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Mode-resolved frequency comb 
interferometry for high-accuracy 
long distance measurement
Steven. A. van den Berg1, Sjoerd van Eldik2,* & Nandini Bhattacharya2

Optical frequency combs have developed into powerful tools for distance metrology. In this paper 
we demonstrate absolute long distance measurement using a single femtosecond frequency comb 
laser as a multi-wavelength source. By applying a high-resolution spectrometer based on a virtually 
imaged phased array, the frequency comb modes are resolved spectrally to the level of an individual 
mode. Having the frequency comb stabilized against an atomic clock, thousands of accurately known 
wavelengths are available for interferometry. From the spectrally resolved output of a Michelson 
interferometer a distance is derived. The presented measurement method combines spectral 
interferometry, white light interferometry and multi-wavelength interferometry in a single scheme. 
Comparison with a fringe counting laser interferometer shows an agreement within <10−8 for a 
distance of 50 m.

Since the invention of the femtosecond frequency comb at the beginning of this century1, a wealth of 
applications have been developed in rather distinct fields2–4. Primarily the femtosecond frequency comb 
has been applied to accomplish directly traceable measurement of optical frequencies to the SI second5. 
Here the frequency comb serves as a transfer oscillator that connects the relatively low frequencies that 
are available from atomic clocks, defining the second, to optical frequencies that are 4–5 orders of mag-
nitude larger. Being able to bridge this gap in a single step has appeared to be a giant leap forward in the 
field of optical frequency measurement. This has not only strongly influenced the field of high-resolution 
optical spectroscopy, but also the field of length metrology. The primary standards that are used for 
length measurements are stabilized laser sources. The wavelength of these optical frequency standards 
serve as a ruler for length or distance measurement, which takes place via optical interferometry. Already 
since 1983 the meter has been formally connected to the SI second, by fixing the speed of light in vac-
uum c to 299 792 458 m/s by definition. As a result, the optical wavelength is calculated from the optical 
frequency, which thus relates the meter to the second. Before the invention of the frequency comb the 
calibration of an optical frequency standards was a tedious job, requiring a very complex ‘frequency 
chain’, which was costly, hard to operate and only suitable to reach a specific wavelength in the optical 
domain6. Via this link the wavelength of iodine-stabilized Helium-Neon (HeNe) lasers was connected 
to the SI second. However, due to the complexity of the chain the connection to the SI second was 
rather loose and the performance of the lasers was guaranteed in practise by regular mutual compari-
son and operation following a ‘Mise en Pratique’7. Iodine stabilized HeNe lasers are still widely used as 
primary frequency standards for dimensional metrology, serving as a reference standard for calibrating 
helium-neon based counting laser interferometers. Direct traceability to the SI second via the frequency 
comb is now common practise.

However, the frequency comb can also be applied as a measurement tool for distance metrology 
directly. One of the first schemes utilized the frequency comb as a source for frequency-modulation 
based distance measurement8. Subsequently, schemes based on cross-correlation measurement, utilizing 
the fixed pulse-to-pulse distance, have been proposed and demonstrated9–11. Distance measurement has 
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also been shown using spectral interferometry12,13, multi-heterodyne interferometry14 and time-of-flight 
measurement15. In addition, comb-referenced multi-wavelength interferometry has been demonstrated 
as a useful tool for positioning and distance measurement16,17. A similar measurement scheme has also 
been applied for probing other dimensional quantities, e.g. surface profiles18,19.

In this paper we demonstrate distance measurement with a femtosecond frequency comb for dis-
tances up to 50 meter, based on frequency resolved comb interferometry20. The advantage of this method 
compared to multi-heterodyne interferometry is that only one frequency comb is needed. Furthermore 
the distances that can be measured are not limited to regions of overlapping pulses, which is the case 
for cross-correlation based distance measurements. A huge advantage of frequency comb interferometry 
compared to conventional interferometry with a single wavelength is that the range of non-ambiguity is 
determined by the pulse-to-pulse distance, which is typically tens of cm to meters. For a conventional 
single-wavelength interferometer the range of non-ambiguity is half of the optical wavelength. As a result 
these interferometer systems are usually used in fringe-counting mode, i.e. a displacement is measured 
instead of an absolute distance. Such an incremental measurement requires a linear guidance and unin-
terrupted beam path. Because of its long range of non-ambiguity this limitation is not encountered for 
the techniques using the frequency comb. In this work a comparison between the distance measured 
by the frequency comb and a counting interferometer will be presented. We have already demonstrated 
spectrally resolved comb interometry for a short displacement (up to 15 cm)20. Here a huge step is taken 
by demonstrating the power of mode-resolved comb interferometry for long range applications, up to 
50 m in air, which is promising for a wealth of applications requiring high-accuracy and absolute long 
distance measurement.

Measurement principles
A femtosecond frequency comb is the spectrum of a laser that is stabilized against a time standard like a 
cesium atomic clock, by phase-locking both the repetition rate frep and the offset frequency f0. As a result 
the spectrum of the comb consists of thousands of optical modes, with a fixed mutual frequency differ-
ence of neighboring modes equal to frep. These frequencies have a stability comparable to the stability of 
the reference clock. For a commercial cesium clock this is typically 10−11 in 1 second. In the time-domain 
the stabilization of frep leads to the stabilization of the distance of the emitted pulses at the same level. In 
our measurement scheme, we send the light of a frequency comb into a Michelson interferometer. The 
interferometer output is subsequently analyzed with a high-resolution spectrometer based on a virtually 
imaged phase array (VIPA) and a grating. The VIPA, an etalon with high-reflectivity coatings, is a key 
component of the setup. The comb light is focused with a cylindrical lens on the lower uncoated part 
of the VIPA, which is slightly tilted. As a result different wavelengths are resonant at different angles 
of incidence and angular wavelength dispersion is generated21. The free spectral range of the VIPA is 
about 50 GHz in our case. In order to separate the overlapping orders of the VIPA output a grating is 
used. Finally the light is imaged onto a CCD (charge-coupled device)-camera. The spectrometer images 
that are acquired in this way consist of dots, which are resolved frequencies of the comb. A schematic 
overview of the measurement approach is shown in Fig. 1. From this image the comb spectrum is recon-
structed by stitching vertical lines, as explained in more detail in the description of the experiment below. 
By resolving the comb spectrum, data for both spectral interferometry and homodyne interferometry 
are available. In the case of spectral interferometry the phase change as a function of wavelength is used 
to determine the distance. For homodyne interferometry the knowledge of each individual wavelength 
is used in addition.

Spectral interferometry. With the repetition frequency being stabilized against the cesium atomic 
clock, an almost perfect frequency scale is available for determining the slope of the phase change with 
wavelength. In our case we determine this phase change with wavelength from a cosine fit through the 
measurement data, which is equivalent to unwrapping the phase by fast Fourier transform and deter-
mining the slope. The interference term can be written as:
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with I0 the intensity of the light sent into the interferometer, L, the path length difference of the interfer-
ometer arms (single path), λ the vacuum wavelength and n the refractive index of the medium, usually 
air. The total accumulated phase can be written as:
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with f the optical frequency and c the speed of light in vacuum.
The phase change as a function of frequency can be written as:
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This leads to the following expression for the distance L:
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Note that if ng depends on λ, i.e. if there is group velocity dispersion, dφ/df is not constant. If group 
velocity dispersion cannot be neglected the approach based on cosine fitting, having a fixed periodic-
ity, cannot be applied anymore, since some chirp will occur as a result from the nonlinearity. In the 
time domain this leads to a deformation of the pulse shape. For the distance that we measured and 
the targeted uncertainty we can neglect group velocity dispersion. This is equivalent to the assumption 
that the refractive index linearly depends on wavelength. It can easily be shown that in that case ng is 
wavelength-independent. As demonstrated by M. Cui et al.11 the effect of group-velocity dispersion is far 
below 1 μm for a 50 m distance, so this assumption is valid for our case.

In practice dφ/df is obtained from the fitting a cosine through the data with φ =  C(p −  D). Here C 
and D are fitting parameters and p is a label associated to a specific comb frequency: fp =  frep(Q −  p) +  f0, 
with Q a large integer number. As a result dφ/df =  − C/frep. This leads to
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In the description of spectral interference we have given so far, the distance L is purely determined 
from spectral interferometry, which leads to solutions:

Figure 1. High-resolution spectrometer based on a VIPA and a grating for analysis of the frequency 
comb spectrum. The full comb spectrum is reconstructed by stitching vertical lines together, as indicated 
with the white arrow. For clarity only a small part of the full image is shown. In practice a vertical line 
contains about 50 unique dots.



www.nature.com/scientificreports/

4Scientific RepoRts | 5:14661 | DOi: 10.1038/srep14661

− < < ( )L L L1
2

1
2 7pp pp

Here Lpp is the pulse-to-pulse distance in the medium, being defined as:
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The fact that the range of L is restricted to the range as given in Eq. (7), is a direct result of the peri-
odicity of the pulse train. Here the method is different from conventional white-light interferometry, as 
will be discussed later. Additional information is needed for the determination of the sign of L, since 
the sign of the parameter C cannot be determined from the cosine fit. There are several ways to obtain 
this information. For example, the sign can be retrieved from the observation of the change of the dφ/df 
when moving the measurement arm towards the measurement position. Suppose that the measurement 
position is approached in the direction of increasing the interferometer arm length. When the fringe 
density decreases when approaching the measurement position Lpp is negative; for increasing fringe den-
sity Lpp is positive. Alternatively, one may change frep (and thus Lpp) and observe the change of dφ/df. 
A third possibility is that |L/2| exceeds the uncertainty of a rough measurement that is performed with 
another method. In that case the information from the rough measurement is sufficient to determine 
the sign of L.

Due to the periodicity of the pulse train, the interference patterns are repeating themselves. Obviously, 
pulse-overlap occurs when the total path length difference of the interferometer Lt (single path) is at a 
multiple of the pulse-to-pulse distance:
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with m an integer.
For distance measurement based on spectral interferometry, the distance is determined from the 

dφ/df, which equals 0 at distances that are multiples of Lpp. This hold in vacuum and also in very good 
approximation in linearly dispersive media (within 10−9). An arbitrary distance is written as:
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To determine Lt, the integer m needs to be known. Therefore it is necessary to know the distance to 
be measured with an accuracy better than Lpp/2. This is a relaxed requirement, with Lpp ≈  30 cm for 
our system, that can easily be fulfilled by measuring the approximate distance with a simple electronic 
distance meter, time of flight measurement or even a measurement tape. Furthermore it is necessary to 
determine the sign of L, as described above.

Homodyne many-wavelength interferometry. Once a distance has been determined using spec-
tral interferometry, the knowledge of the individual wavelengths can be exploited. The cosine fit through 
the data also provides the phase of each individual wavelength. For homodyne interferometry this phase 
is usually determined from the relative intensity of the interference fringe, but in this case we determine 
it from the relative position of the wavelength on the cosine fit. In this way the measurement is not sen-
sitive to potential intensity variations. The distance can then be determined for a particular wavelength 
λp via
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with qp an integer number, and np, the (phase) refractive index of λp. The phase corresponding to the 
wavelength λp, φp, fit is parametrized by the fitting parameters and is described by φp,fit =  C(p −  D) mod 
2π. The integer number of wavelengths qp is determined from the distance information obtained from the 
spectral interferometry result, which is accurate enough to provide a resolution within an optical fringe.

The measurement process in 3 steps. To summarize, the total distance determination consists 
of 3 steps. First a rough pre-measurement is performed to determine the distance within a fraction of 
the pulse-to-pulse distance Lpp. Secondly, the distance is determined more accurately based on spectral 
interferometry. By rewriting Eq. (6) to: L =  − C/2π ⋅  Λ /2ng and combining with Eq. (10) one obtains the 
following equation describing distance determination based on spectral interferometry:
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with Λ  =  c/frep the (vacuum) synthetic wavelength of neighboring comb modes, related to Lpp via 
Lpp =  Λ /ng. The parameter C is negative for L >  0, as discussed above and m is an integer number as 
determined from the the rough measurement.

The third step is to determine the distance by using the additional information of the accurately 
known optical wavelengths in the combs, giving
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which is obtained by combining Eq. (11) with the parametrized phase φp =  C(p −  D) mod 2π. Note that 
qp ≫  m, since λp ≪  Λ . As a result the measurement uncertainty resulting from Eq. (13) is expected to 
be smaller than the measurement uncertainty resulting from Eq. (12), since the uncertainty is mainly 
determined by the uncertainty on the fitting parameters C and D. For a practical measurement other 
contributions to the measurement uncertainty arise, like wavelength stability and, dominantly in our 
case, the stability of the interferometer itself.

Both methods are illustrated in Fig.  2, showing a simulation of interference and the phase change 
as a function of wavelength for delays of 5 and 6 mm, respectively. For spectral interferometry only the 
slope of the phase with wavelength is exploited, whereas for homodyne interferometry the absolute phase 
difference for a particular wavelength is utilized.

Results
We exploit a Ti:Sapphire laser as a frequency comb for the experiment. The laser operates at a repeti-
tion frequency of 1 GHz. About 6000 wavelengths in the range from 813.5 nm to 827.5 nm are used for 
the experiment. This corresponds to Q =  363664, p =  1…6000. The frequency comb is phase-locked to 
a cesium atomic clock with a stability of 10−11 in 1 second. About 10 mW of optical power is provided 
to the experiment via a single mode fiber. The light is sent into a Michelson interferometer, which is 
polarization sensitive by using a polarizing beam splitter for directing the light into the measurement 
and reference arm. The light is reflected by gold-coated hollow retroreflectors. The polarization of the 
incoming comb light is controlled with a λ/2 plate. We have chosen for this configuration because it 
allows for direct comparison to an independent laser interferometer, which is a heterodyne system with 
orthogonally polarized modes, requiring a polarization sensitive interferometer. By using the same inter-
ferometer with both lasers, effects of vibrations and drift on the comparison are minimized. After the 
Michelson interferometer, interference between the orthogonal components of the frequency comb light 
is obtained by a polarizer inserted at 45°. The light is subsequently analyzed with a spectrometer based 
on a Virtually Imaged Phase Array (VIPA) spectrometer, which is inspired on VIPA applications in tel-
ecommunications21 and comb spectroscopy22. The VIPA has a free spectral range (FSR) of 50 GHz and 
coating reflectances of > 99.94% and 99.5%, respectively. The VIPA provides angular dispersion along 
the vertical axis. A grating (blazed, 1200 grooves/mm), provides angular dispersion in the horizontal 
plane. The light is imaged on charge-coupled device (CCD) camera with a 400 mm lens, resulting in 
individually resolved comb wavelengths, appearing as dots. An overview of the setup is shown in Fig. 3.

Figure 2. Simulated spectral interferometry for a distance L equal to 5 mm (blue) and 6 mm (red) 
respectively. The left graphs shows the simulated intensity for these delays, the right graph the phase. The 
absolute phase (4πL/λ) has been offset by an arbitrary multiple of 2π for both distances, as indicated on 
the axes. For clarity only 100 wavelengths are shown, corresponding to a range of 813.65 to 813.87 nm. 
Both the slope of the phase with wavelength and the absolute phase at a particular wavelength are used 
for determining absolute distance. Note that at zero delay the absolute phase would equal zero for all 
wavelengths.
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In order to stitch the data correctly, it is necessary to identify the wavelength of individual dots. For 
this purpose we have coupled a tunable single-mode distributed feedback (DFB) diode laser, operating 
around 817 nm, into the same fiber that delivers the frequency comb light to the experiment. In parallel, 
the wavelength of the DFB-laser is measured with a wavemeter with an absolute accuracy of several 
tens of MHz. The laser thus provides a known reference frequency to the VIPA spectrometer, which 
is recorded by the CCD camera as a single dot (or sometimes 2 dots, because of the finite FSR of the 
VIPA). In this way, several reference frequencies are generated within the tuning range of the DFB laser 
(≈ 1 nm). Based on these reference markers and the values of frep and f0, the absolute wavelength of each 
dot can be determined. Each vertical line contains about 50 unique dots, as determined by the FSR of the 
VIPA. The full spectrum is reconstructed by stitching these lines using the information of the calibration 
procedure as described above. The resolution of the VIPA spectrometer as defined by the FWHM of an 
individual dot is approximately 0.55 GHz, based on a FWHM of a dot of 11 pixels and a separation of 
neighbouring dots of 20 pixels on the CCD camera. This is sufficient to resolve a comb with a repetition 
rate of 1 GHz.

The length of the measurement arm of the Michelson interferometer can be changed over a dis-
tance of 50 m, by moving a carriage along a straight linear guidance. We have measured distances up 
to 50 m in steps of 5 m. Here the position of the carriage was chosen arbitrarily, but regions with very 
few fringes (almost overlapping pulses) and very many fringes (pulses almost at maximum separation), 
were avoided to allow for a good fit of the data. For each measurement point the reading of the count-
ing interferometer and frequency comb measurement are compared. Both measurements are performed 
quasi-simultaneously. The accumulation time of the camera was set at 1–2 ms. For such acquisition time 
good fringe contrast pictures were obtained. At longer accumulation time the interference fringes start 
losing contrast due to limited interferometer stability (vibrations, air turbulance). For each position 5 
measurements have been taken. Simultaneously, the environmental conditions have been measured. Air 
pressure and humidity are measured at one position and the temperature is measured every 10 m along 
the measurement bench. Based on these measurements the refractive index of air is determined following 
the updated Edlén formula23.

VIPA measurement results. In Fig. 4 typical VIPA CCD-camera pictures are shown, for an interfer-
ometer length of 0 m, 5 mm, 20 m and 50 m, respectively. The stitched data are shown on the right-hand 
side. The data have been normalized to the envelope of the comb spectrum using the spectral data as 
obtained from both the measurement and the reference arm individually. Based on the curve fit and 
the determination of the integer number of pulses and the sign, a distance is derived based on the 
spectral interferometry method for each position following Eqs (10) and (6). Figure 5 shows the meas-
ured differences between the counting laser interferometer and the comb-measurement. The agreement 
between both methods is within 1 μm over the full length of the measurement bench for each individual 
measurement and < 500 nm when averaged over 5 measurements. At a distance of 50 m this is a relative 
agreement within 10−8.

Figure 3. Schematic overview of the measurement setup for comparing distance measurement up to 
50 m with a counting helium-neon laser and a frequency comb. The comb light is delivered to the setup 
with a single mode (SM) fiber, providing a clean mode profile. Both the HeNe laser (orange line) and comb 
laser (red line) measure the displacement quasi-simultaneously. PBS: polarizing beam splitter, POL: polarizer, 
λ/2: half-waveplate, CCD: charge-coupled device camera, M: planar mirror, RR: hollow retro reflector, CL: 
cylindrical lens (100 mm focal length), SL: spherical lens (400 mm focal length).
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Discussion
Remarkably, the agreement between the measurements with HeNe laser and frequency comb and the 
corresponding standard deviation are independent from the distance that is measured. This is explained 
by environmental vibrations that are coupled to the moving carriage of the 50 m measurement bench, 
dominating the measurement uncertainty, independent from the position of the carriage on the guid-
ance. We have analyzed the measurement data to derive a distance based on homodyne interferometry 
as well, following Eq. (13). As worked out in the “Methods” section the measurement results based 
on homodyne interferometry are expected to be much more accurate than those based on spectral 
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Figure 4. Spectral interference as measured with the VIPA spectrometer for distances of ≈0 m (a), 5 mm 
(b), 20 m (c) and 50 m (d), respectively. Spectral interferometry images are shown on the left. For clarity 
only 1/4 of the CCD chip area has been selected. On the right side the reconstructed spectra are shown. The 
x-axis with the sample number, has been scaled differently for these graphs to clearly visualize the fringes.
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interferometry, because the uncertainty contribution to the phase-determination scales with λ instead 
of Λ . However, from our analysis of the homodyne measurements it appears that results are very sim-
ilar for these measurements. Both methods agree with each other within 100 nm for all distances. The 
expected superior performance of homodyne interferometry is hidden by the mentioned environmental 
vibrations that dominate the measurement uncertainty of this comparison. The total estimated measure-
ment uncertainty for a coverage factor k =  2 (corresponding to a 95% coverage interval) is 0.75 μm for 
spectral interferometry, against 0.69 μm for homodyne interferometry. This is in good agreement with 
the observations in Fig. 5.

As already discussed in the section “Measurement principles”, the patterns as shown in Fig. 4, repeat 
themselves every Λ /2. Here the method differs from real white light interferometry with a continuous 
spectrum. With conventional white light interferometry fringes get closer and closer for increasing path 
length difference. The resolution of the spectrometer determines the maximum distance that can be 
measured. However, since the spectrum of a comb is discrete, at some point a case of under sampling, 
or aliasing occurs. This happens for path length differences exceeding Lpp/2. When L =  Lpp/2 the pulses 
have maximum separation in the time domain (corresponding to a phase difference of π between neigh-
boring modes). The Nyquist frequency is exceeded when the pulse separation is further increased and 
the comb doesn’t contain enough frequency components (samples) that would be needed to map the 
(continuous) white light interference spectrum. In fact, we profit here from the fact that the spectrum 
is discrete and aliasing occurs, since the measurement range is now no longer limited by the resolution 
of our spectrometer as would be the case with a continuous spectrum. In the time domain this can be 
understood from the fact that a pulse train is used, with the result that the maximum distance between 
pulses arriving at the spectrometer output will never exceed Lpp/2.

It should be noted that for absolute distance measurement in air, the knowledge of the refractive index 
becomes a limiting factor. Having an uncertainty on the Edlén formula of 2 ×  10−8 plus additional con-
tributions resulting from the measurement uncertainty of the environmental parameters, this is typically 
10−7. The fact that the agreement between both methods can be demonstrated with higher accuracy, 
results from the fact that the contribution of the refractive index to the measurement uncertainty on the 
comparison largely cancels. Recently, promising frequency comb based techniques air refractive index 
compensation techniques have been reported, without the need for accurate measurement of environ-
mental parameters24.

Conclusion
We have demonstrated absolute distance measurement for distances up to 50 m utilizing thousands 
of wavelengths from a femtosecond frequency comb, resolved by a VIPA spectrometer. The range of 
non-ambiguity is given by the pulse-to-pulse distance of the laser, which is typically of the order of dec-
imeters to meters, putting relaxed requirements on the initial knowledge of the distance to be measured. 
Therefore this measurement scheme allows for absolute distance measurement based on optical inter-
ferometry, without the need for displacement along a linear guidance. After a rough pre-measurement, 
spectral interferometry provides the absolute distance within an optical fringe, which can be further 
refined by utilizing the knowledge of individual wavelengths. In comparison to a counting helium-neon 
laser an agreement within an optical fringe has been demonstrated, which corresponds to an agreement 
within 10−8 for a distance of 50 m. In our setup the measurement uncertainty is dominated by environ-
mental vibrations, prohibiting demonstration of the ultimate power of the homodyne interferometry. 
However, given the uncertainty on the determination of the phase an accuracy on the level of a few nm 
may be feasible in vacuum and a vibration-free environment. Under such conditions, e.g. in space, the 
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interferometry and the counting laser interferometer. The error bars indicate twice the standard deviation 
over the 5 measurements.
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measurement range could be extended to the level of km, with an accuracy far within an optical wave-
length. The measurement range and best achievable accuracy will ultimately be limited by the coherence 
length of the light and thus the accuracy of the reference clock.

Methods
Measurement uncertainty. Several contributions to the measurement uncertainty can be distin-
guished. The length-dependent contributions are the uncertainty on the refractive index difference for 
both lasers, the repetition rate of the comb and the wavelength of the helium-neon laser. The standard 
uncertainty coming from refractive index is estimated to be < 10−9. This is much smaller than the abso-
lute knowledge of the refractive index, because for the comparison only the uncertainty coming from 
the refractive index difference between both wavelengths needs to be taken into account. The standard 
uncertainty of the HeNe laser is estimated to be < 3 ×  10−9, based on its frequency calibration and data 
acquisition system. The relative uncertainty on frep is typically 10−11 in 1 s and is estimated to be 10−10 
in 10 ms. The uncertainty due to f0, which is only relevant for the homodyne interferometry methode, 
is negligible.

The distance-independent contributions to the measurement uncertainty are the uncertainty on the 
fitting parameters C and D and the uncertainty resulting from the read-out, including phase-interpolation, 
of the helium-neon laser. The standard uncertainty uC on the fitting parameter C is found to be typi-
cally 10−6 <  uC <  10−5 for arbitrary distances and uC <  10−6 for distances close to zero delay (C ≪  1). For 
spectral interferometry this leads, via Eq. (12) to a contribution of 0.14 μm to the uncertainty on the 
measured distance. The uncertainty of the helium-neon laser’s length-independent contributions, like 
phase-interpolation, is estimated to be <  0.01 μm and can be neglected here.

For homodyne interferometry the uncertainty due to the fitting parameters is calculated via Eq. (13), 
using both the uncertainty on C and D. Here we find that the uncertainty doesn’t exceed 3 nm for all 
distances (< 1 nm close to zero delay), for a wavelength λp in the middle of the spectrum (p −  D =  3000). 
The sensitivity to the uncertainty on the fitting parameters is thus much smaller for homodyne inter-
ferometry, which is a direct consequence of λ ≪  Λ . This is a promising result for application of the 
presented method in quiet environments like space.

An important contribution to the comparison measurement, however, is caused by vibrations cou-
pling to the carriage on the measurement bench. The data-acquisition times for the HeNe (0.1 s) and 
frequency comb (10 ms) are chosen to be optimal for the respective systems. This gives rise to sensitivity 
of the measurement to temporal fluctuations of the path length difference that occur on a timescale of 
0.1 s. We have identified this contribution by a time-resolved measurement with the HeNe laser and 
found a typical contribution of environmental fluctuations to the measurement uncertainty of 0.22 μm. 
This is the standard deviation of the temporal measurement with a sampling time of 0.1 s. Taking into 
account that these uncertainties occur at both the starting point and the end point of the measurement, 
the uncertainty due to environmental vibrations is estimated to be 0.31 μm. To find the total measure-
ment uncertainty for the spectral interferometry method at 50 m, this number is combined with the 
uncertainty of the fitting parameters (0.14 μm) and the HeNe laser (0.15 μm). The combined uncertainty 
as obtained from the quadratic sum of these contributions equals 0.37 μm. For a coverage factor k =  2 
(corresponding to a 95% coverage interval) the uncertainty equals 0.75 μm. Clearly the uncertainty is 
dominated by fixed contributions, which is in agreement with the observations in Fig. 5. For homodyne 
interferometry the uncertainty due to the fitting parameters is negligible. This leads to an uncertainty 
on the comparison of 0.69 μm (k =  2) at 50 m. The small difference between the uncertainty for spectral 
interferometry and homodyne interferometry again illustrates the dominant contribution of environ-
mental vibrations in this comparison.

References
1. Holzwarth, R. et al. Optical frequency synthesizer for precision spectroscopy. Phys. Rev. Lett. 85, 2264 (2000).
2. Newbury, N. R. Searching for applications with a fine-tooth comb. Nat. Photonics 5, 186–188 (2011).
3. Kim, S.-W. Metrology: combs rule. Nat. Photonics 3, 313–314 (2009).
4. Diddams, S. A. The evolving optical frequency comb [invited]. JOSA B 27, B51–B62 (2010).
5. Yoon, T. H., Ye, J., Hall, J. L. & Chartier, J.-M. Absolute frequency measurement of the iodine-stabilized he-ne laser at 633 nm. 

Appl. Phys. B 72, 221–226 (2001).
6. Schnatz, H., Lipphardt, B., Helmcke, J., Riehle, F. & Zinner, G. First phase-coherent frequency measurement of visible radiation. 

Phys. Rev. Lett. 76, 18 (1996).
7. Quinn, T. J. Practical realization of the definition of the metre, including recommended radiations of other optical frequency 

standards (2001). Metrologia 40, 103–133 (2003).
8. Minoshima, K. & Matsumoto, H. High-accuracy measurement of 240-m distance in an optical tunnel by use of a compact 

femtosecond laser. Applied Optics 39, 5512–5517 (2000).
9. Ye, J. Absolute measurement of a long, arbitrary distance to less than an optical fringe. Opt. Lett. 29, 1153–1155 (2004).

10. Cui, M., Schouten, R. N., Bhattacharya, N. & Van Den Berg, S. A. Experimental demonstration of distance measurement with a 
femtosecond frequency comb laser. J. Eur. Opt. Soc.-Rapid 3 (2008).

11. Cui, M. et al. High-accuracy long-distance measurements in air with a frequency comb laser. Opt. Lett. 34, 1982–1984 (2009).
12. Joo, K.-N. & Kim, S.-W. Absolute distance measurement by dispersive interferometry using a femtosecond pulse laser. Opt. 

Express 14, 5954–5960 (2006).
13. Cui, M., Zeitouny, M. G., Bhattacharya, N., Van Den Berg, S. A. & Urbach, H. P. Long distance measurement with femtosecond 

pulses using a dispersive interferometer. Opt. Express 19, 6549–6562 (2011).



www.nature.com/scientificreports/

1 0Scientific RepoRts | 5:14661 | DOi: 10.1038/srep14661

14. Coddington, I., Swann, W. C., Nenadovic, L. & Newbury, N. R. Rapid and precise absolute distance measurements at long range. 
Nat. Photonics 3, 351–356 (2009).

15. Lee, J., Kim, Y.-J., Lee, K., Lee, S. & Kim, S.-W. Time-of-flight measurement with femtosecond light pulses. Nat. Photonics 4, 
716–720 (2010).

16. Wang, G. et al. Absolute positioning by multi-wavelength interferometry referenced to the frequency comb of a femtosecond 
laser. Optics express 23, 9121–9129 (2015).

17. Salvadé, Y., Schuhler, N., Lévêque, S. & Le Floch, S. High-accuracy absolute distance measurement using frequency comb 
referenced multiwavelength source. Applied Optics 47, 2715–2720 (2008).

18. Hyun, S. et al. Frequency-comb-referenced multi-wavelength profilometry for largely stepped surfaces. Opt. Express 21, 
9780–9791 (2013).

19. Baumann, E. et al. Comb-calibrated laser ranging for three-dimensional surface profiling with micrometer-level precision at a 
distance. Opt. Express 22, 24914 (2014).

20. Van den Berg, S. A., Persijn, S. T., Kok, G. J. P., Zeitouny, M. G. & Bhattacharya, N. Many-wavelength interferometry with 
thousands of lasers for absolute distance measurement. Phys. Rev. Lett. 108, 183901 (2012).

21. Shirasaki, M. Large angular dispersion by a virtually imaged phased array and its application to a wavelength demultiplexer. Opt. 
Lett. 21, 366–368 (1996).

22. Diddams, S. A., Hollberg, L. & Mbele, V. Molecular fingerprinting with the resolved modes of a femtosecond laser frequency 
comb. Nature 445, 627–630 (2007).

23. Bönsch, G. & Potulski, E. Measurement of the refractive index of air and comparison with modified edlén’s formulae. Metrologia 
35, 133 (1998).

24. Wu, G., Takahashi, M., Arai, K., Inaba, H. & Minoshima, K. Extremely high-accuracy correction of air refractive index using 
two-colour optical frequency combs. Sci. Rep. 3 (2013).

Acknowledgements
This work was funded through the European Metrology Research Program (EMRP), Project SIB60 
“Surveying” and the Dutch Ministry of Economic Affairs. The EMRP is jointly funded by the EMRP 
participating countries within EURAMET and the European Union. The authors thank Dirk Voigt from 
VSL for valuable discussions and his helpful comments to this article.

Author Contributions
S.B. conceived the experiment, S.E. conducted the experiments, supervised by S.B. and N.B., S.E. and S.B. 
analyzed the results, S.B. wrote the the manuscript, which was reviewed by all authors.

Additional Information
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: van den Berg, S. A. et al. Mode-resolved frequency comb interferometry for 
high-accuracy long distance measurement. Sci. Rep. 5, 14661; doi: 10.1038/srep14661 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The 
images or other third party material in this article are included in the article’s Creative Com-

mons license, unless indicated otherwise in the credit line; if the material is not included under the 
Creative Commons license, users will need to obtain permission from the license holder to reproduce 
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

http://creativecommons.org/licenses/by/4.0/

	Mode-resolved frequency comb interferometry for high-accuracy long distance measurement

	Measurement principles

	Spectral interferometry. 
	Homodyne many-wavelength interferometry. 
	The measurement process in 3 steps. 

	Results

	VIPA measurement results. 

	Discussion

	Conclusion

	Methods

	Measurement uncertainty. 

	Acknowledgements

	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ High-resolution spectrometer based on a VIPA and a grating for analysis of the frequency comb spectrum.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Simulated spectral interferometry for a distance L equal to 5 mm (blue) and 6 mm (red) respectively.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Schematic overview of the measurement setup for comparing distance measurement up to 50 m with a counting helium-neon laser and a frequency comb.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Spectral interference as measured with the VIPA spectrometer for distances of ≈0 m (a), 5 mm (b), 20 m (c) and 50 m (d), respectively.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Observed differences between the frequency comb distance measurement, based on spectral interferometry and the counting laser interferometer.



 
    
       
          application/pdf
          
             
                Mode-resolved frequency comb interferometry for high-accuracy long distance measurement
            
         
          
             
                srep ,  (2015). doi:10.1038/srep14661
            
         
          
             
                Steven. A. van den Berg
                Sjoerd van Eldik
                Nandini Bhattacharya
            
         
          doi:10.1038/srep14661
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep14661
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep14661
            
         
      
       
          
          
          
             
                doi:10.1038/srep14661
            
         
          
             
                srep ,  (2015). doi:10.1038/srep14661
            
         
          
          
      
       
       
          True
      
   




