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ABSTRACT: Confocal Raman spectroscopy (CRS) has emerged as a powerful tool for non-invasive chemical analysis of human 
skin, offering unparalleled molecular specificity. Despite its promise, the pervasive issue of etalon artefacts—caused by multiple 
reflections and interference in back-illuminated charge-coupled devices (BI-CCDs)—significantly hinders its application, particularly 
in pigmented skin, which is prevalent in Asia. Addressing this critical challenge, we present a toward-automated digital processing 
workflow that combines independent component analysis (ICA) and continuous wavelet transform (CWT) to effectively identify and 
eliminate etalon artefacts. By leveraging the consistent fringe patterns generated in a dual-wavelength excitation Raman system, our 
method isolates the specific frequency and wavelength ranges impacted by etalon artefacts without requiring additional calibration 
or manual parameter tuning. Validation on in vivo Raman spectra from diverse skin samples demonstrates that this approach not only 
removes etalon artefacts with high precision but also preserves critical spectral features, establishing a robust foundation for accurate 
and detailed skin analysis. 

Raman spectroscopy has become an essential tool in biomed-
ical applications due to its ability to provide non-invasive, label-
free, and highly sensitive detection of molecular compositions 
within biological tissues. Consequently, it has been increasingly 
utilized for skin analysis, enabling the detection of various 
chemical compounds that can offer insights into the physiolog-
ical and pathological states of the skin, thereby contributing to 
skin condition monitoring and disease diagnosis 1–3. Although 
Raman spectroscopy has proven to be a valuable tool for skin 
research, it faces several challenges that limit its application. 
The main issue is the etalon artefacts, which become more pro-
nounced in weak signals, obscuring or distorting the faint spec-
tral features. This challenge is particularly pronounced in pig-
mented skin, such as Asian skin with a higher melanin content.  
Importantly, this limitation has gained attention due to the ex-
panding use of Raman spectroscopy in clinical dermatology and 
the growing emphasis on personalized skincare solutions tai-
lored to diverse populations. Furthermore, as the Asian market 
emerges as one of the fastest-growing segments in the global 
skincare industry 4,5, addressing the etalon artefacts issue in Ra-
man spectra for pigmented skin has become a pressing priority 
with considerable commercial and scientific implications.  

Etalon artefacts arise from the Fabry-Pérot microcavity cre-
ated by back-illuminated charge-coupled devices (BI-CCD) in 
the Raman spectrometer, visualizing as internal reflections and 
interference patterns 6–8. Researchers have made significant ef-
forts to eliminate the impact of these interference patterns and 
improve the accuracy and reliability of spectral data. 

Specifically, existing methods can be broadly categorized into 
two main approaches: physical design improvements and digi-
tal processing techniques. Physical design improvements have 
traditionally focused on optimizing the optical system to mini-
mize or eliminate the etalon effect during signal acquisition. For 
example, Cvijin et al. suppressed etalon fringes by applying a 
low-amplitude audio-frequency vibration to a folding mirror in 
the laser cavity 9. Kagawa et al. proposed a polarization control 
with a quarter-wave plate to reduce etalon fringes 10. Although 
these methods suppress the generation of interference fringes, 
they also introduce significant drawbacks, including increased 
system complexity, higher costs, and more challenging opera-
tions, which impede commercialization. Moreover, physical 
modifications cannot completely eliminate etalon fringes. In 
contrast, digital processing techniques have gained popularity 
due to their flexibility and adaptability. The most straightfor-
ward strategy reported in previous work is to obtain a reference 
spectrum of the inherent background etalon pattern, either by 
measuring a standard sample or a calibration source before each 
acquisition, and subtracting it from the sample spectrum11–14. 
Conceptually, a broadband source could also serve this purpose. 
However, all reference-based approaches are limited by the fact 
that the etalon artefacts are time-variant, being influenced by 
temperature fluctuations and changes in system settings15, and 
therefore require frequent recalibration. Another approach in-
volves using mathematical models to fit the fringe pattern 
caused by the etalon effect as a baseline for correction16–18, but 
these models often struggle to accurately describe the 



 

 
Figure 1. Experimental system and dataset preparation. (a) Experimental setup of simultaneous dual-wavelength source Raman spec-
troscopy with a handheld confocal probe. (b) Illustration of the dataset preparation method, where Raman signals are acquired through 
sequential dual-wavelength excitations. (c) Examples of measured Raman signals in the fingerprint (FP) and high-wavenumber (HW) 
regions, including directly measured signals and Raman signals at different depths after fluorescence background removal. 

etalon artefacts and demand detailed knowledge of numerous 
system parameters. Filtering methods19, deconvolution20, wave-
let threshold denoising21,22, and nonlinear iterative partial least 
squares23, have also been pass filtering is ineffective in isolating 
the etalon artefacts without degrading the signal. Additionally, 
these methods require careful selection of hyperparameters, 
such as filtering thresholds, employed to remove interference 
fringes in spectroscopy based on BI-CCD. However, the fre-
quencies of the etalon fringes can overlap with those of the valid 
signal, making traditional band- wavelet decomposition levels, 
and the number of iterations, which are often determined em-
pirically. This introduces variability and reliance on subjective 
judgment. With the advancement of deep learning, researchers 
have also explored neural networks for fitting etalon patterns or 
removing etalon fringes, achieving some success24–26. However, 
neural networks require large datasets for training to ensure ro-
bustness, demanding significant computational resources. Fur-
thermore, supervised learning requires clean signals without et-
alon artefacts as labels, which are difficult to obtain. In sum-
mary, existing methods either require complex physical modi-
fications or rely on computationally intensive digital techniques 
that often involve significant trade-offs in terms of efficiency, 
accuracy, and resource requirements. Therefore, there is a 
pressing need for a streamlined, robust, and automated method 
that does not require additional system measurements or exten-
sive data collection. 

We previously developed a dual-wavelength confocal Raman 
spectrometer (CRS) that simultaneously measures the same 
sample location with two different excitation wavelengths, 
thereby capturing both the fingerprint (FP) and high wave-
number (HW) regions 27,28. This dual-wavelength excitation 
strategy is clinically motivated, offering a practical balance of 
cost, spectral coverage, and acquisition speed essential for non-
invasive diagnostics. Importantly, the FP and HW spectra ex-
hibit identical etalon fringe patterns because they traverse the 
same optical pathway and are acquired in strict synchrony. This 
inherent synchronization embeds a stable fixed-pattern refer-
ence directly within each measurement, thereby providing a 
self-contained basis for disentangling the artefacts from molec-
ular signals. Independent component analysis (ICA) and 

continuous wavelet transform (CWT) offer complementary 
tools to achieve this separation. ICA 29,30 has gained widespread 
use as a powerful unsupervised learning method for solving 
blind source separation problems, as it reveals the underlying 
independent factors within a set of mixed signals. In Raman 
spectroscopy, the sample signals of various chemical compo-
nents, etalon fringe patterns, and system random noise are sta-
tistically independent and non-Gaussian, which theoretically 
makes ICA a viable method for autonomously identifying eta-
lon patterns. From a frequency analysis perspective, CWT orig-
inally developed for time-frequency analysis, has been ex-
tended as a two-dimensional analysis tool that can decompose 
frequency components along any measurement axis, including 
wavelength in spectral data 31,32. In Raman spectroscopy, wave-
let transform thus facilitates the identification of wavelength 
bands and frequency ranges impacted by etalon artefacts, offer-
ing a two-dimensional perspective that complements ICA-
based source separation. 

In this study, we developed a workflow combining the ICA 
and wavelet transform to identify and remove etalon artefacts 
based on the simultaneous dual-wavelength source Raman 
spectroscopy. Importantly, our approach does not impose any 
additional experimental or computational burden. Instead, it un-
locks the spectral advantages already embedded in the dual-
wavelength design, thereby advancing its analytical and clinical 
utility. To the best of our knowledge, this is the first toward-
automated, model-free framework for etalon artefacts elimina-
tion that operates solely on the measured signals, without the 
need for additional calibration processes during acquisition. 
Validation on Raman spectra collected from various mixtures 
of amino acids and black ink and in vivo human skin demon-
strated the method’s effectiveness, laying a solid foundation for 
subsequent analysis. Compared to existing methods, our pro-
posed method achieves significant SNR improvement while 
preserving spectral fidelity. With the increasing awareness of 
the challenges in optical sensing for Asian skin, the demand to 
eliminate etalon artefacts is going to grow rapidly. Our method 
holds significant relevance in this context and is expected to be 
widely adopted in Asian skin relevant applications. 



 

MATERIALS AND METHODS  
Experimental System 

The experiment used the second-generation simultaneous 
dual-wavelength Raman spectroscopy system with a miniatur-
ized handheld confocal Raman probe, which we previously de-
veloped 28. The experimental setup is shown in Fig. 1(a). Its 
light source module is a fiber-coupled light input, consisting of 
two wavelengths (671 nm and 785 nm, 16.0 mW and 22.5 mW, 
respectively) laser beams, which would take only a single ex-
posure to obtain both FP (450–1750 cm-1) and HW (2800–3800 
cm-1) spectra. The laser power used in our system is signifi-
cantly lower than those commonly used in similar in vivo con-
focal Raman systems33,34, and is well within the safety limits 
specified by the ANSI Z136.1 standard for skin exposure. Due 
to the dual-wavelength confocal Raman system’s capability to 
simultaneously excite the same sample depth with both 671 nm 
and 785 nm wavelengths, the Raman signals collected from 
both the FP and HW regions are acquired under identical envi-
ronmental and system conditions. This design eliminates differ-
ential factors such as variations in optical alignment, tempera-
ture, or detector sensitivity that might otherwise affect the eta-
lon fringes, ensuring consistent etalon patterns across both ex-
citation wavelengths. Depositing the sample droplets onto the 
transparent film above the lens of the upward probe, or using 
the handheld probe to measure human skin. By advancing the 
lens to adjust the laser focal position, Raman signals were col-
lected at N depths within the sample, as shown in Fig. 1(b). 
Each depth was measured with an exposure time of 5 µs, and 
the lens was advanced in step size of 10 µm. The examples of 
measured Raman signals and the fluorescence background re-
moval datasets are shown in Fig. 1(c). 

Signal Processing 

 

Figure 2. Workflow of ADWEEF for eliminating etalon artefacts 
based on a two-wavelength dataset. 

To solve the effect of etalon artefacts in weak Raman signals, 
we propose a signal processing method, called Automated 
Dual-Wavelength etalon Elimination Framework (ADWEEF), 
based on the identical etalon patterns from dual-wavelength 

excitation as described in section A. The method combines ICA 
to identify the components containing etalon artefacts, with 
wavelet transform to obtain the frequency-wavelength spectrum. 
By analyzing the correlation between datasets from different 
excitation wavelengths, we identify the wavelength and fre-
quency ranges affected by the common etalon pattern. Finally, 
inverse wavelet transform is used after thresholding to recon-
struct the signal with the etalon artefacts removed. The follow-
ing sections will provide a detailed explanation of the ICA, 
wavelet transform, and the overall workflow of the proposed 
method. 

Independent Component Analysis (ICA). ICA is an unsu-
pervised learning method used to separate mixed signals into 
underlying independent components. The core assumption of 
ICA is that the observed signals are linear mixtures of statisti-
cally independent, non-Gaussian source signals. Given a matrix 
of observed signals 𝐗 (e.g., Raman signals), ICA models the ob-
served signals as Eq. (1) 35: 

𝐗 = 𝐀𝐒 (1) 
where A is the unknown mixing matrix, and S is the matrix of 
independent source signals. ICA aims to find an unmixing ma-
trix W, allowing S = WX. A critical condition for the successful 
application of ICA is that the number of observed signals must 
be greater than or equal to the number of independent compo-
nents. 

In this study, since the observed signals can be considered a 
linear combination of various components, ICA is applied to 
separate the statistically independent sources. The number of 
ICA components was selected as 5, corresponding to distinct 
spectral sources in both the FP and HW regions. In the FP re-
gion, the components include etalon artefacts, systematic noise, 
lipid, protein, and natural moisturizing factors. In the HW re-
gion, the components include etalon artefacts, systematic noise, 
water, lipid, and protein. These sources satisfy the assumptions 
of non-Gaussianity and statistical independence required by 
ICA, as verified in Supplementary Materials. Owing to the abil-
ity to acquire Raman spectra at multiple depths within the same 
sample, the proposed dual-wavelength confocal Raman system 
effectively provides the required independent measurements (d1, 
d2, …, dn) for ICA, enabling the construction of an observation 
matrix.  

Continuous Wavelet Transform (CWT). etalon artefacts is 
wavelength-dependent, meaning they only overlap with the 
valid Raman signals at specific wavelengths 7,17,36. At other 
wavelengths, the etalon artefacts are too weak to distinguish 
from the valid signal. As a result, ICA may extract components 
that contain both etalon artefacts and parts of the Raman signals. 
CWT is a mathematical tool used to analyze non-stationary sig-
nals where the frequency content varies along the x-axis, 
providing a multi-scale frequency analysis. Its principle lies in 
decomposing a signal into wavelet functions at different scales 
and frequencies, enabling localized analysis. The CWT of a sig-
nal 𝑥(𝑤) is defined as Eq. (2): 

𝑊!(𝑎, 𝑏) = . 𝑥(𝑤)
"
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where 𝑊!(𝑎, 𝑏) is the wavelet coefficient at scale a and transla-
tion b, 𝜓(𝑤) is the mother wavelet and 𝜓∗ is the complex con-
jugate of the wavelet function. The Morlet wavelet was chosen 
as the mother wavelet due to its Gaussian-windowed complex 
sinusoidal form, which provides excellent time–frequency lo-
calization and is particularly well-suited for resolving quasi-



 

 

 

Figure 3. Results of etalon noise removal from Raman signals of chemical solutions mixed with black ink using our proposed method, 
ADWEEF, and comparison with the least squares decoupling for measured and denoised Raman signals. (a)(b)(c)(d) Panels a1, b1, c1 and 
d1 show the raw Raman spectra of the black ink solution and its mixed solution of L-Alanine, L-Tryptophan, and L-Serine, respectively. 
After etalon elimination by ADWEEF, panels a2, b2, c2, and d2 display the denoised results, and a3, b3, c3, and d3 show the extracted etalon 
noise from the raw data. (e)(f)(g) The top panels show the raw Raman signals of the three mixture solutions (blue lines) and their least squares 
fitting results (red lines) decoupled based on the raw Raman spectra of the amino acid solutions (yellow lines) and black ink (purple lines). 
The bottom panels show the fitting curves (red lines) derived from component ratios determined by decoupling previously, based on the raw 
Raman spectra of the amino acid solutions (yellow lines) and the etalon-removed Raman spectra of black ink (purple lines). The blue lines 
show the Raman spectra of the mixed solution after etalon elimination. 

periodic features such as Raman peaks and broad periodic arti-
facts like etalon artefacts37,38. In this study, the x-axis represents 
wavelength. After applying CWT, the variation of frequency 
across different wavelengths will be obtained, enabling a clear 
visualization of the distribution of different frequency bands 
along the wavelength axis. The signal can be reconstructed from 
wavelet coefficients (modifying by thresholding to remove 
noise) by inverse continuous wavelet transform (iCWT) as Eq. 
(3): 

𝑥(𝑤) = . . 𝑊!(𝑎, 𝑏)𝜓 0
𝑤 − 𝑏
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Workflow. The detailed workflow of ADWEEF (Fig. 2) for 
processing the Raman signals generated from samples at vari-
ous depth under 671 nm and 785 nm excitation as follows. As 
illustrated in Fig. 1c, first, fluorescence backgrounds are re-
moved via optimized polynomial fitting (sixth-order for FP re-
gion, fourth-order for HW region) following established proto-
cols 39,40. The preprocessed signals from N depths are compiled 
into wavelength-specific datasets for ICA. The specific compo-
nent that includes the etalon pattern, called the etalon Independ-
ent Component (EIC), can be automatically identified by con-
sistent weight coefficients sharing the same sign. Subsequent 

Morlet wavelet transforms convert these EICs into frequency-
wavelength (F-W) spectra, where etalon patterns between the 
two datasets manifest as overlapping regions. And it can be ex-
tracted by the correlation between the resulting edges after ap-
plying a multi-scale Canny edge detection strategy (the initial σ 
value starts with a conservative 0.5, iteratively reduced by a fac-
tor of 10) to both spectra. Finally, by eliminating these regions 
from the original signal’s F-W spectra and performing iCWT, 
the Raman spectra effectively removing the etalon artefacts will 
be successfully reconstructed. All processing was performed 
using MATLAB R2019b. 

It is worth noting that our method is also applicable for re-
moving etalon artefacts from Raman signals collected simulta-
neously at two excitation wavelengths within only one depth. In 
this situation, the F-W spectra of the Raman signals at the two 
excitation wavelengths are obtained separately using the wave-
let transform. Subsequently, similar to the multi-depth case, the 
correlation analysis of the main frequency band edges is per-
formed to identify the frequency band of etalon artefacts. Elim-
inating the signals within the identified frequency and wave-
length ranges enables the reconstructed Raman spectra to be de-
void of etalon artefacts. 



 

Evaluation Matrix 
The effective removal of etalon artefacts is demonstrated by 

eliminating interference fringes while preserving the original 
Raman spectral features. By analyzing the CWT results of a 
large number of Raman spectral signals (presented in section 
RESULTS AND DISCUSSION), we determined the wave-
length range impacted by etalon artefacts is primarily concen-
trated after 868 nm (corresponding to 1220 cm⁻¹ in the FP re-
gion and 3385 cm⁻¹ in the HW region). Therefore, we use 868 
nm as the threshold to partition the spectra into two regions: i. 
Region A	(λ < 868 nm) is essentially unaffected by etalon arte-
facts. Here, the main concern is the fidelity of the reconstructed 
Raman features relative to the original spectra, which we quan-
tified using the Root Mean Square Error (RMSE) as Eq. (4): 

RMSE = ;
1
𝑁=

(𝑔' − 𝑠')%
(

')*

(4) 

where, 𝑔'  represents the reconstructed signals, 𝑠'  the original 
signals, and 𝑁 the number of spectral points.  
ii. Region B	(λ ≥ 868 nm) is	affected by etalon artefacts. In this 
region, the evaluation focuses on the effectiveness of artefact 
suppression, quantified using a region-based Signal-to-Noise 
Ratio (SNR). Specifically, the 868–905 nm range was treated 
as the valid-signal band because it still contains strong Raman 
peaks, while the >905 nm range was treated as the noise band 
dominated by etalon artefacts with negligible Raman contribu-
tion. The SNR was computed as Eq. (5): 

SNR = 20 × lg 0
𝐴+',-./
𝐴01234

2 (5) 

where, 𝐴325067 is the root-mean-square amplitude of the normal-
ized spectrum within the valid-signal band, and 𝐴01234 is the 
root-mean-square amplitude of the polynomial-fitted baseline 
within the noise band. 

RESULTS AND DISCUSSION  
Chemical Solution Results 

To validate our method, we measured the Raman spectra of 
three representative amino acid aqueous solutions found in skin, 
L-Alanine, L-Tryptophan, and L-Serine (the yellow lines in Fig. 
3(e1), (f1), and (g1)), using our simultaneous dual-wavelength 
source Raman spectroscopy with the confocal probe. Addition-
ally, we employed black ink as a pigment-rich absorber phan-
tom to mimic the weak-signal condition of melanin-rich skin. 
While it does not replicate melanin’s scattering or fluorescence, 
its strong broadband absorption suppresses Raman signals and 
accentuates etalon fringes, thereby reproducing the key meas-
urement challenge in vivo. We measured the Raman spectra of 
the three amino acid solutions with black ink (Fig. 3(b1), (c1), 
and (d1)), as well as for the black ink solution alone (Fig. 3(a1)). 
These Raman spectra were heavily influenced by pronounced 
etalon artefacts. We subsequently applied the ADWEEF pro-
posed in Section MATERIALS AND METHODS (N = 1) for 
processing the Raman spectra of black ink and its mixtures with 
three different amino acids, as shown in Fig. 3(a2), (b2), (c2), 
and (d2). And the extracted etalon artefacts are shown in Fig. 
3(a3), (b3), (c3), and (d3). Table 1 shows that the quantitative 
evaluation results demonstrate that the original Raman spectral 
characteristics of all solutions are well-preserved. At the same 
time, removing etalon artefacts significantly enhances the SNR. 

Given that the characteristic peaks of the amino acid solutions 
predominantly occur within the FP region, only the Raman sig-
nals excited at a wavelength of 785 nm are presented. 

To analyze the spectral composition of the mixed solutions, 
we employed a linear least-squares fitting approach to deter-
mine the spectral contribution weights of each component (i.e., 
the amino acids solution and black ink) based on their individ-
ually measured spectra. This was done using the raw Raman 
spectra of the mixtures (blue lines in Fig. 3(e1), (f1), and (g1)). 
The component Raman spectra used in the fitting as references, 
amino acid solutions (yellow lines), and black ink (purple lines), 
were directly measured, without simulation or approximation. 
The resulting fitted spectra (red lines in Fig. 3(e1), (f1), and (g1)) 
reflect the theoretical spectral characteristics in the mixture. Af-
ter removing etalon artefacts from the raw mixture spectra using 
ADWEEF, the denoised spectra are shown as blue lines in Fig. 
3(e2), (f2), and (g2). The fitted spectra in Fig. 3(e2), (f2), and 
(g2) (red lines) were generated using the same weight coeffi-
cients obtained from the initial linear fitting step without re-fit-
ting using etalon artefacts removed Raman spectra of black ink 
and the original amino acid solution spectra. The high degree of 
alignment between the denoised spectra and the fitted curves 
confirms the reliability of the ADWEEF process in recovering 
underlying spectral features. Notably, ADWEEF successfully 
restored small but critical Raman peaks previously buried in et-
alon artefacts, as highlighted by red arrows in Fig. 3. The recov-
ery of these subtle spectral features is a critical advantage, as it 
enables the detection of hidden chemical signatures impacted 
by etalon artefacts, further validating the effectiveness of the 
proposed approach. 

 

Figure 4. ICA Results of in vivo human skin. (a) Typical Raman 
signals in FP and HW region datasets with different depths. Results 
of independent component analysis (ICA) performed on datasets 
obtained from 785 nm (b) and 671 nm (c) excitations, and the cor-
responding weights of each independent component across signals 
from different depths (d-e). 



 

In Vivo Human Skin Results 

 

Figure 5. Frequency-Wavelength spectra of the etalon independent 
components identified from the datasets under 671 nm (a) and 785 
nm (b) excitation, along with the edges extracted from them (c, d). 
(e) shows the correlation results of (c) and (d), representing the con-
sistent edge in (c) and (d). (f) is filled inside the edge (e), represent-
ing the frequency and wavelength range affected by etalon artefacts. 

For the further illustration of the feasibility of our proposed 
etalon artefacts elimination method, the in vivo human skin 
confocal Raman signal was collected with dual-wavelengths 
(671 nm and 785 nm) at 30 skin depths, and the fluorescence 
background was removed using polynomial fitting, as described 
before. Fig. 4(a) shows the typical Raman signals after back-
ground removal at six representative depths (including surface 
and deeper layers). Both the Raman signals in FP and HW re-
gions still exhibited noticeable quasi-periodic noise, particu-
larly in the latter part of the spectrum. This noise is what we call 
etalon artefacts, which affect the accuracy of subsequent analy-
sis aimed at extracting biochemical component information 
from the Raman peaks. The five independent sources separated 
by ICA from the two datasets are shown in Fig. 4(b) and (c), 
respectively. And among them, the content including etalon 
fringes could be easily identified. For instance, as shown in Fig. 
4(b) (content 2) and 4(c) (content 5), the components containing 
the etalon fringes exhibit the same sign (positive or negative) 
for weights in one dataset, as depicted in Fig. 4(d) and 4(e).   
While this analysis successfully reduces the influence of some 
noise factors, it is clear that the identified etalon-dominated 
component still contains residual Raman signals from biochem-
ical compounds. This necessitates further analysis of this com-
ponent using CWT to isolate the frequency regions affected by 
etalon fringes and enhance the extraction of the pure 

biochemical signal. Fig. 5(a) and 5(b) show the F-W spectra de-
rived from EICs of datasets 671 nm and 785 nm by CWT. The 
consistent etalon artefact patterns, which manifest as high-fre-
quency components in longer wavelength regions, were clearly 
identified in the spectrum. And the boundaries were detected by 
Canny algorithm subsequently, as shown in Fig. 5(c) and 5(d). 

The correlation between the edges of the two wavelength da-
tasets (671 nm and 785 nm) was used to extract the common 
etalon-dominated regions (Fig. 5(e)). After removing the wave-
let coefficients in the wavelength and frequency ranges affected 
by etalon artefacts (Fig. 5(f)), the iCWT was applied to recon-
struct the Raman signals for both the FP and HW regions at rep-
resentative skin depths, with the results shown in Fig. 6(b), 
slightly smoothed for visual clarity. The extracted etalon arte-
facts shown in Fig. 6(c) are obtained by subtracting the denoised 
results (Fig. 6(b)) from the raw Raman spectra (Fig. 6(a)). As 
can be observed, the extracted etalon artefacts have no mean-
ingful physiological signal or characteristic Raman peaks. Fur-
thermore, contrary to assumptions in previous studies, the pat-
tern of etalon artefacts cannot be accurately represented by a 
simple mathematical model (e.g., a sine model). Our proposed 
method, however, demonstrates superior performance in effec-
tively extracting etalon artefacts and their elimination. In Fig. 
6(d), the key Raman peaks revealed after etalon artefacts elim-
ination are annotated, demonstrating the effectiveness of the 
proposed method in restoring physiologically relevant spectral 
features (the red dot line). Detailed vibrational mode assign-
ments and molecular origins are provided in Supplementary Ta-
ble S2. 

Additionally, we compared the results denoised by our pro-
posed method with other methods reported in previous etalon 
fringe elimination studies using two quantitative evaluation ma-
trices 19–22. A direct comparison and quantitative evaluation of 
our method against previously published approaches are pre-
sented in Fig. 7 and Table 2, respectively. The wavelength and 
frequency ranges affected by etalon artefacts, obtained through 
ICA followed by CWT analysis and correlation operations of 
EICs, were used as thresholds in iCWT and Fourier filtering, 
eliminating the need for multiple trials to determine appropriate 
thresholds. Both the visual comparison of curves (b) and (f), 
along with the SNR values, indicate that the performance of our 
method and Fourier filtering 19 in removing etalon artefacts is 
comparable. However, the Fourier method fails to isolate the 
wavelength regions affected by etalon artefacts during filtering, 
leading to a loss of signal detail in Region A, particularly for 
the FP region dataset (window i, ii). In contrast, our method 
preserves the Raman spectral features in both the HW and FP 
regions more effectively. The results of the wavelet threshold 
denoising (WTD) method 21, with automatic threshold detection, 
are shown in curve (c). While WTD achieves the lowest RMSE, 
it primarily excels at reducing random noise and is unable to 
recognize the quasi-periodic etalon artefacts, showing almost 
no change in SNR relative to the original signal (window iii). 
Since the etalon fringes are more likely to be superimposed on 
the effective Raman signal rather than convolved with it, decon-
volution operations 20 cannot effectively remove them (window 
iv), as shown in curve (d).  Complete ensemble empirical mode 
decomposition with adaptive noise (CEEMDAN) decomposes 
the signal into a series of intrinsic mode functions (IMFs), and 
WTD is then applied to remove noise components in the IMFs 
with low correlation 22. The result is similar to WTD and is more 
suitable for removing high-frequency noise from the signal, as 
shown in curve (e). However, it still retains etalon fringes (win- 



 

 

 

Figure 6. (a) The raw Raman spectra with etalon artefacts. (b) The etalon artefacts elimination results at typical depths reconstructed by the 
proposed ADWEEF. (c) The extracted etalon artefacts from the raw Raman spectra. (d) Raman peak assignment after etalon artefacts removal 
using the proposed ADWEEF. Detailed vibrational mode and molecular origin assignments are listed in Supplementary Table S2. 

 

 

Figure 7. Comparison of raw Raman signals and processed signals 
after etalon artefacts removal using various methods. (a) represents 
the Raman signal with etalon artefacts after fluorescence back-
ground removal, while (b) - (f) show the signals after etalon arte-
facts elimination with Fourier filtering, wavelet threshold de-
noising (WTD), deconvolution, complete ensemble empirical 
mode decomposition with adaptive noise (CEEMDAN) combined 
with WTD, and our proposed method ADWEEF, respectively. Red 
annotations highlight key artefacts or failure modes in existing 
methods: (i)(ii) Significant peak distortion after Fourier filtering, 
where valid Raman peaks are overly smoothed; (iii) WTD primar-
ily removes high-frequency noise but misinterprets etalon fringes 
as valid components, leaving them intact; (iv) In the deconvolution 
result, etalon artefacts is not suppressed and in some regions even 
amplified; (v) CEEMDAN also fails to fully remove fringe patterns, 
with residual periodic artefacts evident. 

 
dow v), which interfere with the accurate identification and 
analysis of genuine Raman peaks originating from the skin. 

By combining the visual results from Fig. 7 with the quanti-
tative data in Table 2, it is clear that our method strikes a better 
balance between noise removal and signal preservation. Alt-
hough other methods excel in certain quantitative metrics, our 
approach demonstrates greater robustness in accurately recon-
structing the signal, particularly in preserving the finer details 
of the Raman spectra. In principle, a hybrid approach could be 
considered in the future. For example, WTD can be applied in 
Region A, and ADWEEF in more challenging areas, Region B. 
However, such integration would require further development 
to preserve full automation and signal continuity. Specifically, 
two key challenges remain: dynamically determining WTD 
thresholds without user input to keep the advantage of automa-
tion, and merging outputs from different methods without intro-
ducing discontinuities. 

CONCLUSION  
In conclusion, we developed a novel signal processing strat-

egy based on the consistent etalon fringe patterns in the Raman 
spectra of FP and HW region collected with the previously es-
tablished simultaneous dual-wavelength confocal Raman spec-
troscopy system. This method combines ICA and CWT to iden-
tify the specific wavelengths and frequency ranges affected by 
etalon artefacts, thereby effectively removing etalon artefacts 
from weak Raman signals. We validated the method on Raman 
spectra acquired from various mixtures of amino acids and 
black ink solutions, as well as from in vivo Asian facial skin 
samples. The results demonstrate that the etalon-induced distor-
tions can be effectively eliminated, enabling the recovery of 



 

Table 1. Evaluation Matrix of chemical solution results 

Evaluation Matrix Region A: Root Mean Square Error (RMSE) Region B: Signal-to-Noise Ratio (SNR) 

FP Region  Original Denoised 

Black Ink 0.0237 6.2622 32.8459 
L-Alanine 0.0120 8.8251 37.8708 
L-Tryptophan 0.0127 8.0569 36.5966 
Serine 0.0097 9.1329 34.8596 

 

Table 2. Comparison of our proposed ADWEEF and other etalon elimination methods in previous study 

Evaluation Matrix Region A: Root Mean Square Error (RMSE) Region B: Signal-to-Noise Ratio (SNR) 
Raman Region FP Region HW Region FP Region HW Region 

Original Signal / / 9.9316 13.4676 
ADWEEF 0.0223 0.0309 22.5938 24.8162 
Fourier filtering 0.0641 0.0447 19.1288 29.2191 
WTD 0.0237 0.0165 11.5165 14.7294 
Deconvolution 0.0973 0.1511 8.8555 10.1046 
CEEMDAN+WTD 0.0671 0.0245 13.5414 15.2271 

previously obscured Raman peaks. It also demonstrated signif-
icant improvements in the SNR while preserving the original 
valid signals. 

A key strength of this method lies in the use of a simultaneous 
dual-wavelength confocal Raman system. By leveraging the 
shared etalon patterns present in both the 671 nm and 785 nm 
wavelength signals, we eliminate the need for separate baseline 
measurements typically required in traditional methods. More-
over, the entire process is almost automated, reducing subjec-
tivity and human error. The use of ICA, an unsupervised learn-
ing method, automatically identifies the independent compo-
nents containing etalon fringes. By applying CWT to these 
components and correlating the results between the two wave-
length datasets, filtering thresholds are determined dynamically, 
without the need for manual tuning. In our method, only two 
parameters remain: the number of ICA components, which can 
be chosen based on prior knowledge of the sample, and the ini-
tial Canny threshold, which requires adjustment only once for 
each system and sample type, thereby greatly reducing com-
plexity compared with traditional approaches. This automated 
approach removes the potential bias and inconsistencies intro-
duced by subjective parameter choices. Finally, a significant ad-
vantage of this method is its ability to avoid the pitfalls of tra-
ditional filtering techniques, which often rely on rigid rectangu-
lar thresholds that can unintentionally filter out valuable signal 
information. Through the use of CWT analysis, followed by 
edge detection and correlation, we can accurately identify and 
isolate the frequency-wavelength regions affected by the etalon 
pattern. This targeted filtering ensures that only the relevant 
noise components are removed, preserving the integrity of the 
Raman signals. 

While the present method was developed and validated on a 
dual-wavelength Raman system, its underlying wavelet-domain 
principle can be extended to single-excitation configurations. 
The dual-excitation setup provides two spectra acquired in strict 
synchrony that share identical etalon fringe patterns while ex-
hibiting distinct Raman features within the same wavelength 

domain due to the different excitation wavelengths. This spec-
tral separation enables automatic identification of fringe-af-
fected regions, facilitating a toward-automatic denoising pro-
cess. In contrast, single-excitation systems lack this intrinsic 
reference, making fully automatic identification of etalon 
fringes more challenging. However, as demonstrated in our 
Supplementary Materials, we have also developed a CWT-
based interactive GUI that allows manual selection of fringe-
affected regions, providing a practical alternative for single-ex-
citation data when partial user interaction is acceptable. Im-
portantly, the dual-wavelength configuration remains clinically 
motivated, offering a practical balance of cost, spectral cover-
age, and acquisition speed that aligns well with the needs of 
real-time or intraoperative diagnostics. With the added benefit 
of providing richer chemical information, dual-wavelength Ra-
man spectroscopy has been increasingly adopted in biomedical 
applications 41,42. Our method builds upon this configuration 
without introducing additional optical complexity, instead 
providing an automated processing framework that exploits the 
shared etalon structure for effective denoising, eliminates the 
need for separate baseline measurements, and ensures robust 
fringe suppression without external reference data. 

This method shows particular potential in improving the 
identification and extraction of weak Raman signals that are of-
ten masked by etalon artefacts. By accurately distinguishing be-
tween noise and signal, this approach enables more reliable de-
tection of subtle biochemical changes, which is essential for ap-
plications involving low-intensity signals, such as pigmented 
skin spectroscopy. Moreover, the proposed method can be ex-
tended to any BI-CCD-based dual- and multi-wavelength sys-
tems, offering great potential in a wide range of applications 
such as food science43 and chemical measurement44. This is be-
cause etalon artefacts originate from the multiple internal re-
flections of near-infrared photons within the photosensitive sil-
icon layer of the BI-CCD sensor, due to the large refractive in-
dex mismatch between the silicon and the insulating layer. As a 
result, the formation of etalon fringes is independent of sample 



 

properties and thus broadly generalizable. A more detailed ex-
planation of this mechanism is provided in the Supplementary 
Materials. 

SUPPORING INFORMATION 
Mechanism of Etalon Artefacts Generation in Back-Illuminated 
CCD Systems (Section I); Validation of ICA Assumptions on Ra-
man Spectral Components (Section II); Representative Raw Ra-
man Spectra and Fluorescence Background Removal Process 
(Section III); Raman Peak Assignment of Human Skin after Eta-
lon Artefacts Elimination (Section IV); Trend of Research on 
Dual- and Multi-wavelength Raman System (Section V); CWT-
based Interactive GUI for Single-Excitation Etalon Removal (Sec-
tion VI). The codes related to this work have been made available 
on GitHub at: https://github.com/Dolores99/ADWEEF-etalon-
removal 
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