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Fig. 1. The optical setup of the measurement system.
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Fig. 2. Block diagram of the electronic signal processing system.
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Fig. 3. (color online) Phase measurement results (the
vertical origin of the black curve was shifted to zero

for clarity).

A frep

2
n rep

SIGLEIR, |ON1| < 0.05. TEURHSE R, F BRI

glony = GOl 2 n g mobrs)

£10.02 MHz, & %K N\ K A[EZ 15 km, P
TEARSLIG ST, M ER R KT REY
7.5 km.

PLESZIG A AN = = 18.93 mm, 4

080602-4


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

) I % R Acta Phys. Sin.

Vol. 65, No. 8 (2016) 080602

2.10

(a)

2.05

1.95

LT N B

1.90 =

5918.778

5918.776

5918.774

HEiES /mm

5918.772

5918.770

5918.768 — ! ! L
1 2 3 4

5 6 7 8 9 10
RS RV e
B4 SRBEKEZMELSR  (a) Ny iHEER (VR
AT); (b) 2% ik i I & 4 1
Fig. 4. Repeated measurement results: (a) Calcula-
tion results of N1 with decimals; (b) absolute distance

measurement results.

5920.00 . . . 0.10
—e— AR 40.08

g = >
Z se05.00F T ARE To.06
~
Ejﬁ b 4 0.04
HI =)
3 5470.00 {002
b £
= 10 e
& w
E s5245.00 F 1_0.02 &
oy
< 1-0.04
b=y
Z 502000 1-0.06
a8 1-0.08

4795.00 . : - s —0.10

0 225 450 675 900 1125

TIAN R RELEH /mm

K5 (MTIEG) TS
Fig. 5. (color online) Distance measurement results

compared to an interferometer.

PA5.92 m 485 BE B RS A, SO B BRIEOGEE T
HFF2, 761125 mm AT FE A LLAE K 56.25 mm =
21 AL B XTI S, 5 X0 T AL RS
W EAE LEXT, D& gk R ANER Z= an i 5 B, BTfS ik
ZEPRAEZE 42.2 pm. SEE 45 R EBCR 2 30
FI R, A A PR R 4] DUR R IF  ZR MEAR
R vy P B

W ET ST AT R, A S B T O A A9 2 ) Bl
dfrep < 1 mHz, & W AHXf & Z /N T'1 mHz/

56.27 MHz = 1.8 x 10—, [R5 il 25 4% 51 1) 6
FE S0 AT DL 2R, AR A 22 W0 iR 22 R R 2R
P SR ZE N ERZE M R R AT 1) W=
ZEWX AT (BUAHTBOR 2% ) A B 0l S AN 5, DA%
N £ R % P A Al R AR T U e R G e A R
MRS, BT X Se R 2R 5N BEAL IR 2, 7] LUE
T 3 2 1 T e B A 7 N R 2,
AT S AS 2 6 ) 2 (1 o A A 3 R 2) E A
P72 B 25 B B 5 AR I BE B AE OG, R <R3
1L R ' 8 AR A R S 2 20 | S B AR BTN BL
PR30 5 5 B AR IR B (D6 AR) AR 10 oK S i F]
AL ZE 2 b 51 ARAL 22 M 2R 22, 3) fEAL R I
s, R ERRTE RS SE A Z 5]
S E AR 1) 3/ D B8 B2 S BT B0 O B
Pr¥2 FEOR G AR AL B AR b, K 1 PRI A8 B2
FIJCAF 5 50 5 R A U, 0K 5 SO A 22 =
7 U8l X W2 N RGR 2, T B IR 28 42U
FIVCAE SRR, X AR 22 I B 4% kAT AMeE AR IE LA
PN AR ZE . R ZE R ZE AN, BT AR
REMEERK, KASHA AR AR, T
T2 S R AN B B A I S ST S e AT, TR
THEABE R 2ZEE SBOEIRZ. REMAEL
WRE TR ZE, ARSI REGKIRSEIL T 0.022° IAHAL
D EEAS B, 2RI A5y BE BR ], SR8 A A T A Al
11 20 OIS I B R ATY AN 8 15y, i SR AR IR %
B e T BRI 28 SR T R A T, R
BRI A AT I, )T R KR R AR S G R 1)

4 #

ARSCHEFT T RAD O [a) 45 550k K RS I B
Jiid, oy T D EE R L IR R A N R R 2R
FE AR ). 3 i i B B I 1 SR, i T
T AL OUPR ] U 488 28 G0 0] 1 2 0 o e R B ™ 2
FRAR S 22 B [ A% AR B2 RS A T, 30 min Y
FRA 22 0 B2 45 AR AE 22 0.022°; 76 It B — F 5 A3
ST AR 1 5.92 m P B AR SR T A R
KA RMp AT R AT, Mpss RE LV
T3 pm, g KA EER A 7.5 km; 58
ASCHE S 85 ROE 7R S HARTE 1125 mm B EIATHEN,
PR BB RS EAL T 50 wm. S R0 BEORS FE I T 38
T e 5 v T B ORI g — P R e

080602-5


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

) I % R Acta Phys. Sin.

Vol. 65, No. 8 (2016) 080602

S

(1]
(2]
(3]

Bobroff N 1993 Meas. Sci. Technol. 4 907

Smullin L D, Fiocco G 1962 Nature 194 1267

Qin P, Chen W, Song Y J, Hu M L, Chai L, Wang Q Y
2012 Acta Phys. Sin. 61 240601 (in Chinese) [Z&l8, F515,
KA, Y, 5%, TiEH 2012 YRR 61 240601]
Wu H Z, Cao SY, Zhang F M, Xing S J, Qu X H 2014
Acta Phys. Sin. 63 100601 (in Chinese) [Z &%, #E3
TR, G, dpedE 2014 YFE2ER 63 100601]

Liao S S, Yang T, Dong J J 2014 Chin. Phys. B 23
073201

Zhang Y Y, Yan L L, Zhao W Y, Meng S, Fan S T,
Zhang L, Guo W G, Zhang S G, Jiang H F 2015 Chin.
Phys. B 24 064209

Meng F, Cao S Y, Cai Y, Wang G Z, Cao J P, Li T C,
Fang Z J 2011 Acta Phys. Sin. 60 100601 (in Chinese)
[F %, Whde, &0, FoE, WEF, FRY, 75 F 2011
VAR 60 100601]

(8]
[9]

080602-6

Minoshima K, Matsumoto H 2000 Appl. Opt. 39 5512
Minoshima K, Inaba H, Matsumoto H 2007 Digest of the
IEEE/LEOS Summer Topical Meetings Portland, OR,
United States, July 23-25, 2007 p186

Joo K N, Kim S W 2006 Opt. Ezxpress 14 5954
Coddington I, Swann W C, Nenadovic L, Newbury N R
2009 Nature Photonics 3 351

Wu G H, Takahashi M, Inaba H, Minoshima K 2013
Opt. Lett. 38 2140

Newbury N R 2011 Nature Photonics 5 186

Hua Q, Zhou W H, Xu Y 2012 Metrology & Measure-
ment Technology 32 1 (in Chinese) [*EWl, 4T, 1T
2012 THECAR 32 1]

Edlén B 1966 Metrologia 2 71

Bonsch G, Potulski E 1998 Metrologia 35 133

Hochrein T, Wilk R, Mei M, Holzwarth R, Krumbholz
N, Koch M 2010 Opt. Express 18 1613

Doloca N R, Melners-Hagen K, Wedde M, Pollinger F,
Abou-Zeid A 2010 Meas. Sci. Technol. 21 115302


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1088/0957-0233/4/9/001
http://dx.doi.org/10.1038/1941267a0
http://dx.doi.org/10.7498/aps.61.240601
http://dx.doi.org/10.7498/aps.63.100601
http://dx.doi.org/10.7498/aps.63.100601
http://dx.doi.org/10.1088/1674-1056/23/7/073201
http://dx.doi.org/10.1088/1674-1056/23/7/073201
http://dx.doi.org/10.1088/1674-1056/24/6/064209
http://dx.doi.org/10.1088/1674-1056/24/6/064209
http://wulixb.iphy.ac.cn//CN/abstract/abstract17615.shtml
http://dx.doi.org/10.1364/AO.39.005512
http://dx.doi.org/10.1109/LEOSST.2007.4288395
http://dx.doi.org/10.1109/LEOSST.2007.4288395
http://dx.doi.org/10.1109/LEOSST.2007.4288395
http://dx.doi.org/10.1364/OE.14.005954
http://dx.doi.org/10.1038/nphoton.2009.94
http://dx.doi.org/10.1364/OL.38.002140
http://dx.doi.org/10.1364/OL.38.002140
http://dx.doi.org/10.1038/nphoton.2011.38
http://dx.doi.org/10.1088/0026-1394/2/2/002
http://dx.doi.org/10.1088/0026-1394/35/2/8
http://dx.doi.org/10.1364/OE.18.001613
http://dx.doi.org/10.1088/0957-0233/21/11/115302

32 % R  Acta Phys. Sin. Vol. 65, No. 8 (2016) 080602

Large-scale absolute distance measurement using
inter-mode beat of a femtosecond laser*

Zhang Xiao-Sheng" Yi Wang-Min? Hu Ming-Hao? Yang Zai-Hua? Wu Guan-Hao!'

1) (State Key Laboratory of Precision Measurement Technology and Instruments, Department of Precision Instrument, Tsinghua
University, Beijing 100084, China)
2) (Beijing Institute of Spacecraft Environment Engineering, Beijing 100094, China)

( Received 14 December 2015; revised manuscript received 7 January 2016 )

Abstract

Large-scale absolute distance measurement system with high accuracy plays a significant role in science and en-
gineering applications. In many fields such as aerospace technology, large-scale manufacture, geodetic survey and civil
engineering, absolute distance measurement systems with a range of up to kilometers and accuracy of better than sev-
eral micrometers are generally required. Traditional laser ranging methods such as the time-of-flight method and the
interferometry method are difficult to achieve both large scale and high accuracy. With the development of femtosecond
optical frequency comb technology, several ranging methods with larger range and higher accuracy are developed. In the
frequency domain, the optical frequency comb has a large number of stable mode lines, or the longitudinal modes, at reg-
ular intervals, which generates the inter-mode beat signal. In this study, based on the inter-mode beat of a femtosecond
laser, an absolute distance measurement system using multi-wavelength interferometric method is demonstrated. It has
a simple experimental setup with high accuracy but in a limited range of 2.5 m due to the 2m-period of phase detection.
To achieve a large-scale measurement system, the measurement range of the experimental system is extended by using
the synthetic wavelength generated by tuning the repetition frequency of the laser. With a repetition frequency change of
0.2 MHz, a synthetic wavelength of up to 1.5 km is realized, thus the measurement range of the experimental setup can
be extended to 0.75 km. Besides the reference and measurement path beams, a monitor path beam and two alternately
opened mechanical shutters are used to measure and compensate for the phase drift due to the unbalanced drift of the
electronic circuit. By using this method, the standard deviation of the phase measurement results in 30 min is 0.022° in
the experiment, and the phase drift can be compensated for very well. The measurement results from the experimental
system are compared with the results from a commercial heterodyne interferometer, and the comparison between results
shows a precision of better than 50 pm in a displacement of 1125 mm. In the experiment, the repeatability of absolute
distance measurement using the range extending method is better than 3 um, thus the range of the distance measurement
system can be theoretically extended up to 7.5 km. In conclusion, we demonstrate that a large-scale absolute distance
measurement system using inter-mode beat of a femtosecond laser, has a range of up to 7.5 km, an accuracy of better
than 50 pm and a repeatability of better than 3 um. The accuracy of the experimental system can be further improved

by using photodetectors with higher bandwidth so that a higher inter-mode beat and a shorter wavelength can be used.
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