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angle measurement based on differential alignment

LIANG Yuhuan, WU Zhonghuai, RU Hongwu, WANG Yun', QIU Lirong, ZHAO Weigian

(School of Optics and Photonics, Beijing Institute of Technology, Beijing 100081, China)
* Corresponding author, E-mail: alotrabbits@163. com

Abstract: High-precision aiming is the benchmark for angle measurement. It directly dictates the final
measurement accuracy and is crucial in the precision measurement field. Dynamic aiming processes often
suffer from optical spot distortion. This distortion separates the peak light intensity and energy centroid.
Such spatial separation severely compromises overall aiming accuracy. We proposed an error suppression
technique. It targeted high-precision dynamic laser angle measurement systems. Our method was based
on differential alignment principles. A double-slit aperture was placed before the quadrant photodetector.
The optical spot was systematically shaped and filtered. This setup acquired dual-channel light intensity
signals. A differential operation processed these two distinct signals. This calculation achieved spatial er-
ror separation. It also provided dynamic optical signal compensation. The differential alignment curve fea-
tured a specific light intensity response. The zero-crossing point on this curve was highly sensitive. We uti-
lized this extreme sensitivity for precise spot positioning. This mechanism fully eliminated the impact of
optical spot distortion. Consequently, dynamic aiming accuracy remained completely unaffected. We con-

ducted theoretical analysis and preliminary experimental verification. Tests utilized a standard prism on an
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air-bearing rotary system. Results prove this technique suppresses distortion-induced aiming errors. The

optimized system achieves an aiming repeatability of 0. 03" .

The angle measurement accuracy reliably

reaches 0. 1”. We compared this approach with existing centroid location techniques. The proposed meth-

od offers superior aiming repeatability. It also guarantees higher angle measurement accuracy. This re-

search provides a practical technical solution ideal for dynamic laser angle measurement applications.

Key words: angular measurement; Quadrant Photodetector (QPD) ; aiming error; differential align-

ment; dynamic laser goniometer
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Fig.1 Principle of angle measurement by optical autocol-

limation
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B uy N

=L =0.03" 13
n—1 (13)

4.3.2 RALRAHZEE

TE B A0 & o A b, I e BR AR 45 5 ik K
% 19 23 5 A JRG M PR T R G R G BE o 1 4
STENLRE T o HOLHT I IR 5 R G AF R I
(Signal-to-Noise Ratio, SNR) 3 [a] g 2 i B8 7
PEA 0o W6 2 X (13) , A R G0k IO G K
AN 635 nm, fE E Y B AERE £ 1 250 mm, R G5
{HFLAE NA 0. 02, 28 52 Bl i , 400 5 5K
BRI ZE A S L o 250: 1, IRIL, 6 BE 0 5E A
B 2 B s R

0.614 180 X 3 600
U, = - X
NA -f. T
71 X l: 0.005". (14)
SNR 4

4.3.3 A iR KA R

FE BN A5 4 B 3% 2 Ut v, ROT ) i Al 2
Bl b R i 7 i B . ARG B A K
214 R=250 mm, fix K42 ] Bk sh i fH Av=0. 15
e, B T LA AR B A PR 58 25 As AT R

Aszg.

R

Pz (e Ak R b, SO il & A 1 Bk B
51 ASH 5 B s

Av 180X 3600 1 ,
=" sz:o.w. (16)
4.3.4 BRAMN AR HEE

A F g8 R F RS RO AR Dy R
W o TR R AR Sl R AT R RO AR ) Bk 3
JEREFERIAE 2 pm DL, T 45 & 2 3 ECk X R %

(15)
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K TR

34 %

A A RO ER T — B MU O R 25 . TE(R 5
AL 7 T %06 M B FE 4 S ik b £k 12 960 000
Ao ATREEL w,

360 X 3600 1 ,
w=" 2 —0.06".  (17)
12960000 ~ &

4.3.5 BHABETRHZE

IR UL 5 22 Bl 6 o 45 K A R T H
A 22 26 AN B 5 | 2% 1) 6 B0 W A {1 G 30 o) 2k S
Z PR F W55 QPD MRS W BE X AR . B
TN T 5 BOR B 55 B 10 R — 30 Pk 4% 30 2o R
BEXCRIORS 98 R A 0 UM S S RS A
NI S AT . EXNEBSRERIT RS
bk a2 5 AME T, R G0 AR A Il E S 2 BT
%usﬂ‘?:
_a_ 0.005"
-
= 73
4.3.6 RAEEA MR

LR 5 R b AR % TR 2 YR 6 I A5 2R Y
M), h 45 0045 25 001 = AR ML AR B0 ST L R
G2 R AN E T uh

u=Jii+t i+ i+ +ui=~0.1". (19)

=0.003". (18)

S E WK

[1] WANG ST, MAR, CAOFF, etal. A review:
high-precision angle measurement technologies [J].
Sensors, 2024, 24(6): 1755.

[2] CHEN L, ZHU L, DU H, et al. Pointing acquisi-
tion and tracking system for free space optical com-
munication based on integrated optical phased array
[J]. IEEE Photonics Jowrnal, 2025, 17 (4) .
7301608.

[3] SIAUDINYTE L, HANSEN P E. Recent prog-
ress in optical nanometrology for the semiconductor
industry [J]. Measurement: Sensors, 2025, 38:
101607.

(4] ZFok, X, &K, F. LT PSD IRt
YIS MERENERET] K S ath,
2021, 51(6): 787-796.

LIB, DONG W B, XIAO A M, et al. High-preci-
sion non-contact two-dimensional dynamic angle
measurement system based on PSD[J]. Laser & In-

frared, 2021, 51(6): 787-796. (in Chinese)

5 & #»

AR SCHR T — i RS BE 22 8l 0 sl 25 0 A
WA A 15 22 40 ) B R 3 e 0 e e e O 2R
2277 A B IR, BT T UL 22 Sl 0 R R 4
38 o A AR I I A BUR 48 D' R X Ol B R AT R
TE kI I X UG ' 9 45 5 E AT 22 o ia B Bh AT ik
2503 B AMEE AT RO T I S R bl T O B e
AR BRI E DR 22 B T OB A I R B . S
B 45 R W] A BOR B il F 2 AT 38 0,037,
FAAERZ IR E 0. 17, o v A B 0 3 A4 A B2 I i R 48
PR T — Bl AT 7 5, M IR R 25 ) ) B AR 8 n]
VIS ETIRS e Bl tY R TR ARSIk
JIE 4 AU

EEmmk AR
ZFR.MEFEORE, I HERIBEE,
P NTE e bR &
Aok KRB ST AL
FAREERF LI F;
BRWR L FEE R
ARG RB TR BB ERTR,

[5] ZHANG Z Q, TONG S F, LIN P, et al. A prad
accuracy and nW detection sensitivity four-quadrant
heterodyne coherent angular measurement system
[T]. Photonics, 2025, 12(5): 509.

[6] SUNS W, ZHENG Q, MENG X X, e/ al. High
positional resolution pin-cushion position sensitive
detector by deliberately introducing barrel distortion
[J]. IEEE Sensors Jowrnal, 2022, 22(2) : 1280-
1286.

[7] ZHAO G B, BANY W, ZHANG Z H, et al. Er-
ror compensation strategy with high installation toler-
ance for angle encoders[J]. Precision Engineering,
2024, 91: 568-576.

[8] k¥, HFiwdr, KW, F. ATHOCARST
WG BE S BRI DT IR [T ). Mok B e sk, 2020,
50(1): 37-41.
ZHUJC, XUHH, ZHANG H T, et al. High pre-
cision angle measurement method based on laser self-
mixing interference[J]. Laser & Infrared, 2020, 50
(1): 37-41. (in Chinese)

[9] MATSUKUMA H, ASUMI Y, NAGAOKA M,



5510 3

GEFIR A < RS L 22 S0 0] o 2l 2 00 I o 1R 2 0 ] R

1525

[10]

[11]

[12]

et al. An autocollimator with a mid-infrared laser for
angular measurement of rough surfaces [J]. Preci-
sion Engineering, 2021, 67: 89-99.
BIAN Z L., GAO M, DONG Z R, et al. Two-co-
ordinate photoelectric  autocollimator
based on single linear CCD[J].
and Inspection for Industrial Applications, 2010,
7855: 78550H.
MENG X X, SUNS W, YANX T, etal. Six-de-

gree-of-freedom posture measurement technologies

dynamic

Optical Metrology

using position sensitive detectors (PSDs) : state of
the art[J]. Micromachines, 2022, 13(11): 1903.
ik, R, KA — sl 20 A A v
A Jr ke [J]. ke 142, 2024, 51
(12): 30-38.

YANG S D, ZHU W B, HUANG Y, ez al. Re-
search on an aiming error suppression method for

dynamic goniometer [J]. Opto-Electronic Engi-

EE R
FFIN(2000—) , & WAL aREN,
W+ WF 5% A, 2023 4 F i 3k Tl K2
i AT 25, BRI DT 1 A RS
- J6 2 4R . Email: liangyuhuan0823@

163. com

[13]

[15]

neering, 2024, 51(12): 30-38. (in Chinese)

PAN N, ZHAO Q, WU Y P, et al. High-accura-
cy attitude angle measurement system using laser
collimation [J]. Applied Optics, 2024, 63 (19) :
F67-F73.

ZHU X, LIU J, LI X, et al. High-precision laser
angular displacement measurement based on an im-
proved normalized algorithm for four-quadrant de-
tector [J]. IEEE Transactions on Instrumentation
and Measurement, 2024, 73: 5002110.

WA, 2 SUE, BORH, F . RSP E b
PR RS BE SR T 5 SR AL Bt [T) R A
% LA, 2022, 30(20): 2467.

ZHANG C, LIUW Z, DUAN F J, et al. Accura-
cy improvement method and optimal design of
straightness in five-degreee-of-freedom measure-
ment of long guide [J]. Opt. Precision Eng. ,
2022, 30(20): 2467. (in Chinese)

RN

E o01984—), 5, N AR BN, #
$Z2,2008 4F T4t U B T K223k A 2+
SAr, 2013 4 T b Bt B TR 2 4K 15 1
Rt DANE e N D R ST 'S
#5119 . Email:alotrabbits@163. com



