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Abstract: We demonstrate a direct time-of-flight approach that utilizes dual-comb electronically
controlled optical sampling (ECOPS) to measure small displacements. ECOPS is enabled by
electrically controlling the repetition rate of one laser via an intracavity electric-optical modulator
(EOM). The acquisition rate is set by the EOM modulation frequency, which is much higher than
commonly used asynchronous optical sampling (ASOPS). In a proof-of-principle experiment, an
80-kHz acquisition rate is obtained with a pair of ∼105 MHz repetition rate Er-fiber lasers. At an
average time of 30 ms, a measurement precision evaluated with Allan deviation reaches 26.1 nm
for a 40-µm static displacement. In a dynamic measurement, a 500-Hz sinusoidal vibration with
15 µm amplitude has also been identified. The high-precision and high-speed displacement
measurement technique can be potentially used in 3D surface profilometry of microelectronic
step-structures and real-time monitoring of high frequency mechanical vibrations, etc.
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1. Introduction

Femtosecond laser optical frequency comb [1,2] has become an enabling technology in many
fields, such as optical atomic clock [3], precision metrology [4,5], molecular spectroscopy [6],
microwave photonics [7], etc. In particular, a dual-comb scheme [8–17] has been intensively
studied for applications in length metrology [9–12], Fourier transform spectroscopy [13–15],
time and frequency transfer [16,17]. The dual-comb scheme is based on two synchronized
femtosecond lasers with a slight offset repetition rate. The pulse sequences of the two lasers
continuously walk off from each other in time domain, resulting in asynchronous optical sampling
(ASOPS) process [18]. ASOPS has been frequently used for time-of-flight (TOF) ranging [9–12],
where the exact timing between the returning reference and target pulses can be determined in an
effective coordinate with temporal magnification.

The acquisition rate of ASOPS-based TOF ranging is determined by the repetition rate
difference between the two combs. For commonly used ∼100-MHz repetition-rate mode-locked
fiber lasers, the acquisition rate is limited to several kHz for adequate sampling. Alternative
to ASOPS, attempts have been made to adjust the scan range and scan speed by electronically
controlling the relative time delay of two laser pulse sequences. The so called electronically
controlled optical sampling (ECOPS) technology [19–24] is currently widely used as fast delay
lines in Terahertz time-domain spectroscopy (THz-TDS) systems [20–23]. Recently, dual-comb
coherent anti-Stokes Raman scattering (DC-CARS) spectroscopy employing ECOPS method
is also presented [24]. In contrast to conventional DC-CARS spectroscopy, ECOPS shows a
record-high spectral acquisition rate of 100000 spectra/s and higher sensitivity.
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Different from ASOPS scheme which scans the entire repetition period of the pulse train,
the ECOPS scheme allows to selectively scan a small portion of the repetition period which
exactly covers the returning reference and target pulses. This is particularly useful for small
displacement measurement and the acquisition rate can be significantly increased. In this paper,
we show that ECOPS scheme provides a route to TOF measurement with high speed. We use
two nonlinear polarization evolution (NPE) mode-locked Er-fiber lasers with 105 MHz repetition
rate to demonstrate displacement measurement based on ECOPS. The two lasers are tightly
synchronized by the balanced optical cross-correlation (BOC) technique [25–27]. Then, a
square wave modulation has been applied to a high-bandwidth electro-optic phase modulator
(EOM) inside one laser, thus enables ECOPS. The sampled signals are collected via two-photon
absorption process in an avalanched photodetector (APD) and the TOF is calculated in computer
after data collection. In a proof-of-principle experiment, we characterized a static small-range
displacement and a vibrational object. The acquisition rate is as high as 80 kHz. In the static
measurement of a 40-µm displacement, the Allen deviation reaches 26.1 nm at an averaging time
of 30 ms. In the dynamic measurement, the trajectory of a sinusoidal vibrational piezo actuator
with a frequency of 500 Hz and an amplitude of 15 µm has been obtained.

2. Principle

Figure 1 illustrates the principle of ECOPS-based TOF measurement technology. A pair of lasers
with equal repetition rate frep is used for TOF measurement. The pulses from signal laser are
directed to reference and target, and the echo pulse sequences are sampled by local oscillator. An
EOM is used to periodically switch the repetition rate of local oscillator from frep + ∆f to frep − ∆f ,
with the modulation frequency of fmod. During each half of modulation period, the temporal delay
∆t between the reference and the target can be precisely characterized in a stretched timescale.
The acquisition rate is as high as 2fmod, limited by modulation bandwidth of EOM.

Fig. 1. Time-domain schematic of ECOPS-based TOF measurement technology. The
repetition rate of local oscillator is switched between frep + ∆f and frep − ∆f . The frequency
of square wave modulation is fmod and the acquisition rate is equal to 2fmod .

The distance L between the target and the reference is

L =
c∆T
2ng

∆f
frep

, (1)
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where c is the speed of light in vacuum, ng is the group refractive index in air, ∆T is the obtained
TOF in the stretched timescale. Before calculating L, the value of ∆f should be determined in
advance. The repetition rate difference ∆f is related with the single walk-off distance (∆dwalk−off )
between the sampling pulse and the measuring pulse as

∆dwalk−off =

|︁|︁|︁|︁ 1
frep

−
1

frep ± ∆f

|︁|︁|︁|︁ × υg ≈
∆f
f 2
rep
υg, (2)

where υg is the group velocity of pulses in air. Given that ∆dwalk−off = ∆D/ng, where ∆D is the
optical path variation introduced by electro-optic modulation inside local oscillator, consequently,

∆f =
∆D
ng

f 2
rep

υg
=

f 2
rep∆D

c
. (3)

∆D can be determined according to the electro-optic phase delay:φ = πV/Vπ , where V
is the voltage applied to EOM, Vπ is the half-wave voltage of electro-optic crystal, thus
∆D = (φ/π)λ/2 = λV/(2Vπ). Therefore, Eq. (3) can be expressed as

∆f =
λf 2

repV
2cVπ

. (4)

Equation (1) is finally expressed as

L =
λfrep∆TV

4ngVπ
. (5)

There is a maximum measurable distance Lmax determined by accumulated walk-off distance
between sampling pulses and measuring pulses during each half of square wave modulation period
of 1/2fmod. Given the number of pulses undergoing walk off is 1/2fmod/(1/frep) = frep/2fmod, the
maximum measurable distance Lmax can be represented by

Lmax = ∆dwalk−off ×
frep

2fmod
=
λfrepV

4ngfmodVπ
. (6)

Our system employs lasers with a repetition rate of 105 MHz and a wavelength of 1.5 µm, and
the modulation frequency is set to 80 kHz. The half-wave voltage of EOM is 350 V, and the
maximum voltage applied to EOM reaches 200 V owing to the limited experimental conditions.
Consequently, the calculated Lmax is about 280 µm.

3. Experimental setup

The displacement measurement configuration based on ECOPS is shown in Fig. 2(a). We utilized
a pair of NPE mode-locked lasers [28,29] operating at repetition rates of ∼ 105 MHz. Laser
1 (Fig. 2(b)) serves as local oscillator (LO), while laser 2 (Fig. 2(c)) is signal laser. An EOM
is inserted into Laser 1 to periodically modulate repetition rate. Since the EOM requires a
vertically polarized incoming laser beam, a half wave plate is placed before the EOM to align
the polarization state. Laser 2 contains a segment of linear optical path, where the end mirror
is glued to a piezo actuator (PZT) for repetition-rate locking. Both lasers are output from a
polarization beam-splitter (PBS).

The synchronization of two pulse sequences is achieved by the balanced optical cross-correlation
module (BOC) technique. A single crystal balanced optical cross-correlator is used to detect
the relative timing error and to convert it into error voltage. Then, the error voltage is sent to
a PI servo controller (New Focus, LB1005), whose output voltage is amplified and fed back
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Fig. 2. Demonstration of displacement measurement system. (a) Experimental setup.
The inset shows the timing jitter spectrum of the synchronization system. (b) and (c)
The configuration of two NPE mode-locked lasers. PZT: piezo actuator; EOM: electro-
optic modulator; BOC: balanced optical cross-correlation; HWP: half-wave plate; PBS:
polarization beam splitter; DM: dichroic mirror; M: mirror; L: lens; PPKTP: periodically
poled KTP; Balanced PD: balanced photodetector; PI Servo: proportional-integral servo
controller; HVA: high voltage amplifier; QWP: quarter wave plate; BS: beam splitter; Si
APD: silicon avalanche photodetector; LPF: low pass filter. WDM: wavelength division
multiplexer; Er: erbium-doped gain fiber; Col: collimator; ISO: isolator.

to the PZT in the laser 2, thus close the phase-locked loop. The two temporally synchronized
pulse sequences are sent to the TOF measurement optical path, as illustrated in Fig. 2(a). The
pulse train from Laser 2 is directed to target and reference mirrors, and the returning pulses are
combined with pulse train from Laser 1. An optical delay line is used to temporally align pulses
from Laser 1 to the returning target and reference pulses.

ECOPS is achieved by modulating intracavity EOM in Laser 1. An arbitrary waveform
generator generates a square wave with a duty cycle of 50% and a frequency of 80 kHz. The
modulation signal is voltage amplified and applied to the EOM, so as to periodically modulate the
refractive index of the extraordinary axis of electro-optic crystal. The repetition rate phase-locking
based on BOC method has been established in the presence of EOM modulation. The PI corner
has been set as 1 kHz. The inset in Fig. 2(a) shows the in-loop residual timing jitter spectrum
measured with an FFT analyzer (Stanford Research Systems, SR770) after lock-on. The power
spectrum shows that the locking bandwidth is about 800 Hz. An 80 kHz modulation frequency
is also clearly visible in the spectrum. Below 800 Hz, the pulse trains from the two lasers are
temporally synchronized. Above 800 Hz, the curve rolls off until a −20 dB/decade slope is
observed at 15 kHz offset frequency. This is a signature of random walk and reflects a quantum
noise limited timing jitter between the two lasers [30,31], meaning that impact of servo control
vanishes above 15 kHz. Therefore, cross-talk between the EOM modulation and synchronization
system is avoided effectively. Consequently, Laser 1 scans the repetitive returning pulse pairs from
target and reference mirrors, and the cross-correlation trace is photo-detected for TOF extraction.
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In this experiment, a nonlinear sampling technique based on two-photon absorption (TPA) effect
[32] has been used to generate stable cross-correlation signals. To this end, two pulse sequences
are simply beam-combined and focused to a Silicon APD by a lens. Each cross-correlation signal
is low-pass filtered to extract the envelop from the interferometric cross-correlation traces. The
filtered signals are collected by a digitizer (National Instruments, PXIe-5122). The subsequent
data processing and distance calculation procedures are conducted in computer.

4. Experimental results

The cross-correlation signals obtained by applying an 80-kHz square wave modulation signal to
Laser 1 after establishing the repetition rate synchronization is shown in Fig. 3(a). The pulses
with lower intensity are target signals, and the pulses with higher intensity are reference signals.
The period of down-sampled signals in the Fig. 3(a) is about 12.5 µs, which exactly corresponds
to the modulation period (Fig. 3(b)). In each period, there are two sets of down-sampled signals,
marked as yellow background and blank. They represent for two halves of a modulation period,
respectively. It can be seen from Fig. 3(c) that two pulses both have pedestals on the left side,
which is caused by the pedestal in output pulses of laser 1. It should be noted that these pedestals
won’t affect the extraction of the peak positions of pulses.

Fig. 3. The cross-correlation signals and modulation signal. (a) Part of the cross-correlation
signals when the frequency of square wave is 80kHz. (b) Modulation signal. (c) One
cross-correlation trace after low pass filtering. The inset shows the autocorrelation trace of
pulse from laser 1.

To test the accuracy of dual-comb displacement measurement system, a comparison exper-
iment using a commercial laser interferometer (Renishaw, XL-80) was conducted. The laser
interferometer has a linear measurement precision of ±0.5 ppm and a linear resolution of 1 nm.
In the TOF measurement optical path of Fig. 2(a), a half-inch silver mirror is glued to back
of the retroreflector and they are fixed on a piezo positioning stage together. The silver mirror
is the target of displacement measurement system, and the retroreflector is the target mirror
of interferometer. The measurement results of 5 positions during the range of 0–40 µm are
illustrated in Fig. 4(a). Each measured displacement is an averaged result with 2000 average
times. It can be seen from the blue curve of Fig. 4(a) that there is a good linear relationship
between results of this system and interferometer. In the orange curve of Fig. 4(a), the maximum
residual between the measured value and the interferometer reference value does not exceed 0.4
µm, and the maximum standard deviation of the measured value is about 50 nm. The precision is
evaluated by Allan deviation, as shown in Fig. 4(b), reaching ∼26.1 nm with 30 ms averaging
time.

This system is also suitable for measuring small-amplitude vibrations. We replace the target
with a small mirror glued on a piezo actuator (as shown in the black dashed box in the purple
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Fig. 4. The displacement measurement results. (a) Experimental results with 30 ms
averaging time in comparison with the data obtained by the interferometer. (b) The Allan
deviation at a fixed measurement displacement of 30 µm.

area of Fig. 2(a)). We apply a 50 V sinusoidal voltage with a frequency of 500 Hz to PZT. The
calculated unloaded vibration amplitude is ∼15 µm. The vibration test result is shown in Fig. 5.
There are 50 sine periods in total (Fig. 5(a)), and 10 sine periods are intercepted and amplified
(Fig. 5(b)). The period of sinusoidal wave is 2 ms, which is consistent with the applied vibration
frequency. The vibration range is about 12 µm, slightly less than the calculation because PZT
carries a mirror. In addition, we perform Fourier transform analysis on the vibration test result of
Fig. 5(a) to obtain its frequency components, as shown in Fig. 5(c). The strongest frequency
component is 500 Hz, which is exactly the target vibration frequency we applied. Some very
low-intensity noise harmonic signals are also found. Theoretically, the acquisition rate can reach
2fmod(i.e. 160 kHz). Nevertheless, in the actual vibration test experiment, we utilize one pulse
pair in each modulation period to calculate target distance. Therefore, the actual acquisition rate
is 80 kHz.

Fig. 5. Experimental results of small-amplitude vibration when the acquisition rate is 80
kHz. (a) and (b) 500 Hz sinusoidal vibration with 12 µm amplitude. (c) Fourier analysis of
vibration test result.

5. Conclusion

In conclusion, a dual-comb time-of-flight displacement measurement method with high acquisition
rate was presented in this paper. Based on two NPE mode-locked fiber lasers, we achieved
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electronically controlled optical sampling through intracavity electro-optic phase modulator. We
verified the accuracy and precision of displacement measurement system by using a commercial
laser interferometer, and the static experimental results revealed that the precision can reach
∼26.1 nm with 30 ms averaging time. Then we tested the sinusoidal vibration with a frequency
of 500 Hz and an amplitude of 15 µm of PZT. The vibration test results indicated the capacity of
this system for measuring small amplitude vibrations. Compared with the traditional dual-comb
ASOPS time-of-flight ranging method utilizing the same repetition rate fiber lasers, the acquisition
rate is increased by ∼ 40 times.

The price for maintaining high acquisition rate is the limited maximum measurable distance
Lmax. Therefore, our system is more suitable for measuring small displacements or fast vibrations
with small amplitude. According to Eq. (6), expanding the maximum measurable distance needs
higher frep, which can be achieved by using higher repetition-rate sources (i.e. micro-resonator
combs). Furthermore, raising V/Vπ ratio can also increase Lmax. Using the waveguide-type
electro-optic modulator with a smaller half-wave voltage may multiply the V/Vπ ratio more
conveniently.

It is also interesting to compare this work with a recent direct TOF displacement measurement
experiment by Y. Na, et al. [5]. By utilizing an electro-optic-sampling-based timing detector
(EOS-TD), a TOF displacement measurement with sub-nanometer precision and nanosecond
acquisition time has been demonstrated. Y. Na’s approach is advantageous of high precision,
ultrafast speed and only one mode-locked laser is required. Being distinct from EOS-TD, the
ECOPS-based configuration demonstrated here is compatible with interferometric measurements
as well as powerful dual-comb spectroscopy by further referencing one comb line to a CW laser.
To this end, a fringe-counting based interferometric measurement may enable sub-nanosecond
precision comparable with [5]. On the other hand, the Fourier transform of the interferometric
pattern naturally presents comb-line resolved absorptive spectrum. The combined function of
displacement measurement and spectroscopy may provide a novel optical diagnostic tool and
allow hyperspectral-imaging with high optical resolution.
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