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ABSTRACT

We demonstrate a rapid and high-precision dual-comb ranging method with a significantly extended non-ambiguity range (NAR). By rea-
sonably setting the polarization combining and splitting of two optical combs, we can obtain two sets of interferograms of signal comb and
local oscillator comb interchanging simultaneously. This method allows us to extend the NAR to tens to hundreds of kilometers without
changing the repetition rate of the signal comb. With this scheme, we demonstrate a dynamic distance measurement when a moving target
crosses a measurement dead zone that is 3-4 times the NAR. The standard deviation of the residual distance is 1.48 um with a 925 us update
rate. This rapid, high-precision, and NAR extension absolute distance measurement scheme will have broad potential in various ranging
applications.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0202465

Accurate, fast, and large-range absolute distance measurement
plays a crucial role in various applications, including satellite formation
flying, microelectronics equipment manufacturing, and large-scale
equipment installation.' ” Several high-precision absolute distance
measurement schemes based on the optical frequency comb were
implemented and achieved good results, owing to the good timing
characteristics and the coherence of the spectrum of the optical fre-
quency comb.” ® Of these technologies, the dual-comb absolute dis-
tance measurement technology based on asynchronous optical
sampling offers significant advantages, such as high measurement
accuracy (nm-um), fast update speed (us-ms), and expandable non-
ambiguity range (NAR). Thus, it has been widely studied in the past
decade. It uses two optical frequency combs with slight differences in
the repetition rate to scan each other to improve the accuracy of dis-
tance. The research progress in free-running dual-comb ranging,’
asynchronous nonlinear optical sampling,'’ dead zone elimination,"’
microcomb range measurement,'>'* and non-ambiguity range (NAR)
extension”'' based on dual combs has further simplified the complex-
ity of dual combs ranging and improved their application scenarios."*

When using dual combs for absolute ranging, its regular NAR is
limited to ¢/2ngf;, where c represents the speed of light, n, is the group
refractive index of the air, and f; is the repetition rate of the signal

comb. It has been proposed that by utilizing the Vernier effect,”'" the
repetition rate of the signal comb can be altered to f, + Af; to extend
the non-ambiguity range. After conducting two independent measure-
ments, it becomes possible to calculate an absolute distance greater
than the NAR, and the NAR can be extended to c/2ngAfr. However,
altering the repetition rate of the signal comb undermines the rapid
performance of dual-comb ranging. Particularly for fast-moving
objects beyond regular NAR, it is impractical to change the repetition
rate for two measurements. In 2014, Zhang et al. proposed an asyn-
chronous nonlinear dual-comb ranging scheme that allows for simul-
taneous measurement of L, and Lg, effectively reducing the influence
of optical path variation on absolute distance measurement.'”®
Nonlinear optical sampling, however, requires a higher peak power,
which restricts its application in long-distance measurements. In addi-
tion, there are several methods to extend the NAR, such as modulation
of the repetition rate or amplitude,”'® or the use of a tri-comb
setup.w‘ZU However, these methods have increased the complexity of
the ranging system to some extent.

In this study, we propose a more straightforward NAR extension
dual-comb absolute ranging setup. This setup combines the advantages
of rapid, high precision, and large-range measurements. This tech-
nique leverages the repetition rate difference between two combs,
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allowing them to conduct distance measurements. In this process, two
sets of interferograms of signal comb and local oscillator comb are
obtained interchangeably. With this method, the NAR can be extended
to c/2ngf,, where Jf, represents the repetition rate difference between
two combs. Unlike other methods, this scheme does not require the
repetition rate to be altered, making it possible for rapid and real-time
distance measurement. Similar schemes were also reported last year
and were found to be effective in achieving dynamic precision distance
measurement.””” However, they only showed displacement measure-
ments for small-range movements of a few tens of micrometer. In our
study, we provide a detailed explanation of how to use this method to
determine the integer value m of regular NAR. The measurement pre-
cision of this setup is 4 um at 185 us. If prolonging the integrated time
to 180 ms, it will be raised to 180 nm. Notably, we demonstrate a rapid
distance measurement when a moving target crosses a measurement
dead zone that is 3-4 times the NAR and has a velocity of 15 mm/s.
The standard deviation of the residual between the absolute distance
and the linear fit lines is 1.48 um with a 925 us update rate.

The fundamental schematic is illustrated in Fig. 1(a). The system
comprises two homemade ytterbium-doped fiber optical frequency
combs that are based on nonlinear polarization evolution mode-
locking and linear chirped pulse amplification technologies. The out-
put spectrum from the Yb: doped fiber amplifier is depicted in
Fig. 1(b), with a central wavelength of 1040 nm and a spectral width of
17 nm. After the bandpass filter, the spectra’s full width at half maxima
is 1.6 nm. The narrower spectrum is utilized to prevent spectral alias-
ing in dual-comb linear optical sampling.”” The repetition rate is
approximately 201 MHz, with a tuning range of 6 MHz by installing a
translation stage under the oscillator end mirror. We use a rubidium
clock that distributes synchronous signals to various devices, including
signal generators, frequency synthesizers, and frequency counters.
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FIG. 1. (a) The experimental setup. HWP: half-wave plate, PBS: polarization beam
splitter, BS: beam splitter, QWP: quarter wave plate, Mg: reference arm end mirror,
M: target arm end mirror, DM: dichroic mirror, BPF: bandpass filter, PD: photode-
tector, and LPF: low-pass filter. (b) The spectra of combs A and B. (c) The spectra
of combs A and B after the filter, with an FWHM of 1.6 nm.
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These signal generators and frequency synthesizers generate reference
frequencies for locking the repetition rates and carrier-envelope offset
frequency. The carrier-envelope offset frequencies of two combs are
locked to 20 MHz. The repetition rate of comb B was f,p locked to
201.2MHz, while that of comb A was f,5 locked to 201.2 MHz
+ 5400 Hz. During the experiment, to achieve non-aliasing linear-
optical sampling, we directly acquire a series of interferograms using a
digitizer and then transform them into the frequency domain. If alias-
ing is detected, we adjust the repetition rate of comb A accordingly.
Typically, adjusting the repetition rate from Hz to tens of Hz suffices
to eliminate aliasing.

The pulses emitted by comb A (f; + Jf,) and comb B (f;) are com-
bined using a polarization beam splitter (PBS). The combined pulses
are then divided into two beams using a beam splitter (BS) and enter
the target arms (labeled TA and TB, respectively) and reference arms
(labeled RA and RB), respectively. The pulses reflected by two end mir-
rors are combined by BS and then divided into two paths via PBS2. As
the pulses TA and TB are orthogonal, they are transmitted and
reflected by PBS2, respectively. In the reference arm, there is a quarter-
wave plate (QWP) that can be adjusted to ensure pulses RA and RB
are both transmitted and reflected by the PBS2. The transmitted and
reflected light pulses are received and converted into electrical signals.
These signals are digitized by a two-channel 14-bit digitizer with a 200
M sampling rate, after being filtered through 100 MHz low-pass filters.
The digitizer is synchronized to the rubidium clock.

In traditional dual-comb ranging schemes, there is typically one
comb for distance measurement, serving as the signal comb, while the
other comb performs asynchronous sampling and functions as the
local oscillator comb. However, in the dual-comb ranging setup
depicted in Fig. 1, both combs were used for distance measurement.
The interferograms detected by PD1 and PD2 are shown in Fig. 2. The
transmitted signal in Fig. 2(a) consists of RB, RA, and TA, where comb
B is the local oscillator comb and comb A is the signal comb. By
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FIG. 2. (a) The time-domain interferograms of PD1. Comb A is the signal comb,
and comb B is the local oscillator comb. The delay between reference interfero-
grams RB«RA and target interferogram RB*TA is Aza. The inset provides a
zoomed-in view of one reference interferogram RB«RA. (b) The interferograms of
PD2 in the time domain. In this case, comb A is the local oscillator comb and comb
B is the signal comb.

Appl. Phys. Lett. 124, 171103 (2024); doi: 10.1063/5.0202465
© Author(s) 2024

124, 171103-2

0%:0€:10 ¥202 IMdy G2


pubs.aip.org/aip/apl

Applied Physics Letters

appropriately adjusting the amplitudes of TA and TB, the reference
interferogram RB*RA and the target interferogram RB*TA can be dis-
tinguished based on their respective intensity. By calculating the time
interval At, between the reference interferogram RB*RA and the tar-
get interferogram RB*TA, the measurement distance L, can be
expressed as

L= a2 m
an fr, A
where Jf; is the repetition rate difference and f; 4 is the repetition rate
of comb A. The interferogram details of RB*RA are shown in the inset
of Fig. 2(a).

Similarly, in Fig. 2(b), comb A serves as the local oscillator comb,
while comb B functions as the signal comb. By calculating the time
interval Aty between the reference interferogram RB*RB and the
target interferogram RB*TB, the measurement distance Lp can be
expressed as

= A %7
21’lg ﬁ‘,B

where f, 5 is the repetition rate of comb B. The measured distances L
and Ly are equal to the absolute distance L, of the measured object
only within the NAR. When the absolute distance exceeds the NAR,
the absolute distance L,,s and the measured distances L, and Ly can
be expressed as

Ly (2)

Laps = mAxara + La, (3)
Labs = mAxars + Lz, (4)
m = (La — Lg)/(Axars — Axara), (5)

where m is a positive integer and Anara=c/2ngfa and
Anars= c/2ngf.p represent the NARs when combs A and B are
employed as signal combs, respectively.

When obtaining signals simultaneously from PD1 and PD2, the
target interferograms RB+TA and TA+TB are positioned on the left
and right sides of the reference interferogram RB*RA (or RB'RB).
There are always two mirrored target interferograms in each measure-
ment. For the following demonstrations, we always select the target
interferogram that is closer to the reference interferogram to calculate
L, and Lg. Subsequently, we employ formula (5) to calculate the value
of m. If m is positive, we proceed to calculate the absolute distance L,
using formulas (3) and (4). However, if m is negative, the absolute dis-
tance and m value can be expressed as follows:

Laps = mAnara + (Anara — La), (6)
Labs = mAxare + (Anars — Lp), (7)
m = (Ly — Lp)/(Anara — Anars) — 1. (8)

In this case, we recalculate m using formula (8), and the recalculated m
must be positive. Then, formulas (6) and (7) are utilized to determine
the absolute distance L.

According to the experimental setup shown in Fig. 1, we demon-
strated the absolute distance measurement of a static target with
m=4. The laboratory was maintained at a temperature of 22°C,
humidity of 48%, and air pressure of 10001.2Pa. The refractive
index of air was estimated using the Ciddor equation.”* The repetition
rate of comb B was f,5=201.2MHz, while that of comb A was

ARTICLE pubs.aip.org/aip/apl

fra=201.2MHz + 5400 Hz. The measured update time was about
185 us, corresponding to a maximum NAR of approximately 27 km.
Reducing the repetition rate difference can further increase the NAR.
Figure 3(a) shows the L, (red line), Ly (blue line), and absolute dis-
tance (black line) calculated for a measurement time of up to 1.2 s.
Here, the envelope of the interferogram was obtained using the Hilbert
transform, and the peak of the interferogram was corrected using
Gauss fitting,” In Fig. 3(b), the Allan deviation of L, and Ly with dif-
ferent averaging times is presented. The Allan deviations are about
4 um for 185 us, and they drop to 200 nm at 0.1 s. Because the variance
of distance measurement is smaller than the difference of NAR
(Anars — Anara =20 um), the value of m can be determined. We
measured the jitter of the value of m 30 times, with each measurement
taking 3.7ms (20 interferograms) and an interval of approximately
1 min. The value of m was observed to be stable between 4 = 0.1,
shown in Fig. 3(c). Figure 4 shows the comparison between the dual-
comb system and a CW laser interferometer with 500 ms averaging
time. The absolute distance in Fig. 4 is the same as in Fig. 3, which is
also 3.0249 m. The residuals range from —138 to 75 nm, which also
includes distance jitter caused by the environment.

To verify the dynamic distance measurement capability of this
scheme for moving targets, we placed the end mirror Mt on a linear
displacement stage (Thorlabs, LTS300C/M). The end mirror moves
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FIG. 3. (a) The absolute distance measurement of a static target. The left axis rep-
resents the measurement distance of L, (red line) and Lg (blue line). The right axis
represents the absolute distance (black line). (b) Allan deviation of L and Lg vs
averaging time. (c) The jitter of the m value.
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FIG. 4. Comparison between the distances measured vs a CW laser interferometer
with an averaging period of 500 ms.

from 2.974 to 2.989 m, at a speed of 15 mm/s. Notably, 2.979 m is four
times the NAR. The maximum speed of the target was limited by the
translation stage. It is often challenging to achieve absolute distance
measurement of a moving target using traditional methods of chang-
ing the repetition rate of signal comb, especially when the target’s
motion crosses an integer multiple of the NAR.

Figure 5(a) shows the changes in L, and Ly throughout the mea-
surement procedure. The difference in the repetition rate between
combs A and B remains at 5400 Hz, resulting in an interferogram
update time of 185 us. When the actual distance is less than 2.979 m,
L, is less than L, whereas when it exceeds 2.979 m, L surpasses Lg.
The slopes of all four curves are identical and equal to the moving tar-
get’s velocity. The insets provide specific details for two-time intervals,
from 0.1 to 0.15 s and from 0.6 to 0.65 s, respectively. The dual-comb
time-of-flight ranging technique is accomplished by calculating the
time gap between the peak of the reference and the target interfero-
grams. Nevertheless, in instances where the two interferograms over-
lap, accurately distinguishing their peaks to determine the distance
becomes challenging, ultimately resulting in a measurement dead
zone.!' In the present configuration, the absolute distance of the
dead zone is roughly m x NAR * 2 mm, resulting in a measurement
dead zone of approximately 4 mm. If the repetition rate difference
decreases, the dead zone will diminish. Figure 5(b) shows the jitter of
the m value. The value of m is calculated by averaging five interfero-
grams, corresponding to 925 us update time. When the actual distance
is less than 2.979 m, formula (8) is used to calculate m, while formula
(5) is employed when the actual distance exceeds 2.979 m, here taking
into account the selection of a target interferogram closer to the refer-
ence interferogram. Figure 5(c) illustrates the absolute distance of the
moving target vs time, with an update rate of 925 ys, similar to the pre-
vious figures. The graph demonstrates that even after passing through
the dead zone, the correct distance can still be determined, and the
intermediate discontinuity has no impact on the dual-comb distance
measurement. Since we do not have a commercial interferometer that
can perform moving targets, we use linear fitting to reflect the accuracy
from a side view. The inset in Fig. 5(c) depicts the residual between the
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FIG. 5. Dynamic absolute distance measurement of moving target crossing dead
zone. (a) The measurement distance of L, and Lg. The update time is 185 us. The
insets provide details for times ranging from 0.1 to 0.15 s and from 0.6 to 0.65 s. (b)
The jitter of the m value. The value of m is calculated by averaging five interferograms
(corresponding to 925 us update rate). (c) The absolute distance of the moving target
vs time. Inset: the residual between the actual distance and the linear fit lines.

actual distance and the linear fit lines. The standard deviation of the
residual is 1.48 yum, which is due to both the jitter of the moving target
and the jitter of the ranging.

In conclusion, we present a concise NAR extension dual-comb
ranging scheme. By utilizing the polarization combining and splitting
setting reasonably, this scheme enables simultaneous measurement of
distance using the signal comb and the local oscillator comb in an
interchanged manner. This scheme can extend the NAR to tens or
even hundreds of kilometers. We demonstrated the absolute distance
measurement of a static target using this setup, achieving a measure-
ment precision of 4 um at 185 us averaging time and 180nm at 0.18 s.
Moreover, we performed dynamic measurements of the absolute dis-
tance of a moving target, crossing a dead zone of 3-4 times the NAR.
The m value and absolute distance are obtained at an update time of
925 ps. The standard deviation of the residual between the actual dis-
tance and the linear fit lines is only 1.48 um. This simple dual-comb
ranging scheme does not require altering the repetition rate of the sig-
nal comb, active modulation, or the use of a tri-comb setup. With its
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rapid, high precision, and ability to extend NAR, this absolute distance
measurement scheme holds significant potential for various ranging
applications in the future.
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