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Air refractive index compensation for laser tracer measurement system

DAI Cheng-rui, SHI Zhao-yao, CHEN Hong-fang, TANG liang

( Beijing Engineering Research Center of Precision Measurement Technology and

Instruments, Beijing University of Technology, Beijing 100124, China)

Abstract: Aiming at the problem of wavelength change caused by the change of refractive index of air in laser tracer measurement system,
the air refractive index method suitable for laser tracer measurement system was studied. An air refractive index compensation system based
on empirical formula was proposed. The hardware circuit of the compensation system was used to collect environmental parameters, and the
data was transmitted through the UART protocol. Air refractive index compensation software for laser tracking measurement system was devel-
oped to measure and compensate the refractive index of air. The Michelson interferometer was used to measure the refractive index of the air
and the measurement results of the system were compared. The uncertainty analysis of the system was carried out. The results show that the
air refractive index compensation system can realize the real-time measurement, display and compensation of the air refractive index. It over-
comes the shortcomings of complex structure and complicated to operate by using the air refractometer directly, and the two-color interference
method need to rebuild the optical path, and is more suitable to solve the problem of air refractive index compensation for the laser tracer
measurement system.

Key words; compensation of air refractive index; laser tracer measurement system( LTMS) ; hardware design

Y75 B #A:2019 -03 - 15

EETE : B 5K E K2R &I & TIW%E B3 H (2013YQ17053904 )

BB R (1992 - ) B A0 TR BE DR A, REENF A YT AME T T AYBISE . E-mail : daichengrui0427 @ 126. com
BIEBRAN ARE, T, 202, 14 S, E-mail: shizhaoyao@ bjut. edu. cn



- 1034 - 51 R A D %36 46
. _P(n-1),
0 51 5 (=1 = 533146
Bl B LSS AR 3 PR L1+ (03953 =0 009 8T6Px10)
EEORIE N TREOKR , ZEZS M iz 3 B AR F T
‘ e ~ (n=1), x 10" = 8 091,37 + 2333983, 15518
I 0 7 TR Ao g — A T %5 Bk, 914 3T 0 - 0" T38.9 - 07
FL 2 AT R Tl HP RS TR A2 18 2 2 A TR AR Al S ML 2 (2)
RS HESE ) e BRI i R 48 (LTMS) J& — Fp il (n=-1), =(n-1)y, x[1+0.5327 « (x —0.0004) ]
A B 2 0 2 30 AR A8 Tl R 7 % (3)
W5 22 50 R OG5 £ 19 J7 i & B ARRY R 3h iR n, -n, =-p, x [3.802 —0.038 40> ] x 107"
B, WOLT I LABOG IR A B I A /Y 1E 1 (4)

55 B WO T U I i R G0 DU S ASE R B BT
DLZURR I 28 S AT S AT AR A TIE IE . A T
— R EHOGIA I B RGNS IRIZR S
()2 ST FEAME Ty AR OCHE

23 AT I R AN A 4 28 9 O T b
B T SR E R R DO
AR MM S . EDLEN $2H 7R R E KSR S
FIVAET W B2 31 53 25 S AT 5 R 10 & 55 A X DOWNS |
BIRCH F1 CIDDOR % A1E Edlen 223X H LRl B4 T
AR 2 AT T R A, BR8] 772 0
KIM S W 25 A R 1 38 T 00 K vk 1Y 25 ST iR )
HAME RS, 1207 k8 A R R S L [RIEHE F PR AN
[P A, A, SRHEAT I ARSI f2 18 D,
D, FFE S AR A X2 YT iRt 7 4b
EPEIQE ) Y N ;3 1 = e b =S P N o
2SS TR AL S N R T —Fh 2K T
PRI R B 1 A R R AR B S R s
SYTHHRICR R A R8PS GRS ERIT R
B )G R ATHAFE B | [ A T 28 ST g%,

AR SCRE R — 0 R IO 18 B Rl 8 23 S AT iR
FMERY RS, 5T BT S 550 A% 8% 2 o ) 22 00 o 4 b 2%
2T R A ) Edlen 22 R EAMEZS S
S DASEEHOGIAR BFEIE .

1 Y5 e 7 %

[t 22 00 3 0 o ) 5 M 25 ST S R A 4530
IS, DA s S A S 8y SE bR B &, 52
BRI RIS EAIEEE ((°C) SE p(Pa) |
IKFERIE p, (Pa) S AGBR Y B o, 28 ST R I
NEIEH EDLEN F 1966 4R H 3 LAk KA
AL FBE SYTIRIT R A X T B E e e

AR T BONSCH G 255 & 0 i 23 S i 36
TREAX, IR,

e (n = 1), — b TR SRR « AR PARIFT
Mz SHTH RS (n - 1) y— RIS B2 KT,
N — n,— S AKZE G TR 23 SRR AR TR Y T
P ST R 2 22 ,0— BOBTE B AR T i I 4L,
pm ™ v— AT H AR i p, — IKFRRE  Pa,

FETF R, A58 2 BO6 K R 632. 8 nm, 7E
PRERSSAE T, 2 A AR AE 16 300 ppm B (1)
23 TSR SE BE R 0.005 ppm, B304 58 42 7
PAZBEAST ! 2 BIAR R G B AR AR R 1070
B, KUk, 20 SRR & AR bt s S Pt ik
AL AFE I

1E:0(3) TPRZE I pw SIRE ¢ (FA7 Kelvin)
AR EE £, A&, AT AR N .

pw :f;’el .px :ﬂel X exp(at2 +bt te +%) (5)

K p,— WHUKZRIRE ;0 = 1.278 847 x 107° K72,
b= -0.019 121 316 K',c = 33.937 110 47,d =
-6343.164 5K,

2 2RI RAME R G

2.1 RGEEELSH

A2 ST IR A M 22 50 Dt BRATE [ 4 4] 1
Ve
é“,%i > XINIF || DSPAIER |>]
R il
s | VA | Al ;ﬁfﬁ L > FPGARIER AL
itk LR
1:%'{%% | UART >

Bl 23 B R 2 G S B AE ]
B 1A ASBIESE S TR R AR AL e
SR ERIE R R BN ) SR T A R
B A i PREE SRR (5 5 285 1R 5 IR B ik



5510

AR |45 < T ) SO B 2R 48 00 2 AT S S AME T IR 5

- 1035 -

A AD Feti

FPGA X AD SRAE M BHE #1473k %) BCD nY%%
o @t § AP B LA R AL, AT D E
XINTF 54153 A DSP 8, 1k & 5 5 7 5
R S B is B R . 78 BN T ST R
THRRT R AR B et SO SE IO GIE R 1 R S Y
2 ST RAME

ASCHER G AME R Go s, A BEER R A ALTERA A
] Cyclone IV 2% FPGA ith i, FPGA fEIf1Tia 7
P e R B2 B, i LY R e g R AR I
R A TL ARl LM35 G ISR 7EAN 5 BEATAn] SRR
HES B3 B G0 RS BE LR R 0. 25 °C, i R1E R
0.5 °C . {REALIEESRK FH Honeywell 23] HIH-5030
LRSI YL B NS N + 3% , SUEMG GG R H
MPX6115 RANL AR , %A 5 SR AL &S v] LIAR I 3
fiff R A A AR AR R R 5 1 AR R 22, 240 4t v [l
4100 kPa B HERE BE A L FE Y 1. 5% . AD e
AR ADL A A AD7606 , %65 7 BAT 7 PR v
SRR T L A AT G B R R R AT AT
I T UES

FHN IZ R G AR ADT606 /\JE i [ A SRR Y
ST AGEE A TG AT E R IME S
RIS, AT LA B4 NS e 12 A 3 T 5 | AT HE T, -4
f S R Ay A 3 1 R AR 2
2.2 FPGA #=#) AD7606 T1EH)SCLIR

ARG FPGA TS H] AD 5 g A7 8k
BEHL | R RO e i BCD A% UART £f 1158 TH A
SN DSP 2 H A TIRE, 7E FPGA ¥4l AD f% 4 fii Hhe
H FPGA #R4E AD7606 14714 T 19 TAERS 3% HAH
K| BEA T ], S BECHE I S A RS2 L,

ARG K Verilog HDL BFE 5, FTARESHLAY
AR B AR AT, XA HARIE AD7606 fY
TAERT T, B el B 0 e 3 A U i TR
WL FPGA X AD7606 14544+ ifi CONVSTAB | 32 Bt
P ARD A YE(E S CS i B (5 S BUSY 454
ST, 2% AD7606 4% 38 18 B0 At B

ARER RS LR 7 7E 3 B IR A S50 SR Ak $Auhs
S5l I ) R T AR AT S R

ZAGATFH Modelsim 3K {4 %) FPGA #5il AD7606

K2 i B R

2.3 RS

16 M EdEIEA FPCA J& 76 K N Zead B4 5115
AL AR 20 1A 155 HE B Bl S B 5 BCD
i, 5 B R ARIE UART a5 Uil &t RS-232 # 47

e O A ) b ALHL, HEA T A AT A R AR R
FIAE

ARG I TR SSRGS, 7E Quartusii 3K
b A i RTL ORI An &L 3 R,

chl_dec[19..0]
ch2_dec[19..0]
ch3_dec[19..0]
ch4_dec[19..0]
ch5_dec[19..0]
chl_slg[7..0]
ch2_slg[7..0] ch2_slgf7..0]
ch3_slg[7..0]
chd_slg(7..0]
chs_slg[7..0]

L uart:u3
+—— clk

L—— reset

set_n
chl_dec[19.0]

ch2_dec[19..0]
ch3_dec[19..0]
ch4 dec[19..0]
ch3_dec[19..0]
chl_slg[7..0]

x(GND)

ch3_slg|7..0]
chd_slg[7..0]
ch3_slg[7..0]

ad7607:ul
ad_convstab f— volt_calu2
ad_cs f—1—
ad_busy [T ad_busy il
ClkD alk ad_rosot p— ad_reset
first_data [T firstadata Ll 0] clk
- ad_chl[15..0] ad_ch1[15..0]
e — ad_ch2[15..0] ad_ch2[15..0]
ad_data[15..0] [ ad_chteafd 5100] - - 'di-h3|15 i
(GND) ad_ch3[15..0] i,
ad_ch4[15..0] ad_ch4[15..0]
ad_ch5[15..0] ad_ch3[15..0]
clkdiv:u0
—— clk50 clkout 4l
—_—

3 A LA RTL S &



- 1036 - L H

T B

36 %

2.4 LIS

Z RS ALK LabVIEW 485 | A45 1 1

M Tt VISA H O ECE B BEAL PR VI R 4%

Bt Vi,
KMERGE LA 4 B,

PECORES
EIHIERE EAH
: - i A () : o x|
sz f comn 7] tgss(*] None || a7 1000 | S . a -
5% - 9600 ymmi 10 ||
mew|o) 8 :Emﬁ:' Al Xy it - =% = suTEEE  ER
i X . == i}
NG EEEe DS 0,0000000000 = g
8 B B o wim. BT
" t= & \E - [az7]
= 2= 2= rame et z=cC wES: zevm
[ [ | = = | R
SMFHE wEn R
bz &= M
T
(a) FAZHLATIHEIAR (b) FRIFHE

K4 BEotibeiiEs<

Kl 4 rp, B C B R U G R R ¢ VISA i B AR
F R T AR AR IR 6 A5 1L S S ik
B, B 5 7« VISA B2 R HEAT T AL AR B
AITEE , BEAL T VI A9/ R 38 i 574 5 DT et
NALHL AR 25 T8 TE B AR R o AR IR R
FVEAL B B AR R A B 5 37 VI X g
(TR ez e v R A7 2 R P S R 0 S PR ER B
SR EAIHLSE A ST SRR IR S S 4
LRI Z J5 B < AT I/ B/ B 4 S
PRIEICA7 i 21 L 28 TR B AR Y bt SO

2 WOGIE BRI i R Geh 09 AL I B 2R 58 AT LA
A 3 I R AR U R G A B o SO, EA TSR A
SHTHPRAME . AME R G AR . S5
WHE LRSS SR SR E IR

3 LI LR

3.1 XLEsEIE

AR P v R 30 1 9SG 1 25 S A i R JF
P25 R S HOGE BRI 2 AT IR AME RGE R I 25
AT ST IR E

R A58 5 Rt 5 S 5t 25 S AT S R 0 R B,
SERER L, SRR

NA
=57 (6)

A N— T AR BRI 2 8080 A — ORI

An

P RAMEE R G AP

T2 AT AR SRR 281 AP E L, AT

An
no= 1P (7)
IR, 73 53 R 8 T A S0 1 1) a5 ST SR A 2R
_ AN P
n=lt o AP (8)

AR L 5 /R 38 T 5 A i R X S R4
AT,

PRI R SR e AR T I TR e 5% R
2 ITETRAMEE R G 5, TR R AR AE Ap
FRAZ(8) HREZ ISR, I B EE 17 30 Ik,

TERAC A = 632. 8 nm, SLIRFREE S A100. 716 6 kPa
FUTE LR, PRR 5 00 et 28 AT 969 e 45 21 % Lb an Al 5
Fiis .

—=— Micheison interferometer|

1.000 278 —e— Sensors

1.000 275 -

1.000 272

1.000 269

1.000 266 -

refraction index of air

1.000 263 -

1.000 260 > L L L L L L
12 15 18 21 24 27 30
time/s

KI5 PIRPD7 i s ST R AR T
LA S S, T S T O e 2

1 1 1 1
0o 3 6 9



5510

LA, A5 < T 1) SO IE BRI i R L 25 ST S SR AME T ik 5T

- 1037 -

P ARG IR E2E R

[ = 3.204 x 10°° (9)

ARG SR AR, 45 2 A SO 09 25 AT S R
RYGEHIEZE N

30
2
2”2i
=l I =2.68 x 107 (10)

vy, — WTE R T A B 45 R A AR AR IR 22 50y —
2SS TSR AME R G 2 R AR AR IR 2 s n— LR
R

T 5 0 8 2 R ) SRS S (L A s o 2
G

g, =

g, = =585 x107 (11)
n

g, =2 =49x%x10" (12)
n

3.2 REAHEEST

PPAG AR 28 G0 S AR AS 1 5 J3E T, 9 2 80 5 D) %
o7 1Y) R BHURE B

fEp = 100 000 Pa,r = 20 °C, " AALBRUE N
0.04% B THE= SNSRI, Y RGEIH 1] I HOE I K
49 632.8 nm B ARG (2 ~ 4) S35 HERE S
LABOKZE RS R RIBE R EL e, e, c, T

e, = M2 19 <0 92 x 10 ¢ (13)
Jat Jat
an,, on,, 8-l

e = [Pl = |9~ 0,268 x 10 Pa” (14)
ap dp

c
Puw

= 190y =) |20 371 % 107 Pa”! (15)
of
KRG IR L RS RS N + 3% , [H I,
20(5) PTG A Tt DM e 158 2 T X 7 4 7K 2643 1R
RZEEN
a, = f+p, =70.54 Pa (16)
ARG S A7 2 B 5 et 2 S A S R o
RGN ADCBIH I ThR S0 50, 75 1 ADC R B i K15
22 °48.3 mV , ML A5 A B R 5 0 A oG R A 3
ADC B I & 52 L N 176. 6 Pa, XL
T 4 B I3 FEL A 0. 083 9, e A Xef ik J 0 8 114 562 i
LN, 47% XK ZES S R FE R A 11. 05 Pa,
& a,,a,,a, 5730 1 SCHE B B SR RIK
SOMERI IR 22 a,, ,a,, 0, 539019 ADC 5
TR SERUKZE S RS R A iR 2

IR SO0 I RIRTEAN T E A

8, = ch[[“’jz n [“"‘”T] = 0.269 x 10°°
5) s

(17)
u, = Jc;[[”ﬁ)z + [“‘PJZ] = 2.337 10"
3 3
(18)
u = JC;[[%T + (“ﬁ:‘sz] = 1.529 x 10
(19)

T s e, — RBE XS I AN o JBE 3 i 5w, — SRR 1Y

AN SE B 5w — PSRN AN E B o
RGN B 2 AT 5 A 5L KON E B N

+ 1.7 x 107, W HAREARNHIERE R

_1.7x10°*

A

PRI, 25 6 00 T A5 B3R 4% i 1 6 RO B 7

=0.9815x10"" (20)

Up

w, = Jul +ul +ul +up ~2.35x107° (21)
4 ZERIE

ARSCHFSE T T [ PO 8 R I i 2R 8 B 28 ST
KM SERL T HE T R N S A A B R A M R
GERIBER , AT T R GRS 2R 5 10 v Rk T
ASCI ek 23 A S AR AR LR, I %) 2R G AR A B
TEREPEAT T 00T, SCER S AW 1% AR 4 Al LASE BT
25 AT AR A SR R AT BE

ARYEAS LB 48 2R ol DUk B 510 e K A
D2 ST A AR AE AT L, B T 22 8 0 3R ) 45
FOIARE o HRE A AN E BB ] LU B, i R 5
TEZS AT RIS B T 1 ik A 5 T A8 =5 ] A4 4
THE ARG RE FIRE 1 L DAL it

S & 3Lk ( References) :

[1] CODDINGTON I, SWANN W C, NENADOVIC L, et al.
Rapid and precise absolute distance measurements at long
range[ J|. Nature Photonics, 2009,3(6) :351-356.

[2] BERA AVDS, ELDIK V S, BHATTACHARYA N. Mode-
resolved frequency comb interferometry for high-accuracy
long distance measurement [ J |. Scientific Reports, 2015
(5) :14661.

[3] DALE J, HUGHES B, LANCASTER A J, et al. Multi-

channel absolute distance measurement system with sub



- 1038 - L H

T %536 &

(4]

(5]

ppm-accuracy and 20 m range using frequency scanning in-
terferometry and gas absorption cells[ J]. Optics Express,
2014, 22(20) ; 24869-24893.

YANG R, POLLINGER F, MEINERS-HAGEN K, et al.
Heterodyne multi-wavelength absolute interferometry based
on a cavity-enhanced electro-optic frequency comb pair[ J].
Optics Letters,2014,39(20) :5834-5837.

JANG Y S, KIM S W. Compensation of the refractive index
of air in laser interferometer for distance measurement; a re-
view[ J]. International Journal of Precision Engineering

and Manufacturing, 2017, 18(12) :1881-1890.

A5 AR
WO, OB, WRIEDT 4. T RBOGIE B I R SR 2 T T R AMEDT AT 1] HLAL TR ,2019,36/(10) :1033 - 1038.
DAI Cheng-rui, SHI Zhao-yao, CHEN Hong-fang, et al. Air refractive index compensation for laser tracer measurement system[ J ]. Journal of Mechanical & E-

lectrical Engineering, 2019,36(10) ;1033 - 1038.

(9]

[10]

AL, SR A T RO 2 ) o R M2 s AT
RIGWETE[ I ] C2 % TR ,2001,9(1) :80-84.
eI YRR a AR AMEER AT I R 2K T
AN IE RSN ] ], JGH TRE 2013, 40(4) :3844.
BONSCH G, POTULSKI E. Measurement of the refractive
index of air and comparison with modified Edlén’s formulae
[J]. Metrologia,1998,35(2) : 133-139.
WAIFT 56 5. BT FPGA MR EIF MR Zh #  h R 4¢
WFE[)]. HLE AR, 2015, 32(11) ;1483-1488.

SR KIS REmERWPIFE[D]. HUMH . #iiL

KGR 5§ TR, 2006.

Eob-

i ]

<<1‘)Lm,]:ﬁ>>%#§;http;//www4 meem. com. cn

(EH% 1032 )

(3]

[4]

(5]

(6]

(7]

(8]

(9]

M d B WL B RO EEHE Y 3SPS + 1PS FFHRHLIA 1.
KB F @[T ] HU LR 244, 2017 ,53 (1) :28-
35.

MERE, INRH B WL 2T Kane J7 R 3SPS +1PS Jf
WA AR RIS AP [T ] B R 5 TR,
2015,15(11) ;155-159.

sk Bk, BRBSEY. T I O ALLAR AT IR IR R 2 Al
T ] W22 T2, 2018 ,52(5) :138-146.
SICILIANO B, SCIAVICCO L, VILLANI L, et al. Robot-
ics: modelling, planning and control [ M ]. Heidelberg:
Springer-Verlag, 2009.

SPONG M W, HUTCHINSON S, VIDYASAGAR M. Robot
modeling and control [ M]. Chichester: John Wiley &Sons,
Inc. , 2006.

CHOSET H M, LYNCH K M, HUTCHINSON S, et al.
Principles of robot motion [ M]. Massachusetts; MIT Press,
2005.

LYNCH K M, PARK F C. Modern robotics: mechanics,
planning, and control[ M]. New York: Cambridge Universi-

[14]

ty Press, 2017.
o ZE MR 2P3R BUHUR BRRHILES A B oA 0 b
FefF L[] HUR S ,2018,46 (11) :46-49.
ZE Tl SR04 ARG . AT B B EEIR AL N R
I3[ ] AR RO R A SRR RR L 2015,
43(Sl1) :32-36.
RSO Z/INEE. TR B TR BL &5 A3 T34 40 #r [0 ]
HUK 5T ,2018,46(9) :86-88.
KR ke EALHE, 45, 4-DOF IRIBEHL & A\ 2 BRI
B 15 e R RO [ 7). HLAR T2 5241, 2017, 53
(23) :92-100.
T, BT R HIEEALAY 4DOF A HLER A M 515 &
E[D]. 8% IR A KF= MR S i F TR B,
2014.
DENAVIT J, HARTENBERG RS. A kinematic notation for
lower-pair mechanisms based on matrices [ J ]. J Appl
Mech-T ASME, 1955,22(1) :215-221.
SICILIANO B, KHATIB O. Springer handbook of robotics
[M]. New York: Springer-Verlag, 2016.

[ 38 J7 B ]





