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Abstract. Coherent interferometric absolute distance metrology enables different techniques for length metrology.
Measurements are made without ambiguity, by using either
one or several synthetic wavelengths resulting from the
beating of two or more wavelengths or, in the case of frequency sweeping interferometry 共FSI兲, from a frequency
sweep. These techniques require accurate measurements of
the frequency variation, a task which is usually performed
with a Fabry-Pérot 共FP兲 interferometer. Sensor performances are highly dependent on the FP free spectral range
共FSR兲, which must be accurately known. We describe a
method to measure the FSR of an FP using a tunable laser
in a Michelson interferometer, using both absolute and relative distance measurements. The optical setup is based on a
frequency-sweeping sensor and a controlled translation
table. An uncertainty of 45 ppm in the measurement of a
1-GHz FSR is obtained. The method is indicated for the calibration of the FP in the frequency-sweep-range-measuring
subsystem of a frequency sweeping sensor absolute distance sensor as it does not require any addition hardware,
configuring a self-calibration approach. © 2006 Society of PhotoOptical Instrumentation Engineers.
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1

Introduction

Absolute distance metrology is required for a wide gamut
of applications, each with different ranges and resolutions
requirements. Clear examples are the recent space missions
comprising independent satellites working cooperatively;
the management of such formations requires suitable metrology to keep the formation coherent and to enable guidance and navigation for the complete formation.1
Some techniques to measure absolute distances by interferometry exist that do not require any moving optical components. Frequency sweeping interferometry 共FSI兲 is one of
them, generating a synthetic wavelength 共much longer than
the optical wavelength兲 that increases with decreasing
sweep range.2–4 The technique is not new, dating back 共at
least兲 to the 1980’s 共Ref. 5兲, but was not studied extensively
until the development of tunable lasers and the emergence
of external cavity diode lasers 共ECDLs兲.
FSI does not require stabilized laser sources and relies
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only on a tunable laser and a frequency sweep range measurement subsystem, normally based on a Fabry-Pérot interferometer 共FP兲. The synthetic wavelength 共⌳兲 is inversely proportional to the frequency sweep range 共⌬兲:
⌳=

c
,
⌬

共1兲

where c is the speed of light. The sweep range measurement is obtained by multiplying the FP free spectral range
共FSR兲 by the number of resonances detected while the laser
frequency sweeps. The beginning of the sweep is determined by a particular cavity mode; the laser sweeps from
mode to mode and the number of resonances, separated by
the FP FSR, is detected and counted. The frequency sweep
range is then given by
⌬ = rFSR,

共2兲

where r is the number of detected FSRs detected 共number
of resonances - 1兲. The synthetic wavelength is inversely
proportional to the FSR:
⌳=

c
.
rFSR

共3兲

The uncertainty of the distance to be measured is highly
influenced by the uncertainty in ⌳, especially if the measured distance corresponds to a huge number of ⌳. The
uncertainty in ⌳ has two components: the uncertainty in r,
corresponding to the accuracy on the determination of resonance position; and the uncertainty in the FSR value. The
first one is directly determined by system performances.
The second one must be determined with an accuracy of the
same order of the required uncertainty of the distance measurement. Thus, in addition to the fact that the stability of
the FP FSR must be ensured, it is mandatory to know its
exact value. As an example, for an absolute sensor tuned to
measure up to 100 mm with an uncertainty below 5 m,
corresponding to 50 ppm, the FP FSR of 1 GHz must be
known with an uncertainty of at least 50 kHz.
Different techniques exist to calibrate the FP FSR, and
some provide uncertainties6 in the order of 0.1 ppm, but
they normally require dedicated and sometimes complex
additional hardware. We propose a simple method to calibrate the FP FSR using only the absolute metrology FSI
setup, a kind of FSI FP self-calibration.
2

FP FSR Calibration by FSI

FSI measures the absolute value of the optical path difference 共OPD兲 between the two arms of a Michelson interferometer 共Fig. 1兲.
While the frequency sweeps, the detection electronics
count the number of fringes 共both the integer part and
phase兲, from the beginning to the end of the sweep without
ambiguity. In parallel, the frequency sweep is measured by
counting FP resonances. The measured length is given by
LABS =

NABS ⌳ NABS c
=
,
2 n
2 rFSRn

共4兲

where NABS is the number of synthetic wavelength fringes,
and n the refractive index of the air. It is also possible to
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Fig. 1 FSI setup based on a Michelson interferometer and an FP to measure the frequency sweep
range.

measure a 共relative兲 displacement using the same interferometric setup and a laser operated in a single known frequency. In this case, the length variation is given by
⌬LREL =

NREL 
,
2 n

共5兲

where NREL is the number of optical fringes and  the optical wavelength. If we perform two absolute measurements
at different positions 共1 and 2兲, the separation is given by
⌬L12 =

冉

冊

NABS2 NABS1
c
−
.
2FSRn
r2
r1

共6兲

Consequently, if we count the number of relative optical
fringes 共NREL兲 between positions 1 and 2, the FP FSR can
be determined from Eqs. 共5兲 and 共6兲:
FSR =

冉

冊

NABS2 NABS1
c
−
.
NREL
r2
r1

共7兲

The method was used to calibrate a temperature stabilized confocal FP with a FSR of 1 GHz 共FP100 from TOPTICA兲. The optical setup implemented is sketched in Fig.
2. It consists of an absolute distance sensor based on FSI
and a controllable translation table carrying one of the interferometer retroreflectors 共RRs兲. The tunable laser is an

Fig. 2 Optical setup of the implemented FSI sensor.
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ECDL capable of a mode-hop-free sweep range up to
150 GHz 共TBL-7000 from NewFocus in a Littman-Metcalf
mounting at 633 nm兲, corresponding to a synthetic wavelength around 2 mm. A Faraday isolator 共FI兲 prevents feedback from the interferometer components back to the laser
and an anamorphic prism pair 共AP兲 circularizes the elliptical cross section of the beam. The beam is then split by the
first beamsplitter 共BS兲: one part is reflected to the FP and
the remainder is transmitted to the interferometer 共in a polarizing configuration兲.
A homodyne detection scheme is used. During the measurement, while the frequency sweeps, the signals from the
detectors 共FP and interferometer兲 are acquired simultaneously. As the maximum number of fringes for the required range is small, it is conceivable to acquire all the
data for postprocessing. After signal processing, we obtain
the number of fringes per resonance NABS / r.
3

Experiments and Results

The evaluation of the FSR calibration measurement uncertainty was made according to the Guide to the Expression
of Uncertainty in Measurement.7 Figure 3 shows the results
obtained for an expanded uncertainty of the measurement
corresponding to a coverage probability of approximately
95%, for measurements made at separations from 25 to
150 mm. The contribution to the standard uncertainty associated with NREL and  = 632.908 nm are, respectively, 1
fringe and 0.003 nm. The contribution associated with the
measurement of NABS / r, corresponding to more than 90%
of the final uncertainty, was determined statistically from
100 measurements at each separation 共the uncertainty of
this absolute measurement is around 5 m兲.
For a separation of 150 mm, the value of the FP FSR
was 1001.178± 0.045 MHz, corresponding to a relative uncertainty of 45 ppm. The solid curve in the top graph of
Fig. 3 represents the predicted uncertainty using the mentioned experimental parameters for separations between
10 mm and 1 m. Thus, it seems possible to achieve an uncertainty below 10 ppm for a separation of 1 m.
Summarizing, we showed that it is possible to calibrate
the FP FSR with an uncertainty of the order of tens of parts
per million. The optical setup comprises an absolute distance sensor based on FSI and a controllable translation
table. In the case of FSI absolute sensors, this technique is
highly indicated as it does not require additional complex
hardware. For demanding space applications, requiring
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Fig. 3 FP calibration results.

calibrations after launch, when the satellite reaches its final
location, this technique can be easily implemented, avoiding additional complexity.
The results obtained were tuned for our FSI absolute
sensor with 5-m uncertainty. Lower uncertainties can be
obtained with more accurate absolute sensors and larger
separations.
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