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The optical frequency comb serves as a powerful tool for distance measurement by integrating numerous stable
optical modes into interferometric measurements, enabling unprecedented absolute measurement precision.
Nonetheless, due to the periodicity of its pulse train, the comb suffers from measurement dead zones and ambi-
guities, thereby impeding its practical applications. Here, we present a linear group delay spectral interferometer
for achieving precise full-range distance measurements. By employing a carefully designed linear group delay
(LGD) device for phase modulation of the comb modes, interference can occur and be easily measured at
any position. Our approach effectively eliminates the dead zones and ambiguities in comb-based ranging, without
the need for cumbersome auxiliary scanning reference devices or reliance on complex high-repetition-rate combs
or high-resolution spectrometers. We conducted length metrology experiments using a mode-locked comb ref-
erenced to a rubidium clock, achieving a large nonambiguity range up to 0.3 m, covering the entire measurement
period. The maximum deviation compared to a laser interferometer was less than 1.5 pm, and the minimum Allan
deviation during long-term measurements reached 5.47 nm at a 500 s averaging time. The approach ensures high
accuracy while maintaining a simple structure, without relying on complex external devices, thereby propelling

the practical implementation of comb-based length metrology.
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1. INTRODUCTION

Length is recognized as one of the fundamental physical quan-
tities in the International System of Units (SI) and has pervasive
applications in diverse realms of human activities [1,2]. Length
measurement plays an indispensable role in scientific investiga-
tions and industrial productions, as it enables the determina-
tion of geometric and spatial parameters that underpin the
analysis and synthesis of complex systems [3]. In addition to
its practical relevance, the concept of length has been extended
to encompass a range of related quantities, including but not
limited to the strain, vibration, dimension, and coordinate,
which all involve the quantification of spatial characteristics
[4-7]. Advancements in modern scientific techniques have
brought about remarkable improvements in the precision and
accuracy of length measurement, as the concept can now be
traced back to fundamental physical constants, such as the
speed of light and the wavelength of radiation [2]. The develop-
ment of optical frequency combs (OFCs) has facilitated the
link between natural standards and optical frequency standards,
thus paving the way for unprecedented levels of precision in the
realm of length measurement [8-15].
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In recent years, there has been a growing interest in the ap-
plication of OFCs to interferometry, which enables the direct
linkage between optical frequencies and readily controllable
radio frequency signals, thereby allowing for sub-wavelength
accuracy in absolute distance measurement, as opposed to the
conventional approach of incremental measurement based on
phase changes [16,17]. This development represents a revolu-
tionary advancement with profound implications for precision
metrology. Researchers have overcome many challenges and
achieved long-range measurement with nanometer-level accu-
racy [18-23]. Among various OFC-based ranging techniques,
including dual comb ranging [21,24-27], multi-wavelength
interferometry [28,29], and synthetic-wavelength interferom-
etry [30,31]; the spectral interferometry (SPI) method
[18,32-36], with relatively simple structure, utilizes simultane-
ously numerous longitudinal modes in laser interferometry and
can be combined with homodyne interferometry (HDI) to
achieve nanometric accuracy in length measurement [18,29].
Nevertheless, despite such advantages, the SPT method is suffer-
ing from significant and insurmountable challenges that there
are many areas of the ranging range that cannot be measured,
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Fig. 1. Existing issues associated with the conventional SPI length
metrology. (a) The periodic ambiguities and the dead zones due to
inadequate sampling rate and the data characteristics, which collec-
tively result in the presence of prolonged un-measurable areas, marked
with light purple. (b) The FFT spectra of interference data, where the
Nyquist frequency limits the measurable region, marked in light blue.
(c) and (d) Unmeasurable regions near the minimum and the maxi-
mum positions. Az, Bz, and Cr are representative positions to be mea-
sured. UMR, unmeasurable region; FFT, fast Fourier transform.

i.e., the unmeasurable regions (UMRs), preventing its genuine
application in the field of ranging [36-38]. In contrast, dual-
comb ranging systems, which have complex structures, high
costs, and require high-speed detectors, are gradually maturing
and finding applications [25,32].

In general, for a valid length-measuring instrument, its
non-ambiguous range (NAR) should encompass the entire
measurement period (half the pulse-to-pulse interval for OFC),
meaning there are no UMRGs. Figure 1 illustrates the fundamen-
tal reasons for the limitations of SPI ranging. The data process-
ing of SPI directly relies on the fast Fourier transform (FFT)
process, as shown in Fig. 1(b). The sampling rate of a spectrom-
eter determines the Nyquist frequency, and once the frequency
of spectral oscillations exceeds this value, the distance cannot be
measured, leading to a lengthy dead zone in measurements, as
shown in the grey areas in Fig. 1(a). Even with techniques of
high-resolution spectrometer, such as the virtual phased array
(VIPA) or high-repetition-rate OFCs like soliton microcombs
(SMCs), which can eliminate most dead zones [22,29], the
measurement near the extremum positions remains unattain-
able. The OFC is a periodic pulse, and due to the switching
of the pulse, the measured distance values exhibit periodic var-
iations with distance, as the positions Al, A2, A3, etc., shown
in Fig. 1(a). The periodic ambiguity can be partly eliminated
through auxiliary measurements, such as a low-precision phase-
modulated rangefinder [18,39,40]. However, at the locations
of periodic switching, i.e., near the extreme points of each
period, symmetric ambiguities (B1 and B3) and aliasing (near
B2) occur, as shown in Figs. 1(c) and 1(d). Besides, near the
extremum positions, such as B2 and C2, the FFT spectrum
peaks are too close to the zero position or the Nyquist limit,
making it difficult to detect them and leading to unmeasurable
regions again. Wu and Niu ez a/. have tried to solve the dead

zone issue by chirped broadening pulse [41,42], but the optical
delay lines are still involved, and the introduced dispersion will
also introduce new uncertainty.

Here, we present a novel, non-equilibrium Michelson inter-
ferometer based on an OFC for precision absolute length mea-
surement at arbitrary positions without unmeasurable regions.
We introduce precise control of a linear group delay in the
reference arm, enabling low-frequency oscillation spectra, easily
detected by the spectrometer, to deterministically appear
within the OFC spectrum, which facilitates distance measure-
ments with arbitrary positions and full range. In subsequent
demodulation algorithms, we extensively utilize the numerous
optical modes of the OFC to recover distance, resulting in
higher accuracy and interference resistance. We experimentally
demonstrate the precise measurement capability with a non-
ambiguous range of covering the entire measurement period
(0.3 m of a 250 MHz OFC), with residuals less than 1.5 pm
compared to a He-Ne interferometer. This implies that, assisted
by a simple low-precision ranging device, our system can
achieve high-precision long-distance ranging with arbitrary dis-
tances. Additionally, the system exhibits superior long-term sta-
bility, achieving a minimum Allan deviation of 5.47 nm at a
500 s averaging time. And future integration with SMC will
further leverage its unique advantages [43], suggesting enor-
mous potential for practical applications.

2. METHOD

Figure 2 shows a schematic overview of our design. The frame-
work of the absolute ranging system still relies on a Michelson
interferometer, with the difference being the incorporation of
dispersion control elements in the reference optical path, intro-
ducing linear group delay (LGD). A phase modulation ranging
system consisting of an electro-optic modulator (EOM) and a
continuous wave laser (CW) is placed in the same interferomet-
ric setup for auxiliary to achieve long distance measurements.
For an OFC with a center frequency of f, and a repetition rate
of f,» the frequency of each comb mode can be expressed as
fi=fo+ix fp where i represents the mode number. And
the corresponding phase delay, also the oscillation frequency
of the spectral interference pattern, is ¢(f,) = 2z f 7,, with
7; the measurement-reference time-of-flight delay of mode :.
In a medium where dispersion can be neglected, such as outer
space or short-distance air propagation, the delay 7z, of each
mode of OFC remains constant after traversing a distance of
L: 7, = n,L/c, where n, is the refractive index of medium,
and ¢ is the vacuum light speed. The interference phase under
that condition is a linear first-order phase where the distance to
be measured can be determined by calculating the slope of the
phase or finding the peak of the Fourier transform spectrum
[38]. However, as analyzed above, there exists a prolonged
unmeasurable region.

In our proposed scheme, after applying carefully designed
dispersion elements to introduce linear group delay, the expres-
sion for the flight time delay should be revised as follows:
7; = n,L/c + GD(f,), where GD(f,) is the introduced linear
group delay that can be expressed as GD(f';,) = D,(f; - f,)»
with D; being the group delay coefficient. The relationship
between D; and the group delay dispersion (GDD) is that
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(a) Schematic overview of the proposed linear group delay spectral interferometry for full-range nanometric precision length metrology.

(b) Several methods for introducing linear group delay, including metasurfaces, carefully designed arrays of gratings, photonic integrated circuits
(PICs), and customized chirped fiber Bragg gratings (CFBGs). (c) Different modes of the OFC are introduced with a linear time delay centered
around the center mode. (d) Comparison between the proposed LGD-SPI and typical SPI. Our proposed approach offers a more convenient means
of referencing light and measuring light, which facilitates interference occurrence and eliminates measurement dead zones. Comb, optical frequency
comb; EOM, electro-optic modulator; SPI, spectral interferometry; OC, optical coupler; Col, collimator; CW, continuous wave laser; REF, refer-
ence mirror; TARG, target mirror; OSA, optical spectrum analyzer; PTT, phase transition tracking; UMR, unmeasurable region; MR, measurable

region.

GDD = D, /z. Figure 2(b) depicts several approaches for
introducing linear group delay, such as metasurfaces, carefully
designed arrays of gratings, photonic integrated circuits (PICs),
and customized chirped fiber Bragg gratings (CFBGs). For in-
stance, CFBGs are optical devices that have a spatially varying
refractive index. By carefully designing the spatial distribu-
tion of modulation, CFBGs can introduce linear group delay
across a specified spectral range. As illustrated in Fig. 2(c), dif-
ferent modes of the OFC are introduced with a linear time
delay centered around f.. In this case, the interference pattern
is no longer uniform, and its phase becomes quadratic:
o(f) =2a[D, f? + (n,L/c- D, f.)f,]. This implies that
the interference pattern will contain richer frequency compo-
nents, ranging from low to high frequencies, effectively address-
ing the issue of the difficulty of measuring a single frequency,
such as the problem of high frequencies exceeding the sampling
frequency, or low frequencies near the zero position, as shown
in Fig. 2(d).

In the LGD-SPI we designed, the characteristics of three
interference signals can be revealed by Fig. 3. Due to the peri-
odic nature (27) of trigonometric functions, the interference
pattern forms a periodic-like chirped curve [Fig. 3(a)], and
its phase exhibits periodic variations as a quadratic curve
[Fig. 3(b)]. The length of the period depends on the value
of D,;. The actual phase (wrapped phase) of the interference

intensity corresponds to taking the original phase modulo 27z,
as the wrapped interference phase depicted in Fig. 3(c). As the
OFC has a limited spectral range, the spectrum measured by an
optical spectrum analyzer (OSA) captures only a portion of the
interference pattern and is influenced by the shape of the OFC
spectrum. Figures 3(d), 3(e), and 3(f) depict the measured
interference patterns in three typical scenarios, corresponding
to the zero-crossing, the intermediate region, and the vicinity of
the maximum-crossing, respectively. The phase curves associ-
ated with these patterns are illustrated in Figs. 3(g), 3(h),
and 3(i), respectively, with the insets illustrating the relative
positions of the measurement-reference pulses.

As long as D, is regarded as a constant, the phase curve
can be represented as a standard quadratic curve, and its first
derivative curve is a straight line. The intercept of this line
contains information about the measured distance L. Taking
into account the differential of the interference phase, when
the differential is zero integer muldple of 2z, ie., dp =
4xD\(f + n,L/2cD, —_][[/Z)frep = 2kn, with k a natural
number, it corresponds to a zero-crossing point, i.e., the inter-
cept of the straight line, also the phase transition points. Hence,
the frequencies of f, can be illustrated by

fp[O = /e/zfrele - nﬂL/ZCDl + .fc/2 (1)
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Fig. 3. Principle of LGD-SPIL. (a) Theoretical interference spectrum

with the mode index of the OFC as the horizontal axis and CIR, as the

periodic variation. (b) Trend of the unwrapped interference phase change, with the purple dashed line representing the trend of conventional SPI,
the blue line representing the trend after group delay, and the light blue line representing the trend of mode distance spacing. (c) Trend of the

wrapped interference phase change. (d), (e), and (f) Interference spectr:

a at positions #1, #2, and #3, respectively. (g), (h), and (i) Corresponding

interference phases of (d), (e), and (f), respectively, with the insets representing the relative position of the pulses.

It can be observed according to Eq. (1) that the position of
the phase transition points is directly linearly related to the
measured distance L. When £ is known, accurately determining
the measured distance becomes possible by tracking the posi-
tion of the phase transition points,

L= [CDI (fc - 2fpt0) + kC/frep]/”a- (2)

Directly searching for the zero-crossing position has a lower
accuracy and is easily affected by intensity noise. Therefore, we
perform linear fitting on the first derivative of the phase curve
within the effective range and take the intercept of the fitted
line as the measured value of . This allows us to fully utilize
the multiple modes of OFC, tﬁereby offering higher precision

and noise resistance. The latter part of Eq. (2) corresponds to
the integer component in long-distance measurements, known
as the pulse count, which can be accurately determined through
auxiliary measurements. In traditional SPI, the generation of
the dead zone is attributed to the low sampling rate of the spec-
trometer, which prevents the measurement of high-frequency
oscillations. By contrast, in our LGD-SPI technique, we can
eliminate the unmeasurable regions throughout the entire
measurement range by adjusting the magnitude of D;, which
allows the low-frequency oscillations to deterministically appear
within the range of the OFC spectrum, as shown in Fig. 3. The
oscillation frequency of the interferometric spectrum varies lin-
early with the optical frequency, with a certain periodicity Ciry.
According to Eq. (1), the circle of the phase transition points,
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Fig. 4. Principle of unmeasurable area elimination, which shows
the frequency characteristics of interference oscillations in extreme
cases when the measurement and reference pulses are furthest apart.
The purple region is the spectral range of OFC, and the light blue
region is the measurable region of the spectrometer. The green, blue,
and red lines are the curves of the spectral oscillation frequency chang-
ing with the light frequency under different delay dispersion.

that is to say the frequency interval of adjacent phase transition
points, Ciry is 1/2f wepD1-

The fundamental reason for the existence of the measure-
ment dead zone is the excessively long distance between the
measuring pulse and the reference pulse. This leads to a high
oscillation frequency of the interference, making it impossible
for the spectrometer to measure accurately. Our approach in-
volves transforming the oscillation frequency from a singular
frequency to a linearly changing one. Hence, as long as this
periodicity is appropriate, the low-frequency portion of the
oscillation will inevitably appear within the spectral range.
And, near the phase transition frequency, there are low-
frequency oscillations that are easily captured by the spectrom-
eter, which can effectively eliminate the unmeasurable area.
An intuitive representation is depicted in Fig. 4, which shows
the frequency characteristics of interference oscillations in ex-
treme cases when the measurement and reference pulses are
furthest apart. This position is the most difficult for mea-
suring the signal; if this position can be measured, the full
range of measurement can be achieved. Once Ciry is smaller
than the OFC spectral range Bopc (as the red line shows
in Fig. 4), ie., 1/2frele < Borc, Dy > 1/2frepBOFC’ the
phase transition points will inevitably occur within the mea-
sured spectrum, and even a spectrometer with low resolution
can conduct distance measurements across the entire range.
Furthermore, the resolution of the spectrometer introduces
the Nyquist frequency, which can reduce the demand for D,
(as the blue line shows in Fig. 4). The higher the resolution of
the spectrometer, the greater the measurement accuracy, and
the smaller the requirement for D;. In the case of OFC, a larger
repetition rate results in a reduced demand for chromatic
dispersion. However, it is crucial to avoid employing D; that
is too large. A smaller dispersion allows for the measurement of
longer spectral ranges, enabling the capture of more detailed
information. Therefore, a balanced compromise among these
factors is necessary.

Also, the directionality of the group delay completely elim-
inates the ambiguity of symmetry. As a result, precise absolute
distance measurements can be achieved at any position, effec-
tively overcoming the limitations of unmeasurable areas.
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3. RESULTS

To verify the proposed approach, an experimental system
shown in Fig. 5(a) is built. We employ a mode-locked laser
OFC with a repetition rate of approximately 250 MHz (adjust-
able within a small range), which is well locked to a rubidium
clock (SRS FS725) in terms of both repetition rate and offset
frequency. The OFC has a pulse-to-pulse length of 1.2 m,
corresponding to a measurement cycle of 0.3 m of SPI
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Fig. 5. Experimental structure and results. (a) Experimental system
structure. (b) Spectra of the OFC and the reference path (Ref.). The
LGD-FBG has a bandwidth exceeding 7 THz, allowing for full uti-
lization of the OFC’s spectral range. (c) Schematic diagram of an
interference spectrum. (d) Phase characteristics of the interference
spectrum and data processing method. The phase curve is a quadratic
curve with inflection points, and the parameters of the curve are fitted
to obtain the measured parameters. (¢) A heat-map composed of con-
tinuous, equidistant interferometric spectra. (f) Measurement results
of continuous displacement. The displacement stage is moved with
equal intervals, and the interferometer results are used as reference to
calculate the errors. The measurement range spans one NAR of tradi-
tional SPI system, demonstrating the system’s capability for dead-zone-
free distance measurement. The insets A, B, and C show interference
spectra at different positions. Col, collimator lens; TCM, tested corner
mirror; CM, corner mirror; DCF, dispersion compensating fiber;
PD, photodetector; CIR, circulator; LGD-FBG, linearly group-
delayed fiber Bragg grating.



.
318  Vol. 12, No. 2 / February 2024 / Photonics Research S Research Article

(lpp/4 with [, the pulse to pulse interval). The OFC is split
into two paths: one serves as the measurement light and is
directed through a collimator lens (Col) towards the tested cor-
ner mirror (TCM), while the other path acts as the reference.
The reference path consists of a carefully designed linearly
group-delayed fiber Bragg grating (LGD-FBG) for providing
linear group delay. D; is designed as 2 x 10722 s2. The LGD-
FBG has a reflecting bandwidth exceeding 7 THz (about
50 nm), as shown in Fig. 5(b), allowing for full utilization of
the OFC’s spectral range. To improve the linearity of the group
delay, a small segment of dispersion compensating fiber (DCF)
is added for correction. The accurate group delay parameters
can be precisely recalibrated in the experiments. The TCM
is mounted on a precision electronically controlled rail, and an-
other He—Ne laser interferometer (Renishaw XI.-80) with
0.5 x 107°L accuracy is coaxially aligned with it to eliminate
Abbe error. The laser interferometer provides a high-precision
reference displacement to evaluate the system performance.
A photodetector (PD) and a spectrum analyzer are used to-
gether to precisely measure the repetition frequency of the
OFC. The combined beams from the reference and measure-
ment paths are transmitted through a circulator (CIR) to an
optical spectrum analyzer (OSA, AQ6370C-20, with a maxi-
mum resolution of 0.01 nm, i.e., 1.25 GHz) for measuring the
interferometric spectra. A spectrum schematic obtained by the
OSA is shown in Fig. 5(c). The experiment was conducted in a
highly clean environment, with temperature and humidity
maintained at a constant level, effectively shielding against
noise. Real-time environmental parameters are also utilized
for the calculation and calibration of air refractive index.

First, we move the motorized rail with a fixed step size and
simultaneously measure the distance traveled using our system
and the He—Ne interferometer. The difference in the results is
used as errors to evaluate the performance of our system. The
spectral data processing method is shown in Fig. 5(d). First,
we employ steps comprising the Fourier transform, inverse
Fourier transform, and envelope filtering to obtain the inter-
ferometric phase curve. Then, we calculate the first derivative
of the phase curve and perform linear fitting on it. This allows
us to obtain the slope for correcting the group delay parameters
and calculate the intercept of the line to determine the mea-
sured distance according to Figure 5(e), which illustrates a heat-
map composed of continuous, equidistant interferometric
spectra. The wave-like information in the heatmap indicates
the positional variation of the oscillation zero-crossings (high-
lighted by red arrows), revealing a linear trend with respect
to distance. Since we employ a fitting method to obtain the
intercept, we can make full use of every mode of the optical
frequency comb (OFC) and achieve accurate distance measure-
ments even in cases where zero crossings are not present, as seen
in scenarios #2 and #3 in Fig. 3(d).

Our system can achieve precise distance measurements
at any position without the need for devices to adjust the re-
ference optical path, scanning light sources, or using ultra-
high-resolution OSAs, such as the VIPA technology. Figure 5(f)
demonstrates the continuous ranging capability of our system
across one measurement cycle, with a distance span of 0.5 m,
which implies that our ranging system’s NAR covers the entire
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Fig. 6. (a) Results of 1000 repeated distance measurements at a sin-
gle point 5 m away. (b) Allan deviation of the results plotted against the
averaging time. (c) Histogram showing the distribution of the results.
(d) Quantile-quantile plots of the measurement results, which closely
resemble a straight line, indicating that the error is mainly influenced
by random errors. MSD, mean square deviation.

measurement cycle, 0.3 m, enabling full-range length measure-
ment. Besides, compared to the interferometer, the maximum
measurement error is less than 1.5 pm. Due to the large span,
both the rail and environmental fluctuations can decrease the
accuracy of the interferometer. Therefore, we believe that the
ranging performance of our system can achieve a similar level
of precision to the interferometer.

Furthermore, to demonstrate the ranging performance of
our system, we conducted a long-term ranging experiment.
At a distance of approximately 5 m, we continuously measured
1000 sets of data at intervals of 2 s. The ranging results are
shown in Fig. 6(a), with a root mean square deviation (MSD)
of 63.09 nm for the 1000 data sets. Figure 6(b) illustrates the
Allan deviation of the measurement results, showing a mini-
mum Allan deviation of 5.47 nm at 500 s averaging time.
We also plotted the distribution histogram and the quantile-
quantile plot of the results, shown in Figs. 6(c) and 6(d), which
indicate that the data follow a normal distribution, primarily
influenced by random errors.

4. CONCLUSION

In general, we present a novel approach that enables full-
range precision ranging without the need for any adjustable
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components. Our solution does not require high-repetition-rate
OFCs, such as soliton microcombs, nor does it rely on complex
high-resolution spectrometers. Therefore, it possesses stronger
potential for applications and paves the way for the maturation
and implementation of OFC-based SPI ranging systems. Our
approach is equally applicable to distance measurement using
soliton microcombs for eliminating measurement ambiguities
at pulse switching or overlapping points, and it can be combined
with mode-resolved homodyne interferometry to achieve higher
measurement accuracy. Additionally, employing better linear
group delay devices can enhance the system’s performance.
All of these aspects merit further investigation.
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