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Fig. 1. White-light interferogram and its main parameters.
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Fig. 2. Error propagation path in degraded scanning interferometric signals.
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Unified Cramér—Rao Lower Bound Analysis for
White-Light Scanning Interferometry Under
Degraded Scanning Conditions: Joint Modeling of

Additive Noise and Mechanical Vibration*

CHEN Yulan Y2 LIU Angi!)  HE Jiagi Y2 ZHANG Wenxil)t

1) ( Aerospace Information Research Institute, Chinese Academy of Sciences, Beijing,
100094, China )
2) ( School of Optoelectronics, University of Chinese Academy of Sciences, Beijing, 100049,
China )

In this work, we develop a unified complex observation model for WLSI under degraded scanning
conditions. The model incorporates exposure-induced fringe attenuation, additive circularly symmetric
complex Gaussian noise, and scanning-direction mechanical displacement perturbations. Based on this
model, we derive the Fisher information matrix and the CRLBs for the envelope peak position zy; and
the absolute phase ¢y. For the pure additive-noise case, it is shown analytically that z,; and ¢, are
orthogonal in the Fisher-information sense, because envelope-position perturbations and phase pertur-
bations correspond to radial and tangential directions in the complex observation space. For correlated
mechanical vibration, a hybrid CRLB formulation is introduced by treating z,; and g as deterministic
unknown parameters and the vibration sequence as a random nuisance process with a known covariance
structure. Using the Schur complement and the Woodbury matrix identity, we obtain closed-form CRLB
expressions involving an equivalent residual vibration covariance matrix T. The resulting CRLB matrix
reveals that mechanical vibration not only raises the marginal lower bounds of zy; and ¢, but may also

introduce statistical coupling between them through the common vibration process.

* Project supported by the National Key Research and Development Program of China

(2022YFF0706300).
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Furthermore, we analyze relative topography measurement and show that common vibration compo-
nents can be suppressed by differential measurement, with the residual vibration contribution determined
by the difference between the vibration-sensitivity vectors of two pixels. For constant drift, the common
displacement is strictly cancelled in ideal synchronous relative measurement. For narrowband single-
frequency vibration, analytical frequency-sensitivity expressions are derived, showing how the vibration
contribution depends on the envelope spectral overlap, the envelope-position response, the scanning speed,
and the height difference between pixels. The proposed framework provides a quantitative theoretical tool
for accuracy-limit evaluation, error budgeting, parameter optimization, and vibration-resistant design in

WLSI systems.

Keywords: White-Light Scanning Interferometry; Cramér-Rao Lower Bound; Mechanical
Vibration; Hybrid Fisher Information
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