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Abstract. Currently, photoplethysmograms (PPGs) are mostly used to determine a patient’s blood oxygenation and
pulse rate. However, PPG morphology conveys more information about the patient’s cardiovascular status. Extract-
ing this information requires measuring clean PPG waveforms that are free of artifacts. PPGs are highly susceptible
to motion, which can distort the PPG-derived data. Part of the motion artifacts are considered to result from sensor-
tissue motion and sensor deformation. It is hypothesized that these motion artifacts correlate with movement of the
sensor with respect to the skin. This hypothesis has been proven true in a laboratory setup. In vitro PPGs have been
measured in a skin perfusion phantom that is illuminated by a laser diode. Optical motion artifacts are generated in
the PPG by translating the laser diode with respect to the PPG photodiode. The optical motion artifacts have been
reduced significantly in vitro, by using a normalized least-mean-square algorithm with only a single coefficient that
uses the laser’s displacement as a reference for the motion artifacts. Laser displacement has been measured accu-
rately via self-mixing interferometry by a compact laser diode with a ball lens integrated into the package, which
can be easily integrated into a commercial sensor. © 2012 Society of Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1

JBO.17.11.117007]
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1 Introduction

Pulse oximeters are currently widely applied in clinical practice
to measure a patient’s peripheral arterial oxygen saturation
(SpO,) and pulse rate (PR).! Pulse oximeters derive these data
from photoplethysmograms (PPGs). PPGs are obtained by illu-
minating the skin and measuring the intensity of the light that
has propagated through the skin in a transmissive or planar
configuration, the latter being referred to as a reflective PPG
sensor. A transmissive finger sensor is illustrated schematically
in Fig. 1. Reflective sensors are for instance used on a patient’s
forehead. PPGs show periodic decreases as a result of cardiac
induced increases in tissue arterial blood volume [first 10 s and
last 12 s in Fig. 2(a), and the first 23 s in Fig. 2(b)]. PR can be
directly obtained using this periodicity.> By measuring two
PPGs at different wavelengths, commonly red and infrared,
SpO, can be determined. Because blood oxygen saturation
determines the blood’s color, SpO, can be determined from the
ratio of the DC-normalized amplitudes of the cardiac induced
pulses in both PPGs.?

This paper focuses on the use of reflective PPG sensors,
which are potentially more widely applicable than transmissive
sensors, as reflective sensors are not restricted to transillumin-
able body sites.* On central sites, such as the forehead, reflective
sensors have been shown to measure desaturation events earlier
than finger sensors as a result of a shorter circulation transit
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time.>® Also, PPG measurements on the forehead suffer to a
lesser extent from vasoconstrictive responses’ and motion
artifacts.”

Though in clinical practice PPGs are mostly used to measure
SpO, and PR, their morphology conveys rich information about
the patient’s cardiovascular status,® sympathetic tone’'! and
respiration.*>!>13  Additionally, heart rate variability (HRV)
can be determined from PPGs,'>'* and the arrival or transit time
of the cardiac induced pulses in PPGs can be used to monitor
changes in blood pressure or arterial compliance.*'* Further-
more, PPGs are highly susceptible to patient and sensor-tissue
motion, which can distort PPGs and derived data.'*'*!> This is
illustrated in Fig. 2(a) and 2(b), which show motion artifacts
in finger PPGs as a result of finger bending and motion artifacts
in forehead PPGs as a result of walking, respectively. Therefore,
to enable reliable extraction of beat-to-beat information from
PPG morphology, an improved PPG motion artifact reduction
is required which cleans up the PPG waveform.

Current commercial algorithms have mainly been designed
to extract average SpO, and PR and do not use an explicit mea-
surement of motion to reduce the motion artifacts in the PPGs,
such as the Philips FAST-SpO, algorithm'®!” or the Masimo
SET® algorithm.'®!° Also in scientific literature, several differ-
ent approaches to reduce motion artifacts in PPGs have been
investigated. The main approaches are illustrated in the follow-
ing examples. For a ring-shaped PPG sensor that measures
transmissive and reflective PPGs, the reflective PPG has been
suggested as a reference for the motion artifacts to clean up
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Fig. 1 Schematic of a transmissive finger pulse oximetry clip.

the transmissive PPG.?° In an earpiece PPG sensor, a notch filter
at the motion frequency removed the motion artifacts from the
PPGs. The motion frequency was determined from the photo-
diode signal with the light emitting diodes (LEDs) switched
off, as sensor-tissue motion caused a variation in the amount of
ambient light reaching the photodiode.?! Accelerometers have
been applied as well to obtain a reference for the motion artifacts
in a correlation canceler,”” also combined with the Laguerre
expansion.” Furthermore, sensor-coupling motion artifacts
have been removed by equalizing a transmissive PPG by a sec-
ond transmissive PPG measured at a different wavelength.”*
Lastly, the influence of motion on SpO, measurements can be
reduced by using wavelets,” the smoothed pseudo Wigner-Ville
distribution,?® and multiple colors.?’

In this paper, a motion artifact reduction method is proposed
to clean up the PPG, in order to enable reliable extraction of
beat-to-beat information from the PPG waveform. Different
from other methods, the proposed method is based on the
use of relative sensor motion with respect to the skin as a refer-
ence for the motion artifacts.”® Motion artifacts in PPGs are
presumably caused by hemodynamic effects, tissue deforma-
tion, and sensor movement and deformation.'>** It is hypothe-
sized that a large part of these motion artifacts correlate with
relative sensor motion. When the sensor moves with respect to
the skin, spurious fluctuations occur in the PPG as a result of
variations in light coupling and the probed tissue volume,
e.g., changes in the shunt light which does not probe pulsatile
blood volume.>?* It is expected that an estimate of these motion
artifacts can be derived from a measure of relative sensor motion
in order to remove these artifacts from the PPGs. Moreover, by
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deriving motion artifacts from relative sensor motion, one can
possibly obtain insight in the relative contribution of these arti-
facts to the total artifact that results from motion.

We propose to measure relative sensor motion via self-
mixing interferometry (SMI). This can be done by integrating
a laser diode with a monitor diode into a PPG sensor such
that the laser diode illuminates the skin. When the sensor
moves with respect to the skin and the backscattered laser light
re-enters the laser cavity, its Doppler shift can be determined via
the monitor diode. Relative sensor motion can subsequently be
determined from the Doppler phase, as explained in Sec. 2.1.
Using SMI is practical, because this method is self-aligning,
compact, and easy to integrate in a PPG sensor. As described
in Sec. 2.2, we use an in vitro skin perfusion phantom in a
laboratory setup to develop a method to measure relative motion
via SMI, and to investigate the influence of sensor motion on
PPGs. In this setup, a single laser diode is used both as a
light source for the PPG measurements and as a sensor to mea-
sure displacement. Optical motion artifacts are generated in the
setup by translating the laser diode with respect to the PPG
photodiode. Last, the SMI displacement measurement is used
as a reference for the motion artifacts in a normalized least-
mean-square (NLMS) algorithm,” as described in Sec. 2.3.
In this algorithm, an estimate of the motion artifacts derived
from the SMI displacement measurement is subtracted from the
distorted in vitro PPG to reduce the motion artifacts and to
retrieve the mimicked cardiac component. The accuracy of the
SMI displacement measurement, the in vitro PPGs obtained and
the performance of the artifact reduction are presented and dis-
cussed in Secs. 3 and 4, respectively, and conclusions are pre-
sented in Sec. 5.

2 Methodology

2.1 Self-Mixing Interferometry

SMI is observed when a laser diode illuminates an object such
that part of the light backscattered by the object re-enters the
laser diode’s cavity. The backscattered light interferes with the
standing wave inside the laser cavity, thus changing the emitted
optical lasing frequency and power.** Moreover, when light re-
enters the cavity that has been backscattered by a moving object,
a beat frequency f,(r) [Hz] equal to the Doppler shift is
observed in the optical power:

PPGs measured with forehead sensor
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Fig. 2 Illustration of the effect of motion on PPGs. (a) PPGs obtained using a transmissive finger clip. The motion artifacts are caused by repetitive slight
bending of the finger. (b) PPGs obtained using a reflective forehead sensor. Walking causes the motion artifacts.
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v,(t) cos(0)

fa(t) :W,

6]

with time 7 [s], object velocity v,(¢) [m/s], angle € [rad]
between the object’s velocity vector and the laser beam, and
lasing wavelength A(7) [m]. The component of the object’s
displacement in the direction of the laser beam follows by equat-
ing each full cycle in the optical power to half of the emitted
wavelength.

However, only counting the number of cycles in the optical
power does not reveal the direction of motion, because in this
case one uses the absolute value of the object’s velocity. Without
directional information, the displacement measurement can have
a frequency twice as high as the displacement itself (frequency
doubling as a result of using the absolute value of the velocity).
This complicates its use to correct PPG motion artifacts which
are caused by variations in sensor position. Therefore, displace-
ment should be measured such that the direction is taken into
account as well. Note that with a single laser diode, one can
only determine whether the net motion in three dimensions is
directed towards or away from the laser beam. Because the
three-dimensional motion is projected onto a single axis only,
it is not possible to determine the exact direction of motion in
three-dimensional space. Moreover, any motion orthogonal to
the laser beam is not observed at all. These can be limitations
of the current configuration.

When using SMI, the direction of motion can be determined
either from the shape of the interference pattern in the optical
power, or by modulating the emitted wavelength. At moderate
levels of optical feedback, the interference pattern is sawtooth
shaped. In this case the direction of motion determines whether
the fast edge of the sawtooth is directed upwards or down-
wards.?'** However, if the direction of motion is determined
from the fast edge of the sawtooth shaped interference pattern,
the level of optical feedback is required to exceed some thresh-
old to guarantee proper functioning of the displacement measur-
ing method. That is, sawtooth-shaped interference patterns are
only observed at moderate levels of optical feedback; at (very)
weak levels of optical feedback the interference pattern is sinu-
soidally shaped. In this application though, the level of optical
feedback can be (very) weak, thus not exceeding the required
threshold to obtain sawtooth shaped interference patterns.
This is because the level of optical feedback is linearly related
to both the reflectivity of the illuminated object and the distance
from the laser diode to the object.’*=3 Because skin diffusely
scatters the light and because the optical properties of skin
are highly variable, in some conditions weak backscattering
from the skin can lead to (very) weak optical feedback. In addi-
tion, the distance between the skin and the laser diode will only
be on the order of millimeters. For these reasons, we prefer to
use a method that can also observe the direction of motion at
(very) weak feedback levels. This is accomplished by amplitude
modulation of the laser injection current, which induces a wave-
length modulation. In this case the direction of motion can be
recovered by using two spectral Doppler components of the SMI
signal, as explained in the next sections. The structure of the
SMI signal is first explained in Sec. 2.1.1. Next, Sec. 2.1.2
explains how displacement is determined from the SMI signal.
And finally, the accuracy of the obtained displacement measure-
ment is described in Sec. 2.1.3.
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2.1.1  SMI signal structure

The Doppler frequency in the optical power can be measured by
the laser diode’s internal monitor diode. The monitor signal
vpp(#) [V] is obtained from the monitor diode current iy (#)
[A] via a transimpedance amplifier with gain Z [V/A], and can
be expressed as:3!

vmp(t) = Zinp (1) = ZR[Ppc + AP, sin(@,,t + ¢,,)]
X {1 + m(t) Cos[(bext(t)]}? (2)

in which R [A /W] is the monitor diode’s responsivity, Ppc [W]
is the DC optical power, and AP, [W] is the amplitude of the
AC optical power as a result of the modulation of the laser injec-
tion current at w,, [rad/s] with initial phase ¢,, [rad]. The factor
between braces describes the fluctuations in optical power
caused by optical feedback. Here m(r) [-] is the modulation
depth which depends on the level of optical feedback. The mod-
ulation depth is assumed to be time dependent, because speckle
effects cause the level of optical feedback to vary over time.*
Last, phase ¢.,(¢) [rad] is the interferometric phase of the light
that re-enters the laser cavity, which contains the object’s dis-
placement information. Because AP,,/Ppc < 1 and m(¢) < 1,
Eq. (2) can be approximated by:

UMD(t) ~ ZR{PDC + APm Sin(wmt + ql)m) + m(t)PDC

e [ o ) G

X CcoSs

in which the phase change of the external cavity ¢ () equals the
phase change as a result of the distance L, [m] traveled between
laser diode and object, plus the Doppler phase change as a result
of object motion. The amplitude modulation of the injection cur-
rent results in a wavelength modulation, expressed as A,,q(f) =
Ao + AR, sin(w,,t + ¢,,). In addition, the time-varying optical
feedback results in a fluctuation of the emitted wavelength, indi-
cated by Alg(?) [m]. As A4, (¢)/1y < 1 and Adg(1)/4g < 1,
the cosine term in Eq. (3) can be approximated by:

cos mf)” + 27 A ' fd(g)dzj}

~ cosd Lo | _ BAdn _ An(1)
~ cos{ o [1 e sin(@,,t + ¢,,) 7o ]
il [ ooteraz
0 0
81 cos(0) Ady, Vomax 4o
- ;LO T O _2”140 C} (4)
o fanL, [ Ad, D (1)
~ cos{ o [1 T sin(w,,t + ¢,,) T ]
O [ o )
0 0
= cos[¢py(1)] cos[epy sin(w,f + ¢,,)]
+ sin [d)d(t)] Sin[¢0 Sin(wmt + ¢m)} ’ (6)
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in which:
balt) = 4zL, {1 B A/Ifb(t)] Jr47rcos(t9) /,vo(f)d.{j, ™
Ao Ao Ao 0
4 A
b0 = —”L;Z &y ®)
0

The one but last term of the argument in Eq. (4) is the upper
bound of the effect of modulation on the integral of the Doppler
frequency, in which v, .., [m/s] is the maximum object velocity.
The upper bound has been obtained by integrating over half of the
modulation period; this term would equal zero when integrating
over a full modulation period. This term is neglected in Eq. (5),
because both Ak, /1y < 1 and v, n./®,, < 1. Furthermore,
the last term of the argument in Eq. (4) is an approximation of
the effect of the feedback induced wavelength variation on the
integral of the Doppler frequency, in which C [-] is the optical
feedback parameter.>** This approximation has been obtained
by using that Alg () varies with the Doppler frequency, just
as the light intensity in the laser cavity,’ and integrating
over half of a Doppler period. In addition, it has been used
that the maximum feedback induced wavelength variation equals
Alsy_max = £(23C)/(4xL,), which has been derived from the
laser phase condition that includes the effect of feedback, and
by using the optical feedback parameter C.3%** Also this term
has been neglected in Eq. (5), because 1y/L, < 1 and because
C < 1 in the (very) weak feedback regime.*

Via real-valued variations of the Jacobi-Anger expansion,
one can obtain a first order approximation of Eq. (6). By
using the relationship J_,(z) = (—=1)"J,,(z) for the Bessel func-
tion of the first kind of order n, the following expression can be
obtained for the Jacobi-Anger expansion:*®

o0

ejzsiné': Z ]n(z)ef”9

n=—oo

— 1o(2) + 2 oy (2) cos(2n6)
n=1

+2j Y Jyuei(2) sin[(2n - 1)6). )
n=1

By using the first order approximations of the real and
imaginary parts of Eq. (9) for cos[¢y sin(w,t+ ¢,)] and
sinfgy sin(w,,t + ¢,,)] in Eq. (6), respectively, and substituting
this result in Eq. (3), the monitor diode signal can be expressed
as a sum of signals in the baseband, around the modulation
frequency, and around the second harmonic of the modulation
frequency:

vmp(t) ® ZR(Ppe + AP, sin(@,,t + ¢,,)
+ m(t)Ppc{Jo(do) + 2J2(¢bo) cos2(@t + @)]}
X cos|¢py(t)] + 2m(t) Ppcd 1 (o)
X Sin(a)mt =+ ¢m) Sinw}d(t)])' (10)
Equation (10) shows that light backscattered into the laser cavity

by a moving object yields Doppler signals with a phase ¢,(¢) as
in Eq. (7). As modulation causes ¢,(t) to appear both in a sine
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and a cosine, it can be recovered conveniently by unwrapping
the arctangent of the ratio of the sine and the cosine. Moreover,
Eq. (10) shows that cos[¢,(t)] appears both in the baseband and
around the second harmonic of the modulation frequency. The
cos[¢4 ()] term around the second harmonic is used for the dis-
placement measurements, because it has a better SNR given the
1/f noise characteristic of the monitor diode and the electronics,
and mains interference.

Moreover, Eq. (10) shows that the Doppler signals in the
baseband, around the modulation frequency, and around the sec-
ond harmonic of the modulation frequency are proportional to
Jo(¢o), Ji(dho) and J,(¢hg), respectively. Therefore, a proper
choice of ¢, will result in Doppler signals with a large amplitude
around the modulation frequency and its second harmonic, and a
small amplitude in the baseband. The latter is advantageous in
this study, because here the laser diode is also used to measure
the PPG. By reducing the amplitude of the Doppler signals in
the baseband, one improves the SNR of the PPG. The preferred
¢o equals approximately 0.77x rad, at which phase Jy(¢) is
approximately 0. As Eq. (8) shows, one can obtain the preferred
¢ by adjusting modulation depth A2, /A, which is propor-
tional to the AC component of the laser injection current. More-
over, Eq. (8) shows that the modulation depth required to obtain
the preferred ¢y depends on the distance L, between laser diode
and object. Because L, is constant in the in vitro setup, the
required modulation depth is not a time-varying parameter in
this study. Finally, by using ¢y = 0.77x rad, L, ~4 mm, and
Ao = 850 nm in Eq. (8), it follows that the required modulation
depth is approximately AA,, /Ay ~4 - 1073, This also confirms
the validity of the assumption A4, /1) < 1.

2.1.2 Displacement measurement

The block diagram in Fig. 3 describes how displacement is
determined from the monitor diode signal. As a first step to
track the Doppler phase ¢,(¢), the Doppler signals are demodu-
lated and band-pass filtered (BPF) to obtain baseband signals:

0,(£) = 2 BPF[vyap (1) sin(@, + )]

= 2ZRm(t)PpcJ (o) sin[py(1)] = A, () sin[¢pa(2)].
an

0,(t) = 2BPE{vyp (1) cos[2(wpt + )]}

= 2ZRm(t)PpcJ> (o) cos[ga(1)] = A.(1) cos[a(1)],
12)

in which A,(¢) and A,(r) are the time-varying amplitudes of
the baseband signals, respectively. Band-pass filtering is imple-
mented by first applying a low-pass filter (LPF) at a maximum
Doppler frequency @gmax < @, [rad/s], after which the DC
component and low-frequent oscillations are removed by apply-
ing a high-pass filter (HPF) with cut-off @ i, < ®gmax [rad/s].
This high-pass filter thus sets the lower limit for the speed of
motion that can be measured. Second, v,(#) and v, () have
to be normalized to be able to accurately track ¢4(1). The demo-
dulated Doppler signals are normalized by using the Hilbert
transform, as indicated by H{-}. As the ideal Hilbert transform
equals +; for negative frequencies and —j for positive frequen-
cies,” it follows that:
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25sin (Wt + Gm)

y(t)

2 cos (Q(Wmt =+ d)'m))

cos (UW [ (v, () + 51 (v 01D] 9alt) ALt
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Fig. 3 Block diagram describing how displacement is determined from the monitor diode signal vyp(t). H{-} indicates the Hilbert transform, UW
indicates phase unwrapping, and atan2(-) indicates the implementation of the arctangent that takes into account in which quadrant y(t) and x(t) are

located.
vy (1) + jH[vy(1)] = A, (1)e~"/2eitalt), (13)

v(1) + jH[v(1)] = Ay (1)ed?d0). (14)

By substituting the phase of these analytical signals in a cosine,
the normalized baseband signals y(¢) [-] and x(z) [-] are
obtained:

y(1) = coslunwrap(Z{v, (1) + jH[vy(1)]})] = sin[¢a(7)],
as)

x(r) = cos[unwrap(Z{v,(1) + jH[v:(1)]})] = cos[¢a(1)],
(16)

in which unwrap removes the discontinuities in the radian phase
by adding multiples of +27, and £ indicates the angle of a com-
plex number. Displacement of the laser diode can now be recon-
structed by tracking the phase ¢,() [Eq. (7)], which can be
obtained by unwrapping the arctangent of the ratio of y(t)
and x(r). Considering the one-dimensional motion in the in vitro
setup, displacement can be determined from phase ¢,(7) by
equating each phase change of 2z rad to a displacement of
half a wavelength 4,/2, and correcting for the angle 6 between
the laser beam and the direction of motion:

ALy (1) = BPF{#OS(H)unwrap [atan2(%)] } 17

— BPF [COI;(”H) <1 - MZ“)) n /Otvo(.f)dé}, (18)

in which atan2(-) refers to an implementation of the arctangent
that takes into account in which quadrant y(¢) and x(¢) are
located. The BPF is implemented by an LPF and an HPF
(Fig. 3). An LPF with a cut-off at the bandwidth of the PPG,
@ppg max [rad/s], first makes sure that the motion artifact refer-
ence has the same bandwidth as the PPG, in order to avoid
introducing additional noise to the PPG. In a practical imple-
mentation the HPF with a cut-off at wy, [rad/s] subsequently
removes any baseline drift, with wy,; sufficiently small to accom-
modate the lowest expected PR.

2.1.3  Accuracy analysis

In practice, the demodulated Doppler signals v, () and v,(z)
[Egs. (11) and (12)] are perturbed by additive noise terms,
caused by shot noise, thermal noise, and quantization noise.
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The influence of these noise terms on the accuracy of the dis-
placement measurement method is investigated in this section.
The presence of noise in v,(t) and v,(¢) can be expressed as:

Uyn(t) = Ay(t) Sin[(/)d(t)] + ZAyni(t) COS[¢yni(t)]7 (19)

0 (1) = Ax(1) coslepa(D)] + D _Asui 1) coslepuni ()] (20)

in which A,,;(¢) and A,,;(¢) are the amplitudes of the noise
terms in vy, (f) and v,,(t), respectively, and ¢,,,;(t) and ¢, (t)
are the phases of the noise terms in w,,(r) and wv,,(?),
respectively. When assuming an SNR > 1, the first order Taylor
approximation of the normalized demodulated Doppler signals
is:

yn(t) = cos[unwrap(ﬁ{vyn(t) + ]H[”vn(t)]})]

~ sin [qsd(t) - %ZA/;(%)] , 21)

%, (1) = cosfunwrap(Z{ vy, (1) + jH[v., (1)]})]

~ cos [qbd(t) + %Z f;—(g;)] : 22)

By using Egs. (21) and (22) for y(¢) and x(z) in Eq. (17), and
once more assuming an SNR > 1, the following first order Tay-
lor approximation is obtained for the displacement (omitting the
BPF for brevity):

)

ALsmin(t) = m

. Ay
sin {(ﬁd(t) +3y= é?]

cos (1) +3 3 4]

X unwrap | atan2:

3 A
& Alfb (t) %47[ C(‘;)S(G)

L, ' B
~ cos(0) +/0 vo(£)dS Ao cos(6) 1+ tan?[¢,(1)]

g} e
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< Lo +/’v (Eag 40 ¢ 3k
~ cos(6) ¢ 4z cos(0) 4z cos(6)

0
Ayni(t) Axni(t)
'“‘f"‘{ S NORPIwNr ] @

in which the change in wavelength as a result of optical feed-
back, Alg(f), has been replaced by an upper bound using
the lasing condition and optical feedback parameter C [-].%
Equation (25) shows the upper bound of two additive noise
sources which distort the displacement measurement, for
SNR > 1. The first noise source is caused by the change in
emitted optical wavelength as a result of optical feedback and
has been replaced by upper bound (1,C)/[47 cos(0)]. Because
only (very) weak feedback regimes are expected in this applica-
tion, it holds that the feedback parameter C < 1.*° Therefore, this
error term will have a magnitude on the order of (1,C)/
[47cos(0)] ~ 1078 — 1077 m. The second noise source, being
a result of shot noise, thermal noise, and quantization noise,
is inversely proportional to the SNR of the Doppler signals.
For SNR > 1, also this term has a magnitude of 108 - 1077 m.
Because sensor displacement is expected to be on the order of
107 — 1073 m, these error sources introduce a negligibly small
error of roughly 0.1%¢—1%o, as long as the SNR > 1. However,
speckle can cause the amplitude of the Doppler signals to
become very small, resulting in an SNR < 1, in which case the
contribution of the second noise source cannot be neglected any-
more. Destructive speckle interference may occur when the sur-
face roughness of the illuminated object is such that the
backscattered contributions of the laser light cancel at the laser.
This phenomenon cannot be prevented. Therefore, destructive
speckle interference is expected to be the dominant cause of
inaccuracies in the displacement measurement, but the exact
impact depends on the illuminated surface.

Inaccuracies also result because the average emission wave-
length 4 and the angle 6 between the laser beam and the direc-
tion of motion are not exactly known. The emission wavelength
of the 850 nm VCSEL is specified with an accuracy of 10 nm,
which thus may result in a displacement error of approximately
1%.*® Fluctuations in the emission wavelength as a result of
modulation and optical feedback are negligible. Modulation of
the injection current results in minor wavelength variations on
the order of 10~'2 m (see Sec. 2.1.1). Moreover, from Eqs. (24)
and (25) it follows that optical feedback only changes the
wavelength by at most (13C)/(4xL,) ~ 10712 m. The inaccu-
racy 66 in the angle € results in a displacement error of
[tan(0)/ cos(0)]60 ~ 3.5 - 60 for @ = z/3 rad, which equals
approximately 6% for 66 = x/180 rad. The effect of the inac-
curacy in angle 0 thus dominates the effect of wavelength

PPG Photodiode

Light Paths

Channel to Air Chambers

inaccuracy. However, these inaccuracies are both constant scal-
ing effects on the amplitude of the displacement measurement.
Exactly measuring the absolute displacement is not relevant in
the context of PPG motion artifact reduction. In this context, it is
most important to accurately measure the frequency of motion
of the sensor.

2.2 Experimental Setup

An in vitro setup has been built to study whether it is possible to
remove motion artifacts from a PPG by using relative sensor
motion as an artifact reference. This setup contains a flow
cell that mimics skin perfusion, as described in Sec. 2.2.1.
Section 2.2.2 describes how this flow cell is used in a setup
to obtain motion corrupted PPGs in vitro.

2.2.1 Skin perfusion phantom

To be able to measure PPGs in vitro, a flow cell has been made
that models cardiac induced blood volume changes in the skin.
Figure 4 shows a cross-sectional view of the flow cell, Fig. 5(a)
shows the different components of this flow cell, and Fig. 5(b)
shows the assembled flow cell. Two different inserts have been
made that go into the base of the flow cell. Both inserts define a
rectangular flow channel that is 170 mm long and 34.7 mm
wide. In both inserts, half of the flow channel is 0.5 mm
deep and half is 1 mm deep, with an abrupt change in depth
in the middle. In this study, PPGs have only been measured
over the 1 mm deep channel. One insert defines a rigid flow
channel, and the other insert contains two 29.7 mm by 45.8 mm
silicone membranes to realize a flexible flow channel [Fig. 5(a)].
Below the membranes, this insert contains air filled chambers,
which are connected to ambient air via a channel in the base.
Either a transparent or a Delrin® (polyoxymethylene, POM)
window of 1 mm high is mounted on top of the base and the
insert to close off the flow channel. The window is fixed via
a stainless steel ring, as shown in Fig. 5(b).

Because the pulsatility in the PPG originates from the der-
mis, the flow channel has been closed off by a 1 mm high
POM skin phantom.*®**! A diffuse scattering POM window has
been used as a skin phantom, because the optical properties of
POM are similar to skin.*> The POM window models the optical
shunt caused by light that does not propagate through pulsating
blood, as illustrated by the topmost dashed arrow in Fig. 4.>!
A transparent window has been used to determine the contribu-
tion of the optical shunt through the POM skin phantom to the
modeled PPG.

Because the topmost layers of the skin contain a dense
network of capillaries and microvessels, blood flow has been

Laser Diode

Ball Lens
—— Window (transparent/POM)
——— Milk Flow
Silicone Membrane
Air Chamber
) ——— Insert
- — Base

Fig. 4 Cross-sectional view of the flow cell containing the insert with silicone membranes (not to scale). The dashed arrows indicate different light paths
that contribute to the PPG photodiode signal. The solid arrows indicate motion of the membranes to mimic changing blood volume and motion of the

laser diode to generate artifacts.
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Fig. 5 (a) The components of the flow cell that has been developed as a skin perfusion phantom. The inserts go into the base of the flow cell and define
the flow channel. The top of the flow channel is closed off by either a transparent or a POM window. (b) The assembled flow cell in the experimental
setup built to measure PPGs distorted by optical motion artifacts. Optical motion artifacts are generated by translating the laser diode with respect to the

PPG photodiode.

modeled by a thin layer of flow.***! By using the insert with the
silicone membranes, a flexible flow channel is obtained that
enables mimicking blood volume changes. A pulsatile flow will
cause the flexible membranes to bend downward upon increases
in pressure in the channel, thus locally increasing the volume of
the flow channel, as indicated in Fig. 4. The insert with the rigid
flow channel has been used to verify that the volume increase
indeed is the origin of the pulse in the modeled PPG.

Finally, milk has been used to mimic blood, because both
milk and blood contain light scattering particles which are com-
parable in size.** In blood, erythrocytes scatter light, which have
a typical diameter of 8 gm.** In milk, fat globules scatter light,
which have a diameter between 1 ym and 10 ym with an average
of 4 ym.45 Furthermore, it is known that also in reflective mea-
surements the PPG mainly results from increases in light
attenuation; any increase in directly backscattered light as a
result of increased blood volume is usually negligible compared
to the increased absorption of light returning from deeper tissue,
for source-detector distances of approximately 1 cm.!®*® There-
fore, because milk hardly absorbs at 850 nm, a small amount of
a water-soluble black dye has been added as an absorber.*’

2.2.2 Measurement setup

The setup in Fig. 5(b) is used to measure PPGs and generate
optical motion artifacts. An 850 nm vertical-cavity surface-
emitting laser diode (VCSEL) with an internal monitor diode
is used to illuminate the flow cell. A roller pump with three roll-
ers generates a pulsatile milk flow, which results in a varying
milk volume in the flow cell. The photodiode on top of the
flow cell’s window [PPG Photodiode in Figs. 4 and 5(b)] mea-
sures a PPG when the laser diode illuminates the flow cell. The
distance between the laser spot on the flow cell’s window and
the center of the photodiode is approximately 1 cm. The laser
diode is attached to a linear stage, which is driven by a shaker. In
this way, the shaker can translate the laser diode to generate
motion artifacts in the PPG as a result of a dynamically changing
emitter-detector distance. Artifacts result because the change in
emitter-detector distance alters the optical shunt through the

Journal of Biomedical Optics

117007-7

POM window and changes the depth at which the light probes
the perfusion phantom (Fig. 4).*' In practice, these effects result
from sensor deformation or when the whole PPG sensor trans-
lates over inhomogeneous tissue.

Sufficiently strong optical feedback is required to measure
displacement of the laser diode using SMI. Therefore, the laser
beam is focused on the flow cell’s window via the ball lens that
has been integrated in the laser diode package. A close-up of the
laser diode package with integrated ball lens is shown bottom
right in Fig. 5(b). This compact component has been used to
be able to readily integrate it in a real sensor later on. The dis-
tance between the ball lens and the window is approximately
2 mm, resulting in a distance L, ~ 4 mm between the laser
diode and the window. The angle between the laser beam
and the flow cell’s surface normal is 30-deg. To verify the
SMI displacement measurement, a reference displacement mea-
surement is obtained by a laser Doppler vibrometer (LDV)
(Polytec, Waldbronn, Germany). Here the OFV-3001 Vibrom-
eter Controller has been used combined with the OFV-512
Fiber Interferometer. The LDV directly measures the translation
of the linear stage [Fig. 5(b)]. By limiting the displacement of
the linear stage to 1280 pm, the LDV has a resolution of
0.32 ym.

A laser driver controls the injection current of the laser diode.
An optical output power of 0.5 mW is obtained at a DC current
of 1.63 mA. The DC level of the laser’s monitor diode is visually
inspected to confirm that the laser’s optical output power does
not change during the measurements. A 40-kHz AC current with
an amplitude of 158 pA is superimposed to obtain the desired ¢,
that minimizes the Doppler signals in the baseband, as described
in Sec. 2.1.1. The laser driver generates the 40-kHz AC current
from a 40-kHz AC voltage that is provided by a function gen-
erator (33250A 80 MHz Function/Arbitrary Waveform Genera-
tor, Agilent Technologies, Inc., Santa Clara, California). For the
850 nm VCSEL that is used, the lasing wavelength dependency
on the injection current is specified to be 0.4 nm/mA.*® The
modulation induced wavelength change thus is approximately
63 pm, resulting in AA,, /Ao~ 7- 107>, which is comparable
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to the required wavelength modulation stated at the end of
Sec. 2.1.1, given the inaccuracies and temperature dependencies
of the laser diode parameters.

The PPG photodiode and monitor diode currents are ampli-
fied by transimpedance amplifiers to obtain the voltages vpp(7)
and wyp(?), respectively. The PPG photodiode and monitor
diode voltages, and the LDV signal are band limited at 100 kHz
and recorded at 200 kHz by a 16 bit digital data acquisition card
(DAQ) (NI USB-6259, National Instruments, Austin, Texas). A
LabVIEW® (National Instruments, Austin, Texas) program
controls the DAQ. The LabVIEW® program also generates
the signal that is sent out by the DAQ and amplified to control
the shaker. PPGs are obtained by band limiting vpp, () at 30 Hz.
Finally, a 10-MHz input clock-signal for the function generator
is derived from the DAQ’s 20-MHz clock signal, to make sure
that only one clock is used in the measurement system.

2.3 PPG Motion Artifact Reduction

An NLMS algorithm reduces the optical motion artifacts in the
corrupted PPG by using the laser’s displacement as an artifact
reference. To obtain insight in the performance of the NLMS
algorithm, the distorted PPG is first coarsely modeled using
the Beer-Lambert law to determine how it is affected by changes
in channel volume and emitter-detector distance.

2.3.1 Modeling the PPG

Figure 4 illustrates the contribution of different light paths to the
signal that is detected by the PPG photodiode. As indicated from
top to bottom by the four dashed arrows in Fig. 4, laser light that
reaches the PPG photodiode has either propagated through the
window directly, through the window and the milk, through the
window, the milk and the membrane, or it has been backscat-
tered by the base of the flow cell. The detected light intensity
can be modeled coarsely by making use of the Beer-Lambert
law, which is commonly employed in pulse oximetry:>*40

Py(t) ~ Po(exp{—ayl,[Lea(1)]}
+ exp{—2a,, Ly — Aplp[Lea(t), Vo ()]}
+ exp{—2a,, L, — 20, 1,5[Lea(2), V. (2)]
— ayls[Lea(1). Vi (1)]}
+ exp{ -2, L,y — 20 1,5[Leq(2), V., (1))
= 2a5lgp[Lea(1), Viu(1)] = aplp[Lea(1)]}). (26)

in which Py [W] and P,(¢) [W] are the emitted and detected
light power, respectively, a [m‘l} is the extinction coefficient,
[ [m] is the optical path length, L.4(#) [m] is the emitter-detector
distance, V,,(¢) [m®] is the milk volume in the channel, and sub-
scripts w, wm, m, ms, s, sb, and b, stand for window, from win-
dow to milk, milk, from milk to silicone, silicone, from silicone
to base, and base, respectively. The first exponent in Eq. (26)
describes the optical shunt through the window. The optical
path through the window is a function of emitter-detector dis-
tance. The second exponent describes light that has propagated
through the window and the milk. The factor two in the first term
of the exponent indicates that the light has traveled through the
window twice. The optical path length through the milk is a
function of emitter-detector distance and milk volume in the
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channel. Both an increase in emitter-detector distance and an
increase in milk volume extend the path through the milk.
The third exponent describes light that has traveled back to the
photodiode via the silicone membrane. In this component,
the optical paths via the milk to the silicone and in the silicone
are a function of emitter-detector distance and milk volume. An
increase in milk volume will increase the optical path through
the milk, but emitter-detector distance will only influence the
path via the milk to the membrane when an increased milk
volume causes the channel height to be nonuniform. The path
length through the silicone is a function of emitter-detector dis-
tance, because this distance influences the path length that
photons have to travel through the membrane to be able to
reach the photodiode. Because the membrane’s shape depends
on milk volume, the path through the silicone is a function of
milk volume too. The fourth exponent describes light that has
been backscattered by the base of the flow cell. The third term in
this exponent describes light propagating through the silicone.
This light path depends on milk volume, because an increase
in milk volume deforms the silicone. Furthermore, the path
through the silicone depends on emitter-detector distance only
if the membrane has been deformed by the milk volume such
that it has a nonuniform thickness. The last term in this exponent
describes the optical path that the light travels through the base
of the flow cell before it is backscattered towards the photo-
diode. The distance that detected photons have traveled through
the base also depends on the emitter-detector distance.

To obtain more insight in the direct relationship between
laser motion and the detected optical signal, one can determine
a Taylor approximation of Eq. (26). The approximation around
the stationary condition in which both milk volume and emitter-
detector distance are constant, equals:

P,(t) = Pylco—c1AV,, (1) =oAL (1) = c3AL .4 (1) AV, (1)],
27)

in which ¢, [-], ¢; [m™], ¢, [m™'] and ¢; [m™*] are proportion-
ality constants, AV,,(¢) [m?] is a small time-varying variation
in milk volume in the channel, and AL.(#) [m] is a small
time-varying deviation of the emitter-detector distance caused
by the shaker action. This approximation shows that the laser’s
motion mainly distorts the PPG, —c AV, (#)P,, by an additive
artifact —c,AL4(7) Py directly proportional to the variation in
emitter-detector distance, and by a multiplicative artifact
_C3ALed(t)AVm(t)P0~

2.3.2  NLMS algorithm

Based on the Taylor approximation in Eq. (27), which describes
the influence of laser motion on the PPG, an NLMS algorithm29
is used in a first attempt to reduce the motion artifacts in the
PPG. If the NLMS algorithm succeeds in reducing the motion
artifacts by using the laser displacement as an artifact reference,
this also proves correlation between the displacement measure-
ment and the artifacts.

The implemented NLMS algorithm, as illustrated in Fig. 6,
subtracts the reconstructed motion artifact A [k]Al,,,[k] from the
zero-mean photodiode signal Vpp[k] in order to recover ppg[k],
i.e., the PPG. Here k is a discrete time index, /1y [k] is the adaptive
filter coefficient, and Al,,,[] is the laser displacement scaled by
its RMS value. The RMS value is determined over the entire
length of the recording. The same 0.3-Hz HPF that is applied
to the SMI displacement measurement (Fig. 3) is used to remove
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vpplk] vpplk] = ppglk] + malk]
wn voel

ho [k]Alnm[k]

Normalization

Fig. 6 NLMS structure that removes motion artifact ma[k] that distorts
ppglk], i.e., the PPG, in the zero-mean photodiode signal Vpplk]. The
motion artifact is reconstructed using the zero-mean laser displacement
Al [k] and a filter with one coefficient hy[k]. The displacement is nor-
malized by its RMS value to obtain Al,[k].

the mean from the photodiode signal. All inputs to the NLMS
algorithm have been downsampled to 250 Hz. The optimal FIR
filter h for motion artifact reconstruction is determined by itera-

tively minimizing the power of output signal e, [k]:*’

min e [k] = min [Vpp (k) = ho (k) Alma (K)]?, (28)

ho(k + 1) = ho(k) — uV €5 (k)
= hO(k) + 2/‘eo(k)Alma(k)7 (29)

Alma [k] _ ALsmi [k} , (30)

NICC
! =1 ALs%mi [l]

rec

with step-size parameter x4 and recording length N .. [samples].
The minimum of the output power is determined by successively
taking steps in the opposite direction of its gradient, Vhoeﬁ (],
with step-size u. When hy[k] has converged, the minimum out-
put power has been found and e, [k] does not contain any infor-
mation anymore that correlates with A/, [k]. Ideally, only the
PPG remains after convergence, which would imply high
correlation between Al,,,[k] and the motion artifacts, and no cor-
relation between Al,[k] and the PPG. The artifact reduction
achieved by the NLMS algorithm is quantified by:

Niee

EL [60 (k) - ppgref(k)]z

Q:lO-log{ i I } 31)
v [¥ep (k) — ppgeer (K)]?

in which ppg[k] is the reference PPG measured in the flow cell
when the laser diode is stationary.

3 Experimental Results

3.1 Measuring Displacement

When the laser beam is focussed on the POM window, the
laser’s displacement can be measured using SMI, by processing
the monitor diode signal as outlined in Fig. 3. In this section, the
measured Doppler signals, the effects of speckle and the accu-
racy of the displacement measurement are discussed.

3.1.1  Doppler signals

Figure 7 shows the spectrogram of the monitor diode signal
when the shaker is driven by a 2-Hz sinusoid with an amplitude
such that the peak-to-peak displacement is approximately 1 mm.
Doppler signals as a result of laser motion can be observed in the
baseband, around the modulation frequency at 40 kHz, and its
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second harmonic at 80 kHz. In each of these three frequency
bands, weak second harmonics of the Doppler frequencies
themselves can be observed, indicating weak optical feedback
and an interference pattern which is not perfectly sinusoidal >
Furthermore, the spectrogram shows that the used modulation
depth of the laser injection current effectively reduces the mag-
nitude of the Doppler signals in the baseband, and results in
Doppler signals of comparable magnitude in the frequency
bands around 40 and 80 kHz, as explained by Eqs. (8) and (10).

Demodulation of the monitor diode signal as described by
Egs. (11) and (12) yields the baseband Doppler signals v,(t)
and v,(¢) as shown by the dashed and solid curves in Fig. 8,
respectively. The carriers required for demodulation are recon-
structed in MATLAB (MathWorks, Natick, Massachusetts), by
determining the phase ¢,, that yields maximum correlation
between a 40-kHz sine and the monitor diode signal. The result-
ing phase ¢,, is subsequently used to construct a locked 80-kHz
cosine [Eq. (10)]. Finally, a 15-kHz LPF and a 10-Hz HPF are
applied to bandlimit the demodulated Doppler signals (@ max
and @, i, in Fig. 3, respectively). Therefore, from Eq. (1) it fol-
lows that this system can track velocities between 8.5 ym/s and
12.75 mm/s, which is expected to be sufficient for the intended
application. The segment in Fig. 8 shows a change in the laser’s
direction of motion: at first the Doppler frequency decreases,
and when it starts increasing again, the order of the signals’
local extremes has changed, which indicates the change in direc-
tion. The normalized Doppler signals y(f) and x(f) as obtained
via the Hilbert transform [Eqs. (15) and (16)] are shown by the
dashed and solid curves in Fig. 9, respectively (this is a different
segment than shown in Fig. 8). Overall, effective normalization
is obtained via the Hilbert transform.

3.1.2  Speckle effects

Speckles cause a strong variation of the amplitude of the
Doppler signals, as illustrated in Fig. 8: here the local minima
result from destructive speckle interference. Furthermore, when
destructive speckle interference strongly reduces the amplitude
of the Doppler signals, proper normalization is no longer pos-
sible; this occurs during the moments indicated by arrows 1 and
2 in Fig. 9. In addition, speckle interference can cause jumps of
# rad in the phase of the Doppler signals, as indicated by arrows
3 and 4 in Fig. 9.

To quantify the effect of speckle on the SNR of the Doppler
signals, a conservative estimate of the SNR of the baseband
Doppler signals has been determined as follows. The magnitude

Monitor Signal’s Spectrogram
100 ¥ 1 t‘ £ 1 3 S i § i

Frequency [kHz]
Magnitude [dB]

Tin;e [s]

Fig. 7 Spectrogram of monitor signal vy (t). Doppler signals as a result
of laser motion can be observed in the baseband, around the modula-
tion frequency at 40 kHz, and around the second harmonic at 80 kHz.
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Fig. 8 Segment of the baseband Doppler signals v, (t) and v,(t)
obtained by demodulating monitor signal vyp(t). The strong variation
of the signals’ amplitude is caused by speckle effects.

of the Hilbert transform of the baseband Doppler signals v,,(¢)
and v,,(¢) is used to determine the instantaneous amplitude of
the signals containing noise, S, (#) and S, (z), respectively. Back-
ground noise signals n,(f) and n,() in the signal bands around
40 kHz and 80 kHz, respectively, have been determined by
applying the demodulation scheme in Fig. 3 to the monitor
diode signal that was measured when the laser diode did not
experience any optical feedback. This condition was obtained
by placing black foam approximately 4 cm in front of the
ball lens. The conservative SNR estimates have been obtained
by dividing the signal strengths by three times the RMS value of
the background noise, i.e., SNR, = S,(¢)/{3 - RMS[n, ()]}
and SNR, = S,(#)/{3 - RMS|n,(7)]}. Both baseband Doppler
signals have comparable SNRs: SNR, = 23.9 dB on average
in a range from —53.6 dB to 38.2 dB, and SNR, = 23.0 dB
on average in a range from —45.6dB to 38.3 dB. SNR < 1
of either of the baseband Doppler signals occurs only during
approximately 1% of the recording.

3.1.3 Accuracy

The heavy solid curve in Fig. 10 shows the displacement
AL,,.i(t) obtained via Eq. (17) with @ = 60-deg., and scaled by
y = 1.06. As described in Sec. 2.1.3, the displacement measured
via SMI can contain a constant scaling error. This scaling error

Normalized Demodulated Doppler Signals -y ()
T T T 7)((1)

PP ELTEEEERTE L ERELLRTRELCEIT

0.5

Amplitude [-]

A, A B S
) 4 ) 8 10 12
Time [ms]

Fig. 9 Segment of the normalized baseband Doppler signals y(t) and
x(t). Arrows 1 and 2 indicate moments during which normalization is
not effective, because destructive speckle interference strongly
decreases the amplitude of the original Doppler signals. Arrows 3 and
4 indicate moments at which a jump of  rad occurs in the phase of the
Doppler signals, which is also caused by speckle interference. This is a
different segment than shown in Fig. 8.
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Fig. 10 The laser displacement measured via SMI and scaled by
y = 1.06 (heavy solid curve), the reference LDV measurement (heavy
dashed curve), and their difference ALy, (t) = yALgyi(t) — AL(t)
(thin curve). The difference has been shown explicitly, because the
SMI and LDV displacement measurements are almost identical.

has been accounted for by the factor y [-]. The scaling error has
been estimated by determining the scaling factor y that mini-
mizes the mean squared error between yALg () and AL (1).
This error is minimized by taking the value y = 1.06. Further-
more, Fig. 10 shows the LDV reference AL ¢(¢) (dashed curve),
and the difference AL, (1) = yALgyi () — AL (2) (thin solid
curve). The difference has been shown explicitly, because the
SMI and LDV displacement measurements are almost identical.
Baseline drift is removed from the displacement measurement
by applying a 0.3-Hz HPF (w;; in Fig. 3). The remaining
error AL, (t) equals 0.09 + 6 ym (mean + RMS).

3.2 Measuring In Vitro PPGs

In vitro PPGs have been measured in three different ways: by
using milk in the insert with the rigid channel (case 1), by using
milk in the insert with the silicone membranes (case 2), and by
using milk with a water-soluble black dye in the insert with the
silicone membranes (case 3). In all cases the roller-pump was
used at 20 RPM to generate a pulsatile flow, thus simulating a
pulse rate of 60 BPM. Cases 1 and 2 were used to verify that the
change in milk volume in the flexible channel represents the
dominant contribution to the PPG amplitude. The measured
PPGs are shown by the solid curves in Fig. 11. Furthermore, via
SMI the deflection of the POM window was measured, as
shown by the dashed curves in Fig. 11. Here, the angle 6
between the laser beam and the direction of motion equals
30-deg., and an offset has been added to the displacement such
that its minimum is 0 pgm.

In case 1, a PPG is measured with a 5.5 mV peak-to-peak
amplitude, and the POM window moves upward by approxi-
mately 55 ym [Fig. 11(a)]. In case 2, a PPG is measured with
a 13 mV peak-to-peak amplitude, the DC level increases by
approximately 100 mV compared to case 1, and the window
moves upward by only 23 um [Fig. 11(b)]. Moreover, in
cases 1 and 2 the PPG is in phase with the window deflection.
In case 3 however, the PPG is in antiphase with the window
deflection [Fig. 11(c)]. The increased absorption has further-
more lowered the PPG amplitude to 11 mV and its DC level
to 268 mV. In case 3, the PPG’s amplitude equals approximately
4% of its DC level.

Measurements have also been done using a transparent
window, to determine the influence of POM. Compared to the
transparent window, the POM window causes a decrease in the
PPG’s DC level and amplitude. The decrease in amplitude is a
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Fig. 11 PPGs measured in the flow cell (solid curves) with the roller pump set at 20 RPM. The deflection of the POM window (dashed curves) is
measured via SMI with 8 = 30-deg. (a) Milk flows through the rigid channel. (b) Milk flows through the channel with the silicone membranes.
(c) Milk with a water-soluble black dye flows through the channel with the silicone membranes.

result of additional attenuation [Eq. (26)]. Moreover, in combi- PPGs have been obtained by applying the same 0.3-Hz HPF
nation with milk, the POM window introduces an optical shunt, as is applied to the SMI displacement measurement (@ in
because the PPG’s amplitude decreases by a larger factor than its Fig. 3). The NLMS algorithm has been trained using step-
DC level does [Eq. (26)]. size parameter y = 0.01 and filter order Ny = 1. Because dis-
placement of the laser diode is measured directly, no mechanical
3.3 Motion Artifact Reduction transfer fqnction i.s expected bet.ween the laser displacement‘and
the resulting optical effect. Displacement of the laser diode
Figure 12 illustrates the reduction of optical motion artifacts furthermore directly affects the optical path through the flow
using NLMS with the SMI displacement measurement as an cell, no hysteresis and memory effects are expected. Therefore,
artifact reference (Fig. 6). Artifacts as a result of laser motion a good estimate of the optical artifacts is obtained by adaptively
have been generated by steering the shaker with a 0.5 to 10 Hz scaling the laser displacement by a single filter coefficient.
band-pass filtered white noise sequence. All PPGs have been First, the reduction of pure optical motion artifacts is consid-
measured using milk containing a water-soluble black dye, ered. Pure artifacts are obtained by translating the laser diode, but
the insert with the silicone membranes, and a POM window. All keeping the milk volume in the channel constant (roller pump
inputs to the NLMS algorithm have zero mean. Zero-mean switched off). The reduction of a pure artifact is illustrated by
Reduction Pure Artifacts (Nf =1,4=0.01,Q=-17.5dB) Reduction PPG Artifacts (Nf =1,p=0.01,Q=-9.9dB)
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Fig. 12 (a) Reduction of pure motion artifacts. (b) Reduction of motion artifacts corrupting a PPG. In (a) and (b), the thin curve shows the motion
corrupted signal, the heavy solid curve shows the NLMS output, and the heavy dashed curve shows the reference signal. (c) Laser displacement
causing the pure artifacts in (a). (d) Laser displacement causing the motion artifacts in (b). In (c) and (d), the heavy solid and dashed curves show
the displacement measured via SMI and the LDV, respectively, and the thin curve shows their difference AL, (t) = ALgyi(t) — AL (t). The difference
has been shown explicitly, because the SMI and LDV displacement measurements are almost identical.
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the three PPGs shown in Fig. 12(a). The thin curve shows the pure
optical motion artifact and the heavy curve shows the result of
NLMS motion artifact reduction. The dashed curve shows the
reference PPG, as measured while the laser diode was stationary,
and which is the background noise in the PPG photodiode
signal. An artifact reduction of Q = —17.5 dB is achieved.
Figure 12(c) shows the laser displacement that results in the
pure optical motion artifact in Fig. 12(a). The heavy solid and
dashed curves in Fig. 12(c) show the SMI and LDV result, respec-
tively; the thin curve is their difference, which has been shown
explicitly because the SMI and LDV result are almost identical.

Second, the reduction of an optical motion artifact corrupting
a PPG is considered. Corrupted PPGs are obtained by translating
the laser diode, while the roller pump generates a pulsatile flow
at 20 RPM. The reduction of a motion artifact corrupting a PPG
is illustrated by the three PPGs in Fig. 12(b). The thin curve
shows the corrupted PPG and the heavy curve shows the result
of NLMS motion artifact reduction. The dashed curve shows the
reference PPG, as measured by illuminating the pulsating milk
volume by a stationary laser. The reference and motion cor-
rupted PPGs have been synchronized by determining the lag
at which the maximum correlation between these signals occurs.
The artifact reduction has now decreased to Q = —9.9 dB.
Figure 12(d) shows the laser displacement that causes the cor-
rupted PPG in Fig. 12(b). The heavy solid and dashed curves in
Fig. 12(d) show the SMI and LDV result, respectively; the thin
curve is their difference, which has been shown explicitly
because the SMI and LDV result are almost identical.

Finally, Fig. 13 illustrates the fast convergence of the NLMS
algorithm: filter weight hg[k] (dashed curve) and the output
power e2[k] (solid curve) converge within 0.5 s. Furthermore,
holk] fluctuates little when reducing pure artifacts [Fig. 13(a)],
whereas it fluctuates strongly when reducing artifacts in a cor-
rupted PPG [Fig. 13(b)].

4 Discussion

4.1 Measuring Displacement

Comparing the displacement measured via SMI to the LDV
reference shows that both displacement measurements are equal
in shape (Fig. 10). Moreover, motion towards the LDV gives a
positive sign, which confirms that motion towards the laser
beam of the VCSEL indeed results in a positive displacement
measured via SMI, as indicated by Egs. (1) and (17).

%1073 NLMS Convergence Pure Artifacts (u = 0.01) x 1078
10 T T T T T T T T 0
N K]
__el[K]
8 . - - .-8
6 16
~ ~
=) & o
o~ (0]
4 4

Time [s]

(a)

The precision of the SMI displacement measurement can pre-
dominantly be ascribed to speckle interference.>? As shown in
Fig. 8, destructive speckle interference repeatedly causes the
Doppler signals’ amplitude to fade. As a result of destructive
speckle interference, normalization of the Doppler signals is
ineffective and interference fringes are missed on a structural
basis, as indicated by arrows 1 and 2 in Fig. 9. Furthermore,
speckle interference leads to jumps of z rad in the phase of the
Doppler signals, as indicated by arrows 3 and 4 in Fig. 9,
or other irregularities in the phase of the Doppler signals.
These effects of speckle interference lead to structural inaccura-
cies in the displacement measurement, which results in a base-
line drift in the displacement measurement. The slope of the drift
depends on the number of speckle interference events per unit of
time, and thus on the surface roughness and the speed of motion.
Baseline drift occurs in this recording, even though SNR < 1 of
either of the baseband Doppler signals occurs only during
approximately 1% of the recording time. However, the baseline
drift is effectively removed by the 0.3-Hz HPF (wy, in Fig. 3).

Furthermore, as indicated by y, the constant scaling error is
6%, which can be explained by an error of approximately 1-deg.
in the angle between the laser beam and the direction of motion.
However, it is likely that the inaccuracy in the angle € is smaller
than 1-deg., and that y corrects for the inaccuracy in wavelength
4o as well. In addition, it is expected that the effects of speckle
interference also lead to a structural error in the amplitude of the
displacement measurement, for which y partly corrects too.

The error in the final displacement measurement is on
the order of 10~® m (Fig. 10). A precision of 107% m is suffi-
cient, since sensor motion is expected to be on the order of
10~* — 103 m. Therefore, this measurement shows that trans-
lation of the laser over a diffuse scattering POM window can be
reconstructed with sufficient accuracy using SMI by applying
the theory outlined in Sec. 2.1.

In vivo experiments are required to determine the influence of
speckle on the Doppler signals when measuring on real skin.
Moreover, during in vivo experiments the laser diode will
move more irregularly with respect to the skin, during which
the distance L, between the laser diode and the skin will
vary over time as well. The variation of this distance can
also adversely affect the amplitude of the Doppler signals
[Egs. (8) and (10)]. Furthermore, in this case the displacement
can no longer be measured in absolute units, because a three-
dimensional motion is projected onto a single axis.

%1073 NLMS Convergence PPG Artifacts (u =0.01)
10 T T T T

Time [s]

(b)

Fig. 13 Convergence of the NLMS algorithm. The dashed and solid curves show the convergence of the filter weight ho[k] and the output power €2 [k],
respectively. (a) Convergence for pure artifacts. (b) Convergence for artifacts corrupting a PPG.
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4.2 Measuring In Vitro PPGs

Although the channel is rigid, the weak PPG measured in case 1
[solid curve in Fig. 11(a)] is still a result of the increase in milk
volume in the channel. Milk volume increases in this channel
because of upward deflection of the window, thus increasing
the amount of backscattered light that reaches the detector.

When comparing case 2 to case 1, the PPG waveform is more
smooth and its amplitude increases by a factor of 2.4, while the
window deflection decreases by a factor of 2.4 [Fig. 11(b)]. The
upward motion of the window decreases, because the increased
channel compliance decreases the pressure in the channel.
Furthermore, the silicone membranes cause the periodic in-
creases in channel volume to be larger compared to the rigid
channel. And as in case 1, the PPG is in phase with the window
deflection. Therefore, it is concluded that the increased PPG
amplitude has to be attributed to the stronger backscattering
as a result of the larger increase in milk volume in the flexible
channel. Furthermore, in this case the PPG’s DC level has
increased by approximately 100 mV, because light reaches the
detector that has tunneled through the silicone membrane and
possibly has been reflected back from the base, as indicated
by the third and fourth term in Eq. (26). These light paths
contribute to the increased PPG amplitude as well. However,
because the PPG amplitude is mostly a result of increased back-
scattering in the milk, the most direct paths via the milk volume
will provide the largest contribution to the PPG pulse.

When using milk as a blood phantom, the PPG amplitude is
in phase with the deflection of the window, i.e., an increase in
milk volume leads to an increase in the PPG. This is opposite to
most in vivo reflectance PPGs, which show a decrease upon an
increase in blood volume, as a result of increased absorption. 1046
In case 3, a PPG is measured of which the amplitude is in anti-
phase with window deflection [Fig. 11(c)], i.e., as a result of the
added absorption, an increase in milk volume now does lead to a
decrease in the PPG. Furthermore, the resulting PPG has a rela-
tive amplitude of 4%, which is comparable to the relative ampli-
tude of in vivo PPGs.>>'* Therefore, it is concluded that in case
3 an in vitro PPG representative of in vivo PPGs is obtained by
adding a water-soluble black dye to the milk. Lastly, deflection
of the window observed in vitro is considered a relevant effect,
because skin pulsates in vivo as a result of pulsations of the arter-
ial blood.

In the perfusion phantom, a small laser displacement of
100 to 200 pm results in optical motion artifacts with a magni-
tude comparable to the PPG magnitude [Fig. 12(b)]. How-
ever, the skin perfusion phantom only models the basic optical
effects qualitatively. It is for instance not known whether the
optical shunt through the POM window has a realistic contribu-
tion to the measured PPG. Therefore, no conclusion can be
drawn from the in vitro model regarding the magnitude of
motion artifacts expected in vivo as a result of relative sensor
motion.

Finally, the measurements with pure milk illustrate the
limitations of the Beer-Lambert model for strongly scattering
media.>* Increases in detected light intensity caused by
increases in milk volume result from an increased light scatter-
ing [Fig. 11(a) and 11(b)]. This effect cannot be described by the
Beer-Lambert law, which only takes into account light absorp-
tion. Therefore, it should be noted that the model proposed in
Sec. 2.3.1 can only be interpreted as an approximate description
of the detected light intensity.

Journal of Biomedical Optics

117007-13

4.3 Motion Artifact Reduction

Figure 12(a) and 12(b) shows that the optical motion artifacts are
in phase with the laser displacement, i.e., when the laser moves
towards the PPG photodiode (positive displacement), the mea-
sured light intensity increases. This is in correspondence with
the Taylor approximation of the PPG signal in Eq. (27): a
decrease in emitter-detector distance increases the light intensity
received. Figure 12(a) and 12(b) furthermore show a significant
reduction of optical motion artifacts via an NLMS algorithm that
adaptively scales the laser displacement to estimate the artifacts.
This indicates a strong correlation between the laser displace-
ment and the artifacts, thus confirming our hypothesis in vitro.
The fast convergence in Fig. 13 indicates feasibility of a real-
time implementation.

Figure 12(a) and 12(b) also illustrates that the proposed algo-
rithm does not fully suppress the motion artifacts. This is a result
of fast fluctuating artifacts which are beyond the adaptation
speed of the algorithm. Increasing step-size parameter y would
increase the adaptation speed, but this cannot be done to assure
stability. Furthermore, the pure motion artifact in Fig. 12(a)
shows fast fluctuations which are not present in the displace-
ment in Fig. 12(c), e.g., at 0.3 s. These fast fluctuations are a
result of small inhomogeneities in the skin perfusion phantom
and are multiplicative effects on the pure displacement artifact.
Because visual inspection of the monitor diode’s DC level
shows that the laser’s optical output power remains constant dur-
ing motion, it can be concluded that these fast fluctuations are
not the result of fluctuations in the optical power. Also these
multiplicative artifacts as a result of inhomogeneities have not
been estimated accurately, because they are beyond the adapta-
tion speed of the algorithm. In addition, the NLMS algorithm
may have to correct for the inaccuracies in the SMI displacement
measurement as a result of speckle. This would be done by
adjusting hy[k], which slows down the process of estimating
the motion artifacts. Moreover, Fig. 12(a) and 12(b) shows that
artifacts in a corrupted PPG are suppressed to a smaller extent
compared to pure artifacts. In part, this is caused by the
influence of the PPG in e,[k] on the adaptation of hg[k], as
shown in Fig. 13. In case of the corrupted PPG, h[k] fluctuates
strongly over time, as a result of the fact that e, [k] also contains
the PPG and the cross-correlation in the weight update rule
[Eq. (29)]. Additionally, the reduction in performance is attrib-
uted to the fact that the deflection of the window is measured via
SMLI, as shown by AL () [thin curve in Fig. 12(d)], which is
correlated to the PPG. Because the NLMS algorithm is a cor-
relation canceler, the window deflection component in the
SMI measurement can affect the PPG.

In vivo measurements are necessary to determine the true
potential of the proposed method. In this case, SMI with one
laser diode will provide a one-dimensional reference of three-
dimensional sensor-tissue motion. The usefulness of such a
reference is to be determined. Furthermore, more complex
motion artifacts will be observed in the PPGs, which presum-
ably result from optical coupling effects, sloshing of blood and
deformation of the skin. In vivo results will demonstrate whether
sensor-tissue motion as measured via SMI correlates to other
artifacts than optical artifacts as well. Lastly, it is likely that pul-
sations of the skin at the pulse rate will be measured via SMI,
which can affect the PPG when removing motion artifacts based
on correlation cancellation. Furthermore, as the laser light will
be focused onto the skin, it is expected that the contribution of
laser light directly backscattered by the pulsating skin will
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dominate the contribution of laser light backscattered by the
randomly moving red blood cells in the dermis. Therefore, it
is expected that the components in the relative motion signal
which directly result from moving red blood cells are negligible.

5 Conclusions

It has been hypothesized that optical motion artifacts in a PPG as
a result of sensor motion or deformation correlate with move-
ment of the emitter with respect to the skin. This hypothesis has
been proven true in a laboratory setup. In vitro PPGs have been
measured in a skin perfusion phantom that is illuminated by a
laser diode. Optical motion artifacts are generated in the PPG by
translating the laser diode with respect to the PPG photodiode. It
has been shown that a significant reduction of the optical motion
artifacts can be achieved in vitro using an NLMS algorithm with
only a single coefficient, that uses the laser’s displacement as a
reference for the motion artifacts. Furthermore, it has been
shown that laser displacement can be measured accurately via
SMI by a compact laser diode with a ball lens integrated into the
package, which can be easily integrated into a commercial sen-
sor. Promising results have been obtained using the in vitro
setup. In vivo measurements now have to be performed to deter-
mine the true potential of the use of sensor displacement as a
means to reduce motion artifacts in PPGs.
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