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Abstract: Surface roughness in the top protective layer of a surface plasmon resonance (SPR) sensor degrades performance by intro-
ducing reflectivity fluctuations, broadening the resonance dip, and reducing the accuracy of resonance-angle estimation. In practice,
obtaining a perfectly uniform barium titanate (BaTiOs) protective coating over a commercially sized SPR chip is difficult; therefore,
signal processing strategies that compensate for roughness are of practical interest. In this study, a periodic roughness profile is used
to model thickness fluctuations in a 3 nm BaTiO; overlayer, and the resulting impact on SPR performance is analyzed theoretically
using the transfer matrix method. Two digital smoothing approaches, the Savitzky—Golay (SG) filter and the Whittaker filter, are then
evaluated as post-processing tools. The results show that the roughness height of 1 nm can reduce the signal-to-noise ratio (SNR) to
approximately 6.4 dB and broaden the resonance feature sufficiently to compromise reliable detection. Among the tested methods,
the Whittaker filter yields the most faithful recovery of the SPR curve, improving resonance-position accuracy by a factor of 119.14
relative to the rough signal, whereas the SG filter provides an improvement factor of 18.81. The Whittaker filter also increases the
SNR to 26.44 dB, which signifies enhancement by 75% and preserves sensor sensitivity (390.12°/refractive index unit (RIU)), which
remains close to the ideal value of 396.27°/RIU and detection accuracy more effectively than the SG filter. These findings indicate that
Whittaker smoothing is a practical, low-cost computational strategy for mitigating roughness-induced degradation in high-sensitivity

SPR biosensors.
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1. Introduction

Surface plasmon resonance (SPR) sensors are widely used
for label-free and real-time detection in biomedical, environ-
mental, and food-analysis applications because the resonance
condition is highly sensitive to refractive-index changes at the
metal/analyte interface. Representative applications include can-
cer biomarker detection, malaria diagnosis, urinary tract infection
sensing, tuberculosis screening, nucleic-acid analysis, ribonucleic
acid and deoxyribonucleic acid, and food-quality monitoring [1-9].

At a metal-dielectric interface, incident light can excite col-
lective oscillations of free electrons, known as surface plasmons,
under an appropriate resonance condition. In prism-coupled
SPR, this resonance is observed as a pronounced dip in the
reflected intensity, and the angular position of that dip shifts
when the refractive index (RI) of the sensing medium changes.
Consequently, accurate determination of the resonance angle is
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central to SPR sensing because the dip position, width, and
depth collectively govern sensitivity, detection accuracy (DA), and
resolution [10].

Among the two classical attenuated total reflection configu-
rations used to excite SPR, the Kretschmann geometry is more
practical than the Otto geometry because it does not require a pre-
cisely maintained nanometer-scale air gap. In the Kretschmann
arrangement, a thin metal film is deposited directly on the prism,
allowing the evanescent field to couple efficiently into surface
plasmons at the outer metal interface. Owing to its mechanical
simplicity and experimental robustness, the Kretschmann config-
uration has become the standard platform for most contemporary
SPR devices.

For angular interrogation, conventional mechanical scan-
ning systems can cover a broad range of incidence angles, but
they are vulnerable to motor-resolution limits, alignment errors,
walk off, and thermal instability. A divergent-beam configuration
offers an attractive alternative because a bundle of rays spanning
multiple incidence angles simultaneously illuminates the sensing
structure. When generated with a Powell lens or cylindrical optics,
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the divergent beam can support wide-angle interrogation without
mechanical scanning, thereby improving compactness, stability,
and acquisition speed [11, 12].

For the metallic SPR-active layer, silver is selected over gold
for its higher sensitivity and sharper resonance, which are crit-
ical for achieving high-resolution measurements. To overcome
silver’s inherent susceptibility to oxidation in aqueous or biologi-
cal media, the surface is passivated with a thin film of indium tin
oxide (ITO) [13], zinc oxide (ZnO) [14], zirconium oxide (ZrO,)
[15], silicon (Si) [16], titanium oxide (TiO,) [17], gold layer [15],
graphene [18], and barium titanate (BaTiO3) [19-23], improving
the SPR sensor performance while ensuring chemical stability.
BaTiO5 is extensively utilized among protective overlayers due
to its advantageous combination of a high RI and low dielec-
tric loss, which generates a robust localized electric field that
significantly improves sensor performance by inducing a consid-
erable resonance shift for minor fluctuations in the analyte’s RI
[20, 24]. However, the use BaTiO5; was under assumption that the
thickness of the BaTiOj3 is smooth, in which when it was coated
on of commercially available SPR sensor chip with sizes such as
20 x 20 mm? manufactured by NanoSPR (BA1000; NanoSPR),
19.5 x 19.5 x 1.1 mm manufactured by Geomatec (Wuxi) Co.
Ltd. (China), and 13 x 20 mm manufactured by Nippon Laser
& Electronics Lab (Nagoya, Japan), the possibility to fabri-
cate SPR sensor with smooth top protective layer will be nearly
impossible.

Although BaTiO; is a theoretically promising protective
layer, its optimal performance is contingent upon the deposi-
tion of a perfectly smooth film. Achieving this uniformity on
commercially available, centimeter-scale sensor chips—including
models from NanoSPR (BA1000; 20 x 20 mm?), Geomatec
Co. Ltd. (19.5 x 19.5 mm?), and Nippon Laser & Electronics
Lab (13 x 20 mm)—is a formidable practical limitation. Vari-
ations in BaTiO;3 film roughness on the scale of nanometers
can degrade sensor performance. While prior research has exten-
sively examined the impact of surface roughness in the metallic
layer or coupling prism on SPR sensor performance, two critical
gaps remain unaddressed [25-29]. First, the specific influence of
roughness in the top protective overlayer, which is a crucial com-
ponent for stability and enhancement, has not been systematically
investigated. Second, existing literature lacks proposed strategies
to mitigate the detrimental effects of such roughness on sensor
response.

To address this gap, the present work investigates how sur-
face roughness in a BaTiO; protective overlayer modifies the
SPR response of a divergence-beam sensor and examines whether
digital filtering can recover an interpretable resonance signature
without changing the sensor hardware.

The novel contributions of this work are threefold: first,
a periodic roughness model is introduced to represent practi-
cal thickness variations in a 3 nm BaTiO; overlayer; second, to
analytically characterize the impact of top-layer BaTiO3 rough-
ness on SPR sensor performance, and third, to propose and
compare two digital filter algorithms—the Whittaker smoother
and the Savitzky—Golay filter as effective post-processing tools
to mitigate these effects. We demonstrate that such algorithmic
compensation can significantly enhance sensitivity, improve reso-
lution, and sharpen the resonance dip (full width at half maximum
(FWHM)), thereby reducing the need for costly ultra-precision
instrumentation in the SPR sensor chip fabrication process.
A detailed comparative analysis establishes the relative merits of
each filter, providing a practical framework for enhancing the
cost-performance ratio of SPR sensors.
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2. Literature Review

In practice, coating BaTiO3 on top of Ag does not guaran-
tee a perfectly uniform film over the full area of an SPR chip.
Even when the nominal thickness is only a few nanometers, local
waviness and thickness fluctuations can appear during deposition
and subsequently perturb the optical response of the sensor.

Existing research on roughness in SPR structures has primar-
ily focused on metallic films, coupling surfaces, or dielectric layers
other than the top protective overlayer [25-29]. For example, stud-
ies by Agarwal et al. [25] and Yang et al. [29] investigated metal
roughness using effective medium approaches like the Maxwell-
Garnett formulations [30, 31]. Although such models are useful
for some interfaces, their accuracy becomes limited when the
roughness scale is comparable to the evanescent-field penetration
depth at a metal-liquid interface [32].

To the best of the authors’ knowledge, little attention has
been given to the influence of roughness in a BaTiO3 top pro-
tective layer that directly interfaces with the analyte. To analyze
the effect of BaTiO; is important because it is increasingly used
to protect Ag while simultaneously enhancing sensitivity. The
present study therefore shifts the focus from roughness in the plas-
monic metal to roughness in the functional protective overlayer
and evaluates whether the associated spectral distortion can be
corrected algorithmically.

From a manufacturing perspective, an effective computa-
tional correction method (use of the proposed filter) could reduce
the dependence on highly expensive, ultra-precise deposition sys-
tems. For this reason, the rough surface is modeled here as a
periodic waviness profile, following the concept reported by Bai
et al. [33]. Thus, instead of relying on Maxwell-Garnett the-
ory and a compound-film effective medium approximation [33].
The analysis considers a nominal BaTiO5 thickness of 3 nm
and roughness amplitudes corresponding to a root mean square
(RMS) value up to 1 nm, which are representative of thin
protective films used in SPR devices.

Any smoothing strategy for SPR spectra must suppress
roughness-induced oscillations without erasing the physical fea-
tures of the resonance dip. Conventional filters such as Gaussian
smoothing, Fourier-based denoising, wavelet processing, spline
smoothing, and exponentially weighted moving averages can
attenuate high-frequency noise, but they may also broaden the
SPR minimum, reduce amplitude fidelity, or require simultaneous
tuning of multiple spectral descriptors [34-38]. Because top-layer
roughness can introduce both low- and high-frequency distor-
tions, a simple low-pass or high-pass treatment alone may be
insufficient.

Recent studies show that Savitzky—Golay and Whittaker
smoothing can improve spectral quality while preserving key sig-
nal features [39-41]. The Savitzky—Golay filter performs local
polynomial fitting and is effective when peak shapes must be
retained, whereas the Whittaker filter penalizes excessive curva-
ture and often yields stable reconstructions even in the presence
of gaps, outliers, or edge effects. These characteristics make both
methods suitable candidates for correcting roughness-induced
distortion in SPR reflectivity curves.

3. Research Methodology

3.1. SPR sensor structure

Figure 1 illustrates the proposed Kretschmann-type multi-
layer SPR sensor operating at 4 = 632.8 nm. A CaF, prism
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Figure 1
A schematic diagram of SPR sensor with surface roughness
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(n = 1.43290) is coated with a TiO, layer (n = 2.5836) [42], fol-
lowed by a 54 nm Ag film that serves as the plasmonic layer. A
3 nm BaTiO; overlayer (n = 2.4042) is deposited on Ag to protect
it from oxidation and to enhance field confinement and sensitiv-
ity [20]. The sensing-medium RI is varied from 1.3317 to 1.34. To
study fabrication-induced non-uniformity, the top BaTiOj5 layer is
modeled as a rough surface according to Equation (1).

dpatio; = dpatio; + hsin(n6) + hsin (2n0) + hcos (nd;)
+ hcos (2n6;)

In Equation (1), the nominal BaTiOj; thickness is perturbed by a
periodic function that represents surface waviness. The parame-
ter h denotes the maximum deviation of the local thickness from
the mean film thickness and therefore controls the severity of
roughness introduced into the optical model.

Figure 2 compares the ideal 3 nm protective layer with the
modeled rough profile. While the ideal layer remains constant
along the chip surface, the rough profile oscillates approxi-

Figure 2
Surface roughness profiles of a protective layer film which was
generated based on Equation (1)
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mately between 2.1 and 4.0 nm. This periodic variation is
used as a simplified but physically meaningful representation of
fabrication-induced top surface roughness in BaTiO5 coatings.

3.2. Mathematical modeling of the multilayer SPR
sensor chip

The reflectivity of the multilayer SPR structure is computed
using the transfer matrix method, which is well suited to stratified
optical media with multiple thin films [43, 44]. In this formulation,
the layers are stacked along the z-axis, and each k" layer is char-
acterized by its thickness dj, RI n;, and dielectric constant ¢;. By
enforcing electromagnetic boundary conditions at each interface,
the tangential field components at the first boundary are related
to those at the final boundary through the global characteristic

matrix [42].
I 1

In Equation (2), M denotes the total transfer matrix of the mul-
tilayer stack, whereas U; and V;represent the tangential electric
and magnetic field components at the first interface, and Uy-;
and V_;represent the corresponding fields at the last interface.
The matrix therefore propagates the incident wave through the
complete sensor structure [42].
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Equation (4) defines the transverse-magnetic wave impedance fac-
tor ¢y for the k™ layer. This term determines how strongly the
field in each layer contributes to the boundary matching condi-

tions and depends on the optical properties of the layer and the
propagation angle.
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The quantity Bin Equation (5) is the phase thickness of the k"
layer and is proportional to both the physical thickness dj and
the optical path within that layer. Consequently, roughness in the
BaTiOj5 film changes the phase accumulated by the reflected wave
and perturbs the SPR resonance condition [20]:

27dy, .2 \\2
Br = = (n]% — nf) sin Gi) . 5)
Using the characteristic matrix, the total reflection coefficient for
p-polarized (TM) light is obtained from Equation (6). This coef-
ficient contains the combined influence of all interfaces, material
refractive indices, and thickness values in the multilayer stack [20]:

JTM _ (Mu + MlZ‘/x‘ample)ql - (M21 + M22qsan1ple) (6)
(Mll + Ml2‘]samplp)‘]l + (MZI + M22qsamplp)

with

) o
(nmmple—(np sin 6,-) ) . %

n
sample

sample =

Finally, Equation (8) gives the reflectivity power as the
squared magnitude of the reflection coefficient. The resonance dip
used for performance evaluation is extracted from this reflectivity
curve:

R= ™) ®)

3.3. Filter design

3.3.1. Savitzky—Golay filter design

The Savitzky—Golay filter smooths a noisy SPR spectrum by
fitting a low-order polynomial within a moving window centered
at each sample point. Its performance depends mainly on two
parameters: the window length and the polynomial order. A larger
window provides stronger smoothing, whereas a smaller window
better preserves narrow spectral features [39, 40, 45].

’ M C.R i+
R =y Sfix )
7 X=—m N
In Equation (9), R denotes the original SPR reflectance signal,
R} denotes the smoothed signal, Cx is the convolution coefficient

associated with the x point in the window, and N = 2m + I

is the total number of samples used in the local fit. The index j
identifies the current point along the measured spectrum.

The central idea of Savitzky—Golay smoothing is to approxi-
mate the local spectrum with an n order polynomial determined
by least squares over the sliding window. Because the fitted poly-
nomial is evaluated at the window center, the method can reduce
fluctuations while retaining the local geometry of the resonance
dip [39].
+bkxk

f(x) = by + by x +byx?+ (10)

In Equation (10), bn represents the polynomial coefficients and k
is the polynomial order. These coefficients define the local ana-
lytical approximation of the reflectivity data within the selected
window.

The coefficients bn are obtained by minimizing the least-
squares error between the measured samples and the fitted
polynomial, as expressed in Equation (11). This optimization
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ensures that the smoothed curve remains as close as possible to
the original signal in a local sense.

0 { S ) - RX]Z} =0 (11)

Jn x=-—m

After the polynomial coefficients are estimated, the central value
by is obtained by evaluating Equation (10) at x = 0, which pro-
vides the smoothed reflectance at the current position. Higher
order derivatives can also be obtained from the fitted polynomial,
which is why Savitzky—Golay filtering is widely used for spectral
processing and feature preservation.

[0 = 3 CiR, (12)

X=—m

In Equation (12), n denotes the derivative order, C% is the
convolution weight, and R, is the value of the x point.

3.3.2. Whittaker filter design

The Whittaker filter formulates smoothing as a penalized
least-squares problem in which fidelity to the observed spectrum
is balanced against a roughness penalty on the fitted curve. The
mathematical expression for the Whittaker filter is given as [46]:

Q@) = |R(n) — 2" + A,|D e’ (13)

In Equation (13), R(n) represents the SPR reflectance corrupted
by top protective layer roughness, which is N X 1 of the noised
data, z is the smoothed SPR reflectivity curve for fitting to the
noised data, D, is the second derivative operator, and A, is a scalar
penalty on the smoothing term. The first term of the objective
function preserves agreement with the measured data, whereas the
penalty term suppresses rapid curvature changes.

Minimizing Equation (13) with respect to z yields the esti-
mator in Equation (14). In matrix form, the solution can be
interpreted as the result of solving a linear system in which the
identity matrix preserves data fidelity and the derivative matrix
penalizes excessive oscillation.

2= (1+4,07D,)" R(n) (14)

Accordingly, R(n) and z denote the nosed spectrum and
the smoothed spectrum, respectively; I is the identity matrix, D,
is the differentiation matrix, and d is the derivative order used in
the penalty term.

The choice of A; is critical. If A is too small, the filtered spec-
trum remains close to the noisy signal and denoising is weak; if 1,
is too large, the resonance dip may become over-smoothed [46].
Because the optimum value also depends on the number of sam-
pled points, A, was tuned empirically, where the larger the number
of N, the higher the value of A,. In this research, the lambda is
chosen to range from 1, = 10'° to 1, = 10'? for the 24,001
data points spectrum considered in this study, and the optimum
value of lambda was around 11'°, which yielded the best com-
promise between noise suppression and preservation of the SPR
minimum. The goal of this tuning was to maximize signal-to-noise
ratio (SNR) while retaining accurate resonance-angle extraction.
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3.4. Designed filters evaluation

The designed filters were evaluated using the SNR, which
measures the ability of a method to reduce roughness-induced
fluctuations without excessively distorting the underlying SPR
signal. The SNR expression used in this study is given in
Equation (15) [47].

SNR = 101og,, (£ )
N 2
£ = 3 (R =~ RiG) (15)
nﬁ , )
E, = Z] (Ri (m)—R,; (n))

n=

In Equation (15), E; is the energy of the ideal SPR signal, E,, is
the energy signal of the error or noise component, R;(n) is
the ideal SPR reflectivity without the effect of protective sur-
face roughness, and R; (n) is the filtered SPR reflectivity after
application of either the Savitzky—Golay or Whittaker filter.

3.5. SPR sensor measurement performance

The SPR sensor performance parameters are extracted
from the resonance curve and used to evaluate not only sig-
nal smoothness but also sensing quality. The main performance
parameters considered here are sensitivity, DA, quality factor
(QF), resolution, sensor merit (SM), and combined sensitivity
factor (CSF).

3.5.1. Sensitivity

Sensitivity is defined as the ratio of the resonance-angle
shift (Af,,,) to the corresponding refractive-index change in the
sensing medium (Any). It quantifies how strongly the SPR dip
responds to variations in analyte RI and is calculated using
Equation (16) [48]:

Ael’@s
v (16)
3.5.2. Detection accuracy (DA)
DA is inversely proportional to the FWHM of the resonance
curve. A narrower reflectivity minimum provides a more precisely
localized resonance angle and therefore a higher DA, as expressed
in Equation (17) [48]:

1
A= FWHM (a7)
3.5.3. Quality factor (QF)

The QF combines sensitivity and FWHM to measure how
effectively the sensor converts refractive-index changes into a
sharp, distinguishable resonance response. A larger QF indicates
a more informative and practically useful SPR spectrum [49-51]
and has a unit of RIU™!:

_ S
= FWHM

OF (18)
3.5.4. Resolution

Resolution describes the smallest refractive-index change that
can be discriminated by the sensing system. In a charge-coupled
device (CCD)-based angular interrogation scheme, the achiev-
able resolution depends on the sensor sensitivity, the number of

CCD pixels covering the angular range, and the analog-to-digital
conversion precision. In this study, a TCD1304AP linear CCD
with 3648 pixels and an STM32F401RE controller with a 12-bit
analog-to-digital converter (ADC) are assumed, following [19]:

O

LOD =—
(@rr) Sensitivity

(19)

In Equation (19), o, depends on the pixel range covered by the
resonance angle, and the ADC conversion resolution 1/ (2" — 1)
is multiplied by the resolution of the CCD. In Equation (19),
the overall refractive-index resolution depends on the angular
span mapped onto the CCD, the CCD pixel resolution, and
the ADC conversion precision. The minimum angular increment
that can be distinguished by one pixel is then calculated using
Equation (20) [19]:

ABes
N, pixel

1pixel
@n—1)

o, =

(20)

N pixer is the total number of pixels of the CCD sensor, and
n is the number of bits of the ADC converter.

3.5.5. Sensor merit

SM evaluates the combined influence of resonance sharpness
and spectral shape near the minimum. Because it reflects both
the width and the contrast of the resonance feature, it is useful
for comparing whether a filtering method improves the practical
interpretability of the SPR curve [52-54]:

SM = Rmax — Ruin
FWHM

21
3.5.6. Combined sensitivity factor

The CSF is defined as the product of sensitivity and SM.
It provides an aggregate measure of how responsive and how
spectrally well-defined the sensor response is and is expressed in
Equation (22) with units of RIU—-1 [54, 55]. Finally, the CSF is
expressed as [52, 53], and it has the unit of RTU™!:

CSF=SxSM (22)

4. Results and Discussion

4.1. SPR reflectivity curve

Figure 3 was generated using Equation (8), which calcu-
lates the total reflectance of P-polarized light after traversing
numerous layers with specific optical properties and refractive
indices. The SPR reflectance of the ideal and roughened top lay-
ers indicates that the ideal layer has a uniform thickness of 3 nm,
but the roughened top layer exhibits periodic thickness fluctua-
tions ranging from 2.1 to 4 nm, as referenced in Equation (1).
Figure 3(a) and (b) shows the effect of the top-layer roughness
on the SPR signal, which is highly irregular, showing significant
fluctuations around the SPR dip, which could obscure accurate
data interpretation. As shown in Figure 3(a) and (b), rough-
ness introduces oscillatory distortions around the SPR minimum.
These distortions arise because local thickness variations mod-
ify the optical phase accumulated in the protective layer and
therefore perturb the interference condition that determines the
resonance dip. As a result, the resonance minimum becomes more
difficult to locate reliably, increasing the risk of resonance-angle
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Figure 3
SPR reflectivity curve as a function of the incidence angle ranges from 65 to 89° in which (a) has RI = 1.3317 and (b) RI = 1.34
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estimation error and degrading downstream metrics such as
sensitivity and resolution.
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When the Whittaker filter is applied, the roughness-induced
oscillations are substantially suppressed while the underlying
resonance shape is preserved. In both RI cases, the Whittaker-
smoothed curve follows the ideal SPR dip more closely than the
Savitzky—Golay result, especially near the minimum. This behav-
ior is important because accurate extraction of the resonance
angle and FWHM depends on preserving the local curvature of
the dip. The Savitzky—Golay filter also reduces fluctuations, but it
broadens the minimum more noticeably and therefore introduces
a higher risk of parameter distortion.

The ideal SPR curve serves as the theoretical reference
because it contains a sharp and well-defined minimum in the
absence of top-layer roughness. Overall, the comparison indicates
that the Whittaker filter is more robust than the Savitzky—Golay
filter for handling severe roughness-induced spectral perturbations
in the BaTiO; overlayer.

4.2. SPR sensor performance analysis

Table 1 summarizes the key performance parameters—
resolution, sensitivity, FWHM, minimum reflectance, SM, and
CSF—for the ideal sensor, the rough sensor, and the two filtered
cases. The Savitzky—Golay filter yields the numerically smallest
resolution value, 1.986 x 1077 RIU, but this apparent advantage

is associated with stronger reshaping of the resonance dip. By
contrast, the Whittaker filter preserves the profile of the ideal
resonance more faithfully, which is important for physically
meaningful parameter extraction.

Quantitatively, roughness broadens the FWHM from 2.5°
for the ideal sensor to 4.3°, indicating a substantial loss of
DA. Although the Savitzky—Golay filter suppresses fluctuations,
its sensitivity decreases to 357.47°/RIU, which is lower than
the rough signal itself (368.55°/RIU) because of dip distortion.
The Whittaker filter performs better, maintaining a sensitiv-
ity of 390.12°/RIU close to the ideal value of 396.27°/RIU
and reducing the FWHM to 3.6° relative to the rough
case.

The lowest minimum reflectance occurs for the rough SPR
curve (0.045), confirming that roughness alters the resonance
depth as well as its position. The ideal curve has a minimum of
0.088, whereas the filtered curves become shallower, with mini-
mum values of 0.281 for the Whittaker filter and 0.323 for the
Savitzky—Golay filter. This effect is expected because both fil-
ters average neighboring samples. Nevertheless, the Whittaker
result remains closer to the physical resonance shape than the
Savitzky—Golay result.

The SM values further support this interpretation. The
ideal sensor has the highest SM (0.368), indicating the sharpest
and most informative resonance signature. The rough case gives
SM = 0.224, whereas the Whittaker and Savitzky—Golay filters
yield 0.199 and 0.177, respectively. Thus, while filtering improves
readability and resonance tracking, it can also reduce spectral
sharpness; among the two methods, Whittaker smoothing better
balances denoising and feature preservation.

Table 1
Comparative performance metrics for ideal, rough, and filtered SPR sensors
Average
Resolution Sensitivity Average minimum SM
(x 107y RIU (°/RIU) FWHM (°) dip (A.U) (A.u/®) CSF
Ideal SPR 2.202 396.27 2.5 0.088 0.368 146.011
Whittaker filter 2.168 390.12 3.6 0.281 0.199 77.869
SG filter 1.986 357.47 3.8 0.323 0.177 63.165
Roughness SPR 2.048 368.55 43 0.045 0.224 82.734
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Table 2
Signal-to-noise ratio in dB for SPR roughness, Savitzky—Golay, and Whittaker filter
RI of the sample SPR_roughness (dB) Savitzky—Golay filter (dB) Whittaker filter (dB)
1.3317 5.9271 23.7956 24.958
1.34 6.9137 24.9667 27.919
Average 6.4204 24.3812 26.439
Table 3
Resonance angle for SPR roughness, Savitzky—Golay (SG), and Whittaker filter
RI of the Ideal
sample resonance Roughness Savitzky—Golay (SG) filter Whittaker filter
er erough |er - 6rzmg/1| eSG |er - 6SGFl 6WHF |6, - eWHF|
1.3317 81.777 80.373 1.404 81.795 0.018 81.823 0.046
1.34 85.066 83.432 1.634 84.762 0.304 85.061 0.005
Average 3.038 0.161 0.0255
Enhancement
factor 3.038/0.161 =18.81 3.038/0.0255=119.14

A similar trend is observed for the CSF; the ideal SPR
curve yields the highest value (146.011), confirming the expected
advantage of a smooth protective layer. Filtering lowers the CSF
because shallow dips are penalized in the combined metric, but
the filtered results still provide useful practical recovery compared
with the distorted rough spectrum. Taken together, the met-
rics show that Whittaker filtering offers the most reliable overall
correction.

4.3. Evaluation of SNR of the SPR sensor

Table 2 reports the SNR for RI = 1.3317 and RI = 1.34.
In the rough case, the SNR is only 59271 dB at RI = 1.3317
and 6.9137 dB at RI = 1.34, confirming that top-layer rough-
ness substantially degrades signal quality. After filtering, the SNR
improves markedly. The Savitzky—Golay filter raises the SNR
to about 23.8 dB, whereas the Whittaker filter achieves approx-
imately 24.96 dB. Relative to the rough signal, the Whittaker
filter therefore provides an SNR improvement of more than
75%, demonstrating superior suppression of roughness-induced
fluctuations while preserving the resonance trend.

4.4. Evaluation of error of resonance position of the
SPR sensor

Accurate determination of the resonance angle is one of the
most important requirements in SPR sensing. The deviation of
the resonance angle from the ideal position was therefore analyzed
for the rough and filtered spectra. The Whittaker filter produced
an average deviation of only 0.0255°, whereas the Savitzky—Golay
filter showed a larger deviation of 0.161°. Relative to the raw rough
signal, this corresponds to an improvement factor of 119.14 for
the Whittaker filter and 18.81 for the Savitzky—Golay filter, as
summarized in Table 3.

5. Conclusion

This study theoretically investigated how physical surface
roughness in the BaTiO;3 protective layer affects the perfor-
mance of a Kretschmann-configuration, divergence-beam SPR
Sensor.

The results show that roughness with an RMS value (height
fluctuation) up to 1 nm reduces sensitivity, broadens the FWHM,
and lowers the SNR to approximately 6.4 dB. Such degra-
dation can impair resonance-angle estimation and ultimately
reduce the reliability of refractive-index sensing in biosensing
applications.

Two digital post-processing methods, the Savitzky—Golay
filter and the Whittaker filter, were evaluated as mitigation strate-
gies. The comparative analysis shows that the Whittaker filter
is superior overall: it improves the resonance-position accuracy
by a factor of 119.14 relative to the rough signal, whereas the
Savitzky—Golay filter provides an improvement factor of 18.81.
In addition, the Whittaker filter increases the SNR by about
75% and preserves the position and shape of the SPR dip more
faithfully.

These findings demonstrate that effective digital post-
processing can partially relax the strict fabrication tolerances
otherwise required to produce a perfectly smooth protective
overlayer. In this context, the Whittaker filter offers a prac-
tical and low-cost computational alternative for compensating
roughness-induced distortion.

The present work is based on theoretical modeling and
numerical simulation. Although the transfer matrix method pro-
vides a rigorous framework for multilayer analysis, real fabricated
chips may exhibit nonperiodic roughness and additional experi-
mental noise sources that are not fully captured by the current
model. Future work should therefore focus on experimental
validation using fabricated BaTiO;-coated SPR chips and on
the implementation of real-time Whittaker-based correction in
practical sensing systems.
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