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Abstract: To address the limitations of conventional conjugate vortex beam interference-based micro-dis-
placement measurement methods, including limited rotation-angle variations of interference patterns and in-

sufficient capability for sub-nanometer displacement detection, a micro-displacement measurement method
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based on opposed dual-surface differential conjugate vortex beam interference is proposed. The proposed
method exploits the linear relationship between the rotation angle of the conjugate vortex interference pattern
and the phase difference between two interferometric paths, converting micro-displacement into the angular
rotation of petal-shaped interference patterns. To overcome the constraints imposed by camera pixel resolu-
tion and pattern distortion on tiny rotation-angle extraction, an opposed dual-surface differential optical path
is developed, where two conjugate vortex beams interact with opposite surfaces of the same target. Com-
pared with the conventional single-surface reflection configuration, the proposed structure doubles the relat-
ive optical path difference, thereby theoretically doubling the interference-pattern rotation angle under
identical displacement conditions. Furthermore, an H-Nets model based on circular harmonic convolution is
introduced to extract rotation-equivariant features from the rotating interference patterns. Continuous angular
variations are encoded as phase shifts in the complex-valued feature space, enabling stable characterization of
tiny rotation angles and accurate displacement inversion. Experimental results demonstrate that, within a dis-
placement range of 0—500 nm, the maximum absolute error is below 0.61 nm, with a mean absolute error of
0.37 nm. The proposed method achieves enhanced micro-displacement measurement accuracy and stability
through the synergistic integration of differential optical-path amplification and rotation-equivariant feature

decoding.
Key words: conjugate vortex beam interference; opposed dual-surface differential optical path; Harmonic
Networks; rotation equivariance; micro-displacement measurement; sub-nanometer measure-

ment accuracy
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Fig. 1 Schematic of Micro-displacement Measurement

System
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Fig.2 Comparison of Interference Petal Rotation Effects.

(a) Conventional path, before displacement;(b) Con-
ventional path, after displacement; (c) Differential
path, before displacement;(d) Differential path, after

displacement
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Tab.2 Rotation Angles of Interference Petal Patterns
under Two Optical Path Structures

Displacement(nm) CVBI Rotation(°) DSVBI Rotation(°)

100 11.1 223
200 22.1 45.4
300 333 67.1
400 44.5 90.2
500 55.2 112.3

4.2 H-Nets MEEDHT

J T Y6 AIE T4 Y H-Nets 7 4% .0 0 2% 451
()6 M, A S — DT T IH Rl SE g, LA IRl
TEAR TR EEURRE R R DL e % 5 A8 ML 45
EERTHO AR B 1 52

5% 3 FrR, 589 H-Nets SR HAS T Ak
fit. KBRBUEIEM GG, BRI B R, &
A% 295 45 FEOME LA AT 5088 ST 6 1 0 FE A v ) e
FEARAE, I UE T RUE B IR I AR A EH . B
bR 2R IE R m I, BRTRORS B iE— 25 TR B, Ui
SRS B ABALAE B T RAE AL e i 2 AT ¢
R S [RIT, HROH e S5 AR AL S, I 28 X AN
[7i) £ 5 PRI () 5 R R R AR, 3 SR TS BT B, s
— U B T T S AR S A A T A B A
B

&3 H-Nets jEghscig
Tab.3 Ablation Study of the H-Nets Model

Model Variant MAE(nm) MSE(nm?) R?
Full H-Nets 0.324 0.297 0.956
W/o Harmonic Filter 0.367 0.338 0.924
W/o Complex Feature 0.379 0.356 0.909
W/o Rotation Equivariance 0.413 0.401 0.891
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Fig. 8 Loss Function Curves
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Tab.4 Evaluation Results at Different Displacement

Levels
Displacement(nm) MAE(nm) MSE(nm?) R?
10 0.366 0.297 0.956
50 0.327 0.317 0.924
100 0.359 0.324 0.914
300 0.369 0.321 0.909
500 0.348 0.356 0.901
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Fig. 9 Comparison of MAE for Different Displacement

Measurement Methods
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Tab.5 Performance Comparison of Micro-Displace-

ment Measurement Methods

Method MAE/nm  MSE/nm?
Centroid Identification enhanced CVBI 1.987 4.237
Centroid Identification enhanced DSVBI 1.643 3.967
CNN enhanced CVBI 0.579 0.496
H-Nets enhanced CVBI 0.457 0.384
CNN enhanced DSVBI 0.419 0.342
H-Nets enhanced DSVBI 0.370 0.299
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