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Tablel Displacement measurement error under different velocity conditions.

Velocity 1 mm/s 3 mm/s 5mm/s 10 mm/s 15 mm/s

Error 0.065 nm 0.198 nm 0.332 nm 0.664 nm 0.996 nm
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Table 2 The alternating current amplitude of /.., when the angle of half - wave plate 2 changes
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Table 3 The alternating current amplitude of [, when the angle of quarter—wave plate 3 changes
Fast-axis angle 40° 41° 42° 43° 44° 45° 46° 47° 48° 49° 50°
Alternating current  1.9991 1.9995 1.9999 2.0000 2.0000 2.0000 2.0000 2.0000 1.9999 1.9996 1.9991
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11 (32)
IZ:E—Esin(za— D)
14:%—%sin(25+ D)
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Table 4 The DC bias of I.,, when the angle of quarter-wave plate 2 changes

Fast-axis angle ~ 40° 41° 42° 43° 44° 45° 46° 47° 48° 49° 50°
Direct current  0.038 0 0.0306 0.0231 0.0156 0.007 6 0 —0.0076 —0.0155 —0.0231 —0.0306 —0.0380

RS5 QWP2HETNWR K L. L. WX RIEE

Table 5 The alternating current amplitude of ..., I, when the angle of quarter-wave plate 2 changes
Fast-axis angle 40° 41° 42° 43° 44° 45° 46° 47° 48° 49° 50°
I, alternating current  0.984 8 0.9903 0.9945 0.9976 0.999 4 1 0.9994 0.9976 0.9945 0.9903 0.984 8
I, alternating current  0.984 8 0.9903 0.9945 0.9976 0.999 4 1 0.9994 0.9976 0.9945 0.9903 0.984 8

FIF MATLAB R34 6 7 ORF 9 ZE = n &, 40 4 Fr o, i @ R I3 — AL T A 2= g2 an 1, 40 ok 13—
A J5 2 16 R 20 o 54 B A s o7 B o DA PR AT L S B — Ak R A 2 % 0 PR AR A T s o T AR A 0
[, 076 0 — AR T bR T B A TR 25 05, 2R A SR A T ARE R, BB T T AR S 0T A B A RS , QW P2
11 B 1) A8 Ak I I A R R G 0 1SS
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I
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Fig.4 Lissajous figures before and after normalization
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LWERGESN T TWAE T PAEAEN =R 50 22 D) Je F AR 22k U8 . B AT 320 0 1R 22 AME R
FHEL T Heydemann $2 1 B9 86 B 4006 502 o 15 B R AR AR = 22 19455 G 18 7 Rk R | AR R Ji 2ok 02
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R K, B TELREGIE, TR S SR EAME . B, o T 5 S AR R PR iR 2518 IE B iy 58
BF P a0 200 K i ek /08 TE Bk (R T B A o AN TR LS B R R Al M R 25 TR B B L AR A0 2R 43 S i
SRR AR 25 T — — I BRI AT LR R T A . R b ORI, SRR T AR S AR LM R 25— o =
Pl B IR B AW R R 22 DL AR IE SR 25, B ] RoR

uy=R,cosp+p .
w,=R,sin(¢+0)+q
i (34) Al 4%
ulmax:Rl +p’ ulminziRl +p
{“zﬂm—Rﬁq, o = —Ro+ g (35)

M3 M (35) AT LU B, T35 5 10 B IR E p. g, SV IR R LR, R, 5 T W55 B AEA
B /IMEAT 5 o R I AR B0 8 3 980 )45 5 B8 B DR AN A /ML, B AT SR 9045 5 A BIAT O B 1% 2 R S I AN 5
[TEN ¢

2
_ Moo ¥ Urnin (36)
! 2
R, :%
Uzmax — Uzmin (37)
R,=—m  Tzmn
2
P B O 52 9 265 2 270 B T K T 0T 0 (a2 RAE A R
U1:R2<u1_P):R1R2COSgD
. (38)
U2:R1<Ll2* q>:R1R2 Sln<§0+6)
Zoad B BT, B N B A SR AN SF IR IR 22 E A BB IE , RRAEIE SR %, KRN
I,=R,cosg
Iy—Rvsirl<g0+5)—R}cos(go+672[) (39)

A R R &L BRI, H R, = R,o N T M BRAR LS8R 22 B HA Bl ok B R, R AR [ i
HEIA—NER,,, ENL+ LI EKRME, HBEREAN
R,=max(I, +1,) (40)
or O E SCPIAN i R, R RN TWAR S L L, P RR WK BE SR8 R, (R, PIA [ 18t 22 [] 4 28 A 22
—MMEE R ALAE 7/2 — 0, BER AL @ 172 4L, [k R, (R IR S ni e i , R BRI UL 5. ik #1455
LI B ESRAE N i R, (R AE o i BB R, O R AN R I I8 2, ML @ e AR R AR, R, IR /MR
77 T4t % A M B A8 A TR I S A7 A — AN @ 75 R, 5 2 P AT L B R B9 R/ max (1, + 1), fBE 6 +
/238 1 A% 3% E B AT A

R+ R:— R,
cos(;Jfé‘)lzR;R)“ (41)
P BRI R, R, RER,(0)TF —n/2<< 0 << n/2 KT BBl Y2 B8 B, AT £33
o= arcsin(m) (42)
2R R,
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Fig.5 Schematic diagram of the interference signal vector with non — orthogonality error
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BER B TE A2 5 LM L @AAFAEARIESZ IR 22 60 T — 20 K15 5 4 e 500 08 B2 %) et A7 0 — Ak sk

BE , wtvT LAF] A RCE YD 3 ORI AL, SR B FE 1A -
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Fig.6 Experimental optical path diagram
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£ CREHR K 2 MHZ, MR P-725.4CD AY#% 3 #2145 B A s BB R 200 pwm, I 1) 0 A58 e 3t 17 07 #%
i, R ZE RN 6 iR . RIS IS R, vl I3 i 25 SR A F 1R 2 8 4.14 nm, R IZ 24 9.02 nm,
S R G A A R A 25 A R E K RE S R R RRTE 10 nm Y I N s INEEIR Ok B HOE T I & R S50
26 %) PR ZZ PR R LE 15 nm LN .

x6 RENERBESER

Table 6 The results of the system measurement accuracy

Measurement number Nominal value/pm Calculated value/pm Error/nm
1 200.001 4 200.012 4 11
2 200.001 5 199.991 6 —9.9
3 199.999 3 200.008 7 9.4
4 200.000 9 200.011 3 10.4
5 200.001 5 199.996 5 —5
6 200.000 7 200.013 7 13
7 199.999 7 199.995 9 —3.8
8 199.999 5 200.008 2 8.7
9 200.001 0 200.011 3 10.3
10 200.001 7 199.999 0 —2.7

BE— 2P, O T AN AR G AR K ]38 A o A v A I AR E M AR A R AR R S SRR S 4
NI IE AT OGS ZR 58I AT 0T I 0 057 B I 0 B 5 R AN IR 7 TR SR IR A5 R AR W] AR R S SRR,
TRWOCT W& R GIs A7 A /NI 7= A 19 07 8% I 8 2% PR 47 /2 240 nm LAY .

Distribution of displacement errors in 40 consecutive
measurements within 4 hours

Displacement error

0 5 10 15 20 25 3‘0 3‘5 40
Number of measurements

H7 REMEZRER
Fig.7 The results of the stability experiment

() B Dy 7 S B S R A, B8R ) Visual Studio P 5 HEAT 2 B2, 45 K08 SR AR S 9K 3l 5 07 B8 1 5 R ) 4R
Mo BRGER L REIAT I . — DA ST R A, 70 — AR ST BRI . B R SR BB 200
IR AR B, HG v A — A B T — A SR B SRR R, Ol e R 2 A ) BA SR YR AR T
BB o AR e [R] IF Xf$ie Wc 3) B0 i R At U AT R AT AR B, DT 4 TR A ik B AT ORI R 4
S R C B v 28 B v A LTI S AE X R GE i SR REREAT TR DAl o X R AR AR R Ak B B i
Zia AT 20 WA AL R FE I B8 HEAT ST 0 A, A0SR T 7R o SRR SRR AL B BAHE B P B RE I
0.773 9 ms, b FEAEH (4 F- K FERT 24 0.316 6 ms. ZREPIHE , 2 58 58 B YR MR AR B 58 101 159 Sk 1) 24
9 1.09 ms, AN UEW] T G0 R A 2 ms DL A9 K SR R 301, REAS AR S I D A4 (2 A% il 114 15 S5 N o 1

R7T RESHERLARBUIRLERM G

Table 7 Statistics of time conspmption for single-batch data acquisition and processing

Module name Average time/s Standard deviation/s Variance/s’ Time range/s
Acquisition 0.774 0.185 0.034 1 0.505~1.342
Calculation 0.317 0.071 0.005 1 0.282~0.604
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Fig.8 Signal processing design scheme based on FPGA for length measurement
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B IE A B 32 B3 Sy 4 AE 2 RO ORI 4R PR 1R 22 BEIE B, Horh T1. T2 8 FPGA W TAE R . BOESBOK
SRR M 3 B T 00 22 53 5 B T A5 5 B R AT A I 2 BB I, 0 i) S I B T 3T K D B AL MR L SC
DR R 5 F IR AR 22 M8, JF S BB AR AR e M iR 2 A IE B b T A IE T — A TAE R T35 .

T1 T2
CHO 7 Calibration Calibration
—’ i
o sin Obtain parameters:data2 parameters:data3
—— > Differential cahbratlon. i B
CH2 processing B Bl DC offset cal ! DC offset cal
—?» I, datal > -}
CH3 i
_—p | = "
N ' Amplitude Amplitude
— . .
/\/ - imbalance cal imbalance cal
t
Quadrature Quadrature
imbalance cal imbalance cal

M9 SLEiRZEREMSAER
Fig.9 Block diagram of the real-time error correction module
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Fig.10 Flow chart of the real-time error correction module
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Fig.11 Waveform diagram of the real-time error correction module
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~
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Advanced configuration parameters
Tterations 24 [0-48]
Precision 20 [0-48]
Coarse rotation

Compensation scaling | No scale compensation v

v

OK Cancel

H12 CORDICIP #E & H
Fig.12 Configuration diagram of CORDIC IP core
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Fig.13 Flow chart of direction discrimination and accpmulation module
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Fig.14 Waveform diagram of direction discrimination and accumulation module
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Fig.15 Schematic diagram of overall system hardware architecture and signal flow
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Fig.16 Photograph of the hardware experimental platform for length measurement system
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Fig.17 Schematic diagrams of partial modules
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Fig.18 1L A captured waveforms of four—channel raw ADC input signals
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Fig.20 ILA captured waveform of final real-time calculated displacement output
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Fig.21 Real-time output waveform of ILA length measurement module
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Table7 Comparison of calculation results between host computer and FPGA

Measurement number Nominal value/pm Host value/pm FPGA value/pm Error/nm
1 200.001 200.014 5 200.016 3 1.8
2 199.999 4 199.990 8 199.988 5 —2.3
3 200.000 8 200.008 2 200.006 —2.2
4 200.000 1 200.008 5 200.008 3 —0.2
5 199.998 9 199.993 5 199.995 7 2.2
6 200.001 5 199.992 8 199.991 1 —1.7
7 200.000 4 199.990 1 199.991 5 1.4
8 199.999 2 199.985 8 199.986 0.2
9 200.001 8 200.008 6 200.007 —1.6
10 200.000 6 199.993 4 199.994 2 0.8
11 199.998 8 200.009 1 200.007 9 —1.2
12 200.001 1 200.009 3 200.006 8 —2.5
13 199.999 6 200.006 2 200.006 —0.2
14 200.000 9 199.990 8 199.988 6 —2.2
15 200.000 4 200.007 5 200.008 4 0.9
4 Zit

AR ST 58 v R HE g SE I PR RO T IR SR 4R RSB T — R T FPGA B2 s AR 7 22 WOL T
?ﬁ‘?ﬁ!ﬂ{:%éﬁ o RGERM MU IEAE 22 T W OLHE , IE TBURE & 7 T E SRR, RG 00 1T
S g 22 25 SRR 2 M R TR 5 A9 AR P DR 22 A9 S AL BE , JF 5 i MATLAB {5 B HIE 115 22 45 Al
SRIET A R . 7ER GBS D22 4 BT i LAl b AR SCTET 1] FPGA 52 b $1URR 1, 33 1738 s AL
250 B fifR O 5 158 22 AMEE J7 125, 38 2ok RH AT SR AE UM L 25 Y % SRR 5 M AL Bk AR B I sk A T A% A AL 4 03 B
VXS S8R T I AR, 2 AR T T S A R R R SE ML SRR A5 SRR, Bk 2 A O T
F G D e R 22 ) A 15 nm DAL B0 AR R 2208 9.02 nm, REEGE TN B RS L T 10 nm. i —20
Hi, ARSCAE FPGA S 6 B9 T R 53k RO BE R 3147 SE B S NI, #5 1t 8 3 ADC 5 FPGA g 8 52 b ) 5t
PRV i K LA 5 I AT AL BRAE AL, S T 1R 2 A AR S iR S N A6 B i Y S I A B S R ge it
AR O 10.4 ps, BT I35 100 ns, FPGA f# 55 4 97 iR 22 00 T 10 nm, 5 _E A AL 3000 25/ T 3 nm. 7
200 pm A7 B8 I 5 BN, 2% R GE S B T R SN RS B 5 AR R 1 2 Y LI Y L SR IE T P B R T FPGA Y
WO TV K 3% 515 P REIE 0 56 R e 0 0P 5 R T €.

S % 3k
[1] SHIMIZU Y, CHEN L C, KIM D W, et al. An insight into optical metrology in manufacturing[J]. Measurement Science

and Technology, 2021, 32(4): 042003.

[2] HUANG Guangyao, CUI Can, LEI Xiaoyang, et al. A review of optical interferometry for high—precision length

measurement[ J]. Micromachines, 2024, 16(1): 6.

[3] FU Haijin, JI Ruidong, HU Pengcheng, et al. Measurement method for nonlinearity in heterodyne laser interferometers

based on double-channel quadrature demodulation[J]. Sensors, 2018, 18(9): 2768.

[4] HU Pengcheng, BAI Yang, ZHAO Jinlong, et al. Toward a nonlinearity model for a heterodyne interferometer: not based

on double—frequency mixing[J]. Optics Express, 2015, 23(20): 25935-25941.

[5] POZAR T, MOZINA J. Enhanced ellipse fitting in a two-detector homodyne quadrature laser interferometer [J].

Measurement Science and Technology, 2011, 22(8): 085301.

(6] XUMAM, 25 it , %, 45 . T 94 R0 &k rdy S50 0 41 O T 95 At i AR O i L], TP O, 2010, 37(10) @ 2582

2587.

[7] CUI Junning, HE Zhangqiang, TAN Jiubin, et al. Realization of a robust homodyne quadrature laser interferometer by

performing wave plate yawing to realize ultra-low error sensitivity[J]. Optics Express, 2016, 24(20) : 23505-23518.
[8] GREGORCIC P, POZAR T, MOZINA J. Quadrature phase-shift error analysis using a homodyne laser interferometer [ J].

0312002-19



[9]

[10]

[11]

[12]

Optics Express, 2009, 17(18): 16322-16331.

HEYDEMANN P L. M. Determination and correction of quadrature fringe measurement errors in interferometers [J].
Applied Optics, 1981, 20(19): 3382-3384.

KONING R, WIMMER G, WITKOVSKY V. Ellipse fitting by nonlinear constraints to demodulate quadrature
homodyne interferometer signals and to determine the statistical uncertainty of the interferometric phase[J]. Measurement
Science and Technology, 2014, 25(11): 115001.

WANG Chaoqun, HUANG Qiangxian, DING Xuemeng, et al. Compensation method for polarization mixing in the
homodyne interferometer[ J]. Applied Sciences, 2020, 10(17) : 6060.

CUI Junning, He Zhangqiang, YuanweiJIU, et al. Homodyne laser interferometer involving minimal quadrature phase
error to obtain subnanometer nonlinearity[ J]. Applied Optics, 2016, 55(25): 7086-7092.
ZHOU Jie, HE Wen, YU Yanan. A novel displacement demodulation method of a laser interferometer for primary
vibration calibration[ J]. Optics and Lasers in Engineering, 2023, 169: 107742.

ZHOU lJie, YU Yanan, HE Wen. A quadrature demodulation method with digital subdivision and averaging for a
heterodyne interferometer[ J]. Optics and Lasers in Engineering, 2024, 182: 108495.

An FPGA-based Real-time Laser Interferometric Length Measurement
System with Point-by—point Phase Computation

LI Jinyu, GUO Zhenyan, GAO Zhishan, YU Qiqi, KUANG Junhao, LI Hao
(School of Electronic Engineering and Optoelectronic Technology , Nanjing University of Science and
Technology, Nanjing 210094, China)

Abstract: With the rapid development of precision manufacturing, semiconductor lithography, and
aerospace engineering, ultra—precision machining and metrology have placed higher demands on micro—
displacement measurement systems that combine nanometer—level precision with high-bandwidth real-time
performance. In dynamic, high—speed motion scenarios, such systems not only need to achieve extremely
high resolution but also provide low-latency data processing at high sampling rates. As a fundamental
technology in modern length metrology, laser interferometry has inherent advantages in terms of accuracy
and stability. However, traditional software—based processing architectures rely on CPUs and sequential
execution models, often encountering severe computational bottlenecks when processing high—speed
interferometric signals. These limitations make it difficult to simultaneously meet the conflicting demands
of large measurement range, high resolution, and real-time detection. To overcome these challenges, this
paper proposes a single—frequency laser displacement measurement system based on FPGA, which
integrates an FPGA platform and a high—performance point-by—point phase calculation algorithm. By
transferring the signal processing algorithm from software to a dedicated hardware logic platform and
employing parallel computing and a pipelined approach, the system significantly improves real-time
performance while maintaining nanometer—level measurement accuracy.

First, this paper establishes a four-channel orthogonal laser interferometry structure and develops a
real-time phase demodulation method based on the phase difference between adjacent sampling points. By
introducing phase jump correction and cumulative phase compensation mechanisms, the algorithm
effectively solves the problems of phase unwrapping ambiguity and displacement direction discrimination
under high—speed motion conditions, thereby ensuring the continuity and robustness of displacement
measurement. Meanwhile, to analyze the impact of non-ideal optical elements on nonlinear errors, this
paper constructs a systematic error model using Jones matrix theory. This model quantitatively analyzes the
effects of waveplate angle misalignment and Polarization Beam Splitter (PBS) splitting ratio imbalance on
the interference signal, revealing their roles in introducing DC offset, amplitude mismatch, and non-
orthogonality between orthogonal channels. Based on this analysis, this paper designs a vector—based error
compensation algorithm to correct these defects, thereby significantly improving phase linearity and overall
measurement accuracy. Based on the proposed algorithm, a complete experimental test platform was
established, and a host-computer—-based multi-threaded displacement measurement software was
developed to evaluate the system performance. Experimental results demonstrate that, within a
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measurement range of 200 pm, the system achieves a statistical measurement accuracy better than 10 nm
while supporting millisecond-level data update rates, thereby validating the effectiveness and practicality of
the proposed method.

Based on the validated theoretical and software framework, this paper further develops an FPGA
hardware system integrating a high—speed multi-channel ADC to comprehensively enhance real-time
processing capabilities. By employing a fully pipelined architecture and dedicated parallel processing units,
key algorithms such as error compensation and phase demodulation are transformed into hardware logic.
This hardware-oriented design ensures stable and predictable computational latency, which is crucial for
real-time measurement. Experimental comparisons show that the results of the FPGA-based hardware
processing are in high agreement with the results of the host multi—threaded software algorithm, with a
Root Mean Square Error (RMSE) of only 9.16 nm and statistical accuracy consistently maintained within
10 nm. Real-time performance evaluation further validates the advantages of the proposed system. The
initial processing latency is reduced to 10.4 ps, and the displacement data update cycle reaches 100 ns.
Therefore, the system can reconstruct complete micrometer—level motion trajectories in real time within 1
millisecond, representing a significant performance improvement compared to traditional CPU-based
processing architectures. These performance characteristics make the system particularly suitable for
applications such as high—speed motion, dynamic vibration monitoring, and real-time feedback control.

In summary, this paper proposes a laser interferometric real-time displacement measurement system
by deeply integrating a point—by—point phase demodulation algorithm and FPGA-based hardware
acceleration technology. This system simultaneously achieves high precision, high stability, and ultra—fast
real-time performance. It provides a reliable and high—performance metrology solution for closed—loop
motion control, dynamic vibration analysis, and nanometer—level precision positioning in ultra-precision
engineering applications, demonstrating significant practical value and broad application prospects.

Key words: Laser interferometry; Quadrature homodyne; Real-time displacement; Error correction;
FPGA
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