
into two parts with a beam splitter. These two beams travel a distance of L; and L, in
two orthogonal arms of the interferometer and are combined at another beam coupler, as
shown in Figure 1. The two signals are made to travel exact equal distances, so that the

total path difference between these beams is always zero.
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Figure 1. Mach—Zehnder Interferometer.

Mirrors M1 and M2 are used to fine tune the total path difference between the two
beams. Once the path difference (i.e., AL = L1 — L) is zero, the phase difference between
the two beams becomes constant or zero, as the phase difference Ag is directly proportional
to the path difference [26]. The interference pattern is observed at the photo detector. The
phase difference (in radians) between the two beams is given by,

Ag = ZTHAL 1)
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If the two beams travel an equal path, the path difference between them will be either
zero or constant. It will lead to a constant phase difference between the two beams [27].
The condition for constructive interference is given by,

AL=mnA forn=0,1,2... 2)

The condition of destructive interference is given by,
A
AL:(n—l—l)E forn=0,1,2... (©)]

2.1. Optical Homodyne Detection

Even the well-behaved lasers, such as the Nd:YAG laser and He: Ne laser, show
frequency fluctuations due to thermal change and vibrations. One solution for this problem
is to use the same laser for the local oscillator and the signal beams. This type of system
is called a “homodyne” system. The main advantage of this system is its insensitivity
towards frequency fluctuations when the path length of the two arms are equal. The optical
homodyne detection technique requires interference of the two optical beams. The first
beam is the input optical carrier signal with frequency f;, while the second optical beam is
provided by a local oscillator with frequency f1o, as shown in Figure 2. The optical signal
is demodulated directly to the baseband. It requires a local oscillator whose frequency
matches the carrier signal and whose phase is locked to the incoming signal (f; = f10).
Information can be transmitted through amplitude, phase, or frequency modulation [28].

Input Signal _ Is ll( i ».__
fro—

A
fro

LO

Figure 2. Optical homodyne detection.
The input carrier signal is given by,
Es = AsExp [—j(wst + @s)] 4)
and the local oscillator signal is given by,
Ero = AroExp [—j(wrot + P10)] ®)

The output power of the photodetector is,

P(t) = Ps+ Pro +2\/%Cos(w1pt + P) (6)
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3 dB Coupler.

and the power of the modulated signal is given by,

A2
P = 75 (7)
while the power of the local oscillator signal is given by,
A2
Pro = 750 8)

The intermediate frequency signal is given by wjr, which is the difference of the carrier
signal and local oscillator signal frequency.

WIF = Ws — WO )

The overall phase shift observed at the detector is the difference of the phase of input
carrier signal and the local oscillator signal. The overall phase shift is given by,

b= —Prp (10)

2.2. Heart Rate Detection with Self-Mixing Optical Homodyne Technique

The optical homodyne detection technique for HR detection makes use of self-mixing
of the same type of frequency signal, as shown in Figure 3. The laser diode signal with
frequency fy is split in two orthogonal arms of a Michelson interferometer by a 3 dB beam
splitter. The frequency of the optical signal remains the same (fy) in both orthogonal
arms. In this case, the local oscillator signal is provided by a fixed mirror M, which reflects
back the same optical signal, whose frequency is fy. The modulated optical signal is the
optical signal that is reflected from the skin surface of the human test subject. Both the local
oscillator and modulated signals are obtained in two orthogonal arms of the Michelson
interferometer. Optical signals travel in the two orthogonal arms and are combined at the
same 3 dB splitter. In this case, both optical signals travel the same path distance in the two
arms of the interferometer.

fo— (foxfp)

Photo diode fp= Pulse Rate
[ ] fo= Fundamental Frequency of laser

Modulated bio-signal

fotfp

CW Laser
660 nm
fo

fo "

Subject

Local oscillator signal

v fo

\4
—

Fixed Mirror M

Figure 3. Self-mixing homodyne detection for heartbeat measurement.
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Thus, the total path difference in the two orthogonal arms becomes zero. The zero-
path difference in both orthogonal arms leads to zero phase difference between two optical
signals. Therefore, the phase of the carrier signal with frequency fo & f, is matched to the
local oscillator signal with frequency fy and the phase of both the beams are locked [29].
The Modulated bio signal is given by,

Es = AsExp [—j[27(fo £ fp)t + ®s]] (11)
The local oscillator signal is given by,
Ero = AroExp [—jl21tfot + Pro]l, (12)

The output power of the photodetector is,

P(t) = Ps + Pro + 2/ PsP o cos(2m fipt + s — D1 ), (13)

The intermediate frequency signal is given by fr, which is the difference of the carrier
signal and the local oscillator signal frequency.

fir = (fo£ fp) — fo, (14)

The beating of the two optical signals provides the HR frequency (f,) at the photo
detector, which is equal to fir, i.e.,

fir = fp (15)

The overall phase shift observed at the detector is the difference of phase of modulating
bio signal (®;,;) and phase of input optical signal (&;). It is given as,

D = Oy — Dy (16)

The phase difference between both orthogonal beams is zero and constant inside the
interferometer.

2.3. Optical Heterodyne Detection Technique

The optical heterodyne detection scheme consists of acousto-optic modulators (AOM)
in order to generate an optical frequency shift. An acousto-optic effect is generated with
an acoustic wave into a lead molybdate crystal. The acoustic wave causes a change in
the refractive index, which is periodic in nature. This generates an effect analogous to a
moving diffraction grating along the material, with the site spacing equal to the wavelength
of the acoustic wave. An AOM cell, as shown in Figure 4, is constructed using a piezo-
electric transducer to introduce the sound waves into the transparent material. It creates a
diffraction grating in the material which has a spacing equal to the order of the wavelength
of the acoustic wave. A piezo-electric transducer is used to create the acoustic wave into
the lead molybdate crystal. In AOM, the angle of incidence satisfies Bragg’s condition for
constructive interference. The period of spacing created by the acoustic wave is given by A.
In order to satisfy Bragg’s condition, the incident angle () is given by,

0 =sin! (22\/\) (17)



Appl. Syst. Innov. 2021, 4, 48 7 of 29

Acoustic Absorber

Incident +1
beam ] Order

“““ 0 Order

—1 Order

Acoustic
Wave

Piezo Transducer

Figure 4. Structure of AOM.

The optical heterodyne technique makes use of modulation from the AOM frequency
signal, as shown in Figure 5. The input signal with frequency f; is combined with the
local oscillator signal with frequency fro by using a 3 dB beam combiner. The combined
frequency of the optical signal remains the same (fs — f1p) in both orthogonal arms.
The AOM modulates the optical signal in one arm with modulation frequency f,,. The
optical beating of one signal with frequency f; — fio — fm and the other signal with
frequency fs — fro will result in the direct detection of modulation frequency f;,; at the
photo receiver [30].

O/E

(Fs=Fro) = fm

—iA>

fm RF

Amplifier
fs fs - fLO
O/E
fro
LO

Figure 5. Optical heterodyne detection.

2.4. Heart Rate Detection with Self Mixing Optical Heterodyne Technique

The self mixing interferometer consists of a Mach-Zehnder interferometer, as shown
in Figure 6. Unlike homodyne detection, the frequency of the fundamental optical signal
is not same as the local oscillator signal (fp # fLo) in heterodyne detection. Therefore,
the modulation frequency f, is detected at the receiver due to optical beating. The self-
mixing optical heterodyne detection technique makes use of AOM in the test arm of
the interferometer.
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Figure 6. Self-mixing heterodyne detection with M-Z interferometer.

Figure 7 shows the detection of the HR signal with the self-mixing heterodyne detec-
tion scheme. The test arm of the Mach-Zehnder interferometer consists of an AOM. The
optical signal first becomes modulated by the RF frequency f,, given to the AOM. Further,
this signal is subjected to another modulation by reflection from the chest wall of the test
subject. The chest wall vibrations are due to the HR frequency fy. The optical signal after
reflection from the chest wall has a frequency of f; £ f, £ fy. The fundamental optical
signal passes through the reference arm of interferometer. The fundamental optical signal
and bio-modulated optical signal orthogonally combine at the 3 dB coupler. In this case,
in both arms of the interferometer, optical signals travel the same path distance. The total
path difference in the two orthogonal arms becomes zero. The zero-path difference in both
orthogonal arms leads to a zero phase difference between the two signals. Therefore, the
phase of the modulated signal with frequency f; &+ f,;, £ fy is matched to local oscillator
signal with frequency f; and the phase of both the beams are locked [31].

RF

Amplifier AOM

fs fs + fm o

Density Polarizer

fo+ fom +fy
Filter Splitter
fo + fn +fu
fs 3dB

Coupler N
Mirror "W > —\' >. fm +fH
M1 f-;‘ I Photo
_____________________________________ ' Photo Detector 1
f | Detector 2
m

fu '— For s

Figure 7. Self-mixing heterodyne detection with human test subject.
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The modulated bio signal in the test arm of the interferometer is given by,
Esi = AstExp [—j[(ws £ wm £ why)t + Py 4] (18)
The fundamental optical signal in the reference arm of the interferometer is given by
Es, = As Exp [—jlwst + Ds r]] (19)
The output power of the photodetector is given by,
P(t) = Pyt 4 Py +2+/PstPs r cos (27 fipt + ®gp — Ps ) (20)

The intermediate frequency signal is given by fir, which is the difference between the
frequency of the test and the reference signals.

fIF:(fsifmifH>_fs (21)

fir  provides the heart frequency with the modulation frequency of AOM at the
photo detector,

fir = fu*xfu (22)

The overall phase shift observed at the detector is the phase difference of the modulat-
ing signal in the test arm and the fundamental signal in the reference arm [32]

S =P — D (23)

3. Experimental Setup of Optical Homodyne and Heterodyne Detection
3.1. Experiment for Heart Rate Detection with Self-Mixing Optical Homodyne Technique

Thin nano film reflectors are used for reflection of the laser signal. These reflectors
are mounted on the wrist and chest wall of the test subject. Due to their negligible mass,
thin film reflectors vibrate with the same frequency as that of heart frequency. The thin
film reflectors are prepared with gold sputtering and aluminum sputtering techniques.
Thin antireflection coating on glass for optical applications are deposited by sputtering.
Sputtering is a vapor phase deposition (PVD) method of thin film deposition [33]. This
involves ejecting material from source onto a silicon wafer. Optical coatings are deposited in
the wavelength regions between visible and far-IR. The used samples were silica substrates
with thickness of 1 um. The atomic force microscopy (AFM) image of gold-sputtered thin
film nano reflector is shown in Figure 8. In order to optimize the quality of the bio-signal,
a thin film reflector with an adhesive tape was placed on the chest wall. The thin film
reflector increases the S/N ratio of the vibratory signal. Instead of thin film reflectors,
45% hydrating zinc oxide spray or paste on skin can also be used in order to maximize
the reflection.

u ;
A0
if -E

Ad’

(b)

l’n ed |

Figure 8. (a) Gold deposition process on silica substrate; (b) thin film reflector on wrist position.
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The experiment setup of homodyne detection consisted of a laser diode, a beam
splitter, mirrors, and photodetectors. The laser diode used in this setup was semiconductor
AlGalnP laser with wavelength 660 nm and power 10 mW. The laser beam is split into
two parts by a beam splitter. One beam travels towards the fixed mirror while other beam
travels towards thin film reflector, which is fixed on the human wrist or the chest wall. Both
beams after reflection from the mirrors combine at the same beam splitter and interference
pattern is observed at the photodetector. A tight strip band is fixed near the elbow position
so that heart pulse is properly located on the wrist. Figure 9 shows the experimental
setup for homodyne detection scheme. Figure 10 shows the response of photodetector
for homodyne detection. It clearly shows measurement of vibration on human wrist skin,
which indicates heart frequency. The measurement of heart frequency was carried out at the
chest wall position with similar results. The laser was placed at approximately 10 cm from
the subject’s chest wall and wrist position [34]. A low pass filter (cut off frequency < 5 Hz)
was placed in series with photo detector for denoising of the optical beat signal. Laser
diode with power of 10 mW was used, so that no special safety measures were required.
Even with low power level, a working distance of 10 m is feasible.

Photo
Detector

P
CMI-4F

Beam
4 Splitter

Thin film
reflector

Figure 9. HR detection with optical homodyne technique.
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Figure 10. HR detection on wrist position with optical homodyne technique.
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3.2. Experiment of Heart Rate Detection with Self Mixing Optical Heterodyne Technique

The AOM used for this experiment was ISOMET AOM with model number 1205C-2 [35].
Table 1 shows the specifications of ISOMET AOM.

Table 1. AOM specification.

Parameter Specification
Material Lead molybdate
Active aperture 2 mm
Center frequency 60 MHz
Center wavelength 660 nm

An RF signal source was used to modulate the reference frequency of the actual laser
beam. RF signal generator tunes the laser beam given to AOM and modulates it with
various frequency range. Further, an RF amplifier was used in series with RF generator to
provide high gain. RF amplifier was needed because AOM requires a minimum 25 dBm
RF power as an input in order to provide modulation. The maximum gain of 32 dB can be
obtained with RF amplifier. Table 2 shows the specifications of the RF generator and the
RF amplifier circuit.

Table 2. Specification of RF generator and amplifier.

Parameter Specification
RF signal generator voltage 12V
RF signal generator output frequency 70 MHz-200 MHz
Output power RF generator 10 dBm
RF amplifier supply voltage 12V DC
RF amplifier gain 32dB

The optical signal produced multiple order side bands with frequency
454.5 THz £ 60 MHz. These side bands are shown in Figure 11a,b. Figure 12 shows the
modulation of 660 nm laser beam with 60 MHz RF signal, where 660 nm laser corresponds
to 454.5 THz frequency. Light signal was modulated by the RF signal of 60 MHz after
passing through AOM [36].

-1

0 order

Oth order

(b)

Figure 11. (a) Working of AOM; (b) observation of higher order modes after modulation of laser from AOM.
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best fit data [\

original data |, © o

454.5 THz

Amplitude

454.5 THz +60 MHz

f (THz)

Figure 12. First order modulation of 660 nm laser with AOM with central frequency 60 MHz.

Figure 13a,b shows the optical heterodyne detection setup and measurement of heart
frequency at the wrist position of the test subject, respectively. The optical signal is divided
into two parts with beam splitter. One part of the optical signal travels in test arm of
interferometer which consists of an AOM, while the other part of the optical signal travels
in the reference arm of the interferometer. The bio-modulated optical signal reflected from
the subject is combined with AOM modulated optical signal at a beam splitter in the test
arm. The optical beat signal of test arm and reference arm is obtained at the 3 dB coupler.
The measurement procedure on human skin for optical heterodyne detection was the same
as that of the optical homodyne detection setup.

Thin film _

reflector

(] o o0 o0 o «
Beam / A
SENNCHe < 72 @ «
ra ¥ /
. Q 2 5

§ Bio-modulated
light signal

(4]

-

9

[v7
Ve
\
Q » & o o
>y

) © o o

Photo
Detector

(b)

Figure 13. (a) Experimental setup for optical heterodyne detection; (b) measurement on human wrist position.

Figure 14 shows the response of the photodetector for intermediate frequency fir.
Figure 15 shows the detection of heart frequency fy. The heart frequency fi was obtained
by demodulation of intermediate frequency fir with modulation frequency f,. A frequency
mixer was used for the purpose of demodulation and extraction of heart frequency from
intermediate frequency.
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Figure 14. Modulation frequency along with chest wall frequency detection.
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Figure 15. Modulation frequency along with chest wall frequency detection.

4. Measurement Results of HR and HRV with Optical Homodyne and
Heterodyne Technique

HR is measured in average beats per minute, while HRV measures the specific changes
in time between successive heart beats. A low HR indicates rest, while a high HR cor-
responds with physical exertion. The interbeat interval or heart period (HP) is the time
between successive heart beats.

4.1. Recording of Vibrocardiogram and Electrocardiogram Signal

It is equally important to compare a non-contact type optical detection method with
existing contact type measurement methods, such as ECG. The commercially available
AD8232 chip, designed for ultra-low power applications, is used as a contact type sensor
for a results comparison with an accuracy of more than 96% [37,38]. AD8232 is used in a
three electrode configuration and makes use of right arm (RA), left arm (LA), and right leg
(RL) electrodes to acquire bio-potential signal. It has the capability to acquire, amplify, and
filter bio-potential signals. This chip is capable of eliminating the motion artifacts and the
electrode half-cell potential. The output obtained from the AD8232 module is processed
with a microcontroller. The standard PORST waveform signal is obtained with it. The
successive R-R interval (Tggr) in milliseconds is calculated for the HR measurement. The
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detrending and denoising of the raw ECG signal is performed by wavelet analysis. The
equation to calculate HR in beats per minute is given as,

1
HR (TRR X 60>
The optical beat signal obtained from the coherent detection is called a vibrocardio-
gram (VCG), as the light signal is modulated by vibrations from the chest wall or wrist.
On each individual measurement, the ECG and VCG traces were simultaneously recorded.
Figures 16-22 shows the detection of the HR with optical sensing. Short-term record-
ings (5 min) were carried out on 20 human subjects (ten males aged from 20 to 40 years;
ten females aged from 20 to 40 years). All the participants signed an informed consent
agreement before taking part in the tests. The HR per minute is measured for a different
set of test subjects, with varying physical activities, such as running, walking, speaking,
and resting [39]. The ECG and VCG data are recorded for multiple human subjects and
are mainly divided into three categories (resting, active, and exertion). Table 3 shows
information about the subjects under test.
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Figure 16. ECG and VCG signal for 72 heart beats per minute.
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Figure 17. ECG and VCG signal for 78 heart beats per minute.
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Figure 22. ECG and VCG signal for 108 heart beats per minute.
Table 3. Characteristics of test subjects under test.
Subject Gender Age Weight Height Body Mass Index
Number (Years) (kg) (m) (BMID) (kg-m~2)
1 M 20 61 1.71 20.86
2 M 20 59 1.69 20.65
3 M 22 64 1.73 21.38
4 M 22 66 1.75 21.55
5 M 25 68 1.79 21.22
6 M 25 64 1.75 20.89
7 M 30 65 1.70 22.49
8 M 32 67 1.84 19.78
9 M 38 69 1.77 22.02
10 M 40 70 1.76 22.59
11 F 20 55 1.76 17.75
12 F 20 53 1.71 18.12
13 F 22 57 1.74 18.82
14 F 25 64 1.78 20.20
15 F 25 58 1.73 19.37
16 F 28 68 1.80 20.98
17 F 30 64 1.78 20.19
18 F 32 63 1.70 21.79
19 F 38 67 1.75 21.87
20 F 40 69 1.65 25.34
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For the HR measurement of physical exertion, the test subjects were asked to go
through excessive physical activities, such as climbing stairs or exercise, just before the
measurement. Physical exertion leads to artifacts in the measurement on the test subject.
These artifacts are basically associated with a high respiration rate, which causes rapid
change in the chest wall motion. Frequent motion of the chest wall leads to shift in the
baseline of the VCG signal. The motion artifacts associated with respiration are always
present in the HR signal in the form of baseline wandering. The baseline drift is removed
by denoising and detrending. Figure 23 shows the VCG signal for 72 bpm, 90 bpm, and
102 bpm with the same time axis. From Figure 23, the VCG signals with different HR can
be identified easily.

—VCG1 —VCG2 —VCG3

Amplitude (V)

Figure 23. VCG signals obtained for different values of HR: VCG1, 72 bpm; VCG2, 90 bpm; VCG3, 102 bpm.

4.2. Feature Extraction in VCG and Its Mapping with ECG

The oxygen-rich blood returns from the lungs and flows into the heart’s upper left
atrium. The oxygen-depleted blood returns from the rest of the body and flows into the
right atrium. Both the left and the right atria become filled with blood. The sinus node
(SA) in the right atrium produces a small electrical pulse. The systole and diastole are
the two processes that are associated with the period of contraction and relaxation of the
heart, respectively. The electrical pulse causes the heart contraction. Due to this, mechani-
cal vibrations are originated and propagate through different tissue layers before being
detected on the skin with an optical sensing technique [40]. The factors which influence
the vibration signal are the time and amplitude characteristics of the electrical pulse and
the mechanical response of the heart. These factors depend on specific characteristics,
such as body mass index (BMI) and the medical history for the disease. It is important to
map the electrical activity of the heart with its mechanical response, as it provides useful
information about the activity of the heart. In the following section, the mapping of ECG
and VCG is performed, and its significance is explained.

1. P wave: The P wave represents the depolarization of the left and right atrium. It
corresponds to atrial contraction. The point of local maximum in the ECG for the P
wave corresponds to the point of the first local minima U in the VCG, as shown in
Figure 24. The opposite nature of the electrical and mechanical signal is due to atrial
contractions [41];
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Figure 24. Mapping of P wave of ECG and U; wave of VCG.

2.

PR interval: During the PR interval, the electrical pulse moves from atria to ventricles.
The PR interval in the ECG has a duration of approximately 120-200 ms. The contrac-
tions of ventricles generate vibration patterns that are observable in the VCG plot.
When the ventricle contracts, a dominant negative deflection is generated. Thus, it is
possible to distinguish between a heartbeat and a beat drop. The atrial contractions
result in positive deflections. The PR interval in the ECG is mapped to the interval
between the first local minima U; and the second zero crossing of the VCG signal;
QRS complex: The point Q in the ECG corresponds to the point of first local maximum
V1, while the point of minimum S in the ECG corresponds to the point of second local
minima U, in the vibrocardiogram signal, as shown in Figure 25. The R wave in the
ECG corresponds to the zero crossing of the VCG signal [42]. The zero crossing is a
point which is located at the center of V; and U,. It is located exactly at the center of
the first maxima and the second minima of the VCG signal.

Figure 25. Mapping of QRS complex of ECG and V; U, complex of VCG.

The total time duration of the QRS signal represents the depolarization of ventricles.

During this time interval, the chest wall vibration reduces significantly from maximum
to minimum;



Appl. Syst. Innov. 2021, 4, 48

19 of 29

4. ST segment: The T wave represents ventricular repolarization. It appears as a small
wave after the QRS complex. The ST segment starts at the end of the S wave and ends
at the beginning of the T wave. The ST segment is an isoelectric line that represents
the time between depolarization and repolarization of the ventricles. The T wave in
the ECG corresponds to the V, wave of the VCG, as shown in Figure 26;

Figure 26. Mapping of T wave of ECG and V, wave of VCG.

5. QT interval: The QT interval begins at the start of the QRS complex and finishes at
the end of the T wave. The QT interval in the ECG is mapped to the V;V; interval
of the VCG. It represents the time taken for the ventricles to depolarize and then
repolarize [43].

The complete VCG cycle is mapped to the ECG cycle for the heart period (HP).
Figure 27 shows the significance of features in the VCG with reference to the ECG. From
the recordings of both the signals, the relationship between the ECG to the vibratory signal
VCG in terms of heart rate variations is analyzed. The peak vibratory signal is due to chest
wall motion. This signal is generated due to cardiac muscle contraction triggered by the
electrical signal. The first local maximum value is labeled as V; in the VCG, while the first
local maximum in the ECG curve is labeled as R. For the measurement of HR and HRV,
V-V interval (Tyy) is considered, and this measurement is compared with the R-R interval
(TrRr) in the ECG trace [44]. By using Equation (23), the HR can be calculated from the VCG
signal as,

1
HR = (T X 60) (25)
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Figure 27. Mapping of complete ECG wave with VCG wave.



Appl. Syst. Innov. 2021, 4, 48

20 of 29

4.3. Measurement of HRV

The time difference between two successive R peaks is calculated throughout the
ECG wave. The mean value of this time difference is called the R period. Similarly, the
time difference between two successive V; peaks is calculated, and this time difference is
called the V period. The R period and V period provide the time duration for each heart
activity. The difference between two consecutive R period intervals is calculated as the R-R
variability, while the difference between two consecutive V period intervals is calculated
as the V-V variability [45]. In this experiment, different subjects with different ages and
BMI are considered. Table 4 shows an example of the measurement of the heart period and
HRYV by means of ECG and VCG waveforms. For this measurement, the test subject was
in a state of rest. In order to measure the HRV, the periodic characteristic related to the
heartbeat needs to be identified [46].

Table 4. Heart period and HRV measurement for test subject under relax condition with ECG and VCG analysis.

Heartbeat Count R Period (s) R-R Variability (s) U Period (s) V Period (s) V-V Variability (s)
1 0.256836 - 0.23564 0.27564 -
2 1.283203 1.026367 1.207031 1.247031 0.971391
3 2.301758 1.018555 2.2177735 2.2577735 1.0107425
4 3.321289 1.019531 3.2285155 3.2685155 1.010742
5 4.28125 0.959961 4.25 4.29 1.0214845
6 5.303711 1.022461 5.2714845 5.3114845 1.0214845
7 6.291992 0.988281 6.2929685 6.3329685 1.021484
8 7.303711 1.011719 7.314453 7.354453 1.0214845
9 8.256836 0.953125 8.324453 8.364453 1.01
10 9.303711 1.046875 9.364453 9.404453 1.04
11 10.2978515 0.9941405 10.324453 10.364453 0.96
12 11.3427735 1.044922 11.2914453 11.3314453 0.9669923
13 12.2714845 0.928711 12.3214453 12.3614453 1.03
14 13.276367 1.0048825 13.314453 13.354453 0.9930077
15 14.256836 0.980469 14.314453 14.354453 1
16 15.321289 1.064453 15.3231445 15.3631445 1.00869153
17 16.41289 1.091601 16.354453 16.394453 1.03130847
18 17.361289 0.948399 17.384453 17.424453 1.03
19 18.381289 1.02 18.384453 18.424453 1
20 19.5289 1.147611 19.434453 19.474453 1.05

From Table 4, the mean value of the R-R interval is calculated to be 101.056 ms with a
standard deviation of 48.8 ms and a standard error value of 6 ms, while the mean value of
the V-V interval is calculated to be 101.257 ms with a standard deviation of 36.3 ms and a
standard error of 4 ms. The UU variability and VV variability are equal, as they are part of
the same signal. Therefore, for further analysis of HRV, only one of UU or VV variability
is considered.

Figure 28 shows the column chart representation of variability in the R-R interval,
U-U interval, and V-V interval, simultaneously. The heart period for each heartbeat count
for both the ECG and VCG signal is represented as a vertical column line. For the VCG
signal, the heart interval is measured for both the U-U and V-V wave, while the R-R wave
is considered for the ECG [47]. From Figure 26, it is clear that the measurement of HRV
from the ECG and VCG plots shows similar results, with a less than 1% deviation value.
Figures 29 and 30 show the R-R and V-V variability plot for the test subject under sleep.
A HR of 40 bpm is measured with the test subject under deep sleep. Figure 31 shows
HRYV analysis of the test subject under an active state, and a HR of 72 bpm is measured.
Figures 32 and 33 show HRV analysis of the test subject under excessive stress and physical
exertion, respectively. A HR of 96 bpm and 108 bpm are recorded for test subjects under
excessive stress and physical exertion, respectively. All results shown here are obtained on
the chest wall. Figure 34 shows the HRV in the ECG and VCG for different test subjects. The
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measurement of HRV from the VCG shows much less deviation from their corresponding
ECG values.
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Figure 28. Comparison of R-R, U-U, and V-V variability from ECG and VCG for HR 60 bpm.
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Figure 29. Comparison of R-R and V-V variability from ECG and VCG for test subject under sleep.
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Figure 30. Comparison of R-R and V-V variability from ECG and VCG for HR 54 bpm.
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Figure 31. Comparison of R-R and V-V variability from ECG and VCG for HR 72 bpm.
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Figure 32. Comparison of R-R and V-V variability from ECG and VCG for HR 96 bpm.
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Figure 33. Comparison of R-R and V-V variability from ECG and VCG for HR 108 bpm.
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Figure 34. R-R and V-V variability from ECG and VCG for different values of HR.
Table 5 shows a complete summary of HR and HRV for different test subjects under
deep sleep, active state, and excessive exertion. It is clear that the ECG recording and
VCG recording show similar results for HRV and HR. For non-contact type measurement,
both homodyne and heterodyne detection techniques are used. The HR and HRV values
obtained from homodyne and heterodyne detection show much less deviation from the
ECG values.
Table 5. Analysis of variability from RR and VV interval (measurement on chest wall).
Subiect No R-R Variability V-V Variability V-V Variability HR in bpm HR in bpm HR in bpm
e ) ECG (ms) Heterodyne (ms) Homodyne (ms) (ECG) (Heterodyne)  (Homodyne)
1 555+ 3 5545+ 3 554 + 3 108.02 108.20 108.30
15 713 +5 711 +3 709 £5 84.13 84.38 84.60
12 745+ 6 742 £ 3 741 £ 6 80.54 80.86 80.97
16 854 + 8 852 +4 849 =5 70.26 70.42 70.67
5 1010 £ 6 1012 + 4 1012 £ 4 59.37 59.29 59.25
7 1112 £ 6 1111 £ 6 1111 £ 6 53.96 54.00 54.00
19 1431 =10 1430 =8 1429 £ 8 41.92 41.96 42.00
10 1484 + 17 1482 £ 8 1480 + 15 40.41 40.54 40.68

4.4. Comparison of Results of Optical Homodyne and Heterodyne Technique

The accuracy of heterodyne detection is found to be better than homodyne detection.
The use of AOM in heterodyne detection limits the noise associated with the laser oscillator.
However, both optical coherent detection techniques show much less deviation from the
ECG recording. Table 6 shows a comparison of results obtained from homodyne detection
and heterodyne detection and their deviation from the ECG results. The mean deviation
between the electrical measurement and optical measurement methods for each subject is
reported [48-50] and computed with the equation,

Deviation = HRycg — HREgcg (26)

A small value of deviation from the ECG proves that the VCG graph provides an
accurate measurement of HR and HRV. As shown in Table 6, the deviation values between
the VCG and ECG approaches zero for a measurement of HR lower than 70 bpm. For
a measurement of HR higher than 70 bpm, the deviation values are less than 0.5. The
measurement of higher HR is associated with many factors, such as medical history and
the psychological and emotional behavior of the subject under test.

Table 6 clearly shows that HR values obtained from both techniques are very close to
HR values obtained from the ECG recording. The obtained results are motivating because



Appl. Syst. Innov. 2021, 4, 48

24 of 29

optical detection is a completely non-contact type measurement technique. Table 7 shows
the values of HR obtained from the coronary artery (chest wall position) and radial artery
(wrist position) of two test subjects. The measurement of HR at the coronary artery and
radial artery shows very little deviation, at less than 1 bpm.

Table 6. Deviation in HR for optical homodyne and heterodyne detection.

Subject HR in bpm HR in bpm HR in bpm Deviation in bpm Deviation in bpm

Number (ECG) (Heterodyne)  (Homodyne) (Heterodyne) (Homodyne)
1 108.02 108.2 108.3 0.18 0.28
15 84.13 84.38 84.6 0.25 0.47
12 80.54 80.86 80.97 0.32 0.43
16 70.26 70.42 70.67 0.16 0.41
5 59.37 59.29 59.25 —0.08 -0.12
7 53.96 54 54 0.04 0.04
19 41.92 41.96 42 0.04 0.08
10 40.41 40.49 40.54 0.08 0.13

Table 7. Deviation in HR for optical homodyne and heterodyne detection.

. . HR in bpm HR in bpm
Subject No. Measurement Site (Homodyne) (Heterodyne)
5 Coronary Artery 59.29 59.25
5 Radial Artery 60.12 60.04
15 Coronary Artery 84.38 84.6
15 Radial Artery 85.22 84.9

Figure 35a,b shows a comparison of homodyne and heterodyne techniques for the
measurement of a HR of 54 bpm and 84 bpm, respectively. It is clear from Figure 35a that
homodyne and heterodyne detection show identical results for measurement associated
with the lower value of HR. Figure 36b shows a deviation of 0.22 bpm when measuring
the higher value of HR. The measurement of deviation of the VCG values from ECG
values are performed for both homodyne and heterodyne techniques. Figure 36a,b shows
the mapping of the heterodyne and homodyne signal with the ECG signal for a HR of
more than 70 bpm, respectively. Figure 36a shows that the R peak of the ECG precisely
maps to the zero crossing between the V; point and U, point in the VCG associated with
the heterodyne measurement system. Figure 36b shows that there is a small delay At
between the R peak of the ECG and the zero crossing between the V; point and U, point
in the VCG associated with the homodyne measurement system. These results show
that for measurement of a higher value of HR, optical heterodyne measurement provides
better accuracy compared to optical homodyne measurement. The delay At approaches
to zero for the heterodyne measurement system. However, the delay At measured for
homodyne detection is found to be less than 3 ms. The delay At leads to a maximum
deviation of around 0.5 bpm from the ECG values. Thus, measurements recorded with the
optical homodyne setup are comparable with both the optical heterodyne and ECG setup.
The deviation values from the ECG are found to be less than 1%. Figure 37 shows the
deviation of both techniques from the ECG values. Figure 38a,b shows the distribution of
the deviations in bpm for the case of chest wall measurement (subject 7). The histogram is
fitted with a Gaussian distribution, with a mean value of 0.04 bpm and a standard deviation
of 1.1 bpm for heterodyne detection. The histogram is fitted with a Gaussian distribution
mean value of 0.06 bpm and a standard deviation of 1.6 bpm for homodyne detection. The
value of uncertainty calculated with the heterodyne detection method is £0.14 bpm, while
for the homodyne detection method, the value of uncertainty is calculated as +0.25 bpm.



Appl. Syst. Innov. 2021, 4, 48

25 of 29

15

0.5

-0.5

Amplitude (V)

-1.5

-2.5

= Heterodyne
— Homodyne

0:00
0:00
0:00
0:00
0:00
0:01
0:01
0:01
0:01
0:01
0:01
0:01
0:01
0:01
0:01
0:01
0:01

Time (s)

- Heterodyne
15 = Homodyne

05

-0.5

Amplitude (V)

-1.5

(a)

Figure 35. (a) Mapping of homodyne and heterodyne VCG trace for measurement of HR 54 bpm; (b) mapping of homodyne

and heterodyne VCG trace for measurement of HR 84 bpm.
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Figure 36. (a) Mapping of optical heterodyne VCG trace with ECG for measurement of HR more than 70 bpm; (b) mapping

of optical homodyne VCG trace with ECG for measurement of HR more than 70 bpm.
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Figure 38. (a) Deviations of HR measured with heterodyne system with respect to ECG (chest wall measurement, subject 7);

(b) deviations of HR measured with homodyne system with respect to ECG (chest wall measurement, subject 7).

5. Discussion

Self-mixing optical coherent detection is an important sensing method for the assess-
ment of cardiac, respiratory, and muscular activities. HRV is an important parameter to
analyze both the overall health and the ability to tolerate stress [51]. Optical coherent
detection techniques have the advantage of being a contactless method, as it becomes very
helpful in measurements from critically damaged skin conditions. They are also useful for
measurements on the delicate skin of preterm infants. HP can be measured by detecting a
periodic feature in the waveform acquired, such as V; and V; peaks in the VCG signal. A
comparison of R peaks in the ECG with V peaks in the VCG signal was performed and both
the measurements were found to be similar, with a less than 1% deviation. The mapping
of features of the ECG signal is performed with VCG signal features [52]. In this research
paper, measurement results from homodyne and heterodyne techniques are compared with
the ECG signal. In future, the accuracy of homodyne and heterodyne measurements can be
compared with other signals of a different nature, such as the photoplethysmograph (PPG)
and phonocardiogram (PCG). The ECG is the electrical signal, which is a representation
of the electrical response of the heart activity. The PCG is the audio signal and represents
the acoustic response of the heart activity. The PPG is the optical signal, while the VCG
is the mechanical signal. During an arrhythmia, the heart can beat too fast, too slowly, or
with an irregular thythm. The first-degree AV block occurs when the PR interval is more
than 200 ms. The AV block can be easily correlated with the VCG signal when there is a
delay between U; and the zero crossing of the VCG signal [53]. The stability of coherent
detection can be improved by the construction of a multiple mirror Fabry-Perot resonator
in one of the arms of the interferometer, or by implementing a servo motor mechanism for
the motion of mirrors [54-58].

6. Conclusions

In this research, a novel design of optical homodyne and optical heterodyne detection
is explained. The optical homodyne technique consists of a simple setup, but the optical
heterodyne technique makes use of complex optical components, such as AOM. The optical
homodyne detection makes use of the direct modulation of the fundamental optical signal,
while the optical heterodyne detection technique makes use of the modulation of the higher
order mode of the optical signal. The path length fluctuations are the main problem in
optical homodyne detection. The phase fluctuations related to the path length difference
can have very little variation in a homodyne setup. This problem can be solved with
optical heterodyne detection, as the frequency of the local oscillator is not equal to the
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signal frequency in optical heterodyne detection (fs # f10). In case of measurement of
high values of HR (more than 70 bpm), the optical heterodyne detection has a higher
accuracy of results compared to optical homodyne detection. This is due to the fact that
variation in the path length difference is very limited in the homodyne setup (AL < %).
However, results obtained from the homodyne method show much less deviation from
results of the heterodyne setup and ECG setup. The deviation of results is less than 3 ms for
measurement of the heart period and less than 0.5 bpm for measurement of the HR. Both
homodyne and heterodyne detection techniques can be used to accurately measure HR
and HRV. The experimental results of homodyne and heterodyne detection are comparable
with contact type measurement methods, such as an ECG. The results are found to be
within a less than 1% deviation value from the ECG measurement.
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