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Abstract: We demonstrate a new and simple dynamic laser ranging platform based on analog
all-optical coherent pulse compression of modulated optical waveforms. The technique employs
a bidirectional acousto-optic frequency shifting loop, which provides a dual-comb photonic
signal with an optical bandwidth in the microwave range. This architecture simply involves a
CW laser, standard telecom components and low frequency electronics, both for the dual-comb
generation and for the detection. As a laser ranging system, it offers a range resolution of a few
millimeters, set by a dual-comb spectral bandwidth of 24 GHz, and a precision of 20 µm for
an integration time of 20 ms. The system is also shown to provide dynamic measurements at
scanning rates in the acoustic range, including phase-sensitive measurements and Doppler shift
velocimetry. In addition, we show that the application of perfect correlation phase sequences
to the transmitted waveforms allows the ambiguity range to be extended by a factor of 10 up to
∼20 m. The system generates quasi-continuous waveforms with low peak power, which makes it
possible to envision long-range telemetry or reflectometry requiring highly amplified signals.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The development of compact and versatile systems for the all-optical generation and detection
of optical waves with bandwidth in the microwave (MW) range represents an active demand
from several application fields. Stepped-frequency or modulated optical waves spanning several
tens of GHz are required to reach sub-cm spatial resolution in fiber or free space, for its use
in both coherent [1] and incoherent [2] optical frequency-domain reflectometers, lidar systems
[3,4], or optical sensors interrogators [5]. The most widespread technique, based on linear
chirped waves generated by direct modulation in laser diodes [6,7] show bandwidths limited
to a few GHz. Different optical techniques have been implemented to extend this bandwidth,
including dispersive frequency-to-time mapping [8], spectral line-by-line pulse shaping [9],
or coherent stitching of chirped waveforms [10]. Also, conventional electro-optic modulation
permits the access to the full modulator’s bandwidth, either sequentially [2], or in the form of
some specific modulating signals, such as chirped waves [11,12], digital multicarrier signals [13],
or external codes [14]. These last approaches, however, only translate to the optical domain an
already available resource, the MW modulation bandwidth. For this reason, compact all-optical
generation techniques requiring lower modulation bandwidths are generally preferred. In a
different context, the versatility of photonic signal generation is employed in radar technology
not only for the agile generation and allocation of high-bandwidth radar signals, but also to
incorporate a number of key functionalities, such as mixing, filtering or sampling [15].
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Although direct detection is employed in the vast majority of these systems, coherent receivers
are gaining progressive attention due to the increase in sensitivity provided by mixing with a local
oscillator (LO). In parallel, digital correlation detection by pulse compression of modulated or
coded signals, both in optically coherent [13,16–19] and incoherent [20,21] regimes, represents an
attractive approach in scenarios of high noise, limited range or sensitivity. In pulse compression,
the relevant figure of merit to assess a probe signal is its time-bandwidth product (TBP), since this
parameter determines the gain provided by matched filter detection. Digital pulse compression
techniques, however, require a detection bandwidth equal to the bandwidth of the optical
waveforms [16,17]. In this regard, dual-comb interferometry [22] can be viewed as an all-optical
alternative for performing coherent correlation detection with low detection bandwidths.

A dual-comb scheme employs two mutually coherent optical frequency combs (OFC) with
different frequency spacing. One OFC, acting as a probe, is sent toward a target and its optical
properties are encoded onto the probe’s spectral lines. The second OFC, working as a multi-line
LO, is mixed with the optical signal reflected from the target. The multi-heterodyne interference of
the two combs leads to a radio-frequency (RF) spectrum originated by the beats of pairs of optical
lines. Outstandingly, this process corresponds to a very efficient frequency down-conversion,
requiring a detection bandwidth orders of magnitude smaller than the optical bandwidth of the
combs. In the time domain, the dual-comb technique provides the cross-correlation between the
probe and the reference comb and, as a consequence, can be utilized to perform coherent pulse
compression of the information-bearing wave reflected from the target in a purely analog manner.
Therefore, the use of dual combs combines two advantages: the pulse compression is achieved in
an analog and all-optical fashion and the detection bandwidth is considerably smaller than the
optical one, owing to the multi-heterodyne detection process itself. Furthermore, the refresh rate
upon which this correlation is updated, is given by the difference in repetition rates of the combs,
thus allowing dynamic measurements at high speeds [23]. So far, a large variety of dual-comb
architectures has been demonstrated, such as those based on mutually-locked femtosecond lasers
[24–26], electro-optic frequency combs [27–29], and micro-combs [30–32], for its use in a
variety of applications including high-resolution spectroscopy [33] and ranging [34,35].

In this work, we propose and demonstrate a novel scheme for bandwidth-efficient, all-optical
generation and coherent pulse compression of modulated optical waveforms with MW-scale
bandwidth based on a bidirectional acousto-optic frequency shifting loop (AO-FSL) [36].
Previously, the use of unidirectional AO-FSL has been recognized as a simple means to generate
chirped waves [37], showing direct applications in digital coherent pulse compression ranging
[16,17] and, more recently, as a stepped-frequency generator for a Ka-band radar [38]. However,
it is the proposed use of a bidirectional AO-FSL as a dual comb for coherent pulse compression
that makes this approach much less demanding in terms of optical and electronic hardware than
state-of-the-art solutions reported so far. Our system works as a dual-comb source providing
repetition rates of about 80 MHz and a spectral bandwidth exceeding 20 GHz, leading to a TBP
> 300 and to a range resolution < 5 mm. These figures are comparable to standard electro-optic
dual-comb lidars [39] and to coherently-stitched frequency-modulated single-comb lidars [10].
Apart from the immediate benefit in terms of reduction in cost and size, the proposed system
shows a number of additional advantages: instead of conventional transform-limited pulses
(used, for instance, in time-of-flight laser ranging), our system permits the generation of different
temporal waveforms while preserving their bandwidth. In particular, it can generate a series
of long, chirped waveforms with low peak power, thus amenable to optical amplification in
scenarios requiring high average power. Also, the low repetition rate of the raw cross-correlation
signal enables the cost-effective integration of additional functionalities in the optical, electrical,
or digital domains, such as external modulation or noise filtering, features that will be exploited
in the present investigation.
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In a series of proof-of-concept experiments, the present approach is used, first, as a ranging
system, where we demonstrate the expected resolution in the millimeter range with a precision of
20 µm for averaging time of 0.02 s. Subsequently, the capability of our system to dynamically
recover the complex response of linear optical circuits is illustrated by measurements of phase
modulation at acoustic frequencies and by Doppler shift velocimetry of moving targets. In a
final experiment, we show how the platform can be complemented by coding techniques based
on external modulation. In particular, by applying perfect correlation phase sequences to the
generated dual-comb waveforms, each of the combs’ repetition rates are reduced by a factor of
ten while maintaining its capacity to perform the mutual cross-correlation. This leads to a tenfold
increase in the TBP which allows for the extension of the initial ambiguity range (AR) of ∼2 m
up to ∼20 m (40 m roundtrip).

The article is structured as follows. First we describe the bidirectional AO-FSL developed for
dual-comb ranging based on analog coherent pulse compression, and characterize its performance.
Then, we report the experimental demonstration of our system for ranging, phase detection and
velocimetry, and prove the capability to extend the AR. Finally, we provide conclusions and
discuss future developments of the architecture.

2. Bi-directional acousto-optic frequency shifting loop

2.1. Principle of operation and experimental setup

The architecture of AO-FSLs has been described in detail in previous works [40–44]. Briefly,
a (unidirectional) FSL is a recirculating fiber loop that contains three basic elements: an
acousto-optic frequency shifter (AOFS) that introduces a frequency shift fs, an erbium doped
fiber amplifier (EDFA), and a tunable bandpass filter (TBPF). When the AO-FSL is fed by a CW
laser, the loop generates an OFC with a line spacing given by fs. The frequency of the n-th line is
simply given by fn = f0 + nfs, where f0 is the frequency of the seed laser. The role of the EDFA
is to compensate for the losses in the loop, while the TBPF is employed to control the comb
bandwidth and to reduce the amplified spontaneous emission (ASE) originated from the EDFA. A
simple steady-state model for the comb generation, which considers the saturation of the amplifier
gain medium and the ASE within the EDFA, allows optimizing the loop parameters to produce
broadband OFCs [43]. Thus, it is possible to obtain flat-top spectra with a number of lines (N)
ranging from hundreds to thousands with a tooth spacing close to 100 MHz [37,45]. AO-FSLs
have been used for many applications in microwave photonics, including signal processing and
arbitrary waveform generation [46,47].

Assuming that dispersive effects inside the loop are negligible, an AO-FSL produces an OFC
characterized by a quadratic spectral phase [41,42]. More precisely, the phase of the comb
line at frequency fn is given by φn = −πn2fsτc, where τc is the travel time of the light inside
the loop. Experimentally, φn can be controlled by modifying the loop length or by varying the
frequency of the RF signal applied to the AOFS. When the product fsτc is equal to an integer
p (a condition termed as “integer Talbot condition”), the AO-FSL generates a train of Fourier
transform (FT)-limited pulses at a repetition rate of fs [40,41]. When the value of fs slightly
departs from the integer Talbot condition by an amount ∆fs (fs = p/τc + ∆fs), the system is
equivalent to a mode-locked laser after propagation through a dispersive medium with a total
group delay dispersion equal to D = ∆fsτc/(2πf 2

s ). Assuming that |∆fs | ≪ fs, the output signal
consists of a train of periodic optical chirps, with a spectral bandwidth of Nfs and a period 1/fs
[16,37,48]. The chirp rate can be controlled by changing frequency fs, its sign being determined
by that of ∆fs. The duration of the chirps is equal to |Nτc∆fs/fs |, and can be set equal to 1/fs. In
this case, the chirped waveforms are stretched so that the resulting signal is almost continuous.
Moreover, owing to a frequency-to-time mapping effect that occurs in the temporal far-field, the
temporal envelope of the chirps maps the spectral envelope of the OFC generated by the FSL
[37,48].
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The proposed all-optical coherent pulse compression system is based, however, on a bidi-
rectional FSL that generates a pair of tailorable and mutually coherent OFCs [36]. Figure 1
shows the non-reciprocal FSL employed here. The entire optical setup is implemented with
polarization-maintaining fiber. A narrow-linewidth (< kHz) CW laser at 1550 nm feeds the
loop in both directions of propagation (clockwise and counter-clockwise). Two variable optical
attenuators (VOAs) control the input power in each way. 10-dB couplers are employed to seed
the loop, as well as to extract a fraction of the counter-propagating optical fields. In the common
path of the loop, we insert an optical TBPF and an EDFA, both bidirectional (i.e. operating in
both ways). The frequency shifter is also bidirectional, but unlike the previous components, it
has a non-reciprocal behavior. This is possible by combining two circulators with two shifters
(AOFS1 and AOFS2) driven at different RF frequencies fs1 and fs2, so the counter-propagating
fields experience different frequency shifts (see Fig. 1). Due to a small path imbalance between
the two fiber AO shifters, the counter-propagating paths inside the loop are slightly different,
leading to two different travel times τc1 and τc2. Consequently, the integer Talbot condition takes
place at different frequencies for each light direction. For instance, in some of the experiments
shown below, FT-limited pulses are generated when fs1 = 80.740 MHz and fs2 = 80.630 MHz
and the travel times are τc1 = 148.62 ns and τc2 = 148.83 ns (p = 12). This supposes a difference
of δf = fs1 − fs2 = 110 kHz in the repetition rate of the two pulse trains. The interference of
the two combs is detected by a 1.2-GHz photodiode (PDcc). The generated photocurrent is
subsequently low-pass filtered and digitized by an oscilloscope.

Fig. 1. Experimental setup. A bidirectional AO-FSL is seeded in both ways by a CW laser
followed by an optical isolator (OI). The seed intensities are controlled by means of two
variable optical attenuators (VOA 1 and VOA 2). The FSL comprises an amplifier (EDFA)
and a tunable bandpass filter (TBPF), both bidirectional. A system of circulators enables
to apply different frequency shifts (fs1 and fs2) for both propagation ways. The trains of
optical chirps at the output can be detected individually in the RF domain by heterodyning
the optical signals with the seed laser on fast photodiodes PD1 and PD2 (dashed lines). The
recombination of the optical chirps on a photodiode (PDcc) followed by a low-pass filter,
generates the cross-correlation (CC) trace (rep. rate: δf = fs1 − fs2).

An intuitive picture of the operation principle of the pulse compression procedure is given in
Fig. 2. In the frequency domain, the system produces a set of two OFCs starting at f0 and spaced
respectively by fs1 and fs2. The phases of frequency line #n in both combs are respectively equal
to −πn2fs1τc1 and −πn2fs2τc2. After low pass filtering, the photodiode generates a (heterodyne)
comb in the RF domain, with a frequency spacing of δf (and thus compressed by a factor
fs1/δf ), and a spectral phase defined by −πn2(fs1τc1 − fs2τc2). When the condition fs1τc1 = fs2τc2
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is fulfilled, the spectral phase of the heterodyne comb is flat, and therefore the cross-correlation
(CC) trace consists of a train of sharply peaked (or compressed) waveforms with a period of 1/δf .

Fig. 2. Principles of pulse compression in AO dual-comb system, in the frequency (left)
and in the time domain (right). Here, the vertical grey arrows represent the mixing on
the photodetector followed by the low-pass filtering. In the frequency domain, contrary to
conventional dual-comb systems which show a flat (or linear) spectral phase, the spectral
phases of the individual combs produced in the bidirectional FSL, are quadratic (dashed
curves). In the vicinity of the Talbot condition, the resulting waveforms in the temporal
domain consist of chirps (see text). If fs1τc1 = fs2τc2, the spectral phases are the same and
the chirp rates of the output waveforms are identical. Then, the spectral phase of the RF
spectrum resulting from the heterodyne beating of both combs is flat (or linear) and the
cross-correlation trace (CC) is a periodic sequence of peaked waveforms, characteristic of
pulse compression.

In the time domain, the pulse compression process can be described as follows. The electric
fields emitted by the bidirectional FSL write, respectively, as [37]:

E1(t) = E0ei2πf0t
∑︂

n≥0
gnei2πnfs1te−iπn2fs1τc1 + C.C. (1)

and:
E2(t) = E0ei2πf0t

∑︂
m≥0

gnei2πmfs2te−iπm2fs2τc2 + C.C. (2)

where E0 is the amplitude of the seed laser field, gn are the amplitudes of the comb lines (gn are
real numbers) and C.C. stands for the complex conjugate. Linear phase terms (i.e. proportional
to n) have been discarded, as they only result in a global time shift. Both electric fields interfere
on a photodetector and the heterodyne part of the photocurrent is given by [25]:

I(t) = R(t) ⊗ E1(t)E∗
2(t) + C.C. (3)

In this equation, R(t) is the low-pass filtering function and ⊗ stands for the convolution
operation. The product of the fields, in accordance to Eqs. (1) and (2), can be expressed as:

E1(t)E∗
2(t) = I0

∑︂
n,m≥0

gngmei2π[( (nf )]s1−mfs2)te−iπ[( (n)]2fs1τc1−m2fs2τc2) (4)
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where I0 = E0E∗
0. The effect of R(t) (cutoff frequency ≤ fs1/2, fs2/2) is to low-pass filter all

frequency components at nfs1 − mfs2 where n ≠ m. Then, the intensity rewrites as:

I(t) = I0
∑︂

n≥0
g2

nei2πnδfte−iπn2(fs1τc1−fs2τc2) + C.C. (5)

If the condition fs1τc1 = fs2τc2 is met, the resulting cross-correlation trace becomes:

I(t) = I0
∑︂

n≥0
g2

nei2πnδft + C. C., (6)

which consists of a sequence of Fourier transform-limited waveforms of period 1/δf . Thus,
a probe waveform, say E1(t), is periodically compressed by the second, E2(t). This CC trace
is a time-stretched version of the auto-correlation of the probe waveform, of period 1/fs1, and
therefore the stretching ratio is equal to the bandwidth-compression factor, fs1/δf . If all the
N spectral lines are of the same power, I(t) has the form of a periodic sine-cardinal function
and the FWHM (in amplitude) of the compressed pulse in Eq. (6) is 1.21/(Nδf ), equivalent to
1.21/(Nfs1) in the original time scale.

2.2. Experimental characterization of the bidirectional frequency shifting loop

In our setup, the chirped waveforms generated by the bidirectional FSL can be visualized
separately by heterodyning with the seed laser on fast photodiodes PD1 and PD2 (dashed lines
in Fig. 1). Examples of these optical chirps, measured simultaneously for the clockwise (#2)
and counterclockwise (#1) combs, are displayed in Fig. 3. The sequence of plots shows how

Fig. 3. Examples of chirp trains emitted by the bidirectional FSL measured at different times
in two different conditions. The trains of optical chirps are measured by heterodyning with
the seed laser, according to Fig. 1 (red: PD1, blue: PD2). The chirps shift over time relative
to each other due to the frequency offset δf between fs1 and fs2. a: fs1=80,730 MHz and
fs2 = 80,620 MHz. These conditions correspond to negative chirp rates (i.e. the instantaneous
frequency decreases with time) [36]. b: fs1=80,770 MHz and fs2 = 80,660 MHz, which
corresponds to positive chirp rates. In a and b, the high frequency side of the chirps is
filtered out by the detection bandwidth limited to 8 GHz (i.e., smaller than the comb optical
bandwidth of 30 GHz).
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the relative delay shift between the waveforms evolves with time as a result of δf . It should be
noted that the bandwidth of the signals shown in Fig. 3 is limited to 8 GHz by the photodiodes.
Additional output arms (not drawn in Fig. 1) allow us to record the optical spectra by means of
an optical spectrum analyzer. The optical bandwidth of the two counter-propagating combs is
controlled by the TBPF and can exceed 30 GHz for our setup, which corresponds to N > 350
lines.

Figure 4(a) shows a table with the CC traces measured for different values of fs1 and fs2. The
central plot of the table corresponds to the CC signal acquired when both combs are generated
at the integer Talbot condition. The other two traces on the main diagonal are obtained from
the interference of chirped waveforms that meet the condition fs1τc1 = fs2τc2. For these FSL
configurations, the detection process (matched filtering) leads to optical pulse compression in
a purely analog manner. As said, this is interpreted in the spectral domain by the fact that the
phases of the comb lines, labelled by n, are identical in both OFCs (see Fig. 2). Note also that
the CC peaks in the main diagonal entail both positive and negative spikes. This is because the
raw heterodyne signal, Eq. (6), represents the real part or in-phase component of the complex
CC, and so it depends on the relative phase between the chirped waveforms generated by the two
optical combs. The CC traces shown on the second row and on the second column (excluding the
central plot) correspond to the configuration in which only one of the combs is set at the integer
Talbot condition. The measured trace can be then understood as a down-converted version of the
optical waveforms generated by the other comb. The two remaining plots of the table correspond
to RF signals with an increased, positive and negative, chirp rate, due to the cross-correlation of
two optical chirps with chirp rates of opposite signs.

Figure 4(b) presents an experimental trace composed of 110 interferograms, obtained when
both combs are detuned from the integer Talbot condition by ≅ 30 kHz. As can be seen, the raw
heterodyne trace consists of a series of CC peaks which, though noisy, is stable up to scales of
hundreds of µs. If observed over a larger time interval, the peak’s amplitudes vary slowly with
time, with a typical time scale of a few seconds. This is due to the drift of the relative optical
phase between the two combs, related to slow fluctuations in the non-reciprocal part of the system
(i.e. the frequency shifter), where the two combs experience different paths. The raw heterodyne
trace in Fig. 4(b) can be Hilbert transformed to generate its imaginary part, as shown in Fig.
4(c) with an orange trace. The correlation peak, or modulus of the analytic cross-correlation
signal, can now be directly determined, as shown in Fig. 4(d). This procedure also gets rid of the
influence of the phase drift. A zoom-in view of one of the correlation peaks can be observed in
Fig. 4(e). The full width at half maximum (FWHM) takes a value of 34.5 ns, in good agreement
with the value 1.21/(Nδf ) = 36.7 ns deduced from Eq. (6) using N = 300 and δf = 110 kHz.
Figure 4(f) shows the power spectrum of this CC trace. The optical bandwidth is compressed
by a factor of fs1/δf ∼ 730. In this particular example, the RF bandwidth is set by the low-pass
filter placed after the photodetector (see Fig. 1), which has a cutoff frequency of 32 MHz. The
number of lines within 10 dB is then somewhat higher than 300, allowing to deduce an optical
bandwidth of more than 24 GHz.
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Fig. 4. Compression of the CC trace. a: CC traces measured for different values (here
rounded to kHz) of fs1 (in red) and fs2 (in blue). The values fs1 = 80,740 MHz and
fs2 = 80,630 MHz correspond to the so-called integer Talbot conditions, i.e. where fs1τc1
and fs2τc2 have integer values. The duration of each trace is equal to 18 µs (i.e. 2 periods at
110 kHz). b: Example of compressed CC trace (fs1 = 80.770 MHz, fs2 = 80.660 MHz).
c: Performing the Hilbert transform leads to the in-phase (blue) and quadrature (orange)
components of the CC peak, shown here with the dc level subtracted. d: Modulus of the
analytic signal extracted from the CC trace. e: Zoom on an individual cross-correlation
peak. f: RF spectrum of the CC trace measured in (a). The comb spacing is equal to
δf = fs1 − fs2=110 kHz. More than 300 lines are measured. Lines beyond 40 MHz are
numerical artifacts.

3. Experimental results

3.1. Laser ranging by all-optical pulse compression

The laser ranging system based on our bidirectional AO-FSL is sketched in Fig. 5(a). At the
output of one of the combs (the probe), a free-space beam is generated by means of a patch-cord
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terminated with an FC/PC connector, followed by a fiber optic collimator. The use of a FC/PC
connector produces a significant retro-reflection that provides a reference point for distance
ranging. Notice that this choice hampers the measurements of absolute distances, since one
should take into account the optical path inside the collimator. However, for many applications,
the insertion of a PC connector is easily implementable and avoids misalignments.

Fig. 5. Pulse compression ranging. a: Experimental set-up for ranging by pulse compression.
A circulator is used to send the chirp trains #2 – the probe beam - to the target (here, a
mirror mounted on a translation stage at a distance of ∼10 cm from the fiber tip). A 2D
scanner (not shown) can be used to sweep the probe beam on the target. A fraction of the
light is reflected by the fiber tip, and is used as the origin for the distance measurement. The
light back-reflected by the target is recombined with the reference chirp train (#1) on the
photodiode. b: Left: CC traces recorded for different positions of the target after denoising
and Hilbert transform. Right: variation of the delay with the distance of the mirror. In these
measurements, fs1 = 80.770 MHz and fs2 = 80.660 MHz. c: Demonstration of profiling.
The probe beam is scanned horizontally on a reflective tape wrapped around a black metal
plate, located at a few meters from the fiber tip.

In a first experiment, the collimated probe beam is sent to a mirror at normal incidence. The
mirror can be moved perpendicularly to the beam by a translation stage. The back-reflected light
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is coupled into the fiber by the same collimator and, with the aid of a circulator, sent to a coupler
to be mixed with the reference comb on the photodiode (PDcc). In this experiment, the values of
the frequency shifts for the reference and the probe are respectively set to fs1 = 80.740 MHz and
fs2 = 80.360M Hz, in order to optimize the pulse compression in the CC trace and match the
condition fs1τc1 = fs2τc2.

As in the case of the results shown in Fig. 4, the CC trace is Hilbert transformed, in order to
compute the modulus of the complex CC trace. Prior to this, traces are denoised by using the
fact that they are periodic (period 1/δf ): this enables to remove the unwanted contribution of
other frequencies by applying a periodic filter with period δf to the spectrum of the CC trace
[48]. The resulting modulus of the denoised, complex CC trace is composed of periodically
repeated doublets, whose spacing is proportional to the relative distance between the target and
the fiber tip. Figure 5(b) (left) shows a set of superimposed experimental traces, processed as in
Figs. 4(c)–4(d). (Here, the traces were obtained with fs1 = 80.770 MHz and fs2 = 80.660 MHz.)
Each trace corresponds to a different position of the target mirror. The first peak corresponds to
the reflection on the fiber tip, and the second one to the reflection on the mirror. In Fig. 5(b)
(right), we plot the variation of the delay as a function of the mirror displacement (measured on a
precision translation stage). As can be seen, the spacing of the doublet varies linearly with the
position of the mirror. The range resolution is set by the duration of the CC peak (i.e. 34.5 ns).
Taking the bandwidth-compression factor into account, the range resolution is found to be slightly
below 5 mm, which corresponds to the coherence length of the optical frequency combs (24 GHz).
Our FSL system can also provide 2-D mappings by means of a scanning system (not shown in Fig.
5). It consists of a set of a rotation stage and a galvanometric mirror capable of scanning along
the horizontal and vertical directions. Figure 5(c) is obtained by scanning horizontally the probe
beam on a reflective tape wrapped around a black metal plate (profiling demonstration). Along
that direction, the echoes from the target are produced at different depths, as can be observed in
the vertical axis of the figure. The pseudo-color bar points out the relative reflectivity of each
scanned point. The 2D plot is obtained by directly filling the columns of a 2D matrix with the
range information derived from consecutive CC traces. The values of the axial distance have
been deduced supposing free-space propagation from the tip of the fiber to the reflective tape.

Finally, we characterize the system’s performance in terms of ranging precision. Here, the
distance between the target and the tip of the fiber was close to 1 m roundtrip. We calculate the
distance to the target by measuring the consecutive relative time delays between the reference
and the measurement peaks in a 1 s-long CC trace. In this configuration, the period of an
interferogram, i.e. the value of 1/fs, is 15.2 µs, so the experimental trace is composed of around
65800 interferograms. Then, we plot the Allan deviation of the measurements σd as a function
of the integration (or averaging) time, which depends on the number of selected interferograms.
The results are shown in Fig. 6.

For averaging times shorter than 20 ms, the Allan deviation decreases as the square root of the
integration time, a feature characteristic of white noise processes [49]. Notice that the precision
of our technique reaches 20 µm for a 20 ms-integration time. For longer averaging times, Allan
deviation progressively departs from the above theoretical behavior, presumably due to the
smaller number of statistical samples, and to the effect of other noise sources, such as mechanical
vibrations or thermal drifts of the fibers in the measurement arm and in the non-common part of
the bidirectional FSL.

3.2. Dynamic phase-sensitive measurements and Doppler shift velocimetry

The high refresh rate and the coherent nature of our ranging system allow us to measure time-
varying optical phases. For the first experiment, an electro-optic phase modulator (EOPM) is
inserted in the probe arm. Here, the line spacings of the two counter-propagating combs are fs1 =
80,770 MHz and fs2 = 80,660 MHz, respectively. The EOPM is driven by a sinusoidal signal
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Fig. 6. Allan deviation plot. The deviation of the measurement of the distance to the target
is plotted as a function of the integration time. A red dashed line with a −1⁄2 slope in the
log-log plot is included to assess the evolution of the Allan deviation.

with a frequency of 3 kHz. The voltage amplitude is approximately equal to the value required to
produce a phase change of π (Vπ). Figure 7(a) shows an oscilloscope trace of duration 2 ms that
represents the sequence of peaks describing the in-phase components of the cross-correlation
between the probe and reference fields.

Fig. 7. Dynamic phase-sensitive measurements. a: Raw experimental CC trace obtained by
inserting an EOPM in the optical path of the chirp train #2. The EOPM is driven by a sine
wave at 3 kHz, while δf = 110 kHz. b, c: Reconstructed optical amplitude (b) and phase (c)
in path #2.

Successive periods of the probe field undergo different propagation phases imparted by the
EOPM. This phase change is slow (3 kHz) compared with the cross-correlation refresh rate
(δf = 110 kHz), so the peak-to-peak variation is smooth and reflects the phase modulation
induced by the EOPM. After Hilbert transform, the spectrum of the temporal trace consists of
groups of spectral lines periodically repeated at δf , each group representing the spectrum of the
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low-frequency phase modulation. The trace is then denoised by applying a periodic spectral filter
with a width of 40 kHz and a period δf . Transforming back to the time domain, the complete
time-varying complex cross-correlation is recovered. This quantity represents the dynamic
complex modulation function, (i.e., in amplitude and phase) of the probe arm, as can be observed
in Figs. 7(b) and 7(c).

Additionally, when performing laser ranging of moving targets, our interferometer is capable of
measuring Doppler shifts and consequently, target speeds. The results for the Doppler velocimetry
experiment are shown in Fig. 8. By means of a ranging setup similar to the one depicted in Fig.
5(a), we send the probe comb to a rotating disk that has a small area covered by a reflecting tape
as shown in Fig. 8(a). The disk is oriented in such a way that the velocity of the reflecting zone
has a non-zero component in the direction of the beam (−→ez ).

Fig. 8. Velocimetry measurements. a: Experimental set-up used for measuring the Doppler
effect. The plane of the disc is tilted with respect to the direction of the probe beam by the
angle θ2. Here, due to slight experimental changes, the difference in the line spacing of both
combs is now δf = 70.20 kHz (fs1 = 80.702 MHz and fs2 = 80.000 MHz). The probe chirp
train (#2) is sent onto a rotating disk with a definite incidence angle. b: RF spectrum of the
CC trace for a rotation speed of Nrps = 3.62 Hz. The comb of narrow lines corresponds to
the beating of the reference chirp train with the chirp train reflected by the fiber tip. The
frequency shifted comb results from the beating of the reference chirp train with the chirp
train reflected by the rotating disk. The Doppler shift frequency calculated from Eq. (7) is
1.80± 0.13 MHz. c: RF spectrum of the CC trace for a rotation speed of Nrps = −3.62 Hz.
The comb induced by the Doppler effect is also shifted, but reversed as compared to (b).
Both RF spectra are calculated from a 20 ms acquisition trace (∼ 1400 CC traces).

The number of revolutions per second, Nrps = ω/2π, is controlled electrically and deduced
from the measurement of the variation of the intensity of light back-reflected by the reflecting
tape. The return light is collected by the fiber collimator, and combined with the reference comb
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on the photodiode PDcc. During a rotation period, two types of interference signals can be
measured. Most of the time, the light sent to the target is impinging onto a non-reflective point of
the rotating disk. In that case, the retrieved RF comb is the result of the interference between the
comb reflected by the PC connector (reference point, see Section B) and the reference comb. The
sequence of RF lines starts then at null frequency. Eventually, the fraction of the probe beam
arriving at the disk strikes the reflective tape. Then, the comb returns with a Doppler frequency
shift δfDopp, which is proportional to the velocity along the laser direction (i.e. to the angular
speed ω of the disk) according to:

δfDopp = 2f0
2πrNrpscos(θ1) cos(θ2)

c
(7)

where f0 is the frequency of the seed laser, θ1 (resp. θ2) is the angle between the direction of the
laser beam and the vertical direction (resp. the plane of the disk), see Fig. 8(a), r is the distance
from the center of the disk to the reflecting tape and c is the velocity of light.

Figures 8(b) and 8(c) shows the resulting RF spectrum, composed of two interleaved combs:
one is due to the reflection on the fiber tip, and the other one results from the reflection on the
rotating disk. This second comb is shifted with respect to the first one by a frequency given
by ±|δfDopp |, where the sign of the Doppler shift depends on the direction of rotation of the
disk. A negative Doppler shift results in a reversal of the comb [Fig. 8(c)]. The broadening of
the Doppler comb lines is attributed to the roughness of the reflective tape, whose reflectivity
changes as it sweeps in the laser beam. Here, the Doppler shift is equal to is 1.80 ± 0.13 MHz
(based on Eq. (7) with Nrps = 3.62 Hz). The uncertainty comes mainly from the measurement of
the angles. As a comparison, in Figs. 8(b) and 8(c), the frequency shift is evaluated to be 1.9
MHz which is consistent with the calculated value and proves the capability of the system for
Doppler shift velocimetry.

3.3. Ambiguity range expansion by the use of perfect correlation phase sequences

Similarly to conventional dual-comb ranging techniques, the ambiguity range (AR) is set by
the comb line spacing. More precisely, AR ∼c/(2fs1), where we assume that fs1 is the line
spacing of the probe comb. The factor of 2 accounts for the round-trip between the source
and the target. In our case, fs1 is close to 80 MHz, and the AR approaches 1.85 m. Outside
this range, complementary distance measurements are required in order to find out the integer
number of comb periods that separate the reflection on the target from the reference peak. This
number can be also calculated by switching the roles of the probe and reference combs to make
use of the Vernier effect, although at the expense of reconfiguring the comb generators and
performing two sequential measurements [24]. Here, we expand the AR of the system by the
application of phase sequences to the trains of chirped waveforms generated by the bidirectional
FSL. In particular, we use perfect correlation Gauss sequences, characterized by the fact that
their periodic autocorrelation vanishes at any non-zero time shift [50]. In this regard, it is to be
noticed that this procedure is enabled by the temporal properties of the dual-comb waveforms,
since they consist of trains of chirped pulses confined to their fundamental periods, 1/fs1 and
1/fs2 respectively, with negligible pulse-to-pulse overlap. By introducing the same periodic series
of phase modulating signals, the periods of both combs are increased by the same factor while
maintaining their capacity to perform the mutual cross-correlation leading to dual-comb pulse
compression.

The modified comb-based system implemented to expand the AR is shown in Fig. 9(a). Two
phase modulators (EOPM1 and EOPM2) apply the same perfect correlation phase sequence (of
length q) to the chirp trains. The phase level applied to the n-th element of the sequence is set
with two synchronized arbitrary waveform generators (AWGs) according to πn2/q. In both arms,
the duration of a phase level matches the period of the chirps. The periods of whole sequences
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Fig. 9. Multiplication of the ambiguity range by applying perfect correlation phase sequences.
a: Experimental set-up to increase the AR by the insertion of two phase modulators in the
comb-based ranging system. b: Experimental autocorrelation traces after Hilbert transform
and spectral filtering for q = 4 (b.1), and q = 8 (b.2). In these measurements, fs1 = 80.7184
MHz and fs2 = 80.6566 MHz (i.e. δf = 61.8 kHz). c: Evidence of AR multiplication. The
distance of the target from the fiber tip is 2.83 m. c.1: No phase sequence is applied (AR:
1,85 m). c.2: A phase sequence with q = 10 is applied. The AR is increased to 18,5 m (see
text).

are q/fs1 and q/fs2, so a decimation by a factor of q is induced in the CC trace (i.e., constructive
interference only occurs after q periods). In that way, the AR is increased by the same factor.
This is illustrated in Figs. 9(b.1) and 9(b.2) that show the resulting CC traces for q = 4 and q = 8.

Each sequence is the modulus of a Hilbert transformed trace (acquired within 20 ms) after
de-noising by spectral filtering. Within a single interferogram, residual peaks separated by 1/δf
are visible. This is mostly due to the limited speed of the AWGs (3 ns rise time), that smoothens
the phase profiles applied to the EOPMs. The expansion of the AR is evidenced in Fig. 9(c). A
target is placed at an axial distance equal to 2.83± 0.03 m from the reference point (the fiber tip).
When no phase mask is applied [Fig. 9(c.1)], the time delay between the two sets of peaks in the
CC trace is equal to 8.32 µs. In the corresponding propagation time axis, taking the compression
factor into account, this value would correspond to a roundtrip time from the reference point to
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the target, equal to 6.37 ns+ k×12.4 ns, where k is an integer. In other words, the relative distance
of the target could be 0.96 m+ k×1.85 m. To lift the ambiguity, a perfect correlation phase
sequence of length q = 10 is applied to the chirp trains. The time delay between the two sets of
peaks in the CC trace is now equal to 24.3 µs [Fig. 9(c.2)]. Following the same reasoning, this
value would lead to a relative distance of the target of 2.79 m+ k′×18.5 m (k′ integer). Knowing
that the target was placed at a relative distance smaller than 18.5 m, one can unambiguously infer
a target position close to 2.79 m (i.e. k = 1 and k′ = 0).

4. Conclusions

We have proposed and experimentally demonstrated a new, all-optical method for the generation
and coherent pulse compression of MW-bandwidth waveforms employing low frequency elements
and dual-comb cross-correlation detection. Our method is based on the generation of two trains
of identical optical chirps with a slightly different repetition rate. As a timed-domain detection
technique, it differs from a conventional dual-comb spectroscopy scheme, which is intended
to measure the spectral response of a sample regardless the temporal properties of the probe
signal. In order to generate the trains of optical chirps, we employ a setup that consists of a
single bidirectional FSL fed by a narrow linewidth CW laser. This system is implemented with
conventional telecommunication components and sinusoidal driving signals with a bandwidth
below 100 MHz. The generated optical chirps have a bandwidth approaching 30 GHz and their
chirp rates are readily controlled by the frequency signals that drive a couple of AO shifters.
This architecture has been demonstrated to allow coherent averaging over times close to one
second [36], a scale that turns out to be sufficient to perform the analog pulse compression and
the supporting signal processing procedures. As a laser range finder, the system achieves a range
resolution of a few millimeters, equivalent to that of time-of-flight pulse lidars with pulses in
the range of tens of ps. Moreover, the systems shows a precision of 20 µm with a digitization
bandwidth reduced by three orders of magnitudes, from tens of gigahertz to tens of megahertz,
as compared to its digital counterpart [16]. Concerning the AR, the other fundamental lidar
parameter, it has been shown to be extensible by a factor of ten by concatenation of perfect
correlation phase codes. Finally, and unlike incoherent pulse compression approaches, our
ranging system inherently provides phase-sensitive measurements. To demonstrate and evaluate
this capability, we have retrieved the time-dependent complex response of a sample (a phase
modulator driven by an RF signal on the sub-millisecond time scale). Additionally, our ranging
system can work as a velocimeter, by measuring the Doppler shift induced on the probe comb.
As a final benefit, the temporal waveforms generated by the setup are easily tailorable while
preserving its TBP product, and can be set in the form of quasi-continuous waveforms amenable
to high-power amplification.

The present approach also opens up prospects for future developments. In order to improve
the range resolution, the bandwidth of the dual-comb generator could be increased to values near
100 GHz (>1000 optical lines) by a proper design of the FSL, as has been already demonstrated
for a unidirectional loop [37,45]. In that direction, several analyses have been recently published,
in order to model the comb generation in an AO-FSL [44,51]. On the other hand, the possibility
of expanding the AR, along with the use of highly amplified long optical chirps, makes our
system especially suited for long distance ranging.
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