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Abstract: Angle - displacement coupling errors introduced by angular stages during adjustment remain a
critical issue in precision single-mode fiber coupling systems, leading to fluctuations in coupling efficiency
and reduced stability. To address this problem, modeling and decoupling compensation of angle - displace-
ment coupling errors are investigated. The analysis is based on mode field overlap theory between a Gauss-
ian beam and the fundamental mode of a single-mode fiber. ZEMAX simulations are employed to examine
the combined effects of angular tilt and lateral misalignment on coupling efficiency. A high-precision cali-
bration platform for angle - displacement characterization is established to acquire coupling error data. An
error model of the angular stage is constructed by integrating the Total Least Squares method with a Genet-

ic Algorithm, enabling accurate characterization of the coupling relationship between angular motion and
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equivalent lateral displacement. The model is subsequently incorporated into the automatic fiber coupling

process, where the lateral displacement induced by angular adjustment is decoupled and compensated in re-

al time. Experimental results demonstrate that, compared with the uncompensated case, the proposed

method reduces the average alignment time by approximately 71% and increases the average coupling effi-

ciency by about 22%. The method effectively suppresses angle-displacement coupling errors introduced

by the angular stage, thereby enhancing both stability and efficiency. This approach provides a practi-

cal and robust solution for high-precision optical alignment systems in which multi-axis coupling effects

are significant.

Key words: angle-displacement stage; coupling error; total least squares; genetic algorithm; decoupling

compensation; fiber coupling efficiency
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Fig. 1 Variation trend of coupling efficiency under differ-

ent k.
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Tab.1 Yaw calibration data (pm)
Displacement/pm 1 2 3 4 5
—100 168. 429 167. 174 167. 705 167.437 170. 992
—90 150. 477 149. 221 148. 861 148. 579 148.131
—380 132.446 131.421 130. 827 130. 637 130. 189
—70 114. 201 113.153 112. 620 112. 386 111.833
—60 96. 150 94.990 94. 487 94.314 93. 815
—50 78.106 76.830 76.362 76.216 75.795
—40 60. 191 63.993 64.514 62.511 63. 968
—30 52. 862 51.671 51.288 51. 264 50. 956
—20 31. 247 30. 500 32. 500 31.724 33. 006
—10 14. 653 15. 464 15.041 14.743 16. 178
0 0 0 0 0 0
10 —15.085 —14.501 —14.457 —14. 654 —14. 349
20 —31. 354 —30. 265 —30. 177 —30. 363 —30. 102
30 —48.089 —46. 565 —46.422 —46. 660 —46. 392
40 —64.996 —62.970 —62. 885 —63. 147 —62. 899
50 —81.798 —79.969 —79.762 —79.915 —79.653
60 —98.159 —96.574 —96. 398 —96. 527 —96. 296
70 —113.509 —113.363 —113.051 —113.024 —112.525
80 —128.543 —129. 086 —128. 540 —128. 238 —126. 850
90 —145.125 —143.998 —143.39%4 —143. 211 —142.627
100 —161.998 —160. 162 —159. 826 —159.772 —159.517
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Tab. 2 Pitch calibration data (D
Displacement/pm 1 2 3 4 5
—100 172.648 172.743 172. 057 172.111 172. 088
—90 155. 784 155. 835 155.038 155.021 155.078
—80 138.548 138.633 137.818 137.821 137.988
—170 121. 060 121.165 120. 364 120.408 120. 480
—60 103.732 103. 694 102. 866 102. 978 103. 046
—50 86.108 86.166 85. 341 85. 321 85.423
—40 66. 546 68.519 68. 363 68.074 68. 251
—30 48. 654 50. 743 50. 488 50.417 50. 603
—20 32.39%4 34.428 34.275 34. 289 34.458
—10 15. 545 16. 606 16. 705 16. 606 16. 909
0 0 0 0 0 0
10 —15.343 —15.404 —15.621 —15.268 —15.224
20 —31.534 —31.656 —31.877 —31.405 —31.358
30 —48.336 —48.350 —48.778 —48.350 —48.292
40 —65.468 —65.512 —65. 800 —65. 369 —65. 342
50 —82.864 —82.932 —83.122 —82.708 —82.643
60 —100. 050 —100. 192 —100. 671 —100. 199 —100. 111
70 —117.761 —117.853 —118.277 —117.700 —117.816
80 —135.293 —135.517 —135.632 —135.069 —134.991
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Fig. 6 Spectral energy distribution of calibration data
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D, (0)=—1.6410 + 2. 404 +sin (0. 0350 )— 0. 38+ cos (0. 0350 )— 0. 012 8 +sin (0. 034 70 )+

0.025+c0s(0.0347¢)— 0. 355+sin (0. 052 56 )— 0. 035 6 «cos (0. 052 56 )+ 0. 773, (12)
Dy (0)=—1.714 10+ 2. 04 +sin (0. 026 20 )— 0. 092+ cos (0. 026 26 )— 0. 814 +sin (0. 023 39 ) —
0. 005+cos(0.02330)+ 0. 737+sin(0. 056 40 )— 0. 216+ cos (0. 056 40 )+ 0. 655, (13)
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Tab.3 Effect of modeling-based compensation

RMSE/pm Yaw angle Pitch angle
Before compensation 93.69 97.86
After compensation 1.87 0.59
Reduced percentage 98% 99%
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Fig.7 Compensation effect of pitch and yaw angles



1450 e K TR

34 %

158 70 RE 8% A7 00220 1 A JEE Y o A v b 25 MR S
T SRR 1A DL A TR 22
4.2 BEXABAVEIMER

AR ICHE— P AR E R G RAOE LR A B)
ME ARG, IF BT LRI MR CR . R
AT RE HERR BE 5 45 18 00 46 IR 2 B AR 57 12 R 3 0k 5
A R, S T R B R A
P 1 2 B B AR (8] 64400 B 2R RS R R 3, AU AE
S0 BRSPS ]S SCAR Y A R A A R AT
iR A X LSS R NI 8 BT

300

—e— Uncompensate
—=— Compensated

250+ 242
200

L 150¢

100+

s b ¥ U % P o U

0 1 L L L L L L L 1 L
1 2 3 4 5 6 7 8 9 10
Group
(a) A
(a) Time
90— ‘ — . ‘ ‘ . ‘ .
85.6% 85.4% 86.1% 85.4%85.4%85.4% g4 50, 85.6% 85.4%85.6%
85¢ S Saeease 1
80+ —e—Uncompensate -

—=— Compensated

Coupling efficiency/%

45

(b) MERE
(b) Coupling efficiency

K8 MEEHT IS FE AR XS L

Fig.8 Comparison of metrics before and after compensation
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