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Abstract: 12 

Background: SpO2 is a widely used estimation of oxygen saturation owing to its 13 

convenient usage and low cost. However, SpO2 determination under low perfusion 14 

condition is severely affected by noise. 15 

Methods: In this paper, an autocorrelation modeling method for the oxygen saturation 16 

measurement during low perfusion is presented. The proposed method mainly contains 17 

two steps: calculating the autocorrelation of the photoplethysmography (PPG) signals and 18 

modeling for the parameter calculation. The autocorrelation of the PPG signals can 19 

suppress the noise and extract pulse waves from low perfusion signals. The model can 20 

realize the calculation of SpO2 with the autocorrelation signals.  21 

Results: Experiments showed that the new method had a good accuracy and stability 22 

under low perfusion condition (perfusion index (PI)<=0.2%), and it was also motion-23 
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tolerant. Meanwhile, the new method showed a good performance for the oxygen 24 

saturation measurement under the condition of lower perfusion(PI=0.1%). 25 

Conclusions: The new method could realize the calculation of SpO2 by little computation 26 

and high efficiency without extra hardware. It has strong potential in real-time clinical 27 

use.  28 

Keywords: Pulse oximetry, SpO2 extraction, Low perfusion, Autocorrelation modeling 29 

method 30 

 31 

1 Background 32 

Saturation of peripheral oxygen (SpO2), which reflects arterial oxygenation levels, is often 33 

used to assess the function of the respiratory system and the circulation system. Pulse 34 

oximetry is a non-invasive technique, recording from extremities such as fingers and ear 35 

lobes, to continuously monitor SpO2. Owing to its cost-effectiveness benefits, pulse 36 

oximetry has become a regular monitoring device used in anesthesia, surgical operation, 37 

and intensive care [1,2]. However, clinical applications of pulse oximetry revealed that the 38 

measurement accuracy and precision were severely affected by motion and low peripheral 39 

perfusion caused by low ambient temperature or cardiogenic shock[3,4]. In case of low 40 

perfusion, the amplitude of photoplethysmography (PPG) signals, which is used to 41 

calculate SpO2, become very small and hidden in noise. The signal-to-noise ratio (SNR) is 42 

too low to extract useful information with conventional methods(Fig. 1 b). In case of 43 

motion, PPG signals are contaminated by motion artifacts. The frequency spectrum 44 

overlap of PPG signals with motion artifacts makes conventional low-pass or high-pass 45 

filter techniques inapplicable. Therefore, new methods are needed to deal with the issue 46 

mentioned above.  47 
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To overcome the shortcomings of motion and low perfusion, many algorithms were 48 

developed in the past few years. For instance, Masimo Corporation proposed Discrete 49 

Saturation Transform (DST) method to adaptively filter out noise from recordings by 50 

constructing a reference noise [5]. Yan et al. proposed a robust minimum correlation 51 

discrete saturation transform (MCDST) algorithm to remove motion artifact [6]. Yousefi et 52 

al. developed a real-time adaptive algorithm to extract heart rate and SpO2 for a wireless 53 

pulse oximeter allowing users to move freely [7]. Byung et al. proposed independent 54 

component analysis to reduce noise in PPG signals[8]. However, this method did not 55 

perform well for low perfusion interference. Foo proposed two algorithms to account for 56 

the difference between the properties of low perfusion signal and motion contaminated 57 

PPG [9]. However, Foo’s method for low perfusion case was a complicated non-causal 58 

filter technique commonly used for off-line analysis. In addition, SpO2 was not extracted 59 

in their work. Therefore, new algorithms for accurately extracting SpO2 under low 60 

perfusion is required, especially for the anesthesia, surgical operation, and intensive care 61 

application. 62 

Here we propose a novel autocorrelation modeling method for determining SpO2 under 63 

low perfusion conditions. First, we characterize the properties of PPG 64 

(photoplethysmography) signals under low perfusion condition. Then, we deduce the new 65 

autocorrelation based SpO2 extraction method. At last, validation test resutls of the 66 

method on accuracy, stability, and motion-tolerance are presented. The new SpO2 67 

extraction method have potential of real-time clinical use. 68 

2 Methods 69 

To realize the accurate measurement of SpO2 under low perfusion condition, we 70 

designed a pulse oximetry to acquire PPG signals(generated by a SpO2 simulator-Fluke 71 

Index 2XL) which are pre-processed and used for calculating the alternative 72 
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component(AC) and the direct component(DC). We computed autocorrelation on 73 

recorded AC signals, then calculated the SpO2 with the autocorrelation preprocessed 74 

signals by our modeled method. The overall process is shown in Fig. 2. 75 

2.1 PPG signal generation 76 

Photoplethysmography (PPG) signals, which are used to extract SpO2, can be obtained 77 

when illuminating the body with a light beam at a haemoglobin-sensitive wavelength. In 78 

the peripheral sites to be recorded, the volume of blood within the illuminating field alters 79 

periodically to the artery pulsation, thus generating fluctuating PPG signals. A PPG signal 80 

can be represented as an addition of an alternative component (AC) and a direct 81 

component (DC). The DC signals reflect lights that are absorbed or scattered by vein, base 82 

volume of artery, and other non-pulsatile tissue, while the AC signals reflect volume 83 

change in the artery and arterial blood. The parameter PI (perfusion index) is an indication 84 

of the peripheral perfusion level, which can be simply calculated by the ratio of AC to DC 85 

amplitude(PI=PAC/PDC). In the low perfusion case, PI can be less than 0.2%. 86 

To develop the new method, two kinds of PPG signals were used: 1) simulated signals, 87 

and 2) recorded signals. A way to model low perfusion condition is lowering the 88 

peripheral temperature. However, its controllability and reproducibility are relatively low. 89 

Therefore, we used simulated PPG signals generated by a SpO2 simulator-Fluke Index 90 

2XL (Fluke Biomedical, USA). With the simulator, we could obtain PPG signals with 91 

preset PI2 (PI for infrared case), PR (pulse rate), and SpO2 (Fig. 1). Signal simulation is a 92 

good tool for developing and testing the new method for low perfusion case. On the other 93 

hand, motion artifacts were modeled by direct recording the PPG as the users moved their 94 

fingers. A home-made reusable dual-wavelength PPG sensors were used in this case. 95 
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2.2 Calculation of SpO2 96 

2.2.1 Principle of SpO2 extraction 97 

Oxygen saturation can be calculated by concentration of oxyhaemoglobin (HbO2) and that 98 

of deoxyhaemoglobin (Hb). Since the absorption spectra of HbO2 and Hb are different in 99 

the red and infra-red regions, two monochromatic lights are commonly used to illuminate 100 

peripheral vascular bed. Two PPG signals and two PIs are formed based on light 101 

transmission. Therefore, SpO2 can be calculated according to Beer-Lambert Law as 102 

follows: 103 

   R
R

SpO
HbHbOHbHbO

HbHb

22

2

11

2

12
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   (1) 104 

Where, λ1 and λ2 are the two wavelengths (in 660 and 940 nm); R is the ratio of the two 105 

PIs (i.e., R=PI1/PI2); 1

2

HbO  and 2

2

HbO  are the extinction coefficients of HbO2 at λ1 and 106 

λ2; 1Hb
 and 2Hb

 are the extinction coefficients of Hb at λ1 and λ2. All the relevant 107 

coefficients are constant[10]. Therefore, SpO2 is determined as R is obtained from 108 

recordings. Considering individual differences in scattering effect and other uncertainty 109 

factors, Eq.1 is generally expanded in terms of second-order Taylor series in practice as 110 

follows: 111 

CRBRASpO  ** 2
2       (2) 112 

Where the coefficients A, B, and C can be calibrated by fitting the data to a conic curve 113 

using Least Squares.  114 
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2.2.2 Principle of autocorrelation modeling 115 

Autocorrelation modeling consists of 1) autocorrelation function computation, and 2) 116 

relating SpO2 and other parameters to autocorrelation signals. Before going into the 117 

autocorrelation modeling details, we review the autocorrelation technique first. 118 

  Autocorrelation technique is a weak signal detection technique, particularly for signals 119 

with cyclic properties, such as ECG. For a signal x(t), and its autocorrelation function is 120 

defined as 121 

ttxtx
T

R
T

T
x d)()(

1
lim)(
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    (3) 122 

  Now, we present a simple demonstration of noise reduction of autocorrelation 123 

technique. Given a sinusoidal signal s(t)=Asin(ωt+φ) and its noise n(t), the signal x(t) is a 124 

sum of these two signals; i.e., x(t)=s(t)+n(t)=Asin(ωt+φ)+n(t). Then, the autocorrelation 125 

function of this signal is 126 
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 (4) 127 

Since the original signal s(t) and its noise n(t) are independent, and if the noise is white 128 

noise, the three latter terms tend to be zero as τ→∞. Thus we have 129 

 cos
2

)()(
2

A
RR sx      (5) 130 

The autocorrelation function has the same frequency to the original signal, and the 131 

amplitude can be related to that of the original. Therefore, useful information can be 132 

extracted while noises are reduced[11,12].  133 
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2.2.3 Autocorrelation modeling of SpO2 134 

PPG signals, are regenerative and can be regarded as cyclic in a small period of time. 135 

Suppose the resolved AC component of PPG is denoted by pAC(t), then we have 136 

)()()( tgPmTtptp ACACACAC    (6) 137 

Where T is the period of pAC (t); m is an arbitrary constant; gAC (t) is normalized pAC (t), 138 

and PAC is the amplitude of pAC (t). Recall that SpO2 is calculated from R, which is the 139 

ratio of the two PIs. Since PI is defined as the ratio of AC and DC amplitude, 140 

conventional computation of R is as follows: 141 

21
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1

DCDC
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DCAC

PP
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PP
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PI
R     (7) 142 

However, in the low perfusion case, both PAC1 and PAC2 are very weak and prone to be 143 

distorted by noise and interference, while the amplitude of DC component was less 144 

affected. To suppress noise, we compute autocorrelations on recorded AC signals. 145 

Suppose the noise in the recorded AC signal prAC (t) is denoted by n(t); i.e., prAC (t)=pAC 146 

(t)+n(t). The autocorrelation function of prAC (t) can be represent as follows: 147 

)()()(        

)()()()()(





ACACnpACn

nnpACpACnpACprAC

gPRR

RRRRR




 (8) 148 

Where RpACn(τ) and RnpAC(τ) are cross-correlations of pAC(t) and n(t), which equal to zero 149 

as they are independent with each other. )(ACg is normalized autocorrelation signals of 150 

prAC(t) and ACP  is the amplitude of autocorrelation signals of prAC(t). Rn(τ) is only non-151 

zero at τ=0. Therefore, the weak cyclic pulsation signal was retrieved from the stable 152 

autocorrelation function with a strongly suppressed noise. Besides, since autocorrelation 153 

does not change the periodical property of the original signal, RprAC(τ) is also regenerative 154 

and has a period of T and has an amplitude proportional to the square of PAC; i.e.,  155 
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ACAC PkP       (9) 156 

Where k is the amplitude transfer factor (Fig. 3). Unlike sinusoidal signal, k does not 157 

exactly equal to 21/2 and, in practice, we determined it empirically through experimental 158 

trials. In this way, the amplitude of AC component of the PPG signal, i.e. PAC, can be 159 

determined. 160 

  Given PAC, the perfusion index (PI) can be calculated from the amplitude of DC 161 

component (PDC), which is relative easy to be determined; thus we have 162 

  DCACDCAC PPkPPPI     (10) 163 

In the dual-wavelength method, we actually obtained two PIs corresponding to 164 

wavelength λ1 and λ2, respectively. Therefore, with autocorrelation modeling method, we 165 

obtained R (denoted as R’ to be distinguished from R calculated with Eq. 7) as follows: 166 

21
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R


    (11) 167 

Where k1 and k2 are amplitude transfer factors at the two wavelengths. Thus we compute 168 

SpO2 as follows: 169 

CRBRASpO  ** 2
2     (12) 170 

2.3 Implementation of SpO2 171 

To extract SpO2 accurately, the autocorrelation modeling technique, in practice, is 172 

comprised of four steps described as follows. 173 

  (1) Signal recording and pre-processing. The dual-wavelength signals were recorded 174 

and packed in a crosswise format for the convenience of data transmission. In the pre-175 

processing step, data from the same source would be accumulated in a dedicated data pool 176 
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for later use. After data-rearrangement, the raw data were low-pass filtered to reduce 177 

noise, notch filtered to suppress power-line interference. 178 

  (2) PAC and PDC computation. As for PDC, the computation was relatively simple: low-179 

pass filtering the raw data and calculating the mean value. As for PAC, we high-pass 180 

filtered the original PPG AC signal and computed the difference between peak and valley. 181 

  (3) Computation of autocorrelation function and its amplitude. In practice, the 182 

summation limit to calculate autocorrelation function can never be infinite and should be 183 

truncated: 184 







||1

0

)()(
1

)(
mN

n

x mnxnx
N

mR   (13) 185 

Where, N>>m. The fast computation of autocorrelation is generally achieved by FFT and 186 

window technique. To make the method be adaptive to real-time use, we employed the 187 

circular autocorrelation technique (Supplementary Fig. 1). Suppose the length of the data 188 

pool is N, the length of autocorrelation function should also be N. The tail of the pool was 189 

linked to the head. In this way, when the pool was full, the algorithm turns to the head of 190 

the data pool to restore and retrieve the new data. To compute the amplitude of the 191 

autocorrelation function, we integrated one cycle of data. 192 

  (4) Computation of R’ and SpO2 according to Eqs. (9)-(12). Every 6 seconds a new set 193 

of results were generated. 194 

2.4 Data analysis 195 

The new algorithm--autocorrelation modeling of SpO2--was carried out on Matlab 196 

(MathWorks, USA). Linear regression and other statistical analysis were done by 197 

OriginPro v9.0 (OriginLab, USA) and Excel (Microsoft, USA). Statistical data were 198 

represented as mean ± SD. 199 
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3 Results 200 

3.1 Autocorrelation modeling results 201 

The new autocorrelation modeling method was built based on two linearity assumptions: 202 

1) the amplitude of original AC component is proportional to square root of that of 203 

autocorrelation function as denoted by Eq. (9), and 2) the substitution of R with R’ in Eq. 204 

(2). Here, we test the two linearity assumptions. 205 

  First, we created PPG signals for PI2=3%, PR=75, and SpO2 (%) ranges from 36 to 100 206 

using Fluke Index. The simulated signal at each SpO2 was recorded and transmitted to 207 

PC.  208 

We calculated the magnitudes of original PPG AC component (PAC) and those of the 209 

autocorrelation functions (P’AC). Since values of PAC under different SpO2 settings are 210 

different, a sweep of SpO2 (%) from 36 to 100 yielded a sufficient multi-level coverage of 211 

PPG signals. At each SpO2 settings, we calculated PAC and P’AC 10 times. Linear 212 

regression was conducted on means of each pair (n = 10). It showed a nearly perfect 213 

linearity between PAC and (P’AC)1/2 (Pearson’s r=0.99967, Fig. 4a). Further, the amplitude 214 

transfer factor k in Eq. (9) can be calculated from the slope of the regression line. In this 215 

case, the wavelength was λ1 and k1=1/0.348=2.874. 216 

After computation of k1, k2, P’AC1, P’AC2, PDC1 and PDC2, we calculated R and R’ 217 

according to Eqs. (10) and (11). Linear regression of means of R’ on those of R (n=10) 218 

yielded a regression line with slope of 1.004 and Pearson’s r of 0.9998 (Fig. 4b). 219 

3.2 Accuracy 220 

To test SpO2 extraction accuracy of the autocorrelation modeling method, we modeled the 221 

low perfusion scene by simulating PPG signals with small PI (say, PI=0.2% and 0.1%) 222 

(Fig. 5). A sweep of SpO2 (%) from 64 to 96 was generated by Fluke Index. In PI=0.2% 223 
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cases, all the SpO2 were accurately estimated with a high precision (SD/mean < 3%) (Fig. 224 

6a, Table 1). In PI=0.1% cases, SpO2 estimates were also accurate (SD/mean < 5%) (Fig. 225 

6b, Table 1). 226 

3.3 Stability 227 

To test the stability of the autocorrelation modeling method, we continuously recorded the 228 

simulated PPG signal (PI=0.2%, PR=70, SpO2=94%) for 1 hour. The mean SpO2 fall 229 

between 92 and 96 (94.3±0.6) (Fig. 6c). Further, we calculated PR from the 230 

autocorrelation function and got a stable and accurate estimation (69.99±0.04) (Fig. 6d).  231 

3.4 Motion-tolerance 232 

To test the motion-tolerance of the autocorrelation modeling technique, we recorded the 233 

PPG signals of our fingers with and without shaking with our home-made dual-234 

wavelength sensor[13]. The experiment recorded two finger shaking (about 1 to 4 seconds 235 

and 9 to 11 seconds, Fig. 7a). Apparently, the PPG signals with finger shaking were 236 

contaminated by interference (Fig. 7a). We calculated the autocorrelation function results 237 

of the PPG signals contaminated by interference. The interference was severely 238 

suppressed (Fig. 7b). 239 

4 Discussion 240 

In this paper, we have described a new SpO2 extraction method called autocorrelation 241 

modeling. It involved computation of the autocorrelation function and relating its 242 

magnitude to that of the original PPG signals. Autocorrelation strongly suppressed the 243 

noise and picked out the weak PPG signals under low perfusion condition. We 244 

demonstrated a good linearity between the magnitude of PPG signals and the square root 245 

of that of the autocorrelation function, upon which SpO2 could be accurately extracted. 246 
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The validation experiments using SpO2 simulator demonstrated the high-accuracy of the 247 

method in case of low perfusion(PI=0.2%）. Besides, the application of autocorrelation 248 

technique also strengthened the ability of motion-tolerance.  249 

In the clinical use of pulse oximetry, the SpO2 determination under low perfusion 250 

condition caused by low ambient temperature or cardiogenic shock[2,3] is severely affected 251 

by noise. This brings a lot of trouble to clinical work, such as false decreasing of SpO2, 252 

making it important to improve the accuracy of SpO2. Compared with the adaptive 253 

method using extra hardware, like accelerators to sense the motion, the new method 254 

enhances PPG signals by using its inherent cyclic properties. Since the computation of 255 

autocorrelation function could be achieved by Fast Fourier Transformation (FFT), the new 256 

method is suitable for real-time application with little computation and high efficiency. In 257 

the future, the method needs to be further improved to adapt to the accurate measurement 258 

under the condition of lower perfusion(PI=0.1%) and lower SNR, especially under the 259 

condition of large motion interference. 260 

5 Conclusions 261 

We introduced a method named autocorrelation modeling to solve the issue of inaccurate 262 

SpO2 measurement under low perfusion in the clinical use. The validation experiments 263 

showed the autocorrelation modeling method can strongly suppress the noise and pick out 264 

the weak PPG signals under low perfusion condition. The autocorrelation modeling 265 

technique showed a high accuracy of the method in case of low perfusion (PI=0.2%), and 266 

also strengthened the ability of motion-tolerance. The validation experiments showed a 267 

strong potential in real-time clinical use for the autocorrelation modeling method. 268 

 269 
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 331 

(a) 332 

 333 

(b) 334 

Fig. 1 Simulated PPG signal and its Fourier spectra. (a) Normal case: PI=3%, SpO2=96%, PR=60 times/min. 335 

(b) Low perfusion case: PI=0.075%, SpO2=96%, PR=60 times/min 336 
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 337 

Fig. 2 Overall process of autocorrelation modeling method 338 

 339 

 340 

 341 

Fig. 3 Autocorrelation function of a typical normal PPG signal 342 

 343 

 344 

 345 

 346 
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 347 

(a) 348 

 349 

(b) 350 

Fig. 4 Linear regression of the critical intermediate parameters. (a) Linear regression of square root of the 351 

amplitude of autocorrelation function of PPG AC component on original PPG AC amplitude; (b) Linear 352 

regression of R’ on R 353 

 354 

 355 

 356 
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 357 

(a) 358 

 359 

(b) 360 

Fig. 5 Simulated PPG AC signal under low perfusion condition and its autocorrelation function. (a) 361 

PI=0.2%; (b) PI=0.1% 362 
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 363 

(a) 364 

 365 

(b) 366 

 367 

(c) 368 
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 369 

(d) 370 

Fig. 6 SpO2 and PR extracted using autocorrelation modeling method 371 

 372 

 373 

 374 

 375 

Fig. 7 Recorded PPG signal in case of body movement 376 
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 377 

Supplementary fig. 1 (a) Memory management of conventional linear autocorrelation and 378 

circular autocorrelation computation. (b) Autocorrelation function of a typical PPG signal 379 

calculated by conventional linear autocorrelation. (c) Autocorrelation function calculated 380 

by circular autocorrelation 381 

 382 

 383 

 384 

 385 

 386 

 387 
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 388 

Tables: 389 

Table 1 SpO2 estimates under low perfusion condition 390 

 PI=0.2%  PI=0.1% 

Preset SpO2 (%) 64 74 84 90 94 96  76 82 86 90 94 

Mean of estimates 67.2 75.8 85.4 90.8 94.3 95.7  75.2 82.3 85.6 89.7 93.7 

SD of estimates 1.7 1.4 1.4 0.8 0.6 0.6  3.7 2.6 2.2 2.4 1.6 

 391 



Figures

Figure 1

Simulated PPG signal and its Fourier spectra. (a) Normal case: PI=3%, SpO2=96%, PR=60 times/min. (b)
Low perfusion case: PI=0.075%, SpO2=96%, PR=60 times/min



Figure 2

Overall process of autocorrelation modeling method



Figure 3

Autocorrelation function of a typical normal PPG signal

Figure 4

Linear regression of the critical intermediate parameters. (a) Linear regression of square root of the
amplitude of autocorrelation function of PPG AC component on original PPG AC amplitude; (b) Linear
regression of R’ on R



Figure 5

Simulated PPG AC signal under low perfusion condition and its autocorrelation function. (a) PI=0.2%; (b)
PI=0.1%



Figure 6

SpO2 and PR extracted using autocorrelation modeling method



Figure 7

Recorded PPG signal in case of body movement
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