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The Periodic Moving Average Filter for Removing Motion
Artifacts from PPG Signals

Han-Wook Lee, Ju-Won Lee, Won-Geun Jung, and Gun-Ki Lee*

Abstract: The measurement accuracy for heart rate or SpO, using photoplethysmography (PPG)
is influenced by how well the noise from motion artifacts and other sources can be removed.
Eliminating the motion artifacts is particularly difficult since its frequency band overlaps that of
the basic PPG signal. Therefore, we propose the Periodic Moving Average Filter (PMAF) to
remove motion artifacts. The PMAF is based on the quasi-periodicity of the PPG signals. After
segmenting the PPG signal on periodic boundaries, we average the m™ samples of each period.
As a result, we remove the motion artifacts well without the deterioration of the characteristic

point.
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1. INTRODUCTION

Photoplethysmography (PPG) was first reported in
1937 [1]. It is a noninvasive, electro-optic method for
detecting the cardiovascular pulse wave generated by
the elastic nature of the peripheral vascular arteries
excited by the quasi-periodic contractions of the heart.
Various noises tend to decrease the accuracy of the
measured PPG signal, including respiration, motion
artifacts, and external light sources. Among them,
motion artifacts are the main cause of degraded
accuracy [2]. The PPG signal is easy to be exposed to
more noise according as the medical instruments
decrease in size and become portable or wearable.
Especially, the frequency band of the motion artifacts
overlaps that of the PPG signal. So it is difficult to
remove the motion artifacts from the PPG signal.
Removing motion artifacts from PPG signals has been
the subject of numerous biomedical research projects.

In this paper, we exploit the quasi-periodicity of the
PPG signal to remove the noise without causing

deterioration of the original PPG signal characteristics.

We call our method the Periodic Moving Average
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Filter (PMAF).
2. FEATURES OF MOTION ARTIFACTS

PPG is a signal generated by measuring the change
in light. It can be used to monitor saturation of
peripheral oxygen (SpO,), heart rate, and status of the
anesthesia [3].

The PPG signal is affected by various noises in the
patient’s environment, such as the patient’s condition,
respiration, or movement [4], and each type of noise
covers a range of frequencies. For example, the
frequency band of respiration is 0.04-1.6 Hz, and the
frequency band of the motion artifacts caused by the
patient’s movement is 0.1Hz and higher. The
frequency band of the PPG signal pulse wave is in the
range 0.5-4.0 Hz [5,6]. The frequencies of the motion
artifacts and the PPG signal thus overlap, making it
impractical to separate them using classical filtering
methods [7].

The moving average method or adaptive filters are
generally used to remove motion artifacts. The
moving average method works well for intermittent
noise, but cannot remove the motion artifact of large
amplitude or one that occurs suddenly. If the order of
the moving average filter increases, the PPG signal
quality deteriorates. The adaptive filter does work
better and does not degrade the PPG signal, but the
filter is hard to construct in real time. Because the
convergence properties of the adaptive filter are
probably deteriorate according to the unsuitable value
of the filter’s order, coefficients, and convergence
constant in noisy environment{8]. Therefore, we
propose a new method that not only can remove the
motion artifact without degrading the PPG signal but
can also be operated in real time stably.
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3. PROPOSED METHOD

3.1. PMAF method

The PPG signal associated with heart pulsation is
inherently quasi-periodic [9]. We use that quasi-
periodicity in our method. Fig. 1 shows the concept of
the proposed PMAF method. After the PPG signal is
segmented into periods, each period is resampled with
the same number of samples for each. The m™
samples of each of L periods are then averaged. The
result is that the motion artifacts are removed without
degrading the PPG signal. Fig. 2 shows the structure
of the proposed PMAF method. The block P~
indicates one period delay, that is, the previous period.

The input signal with the noise is represented by

Sin (n)=P(n)+N(n). )

The input signal S;,(n) is the PPG signal P(n)
with the noise signal N(n). For segmenting the signal,
it is important to determine the segmentation point.
The p" segmentation point’s value Dg, is

represented by the (p-1)™
maximum and minimum.

mean point from the

1 .
Dy, = Max(Sp.y) = (Max(Sp_y) = Min(Sp.))
)]
The p™ segmentation point n D, is represented by
np, = Index{S,-n (m)=Ds, ), 3)
where Index{} denotes the sample » for which S;,(n)
is equal to Dsp-

Thus, the input signal S,,(n) is segmented into P
periods as in

ﬁj
m Q/ p-2 '|".>—1 [ERY

Fig. 1. Concept of the PMAF method.
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Fig. 2. Structure of the PMAF method.
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The p™ segmented signal is represented by the
series in
nDp
Spu= 2 Swln) 5)
nz(nDp_l +1)

The number of samples in each period is not equal.
So, the interpolation or decimation is done in order to
fit the number of the sample each other.

m
S,,m)=S, (I’I/[—)’ m=0,+M,£2M,---, (6)

After this takes place like (6), the L-period signal

S p, Can be reconstructed in the L-by-M matrix in
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order to execute the PMAF.

Sp (l,m) =
S(p1),S(p.2),--S(p.m), -, S(p,M) |
S(p-11),8(p-12),-,8(p-1m),-,S(p-1,M)
S(p-21),8(p-2,2),S(p-2,m),-,S(p-2,M)
S(p-11),8(p-1,2),--S(p-1L,m),--,S(p-1,M)

_S(p_(Lhl)al):S(p—(L_l)vz)a’S(p_(L_l)aM) ]

(7

where L is the order of the PMAF, and M is the
number of the samples in each period after resampling.
Since the number of samples in each period is now the
same, the PMAF can be applied. The output signal of
the PMAF in each period is represented by

1 L-1

Spoa (M) =7 2,5, (1m). ®

1=0

When PMA Filtered all L-periods are joined to each
other, the output signal S, is represented as

S"”t |:Slout Szout (}’1) SP out ( ):| ©)

3.2. PMAF recursive model

The performance of the PMAF degenerates,
however, when the noise is periodic. The shivering
noise from a chilly patient would be one example, and

another refinement is necessary to overcome this
drawback.

Sp(l’m):
—S(pal)as(pﬂz)a,S(p,m),,S(p,M) —‘
S, (LIS, (p-12)5, (p=1.1)
S, (p=21),8, (p-22),8, (p-3.M)
San(l"lJ)’Spm”(P"L2);~aS md(p——LAl)

S (p-(L-1.1),

Pout Sp ut (p_(L‘I)’z),‘“’

s, 3 (p—(L—l),M)J
(10)

Equation (10) is the matrix with the recursive input
signal. Every input period signal of the PMAF except
the present period are all fed back from the previous
output signal of the PMAF.

4. EXPERIMENTS AND RESULTS

The PMAF was simulated by using MathWorks
Matlab. The input signal was the PPG signal with
noise, sampled at 500 Hz. After filtering the input
signal with a 5-Hz 8th-order Butterworth low-pass
filter, we estimated the maximum and minimum value
of each period. The means of each period were
obtained from the maximum and minimum values
applying the zero crossing method. These points of
the means determined the boundaries of each period.
Because the number of samples in each period was
not equal, interpolation or decimation was performed
to ensure that each period had the same number of
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(d) Output signal of the PMAF (recursive).

Fig. 3. Input signal and the processing results. Signal with tap noise from a man, age 34.
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samples. Table 1. Heart rate variation (tap noise).
We used five periods for the PMAF. Fig. 3 presents PMAF
the results of the simulation using the input signal Sional Input MAF i PMAF
) . . . . igna . non .
with the tap noise. Fig. 3(a) shows the input signal signal recursive | TECUrsive
with the motion artifact clearly marked. Fig. 3(b) is
the result of a classical 30th-order moving average HR 5123 | 51.24 54.64 54.64
filter (MAF). Fig. 3(c) shows the result of the PMAF (Avg.) ' ] ' .
non-recursive model, and Fig. 3(d) gives the result of HR Var. | 6.9207 | 6.144 3.7915 3.3911
the PMAF recursive model. (%) (12.8) | (11.99) (82) 6.2)

We compared the heart rate variation of the
proposed method with that of the classical MAF
method (see Table 1). The heart rate variation of the four signals. The heart rate during the first period is
proposed method is lower than that of the classical not affected by the PMAF. The parts marked in dotted
method. Fig. 4 shows the heart rate variation for those circle are influenced by the motion artifact. We can
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(d) Output signal of the PMAF (recursive).

Fig. 5. Input signal and the processing results. Signal with shivering noise from a man, age 34.

Fig. 6. Heart rate variation comparison of the Fig. 5’ results.
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(b) Case II: Woman, age 22.

Fig. 7. Input signal and the processing results of
several age’s groups.

see that the o-line and the o-line (our proposed
method) are more stable than the others. Note that the
section between 4 and 7s, which contains the motion
artifacts, shows that the proposed method exhibits
better efficiency than the classical method.

Fig. 5 shows the results of the simulation for the
input signal with the shivering noise in the same order
as in Fig. 3. For shivering noise, the result of the
PMAF non-recursive model is not outstanding. The
PMAF recursive model, however, shows good
performance for the longer-term noise.

The heart rate variation in the second simulation is
shown in Table 2. In this case, the PMAF non-

Table 2. Heart rate variation (shivering noise).

PMAF
Signal Ipput MAF non- PMA.F
signal . recursive
recursive
HR
51.229 | 54.70 57.48 54.73
(Avg.)
HR Var. | 9.8716 | 7.0825 | 7.5671 4.6255
(%) 12.8) | (7.1 (7.1) (4.9)

recursive model performed in a similar manner to the
MAF. The recursive model, however, has a heart rate
variation 2.2% lower than that of the MAF.

For testing the performance of PMAF, we simulate
this algorithm for more people. Fig. 7 shows the
results of the simulation for several age’s groups.

5. CONCLUSIONS

Our PMAF method gave good results in removing
motion artifacts without degrading the PPG signal.
When the recursive model was applied, the periodic
noise could also be removed. Applying these methods
to portable medical instruments should improve their
performance.
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