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Abstract.

BACKGROUND: There is an urgent need for blood oxygen saturation (SpO2) tests when participants are ambulatory, as in
daily activity monitoring, sleep monitoring, or even athletes’ cardiovascular function tests. In such situations, measuring equip-
ment needs to be wearable. This restricts the processor volume, and the corresponding algorithm should be microprocessor
compatible.

OBJECTIVE: This article proposes an anti-motion interference blood oxygen saturation algorithm for the microcontroller
based on AC and DC analysis, named de-trended FFT.

METHODS: An experiment was conducted to compare the de-trended FFT algorithm with two other algorithms commonly
used in the time and frequency domains. In the experiment, participants’ oxygen saturation levels were calculated from Pho-
toplethysmography (PPG) signals that were recorded continuously. Meantime, five types of hand motions were conducted,
including hand trembling movements, horizontal hand movements, vertical hand movements, finger tapping, and finger bend-
ing, with each state lasting 2 minutes.

RESULTS: Results show significant performance of de-trended FFT in SpO2 calculation (P < 0.05), in both accuracy and
stability.

CONCLUSION: De-trended FFT stands out in both mean deviation and variance by eliminating trending influence when
compared with the other two algorithms. The motion interference’s influence on SpO2 calculation mainly comes from the AC
component, not the DC.

Keywords: PPG, blood oxygen saturation, spO2, motion artifact

1. Introduction

In recent years, wearable medical devices have been used to continuously monitor vital human sig-
nals and further prevent deterioration by providing automatic notification services in emergency situa-
tions [1]]. There is an urgent need for dynamic detection of blood oxygen using wearable devices [213]]. If
blood oxygen can be measured precisely by wearable equipment during sleeping, doctors or researchers
can be notified in time when apnea occurs [4-7]]. If blood oxygen can be monitored in daily activities,
users can move freely while wearing the equipment; this will assist doctors in diagnosing potential phe-
nomenon and treating patients as soon as possible [§]]. If blood oxygen can be measured during exercise,
the athlete’s cardiovascular function can be evaluated by SpO2 changes. However, the detection results
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of wearable devices are always affected by body movement; this problem has not been solved well
enough by existing products.

Generally, SpO2 detection requires participants to remain still so that the peak and valley of Photo-
plethysmography (PPG) [9110] can be measured based on the good quality of the waveform. In move-
ment states, participants’ gesture changing and breathing all lead to baseline drift of the PPG signal,
which makes it difficult to detect the peak and valley of the PPG, ultimately affecting the accuracy and
stability of the blood oxygen test [[L1]. Restricting participants’ activity also limits the SpO2 detection’s
application scenarios.

Recent research has made great breakthroughs in eliminating motion artifact and reconstructing PPG
signals, such as smoothed pseudo winger-ville distribution (SPWVD), singular value decomposition
(SVD) and cycle-by-cycle Fourier series analysis (CFSA). SPWVD removes the effects of motion arti-
fact through the three-dimensional distribution of time, frequency and energy [12]. SVD and CFSA both
extract characteristic from a single cycle, eliminating movement interference, and further reconstruct-
ing signal without interference. In this way, all morphological characteristics of the original PPG signal
can be reserved [13/14], and stable blood oxygen is calculated, making SVD and CFSA stand out from
other methods. However due to their high computing complexity, neither SPWVD, SVD, nor CFSA are
suitable for the microcontroller.

In this paper, an anti-motion interference SpO2 algorithm is proposed and named de-trended Fast
Fourier Transform (de-trended FFT). This algorithm aims to eliminate the effects of motion artifact by
de-trended analysis and post processing analysis, based on FFT. We believe that motion interference’s
influence on SpO2 calculation mainly comes from the AC component in FFT.

2. De-trended FFT SpO2 algorithm

Two kinds of light sources, red and infrared light, are collected by equipment in SpO2 detection,
forming two PPG signals. The PPG’s peak and valley values are commonly utilized in computing blood
oxygen saturation [[15/16]. In accordance with the theory that oxyhemoglobin (HbO2) and deoxygenated
hemoglobin (DHb) have different extinction coefficients for both red and infrared light [2], oxygen
saturation can be calculated with an empirical formula of the normalized ratio R. R is an odds ratio, in
which the numerator is the ratio between the red light’s AC and DC components while the denominator
is the ratio between the infrared light’s AC and DC components, representing the ratio between the red
light’s transmitted light intensity and infrared’s. Ratio R is given below as

_ (Iac/Ipc)rep _ (Irep/Ir)ac 0
(Iac/Inc)r (Irep/Ir)pC

Obviously, the precision and stability of the AC and DC components’ calculation is the most vital
issue. Before the de-trended FFT algorithm was put forward, a series of test was carried out to find a
better way to obtain AC and DC, including finding peak and valley values of PPG, filters, and FFT. In
accordance with test results, it is difficult to find peak and valley from PPG, so this method is not the
best choice. Interestingly, the FFT’s DC calculation results almost totally coincide with the low pass
filter, illustrating that motion interference does not exert any influence on the DC components in SpO2
computing. Thus it is estimated that calculating the AC parts is the key point in calculating SpO2. To
confirm this estimation, FFT on raw PPG (group 1) and on the de-trended signal (group 2) was carried
out; Fig. 1 shows the calculation results. Results show that group 2 vibrated more mildly than group 1,
especially in parts where the original signal changes violently.
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Fig. 2. Block diagram of the optimized de-trended FFT algorithm.

As shown in Fig. 2, raising the de-trended algorithm consisted of three parts: 1) de-trended analysis,
2) FFT, 3) post processing analysis.

Initially, de-trended analysis mainly removes the PPG baseline, that is the parts at a frequency of
approximately O Hz in the frequency domain. To yield the DC component, a second-order Butterworth
low-pass filter was chosen with a cut-off frequency at 0.5 Hz. The rest of the components in the original
PPG are called the de-trended signal, which could further come into the AC component through FFT.
For the part of FFT, the strongest spectral line within the cardiac frequency band (1-2 Hz) is selected for
the AC components, corresponding to pulse components ranging from 60 beat/min to 120 beat/min. FFT
is executed in every 8 second PPG period that overlaps 1 second with another period [17/18]] at a sample
rate of 128 Hz. Finally, post processing analysis, which includes standard averaging and singularity
elimination, further improves the accuracy of SpO2 calculation. Standard averaging here is the four-
point weighted moving average, which aims to further stabilize the calculated SpO2. If SpO2 variation
is higher than 2% within a second, the SpO2 value is considered singular and is discarded, because
physiology makes it impossible for SpO2 to change abruptly.

3. Experiment and results
3.1. Experimental protocol
The experiment is under the Declaration of Helsinki (2000) of the World Medical Association and

the protocols are approved by the Institutional Research Review Board at the Hospital of the Beijing
University of Technology. In addition, the experimental participants gave informed consent.
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For the experiment, ten healthy participants were selected, five males and five females, aged 22 to 26.
Participants were required to perform five kinds of motion while wearing a PPG sensor on the middle
finger of their right hand. They performed each motion for two minutes, during SpO2 detection. Here,
red and infrared light was collected at sample rate of 128 Hz. In addition, the PPG of the left hand was
detected using the same sensor as the control group. Complicated hand motions were classified into the
five basic action types to quantize the control of exercise intensity conveniently and explore the effects
of different motions on SpO2. Among the five motions, horizontal movement and vertical movement
simulate the fundamental movement of an arm, with high amplitude and low frequency. Finger bending is
performed as the most basic motion of the finger. Trembling movements mainly simulate the behavior of
patients with Parkinson’s disease. Finger tapping represents situations where the finger hits something in
daily life. For comparison, results from a stationary state were also recorded. Motions were conducted at
a frequency ranging from 0.5 Hz to 4 Hz during SpO2 measurement. The amplitude scope of horizontal
hand movements and vertical hand movements was from 5 cm to 7 cm, and the scope of other types
from 2 cmto 5 cm.

3.2. Data processing

The purpose of this experiment is to compare the performances of the commonly used time-domain
SpO2 algorithm, the frequency-domain algorithm, and de-trended FFT. SpO2 is calculated using the
time-domain algorithm via the peak and valley, which is determined by the maximum and minimum
of the single PPG wave. In this article, the frequency-domain method is FFT, and it is introduced in the
de-trended FFT algorithm above. Similarly, time-domain and frequency-domain also yield a SpO2 value
every 8 seconds, which overlaps each 1-second piece with another.

SpO2 values do not change rapidly for healthy people in a relatively short time if participants are
not doing strenuous exercise, confirmed by the medical oximeter on the left hand. Therefore, the SpO2
value from participants’ right hand is considered stable despite the fact that the right hand is in motion.
In order to evaluate the effects of the three different algorithms, the precision and variance of the cal-
culated SpO2 are analysed. Precision is depicted by the mean deviation between participants’ measured
values and standard values (offered by the oximeter tied to the left hand). SpO2 variance indicates the
algorithms’ stability. A T-test is conducted to discern which approach presents the best consequence in
SpO?2 calculation.

3.3. Results

As shown in Table 1, among the three algorithms, the time-domain method has the highest mean de-
viation and de-trended FFT and FFT are very close to each other, while the former is smaller in general.
On the other hand, variance of the de-trended FFT is relatively low compared with the time-domain
algorithm and FFT in all states of motions. A T-test was conducted between each pair of the three al-
gorithms in the same motion condition, and P values are less than 0.05 in all but three cases. In one
of these cases, the P value between the FFT algorithm and the de-trended FFT was 0.1583 in trem-
bling movement and the P value between the time-domain algorithm and the de-trended FFT in bending
movement was 0.079, which may be caused by the high variance of time-domain results, because the P
value between the time-domain algorithm and FFT was also more than 0.05. The results illustrate that,
in most cases, the de-trended FFT shows significant improvement from the time-domain method and
FFT in both accuracy and stability of SpO2 computation.
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Table 1
Mean deviation of three kinds of algorithm

Still Trembling  Vertical Horizontal Tapping Bending

Time-domain —0.106 —6.219 —3.528 —2.838 —1.343 —8.4
FFT —0.121 —0.105 —0.446 —0.531 —0.748 —1.885
De-trended FFT  —0.081 0.034 —0.321 —0.44 —0.685 —1.708
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Fig. 3. The variance of SpO2 using time domain algorithm, Fig. 4. SpO2 calculated by de-trended and commonly used
FFT and de-trended FFT algorithm in the six states of motion. method.

4. Discussion

The mean deviation represented how severely the habitual movements simulated by the five differ-
ent motions used in this study interfere with the measured results. As shown in Table 1, hand motions
cause the time-domain results to deviate very severely from the true value, and may even be meaning-
less for clinical diagnosis. This implies that the effects of exercise on SpO2 detection are significant
enough. Among the five habitual movements, the bending movement caused the most deviation, no
matter which method was used. Trembling scarcely influenced the blood oxygen’s deviation with the
frequency-domain or de-trended FFT algorithms, but exerted high effects on the time-domain method.
Surprisingly, tapping did not affect SpO2 precision as expected.

Notably, several participants’ SpO2 deviated severely beyond the normal range when using the time-
domain algorithm in certain motion states. For example, the SpO2 value of participant No. 5 was 57% in
the trembling movement. The corresponding original pulse waveform was seriously affected by motion;
thus the accurate peaks and valleys of pulse waves could not be found, whereas relatively precise SpO2
values could be calculated by FFT and de-trended FFT. Results demonstrated that AC and DC compo-
nents could not be detected in the time domain under the effect of motion but could be found in the fixed
spectral band in the frequency domain.

De-trended FFT was better in both precision and stability than FFT, as shown in Table 1 and Fig. 3.
De-trended FFT’s better performance may be due to the de-trending procedure. For further research,
the curves of SpO2 calculated by de-trended FFT and FFT were plotted in Fig. 4, and the example data
is in accordance with that of Fig. 1. The improved parts by de-trended FFT in the SpO2 curve match
that of the curves of the AC-components ratio (Fig. 1), especially for the greater fluctuation between the
80 s and 100 s in Figs 1 and 4. Therefore, it seems that improving AC calculation contributes directly to
better SpO2 results.
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Fig. 5. FFT spectrum of red. Fig. 6. FFT spectrum of IR.

This study also demonstrates that the influence of the motion is mostly applied to the AC compo-
nents of PPG. For FFT, the raw PPG signal ought to be weakly stationary before processed; however, in
practical applications, the SpO2 signal showed slow linear changes or more violent, complicated trend.
Spectrum analysis conducted in such conditions may lead to distortion of time-frequency analysis. Fig-
ures 5 and 6 show signal fragments with intense baseline drift that were picked on which FFT was carried
before de-trending and after.

As the amplitude of the DC components is far greater than that of the AC components, those DC
components would cause certain effects on spectra converter results, especially for the frequency band
ranging from 1 Hz to 2 Hz. Under such conditions, poor AC component extraction leads to unstable
oxygen calculations. After the de-trending process, the peak from frequency band 1 Hz to 2 Hz is easier
to find.

The differences between the reviewed algorithm and de-trended FFT are also discussed here. De-
trended FFT calculates SpO2 from two dimensions, time and frequency, whereas SPWVD is based on
three-dimensional distribution and further calculates SpO2 through the dispose-adding window. Obvi-
ously, the latter method of computing is more complex. Similarly, both SVD and CFSA have more
computational complexity than the algorithm put forward in this article. Thus, the de-trended FFT algo-
rithm would simplify programming and improve microprocessors’ operational efficiency. At the same
time, the de-trended FFT algorithm improves calculation accuracy and especially stability, as shown in
Figs 3 and 4. In Fig. 4, the curves of the de-trending method hardly fluctuate, while those from FFT
without de-trending do. High stability contributes to the precision of SpO2 continuous monitoring. As
we can see, the precision and stability of de-trended FFT algorithm are high enough to meet the demand
of detection in motion. Based on its high precision and simplicity, the de-trended FFT algorithm can be
applied in embedded systems as a lightweight SpO2 algorithm in motion.

The restriction of the de-trended FFT algorithm is that it cannot acquire more parameters from the
reconstructed pulse wave, like SVD and CFSA can. However, if only SpO2 is needed, using SVD and
CFSA is a waste of computing resources.

5. Conclusion

In an attempt to improve the current algorithm for SpO2 calculation, this study puts forward the de-
trended FFT algorithm to avoid the influence of severe baseline drift on PPG in states of motion. The
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de-trended FFT algorithm stood out in the experiment, especially in the cases of stationary states, trem-
bling and finger tapping. The performance of SpO2 calculation improves significantly in both accuracy
and stability. In addition, what needs to be emphasized is that movement interference only impacts the
AC component of PPG, not the DC component, which leads inaccurate SpO2 computing. De-trended
analysis based on FFT gives a great result of the extraction on the AC component, which is the main fac-
tor in obtaining better SpO2 computing results. Further work is required to research the AC component
in motion, by which baseline drift may be fundamentally solved. Comparison between de-trended FFT,
SPWVD, SVD and CFSA in the field of calculation precision is also a promising future project.
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