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Fig. 1 Flow chart of algorithm
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Table 1 Parameter settings of simulated Raman spectrum

Parameter Baseline-1 Baseline-2
a 1x10* 1< 10"
B 4 10° 8 10°
/ 1.5x10°* 1
Y 9x10° 1x10°
0 1x107° 1x107°
© 1.7 2
(a, b, (1.1X1077, 5.6 X107°,  (1.1X1077, 5.6 X107,
o, d, e) —0.15, 110, 110 —0.15, 110, 1< 10°)
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Fig. 2 Simulated Raman spectra with Baseline-1

W IR LA ik SARSCR L AT X b, B
3,45 2 W & (Polyfit) L B BN ik A2 # (DWT) 748
SRS A (VMD) A 38 I 3% A8 55 0 AU 57 Je/h —
T (airPLS) ot F LR 8k 0 SE 4 305 kG B 38 22 3
SR E R, R LA R S e R Y
FRi% 22 RMSE 1E A PEM bn o, xF B R & 8 sk b b K iy
SRIEAT R /N A B D7 i a2 A S B0 B

5r Su=b
4+
3l
e |
W 1 1 ] 1 1 1 ]
5 Su=10
2 4T
5 st
B
3 e an ] 1 1 1 1 1
%’ Bl Su=50
g 4r
E 4l
2 — 1 1 1 1 ] 1 I ]
51 8y=100
4 -
3 -
2+ 1 1 1 I 1 1 1 1
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Raman shift /cm™

3 B4 Baseline-2 B 2R 1 fff EL 5L 2 i
Fig. 3 Simulated Raman spectra with Baseline-2

WM 2 .

RMSE/i[L”(i)Z(i)T/N,

A, 2o Pl A AT 2 A 2 05X B ) orders
DW T 75 B 51 A bR B 44 FK wavelet name F1 /)8 ¥ 728 e 2%
B level, VMD 75 24 & B4 O L& alpha, b JH i [H]
WK tau SR K R0 1646 S50 inic FN 8 22
tolerance, airPLS 1 lambda i F ¥ 2 8 , & K 19
lambda B 2334 I0~F-1 R B2, S 30l A 0y JE 4 B P
A 0] B8 2 Z m — SL g0 4y fh ROEE W A8 1k o 5/
lambda {8 23 W /N1 95 2 B S-G9 B 2] e T 2 0 i
TEECHE (0T BE 2 A2 B MRS 19 T4 s order #4122 73 4B
W 1 B 50, LA R A, 40175 S 4 B BB 008 3 1 ' 1 5 40 11
A4k s wep A AUEE ¥ ) S 80, A HAH RS & B B M5
5 R i AT S DX R AR 5 p R AR A TE R B,
PUE 01 R s itermax A B RKAEAR KB . AR SCR A
$ir = 0 AT Y airPLS 7F 06 o A v i U A /D U
= oA 0.18, T U Y fe /N S S 5 em

(14)

K2 AMNILEANG T T R iR LS B B

Table 2 Optimal parameter configuration used in each baseline fitting algorithm

Parameter Baseline-1 Baseline-2
Polyfit" 4 7
DWT" (db4, 9) (dbd, 7)
VMD* (1x10°, 0, 10, 1, 1X107°) (1X10%, 0, 10, 1, 1X107°)
airPLS* (7.2X10°, 2,0,0, 1) (2.68x107, 2, 0,0, 1)
Proposed® (0.18, 5, 0.01, 7.2x10", 2, 0, 0, 1) (0.18, 5, 0.01, 2.68x10", 2, 0, 0, 1)

Note: a: order; b: (wavelet name, level); c: (alpha, tau, K, init, tolerance); d: (lambda, order, wep, p, itermax); e: (min-height, min-

distance, threshold, lambda, order, wep, p, itermax)
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Fig. 7 Fitting results of each algorithm in Baseline-2. (a)—(d) are locally enlarged images of corresponding a—d in left graph
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Table 3 RMSE of each algorithm fitting baseline
RMSE Polyfit airPLS DWT VMD Proposed
SNR is 100 0.01762 0.01976 0.02010 0.02182 0.00216
SNR is 50 0.01763 0.01976 0.02011 0.02316 0.00224
Baseline-1
SNR is 20 0.01765 0.01976 0.02014 0.02290 0.00254
SNRis 5 0.01762 0.01992 0.02063 0.02839 0.00413
SNR is 100 0.01941 0.02159 0.02630 0.05096 0.00214
SNR is 50 0.01941 0.02159 0.02630 0.05087 0.00219
Baseline-2
SNR is 20 0.01941 0.02158 0.02626 0.05078 0.00340
SNRis 5 0.01954 0.02194 0.02687 0.05122 0.00514
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Abstract

Objective Raman spectroscopy is a non-destructive analytical technique based on the inelastic scattering of light by
matter. While inducing Raman signals, the fluorescence background directly affects the characterization of sample Raman
properties. The common approaches to reducing fluorescence background are primarily implemented through hardware and
software methods. Hardware methods mainly involve techniques such as shifted excitation Raman difference spectroscopy,
time-resolved Raman spectroscopy, and deep ultraviolet Raman spectroscopy. Although these methods exhibit effective
outcomes, they often entail complex instrument setups and high costs. Software methods, on the other hand, refer to
utilizing signal processing techniques to subtract fluorescence background from Raman spectra. Raman spectra are
characterized by typically discontinuous with sharp peaks, contrasted with the continuous and smooth trends often present
in fluorescence spectra. Given the difference in their spectral characteristics, when Raman spectroscopy analysis is carried
out, employing baseline correction algorithms to eliminate fluorescence interference helps ensure the reliability and
accuracy of Raman spectroscopy data. Common methods for mitigating fluorescence background include polynomial
fitting, discrete wavelet transform, morphological algorithms, variational mode decomposition, least squares methods,
and neural networks. However, due to the presence of Raman peaks, these methods typically result in varying degrees of
baseline rise in the fitting outcomes. In the present study, we report an adaptive iterative re-weighted penalized least square
(airPLS) method based on Raman peaks truncation. By identifying the positions of Raman peaks, truncating the
corresponding regions, and employing the airPLS algorithm for baseline fitting, the method reduces the rise in the fitted
baseline caused by abrupt changes in intensity within the Raman peak regions, making the fitted baseline approach closer to
the true baseline. We hope that this improved method will further enhance the accuracy of Raman spectroscopy baseline

fitting.

Methods
denoised by the Savitzky-Golay filter. Subsequently, we employ a peak-finding algorithm to identify Raman peaks within

Baseline fitting is conducted with airPLLS based on Raman peaks truncation. Initially, the spectral signal is

the denoised spectrum and use the first derivative of the spectrum to determine the left and right boundaries for each Raman
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peak. Following this, we truncate the Raman peaks within these defined boundaries to obtain the original baseline. An

airPLS fitting is performed on this original baseline to derive a new baseline. At this stage, we compute the difference
between the new baseline and the original baseline and truncate the regions where the absolute difference exceeds a
threshold. We iterate this process by subjecting the truncated signal to successive airPLS fitting until the absolute
difference between the baselines from two consecutive fittings is less than the threshold, concluding the iteration. The
resulting fitted baseline is output. Here, the threshold represents the average of the absolute differences between the
baselines {rom two consecutive fittings. Subtracting the fitted baseline from the original Raman spectrum yields the

corrected Raman spectrum.

Results and Discussions The airPLS based on Raman peaks truncation has demonstrated outstanding performance in
baseline fitting. Simulated Raman spectra and measured Raman spectra from lipstick are utilized to validate the proposed
baseline fitting method, respectively. Comparative analyses are conducted against commonly used baseline fitting
methods, including polynomial fitting, discrete wavelet transform, variational mode decomposition, and airPLS. As
depicted in Figs. 6(a), 7(a), and 7(b), although the algorithm proposed in this article achieves a baseline fit closer to the
theoretical baseline in regions with weak Raman peaks or without Raman peaks, the improvement compared to the
aforementioned algorithms is not notably conspicuous. This indicates that the fitting capabilities of these algorithms are
similar in spectra exhibiting gradual trends. However, near the Raman peak regions, as shown in Figs. 6(b), 6(c), and
7(c), these methods experience baseline elevation due to abrupt changes in spectral peak intensity. In contrast, the
proposed baseline fitting method, which incorporates Raman peaks truncation, minimizes the influence of Raman peaks on
the fitting results, resulting in the closest fit to the theoretical values. Table 3 presents the root mean square errors (RMSE)
between the fitted baseline and the theoretical baseline for our method and the aforementioned commonly used methods,
evaluating the performance of these methods in spectra exhibiting both single and complex trends. Comparative analysis
indicates that under various signal-to-noise ratios of spectra, our method yields the lowest RMSE, showcasing its superior
performance. The baseline fitting results of the lipstick Raman spectrum shown in Fig. 8 are consistent with the simulated
analysis outcomes. In the region devoid of Raman peaks (800-1000 cm™"), the baseline fitting capabilities of each algorithm
are similar. However, within the region with numerous Raman peaks (1100 to 1650 cm '), the baseline fits of all
algorithms are affected to varying degrees by the spectral peaks, resulting in baseline rises. Our baseline fitting method,
employing spectral peak truncation and an iterative approach, significantly mitigates the influence of spectral peaks on the
fitting outcomes. This method maximizes the preservation of Raman peak intensities and stands out as the optimal choice

among the various methods evaluated.

Conclusions We introduce the Raman peak-truncated airPLS baseline fitting method. The utilization of Raman peak
truncation mitigates the influence of abrupt changes in Raman peak intensity on baseline fitting. The method not only
inherits the effective baseline fitting performance of airPLS in peak-free regions but also resolves the issue of baseline
elevation caused by Raman peak intensity, thereby enhancing the accuracy of baseline fitting. Comparative experiments
conducted on simulated spectra demonstrate the superior baseline fitting performance of Raman peak-truncated airPLS.
Under different spectral signal-to-noise ratios, the RMSE for Type 1 spectra fitted by our method is below 0.0042, and for
Type 2 spectra, it is below 0.0052, which is the lowest among various methods. In experiments fitting Raman spectra from
lipstick samples, airPLS based on Raman peaks truncation outperforms several commonly used algorithms. It accurately
restores Raman peak intensities without distorting the corrected spectra, effectively removing fluorescence baseline trends

and meeting the requirements of Raman spectroscopy data processing.

Key words Raman spectroscopy; spatial heterodyne; baseline correction; least squares method
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