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We present a direct-frequency-comb spectroscopy method able to resolve the spectral comb structure with
an instrumental frequency resolution limited only by the coherence properties of the comb source itself. The
proposed technique, based on a 50 000-finesse scanning Fabry-Pérot microcavity resonator combined with a
low-resolution diffraction grating, is characterized using a 250-MHz Er-fiber frequency comb demonstrating
an ultimate frequency resolution as low as 50 kHz over an optical bandwidth up to 4 THz and with tens-of-
milliseconds measurement times.
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I. INTRODUCTION

Direct-frequency-comb spectroscopy (DFCS) is nowadays
considered a fundamental tool in many areas of science and
technology for high-fidelity mapping of atomic and molec-
ular energy structure thanks to its unique performance: a
combination of ultrabroad bandwidth, high-speed detection,
high sensitivity, and absolute frequency accuracy [1–5]. Since
the first DFCS experiments [6,7], several methods have been
developed to increase the frequency resolution down to the
comb mode level without sacrificing the broadband and fast
acquisition time requirements [8–15].

Achieving high resolution is crucial especially for
precision-spectroscopy applications where very narrow spec-
tral features have to be detected over wide spectral band-
widths. In the last few years the number of experiments
successfully exploiting DFCS for precision spectroscopy
measurements has been rapidly increasing, with frequency
resolutions generally ranging from tens of kilohertz to a
few-gigahertz level, depending on optical bandwidth cover-
age and acquisition times. In the near-IR spectral region, for
instance, by exploiting a pair of optical frequency combs
(OFCs) tightly stabilized against narrow-linewidth cw optical
references [16], dual-comb spectroscopy of Doppler-free two-
photon transitions of 6-MHz linewidth has been performed,
over a spectral span of 10 THz and with 1-MHz effec-
tive resolution (due to the frequency sampling interval) and
1-kHz theoretical resolution (limited by the comb linewidth).
Single comb-tooth detection capabilities have also been
demonstrated (across the same 10-THz optical bandwidth)
by adaptive real-time dual comb spectroscopy [17], allowing
for a theoretical resolution down to the ≈200-kHz linewidth
of the OFC source employed. Similar performance in terms
of resolution has also been demonstrated by electro-optic
(EO) dual-comb approaches, although over a more limited
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optical bandwidth of ≈300GHz. A remarkable result has
also been achieved by Long and Reschovsky exploiting EO
frequency-comb generation combined with a self-heterodyne
detection scheme which allowed them to produce and detect
optical frequency combs with spacing from 260 kHz down to
100 Hz, however over extremely narrow optical bandwidths,
ranging, respectively, from 650 MHz to 40 kHz [18]. In the
mid-IR spectral region, Fourier-transformed DFCS has been
applied to measure buffer-gas cooled nitromethane absorption
lines at ≈3-μm wavelength with an effective resolution of
≈4MHz (minimum theoretical resolution of 50 kHz due to
the comb linewidth) over a single-scan bandwidth of ≈4 THz
[19].

With few exceptions, among which is the work of Long
and Reschovsky [18] where the system resolution has been
verified by measuring electromagnetic-induced transparency
as narrow as 1 kHz, the performance of the DFCS sys-
tems has, however, rarely been tested by actually measuring
absorption features of linewidths comparable to the instru-
mental resolution. This is due to the difficulty of achieving
the required extremely narrow optical features. Few groups
have, however, made this effort, usually by locking a Fabry-
Pérot (FP) cavity to the comb source and measuring its
transmission features. For instance, the resolutions of Fourier-
transformed and dual-comb spectroscopic approaches have
been tested by measuring FP resonances of ≈200-kHz and
2-MHz linewidths, respectively, over optical bandwidths
wider than 15 THz [20,21]. Very recently, virtually-imaged-
phase-array comb spectroscopy combined with a FP cavity
to implement a Vernier scheme for filtering the comb mode
line spacing demonstrated the capability to measure a 14-kHz-
narrow FP resonance [22]. An alternative DFCS approach
capable of resolving the mode structure of an OFC based
on a scanning FP microcavity resonator, SMART (Scanning
Micro-cAvity ResonaTor), and a tunable single-frequency cw
laser calibrator demonstrated resolution better than 20 MHz in
1-THz-wide optical bandwidth and 20-ms acquisition times,
limited by the microcavity finesse and the adopted sequential
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FIG. 1. Experimental setup for the characterization of the SMART performance. AOM, acousto-optic modulator; BS, beam splitter; DAQ,
data acquisition system; G, diffraction grating; GPS, global positioning system; M, mirror; PBS, polarizing beam splitter; PD, photodetector;
PZT, piezoelectric transducer.

measurement scheme [14]. This last approach has the ad-
vantage of achieving performances comparable to the above
systems but with a much more flexible architecture of lower
complexity (being based on scanning FP cavity completely
independent, not locked to the comb source adopted) and
easily extendible to the important mid-IR region of molecular
fingerprinting.

In this paper we present a significant advance in the
SMART DFCS method exploiting parallel acquisition of two
different microresonator transmission-mode orders. This al-
lows us to improve the optical bandwidth for the single-scan
acquisition while keeping the same accuracy level of the
calibrated frequency axis and removing any tunability re-
quirements for the cw laser. In this evolved implementation,
calibration of the frequency axis is therefore achieved by
exploiting a single-frequency cw laser with a fixed emission
wavelength. Also, by means of a test FP cavity, we demon-
strate the ability of the system to resolve spectral features as
narrow as ≈300 kHz well below the 20-MHz linewidth of the
SMART resonator transmission modes, ultimately limited by
the comb source adopted. In particular, the full characteri-
zation of the proposed SMART DFCS method is performed
at around 1.55μm using a commercial self-referenced
250-MHz Er-fiber frequency-comb source, a free-running
Er-fiber single-frequency laser, and a 50 000-finesse microres-
onator combined with a low-resolution dispersive grating.

Sub-MHz linewidth resonances of the test FP cavity as well
as GHz linewidth acetylene absorption lines are employed
as target spectroscopic spectral features in the Er-fiber comb
wavelength region. Frequency resolution as low as 50 kHz
in an optical bandwidth up to 4 THz and with few-tens-of-
milliseconds single-scan measurement time is demonstrated,
which compares with the best top-level DFCS implementa-
tions. The SMART technique being a direct measurement
method, the signal-to-noise ratio (SNR) of the single-scan
measurement is limited by the relative intensity noise of the
comb source at a level of ≈1% (for an integration bandwidth
from 10 Hz to 2 MHz). By taking advantage of the coherent
averaging of the recorded spectra, the SNR reaches the 103

level for a number of averages equal to 20 (corresponding to
a measurement time of ≈1 s).

II. SMART DFCS EXPERIMENTAL SETUP

Broadband feasibility of the SMART method is demon-
strated by precision spectroscopy of the ν1 + ν3 rovi-
brational band of acetylene (C2H2) at around 1.55μm,
whereas the high-frequency resolution is validated by mea-
suring the reflection coefficient of a sub-MHz linewidth
performance-testing cavity. Figure 1 shows the imple-
mented SMART setup based on a self-referenced dual-
branch Er-fiber frequency comb with 250-MHz repetition
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FIG. 2. (a) Microresonator transmission vs scanning time detected by PD0 and PD1. Several lines of the C2H2 P-branch absorption band
are clearly visible as a modulation of the OFC spectrum detected by PD1. Right panels: Temporal zooms around the cw laser, showing the
microresonator frequency resolution (� f ) and the comb line spacing ( fr), and a detail of the resolved comb modes modulated by a C2H2

rovibrational absorption line. (b) Calibrated microresonator transmission detected by PD0 and PD1 vs absolute frequency. Bottom panels:
Spectral zooms around the P8e and P6e C2H2 lines (red curves, HITRAN fitting profiles; bullets in red curves fit residuals).

rate, a narrow-linewidth distributed-feedback (DFB) Er-
fiber laser, a scanning microresonator constituted by two
spherical mirrors (1-m radius of curvature) with a fi-
nesse of ≈50 000 (T = 0.005% at 1540 nm) and a Free
Spectral Range (FSR) of ≈600GHz (corresponding to 250-
μm mirror separation), and a reflective diffraction grating
(600 grooves/mm). The microresonator transmission modes,
the linewidths of which are ≈12MHz, are swept by con-
tinuously scanning the mirror separation through a periodic
voltage linear ramp applied to a piezoelectric transducer
(PZT), as in the conventional optical spectrum analyzer con-
figuration (corresponding to the case where only one comb
mode is resonant with the cavity at a given time). To avoid
spectral aliasing between the adjacent transmission orders
of the FP microresonator, the microcavity transmission is
first dispersed by means of a diffraction grating and then
it is detected by two separate InGaAs photodetectors con-
nected to a 12-bit digital oscilloscope: PD0 measures the
microresonator transmission-mode order, M, containing the
cw laser frequency, whereas PD1, mounted on a linear transla-
tional stage, detects higher transmission-mode orders,M + K ,
from K = 1 to 6 (enabling measurements spanning an opti-
cal bandwidth up to 4 THz). The main output of the OFC,
providing 0.5-W average output power in the spectral region
from 1500 to 1600 nm and with 250-MHz pulse repetition
frequency, is combined with the DFB Er-fiber laser, emitting
at 1550-nm wavelength, with a 10-ms linewidth of 10 kHz
and ≈50-MHz frequency accuracy. The combined radiation
is sent to the performance-test cavity (1-GHz FSR with a
finesse of ≈2500), back-reflected to the 10-cm-long C2H2

gas cell (filled at 50-mbars pressure), and finally coupled to
the scanning microresonator for spectral analysis. The second
output branch of the Er-fiber comb is used to detect the carrier
envelope offset frequency, f0, by one-octave supercontinuum
generation in a highly nonlinear fiber and an f − 2 f interfer-
ometer scheme. Self-referencing of the OFC is then obtained
by stabilizing both the comb repetition and offset frequencies
against a GPS-disciplined Rb radio-frequency standard (10−12

fractional frequency accuracy).

Figure 2(a) shows the single-scan spectra as acquired by
the two photodetectors while scanning the microcavity length
with a maximum span �d of ≈0.5 μm in 40 ms. The individ-
ual comb modes ( f0 = 50MHz and fr = 249.986 262 7MHz)
as well as the cw laser emission line are well resolved, with an
instrumental linewidth [full width at half maximum (FWHM)]
of ≈12MHz, consistent with the 50 000-finesse value of the
adopted microresonator. Absorption features of the C2H2 gas
are clearly visible as a modulation of the comb spectrum
detected by PD1. By applying a calibration algorithm, the
optical frequency of each comb mode is remapped onto an
absolute frequency scale, allowing for the identification of
the corresponding C2H2 absorption lines. The calibration em-
ploys the free-running cw laser, with a frequency stability
much better than the comb spacing, as a frequency marker
to measure the order, ncw equal to the nearest integer of the
ratio (νcw− f0 )

fr
, of the comb tooth near the cw frequency. The

frequencies of the comb modes are therefore uniquely deter-
mined using the comb equation νcomb = [(ncw + q) fr + f0],
where the integer q = ±1,±2, . . . ,±N for the Mth-order
microcavity transmission [see Fig. 2(a)] and q = (K FSR

fr
±

1), (K FSR
fr

± 2), . . . , (K FSR
fr

± N ) for the (M + K ) microcav-

ity transmission order (where K FSR
fr

is approximated to the
nearest integer). In this way, absolute calibration of the fre-
quency axis is obtained through the whole detected optical
bandwidth in the same microcavity scanning time, allowing
also for effective coherent averaging of the recorded spectra
and corresponding increase of the SMART sensitivity [14].
Spectra detected by PD0 and PD1 are plotted in Fig. 2(b)
versus absolute frequency, after calibration. By exploiting the
spectral position of the cw reference (νcw = 193 416.35 ±
0.05GHz, λcw = 1550.000 nm), a value of 610.146 GHz can
be retrieved for the microcavity FSR, corresponding to M =
317 and M + K = 321 (K = 4) for the transmission-mode
order detected, respectively, by PD0 and PD1. Thanks to the
absolute calibration of the frequency scale, limited only by the
GPS-disciplined Rb radio-frequency standard, the assignment
of the C2H2 rotovibrational lines observed by PD1 is therefore
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FIG. 3. (a) Recorded transmission spectrum from a 10-cm-long gas cell filled with pure C2H2 at a pressure of 5 kPa (blue curve) over
a bandwidth of ≈3 THz, corresponding to microresonator transmission-mode orders K = 2, 3, 4, 5, 6, together with the HITRAN database
simulation for comparison (red curve). A mirror-image replica of the HITRAN spectrum (light gray) is also drawn underneath the recorded
spectrum as a guide to the eye. (b) Retrieved line-center frequencies of the main C2H2 absorption lines.

performed with a line-center frequency accuracy better than
10 MHz. The limiting factors for the line-center frequency
accuracy are mainly due to statistical contributions set by the
finite SNR. In particular, for a single scan measurement a
typical SNR of 200 is obtained as retrieved by the 0.5% root-
mean-square (rms) value of the normalized residuals between
the measured C2H2 transmission spectrum and the line fitting
curves using a simple Voigt profile and the high-resolution
transmission molecular absorption (HITRAN) database [23]
[see Fig. 2(b), showing two spectral zooms around the P8e
and P6e lines]. Taking into account the GHz-wide C2H2 ab-
sorption linewidth, this finite SNR translates into the observed
10-MHz uncertainty.

Sequential measurements of different microcavity
transmission-mode orders have been performed by changing
the position of the PD1 photodetector to extend the overall
optical bandwidth (without changing the microcavity FSR).
Figure 3(a) shows the reconstructed C2H2 absorption
spectrum together with a simulation based on the HITRAN
database [23] over a bandwidth of ≈4 THz, corresponding to
microresonator transmission-mode orders K = 2, 3, 4, 5, 6.
Each measured spectrum is the average of 20 spectra
recorded in a measurement time of 1.6 s, leading to a
SNR of ≈1000 [14]. The retrieved center frequencies of
the main C2H2 absorption lines are depicted in Fig. 3(b),
showing a 2.2-MHz deviation with respect to the HITRAN
database. In this averaged measurement, the uncertainty in
the line-center frequency is mainly limited by a residual
background modulation that slightly affects the position of
the absorption-line-center frequencies (on the order of 1%
of the measured linewidths, with respect to the HITRAN
values).

In order to characterize the frequency resolution of the
SMART technique we performed the detection of the periodic
narrow-linewidth reflection profile of a test cavity. A plano-
concave resonator configuration of 1-GHz FSR is chosen for
this cavity so that, in resonance conditions, only one of four
comb modes are transmitted through the cavity resonances.
The high-reflectivity dielectric coatings of the resonator mir-
rors (fused silica substrates) have nominal reflectivities of 99.9
and 99.98% for the plane and concave (1-m radius of curva-
ture) ones, respectively, in the wavelength range from 1520
to 1580 nm. The second surface of the curved mirror is antire-
flection coated whereas the input surface of the plane mirror is
uncoated (Fresnel reflection coefficient of 3.3%). The test cav-
ity finesse is measured at 1550 nm using the 10-kHz linewidth
cw Er-fiber laser. A cavity linewidth (FWHM) of 380 kHz is
measured by scanning the cw laser frequency across one of
its resonances [see Fig. 4(c), bottom panel], corresponding
to a cavity finesse of 2630, in very good agreement with
the nominal mirror coating specifications and consistent with
the measured cavity ring-down time of 0.84μs. To remove
any frequency drift and environmental perturbations, one of
the cavity resonances is frequency locked against the cw Er-
fiber laser (νFPcal = νcw) by means of wavelength modulation
technique applying to the cw Er-fiber laser a frequency dither-
ing (100-kHz modulation frequency and 100-kHz modulation
depth) to its PZT actuator and closing the feedback control
loop on the test cavity PZT. In addition, to fine tune the OFC
around the test cavity resonances, a frequency-shifted replica
of the OFC [obtained by using an acousto-optic modulator
(AOM) frequency shifter] is stabilized with respect to the cw
Er-fiber laser using the beat note signal between one tooth
of OFC and the cw laser (beat note detection unit in Fig. 1).
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FIG. 4. (a) Test cavity reflection profile measured by the DFCS SMART method in a 300-GHz optical frequency span. (b) Detail around
the 193-THz frequency showing 27 cavity reflection profiles (top panel) and the retrieved resonance linewidths (bottom panel) as a function of
optical frequency. (c) Comparison between the calibration reflection profile and linewidth measured by the DFCS SMART method (top panel)
and by a cw Er-fiber laser (bottom panel). In all diagrams, the dotted red curves represent the computed values of the minimum reflectivity or
resonance linewidths as a function of optical frequency due to the residual 3.3% reflectivity of the first surface of the test cavity input mirror
whereas the full red curves are the cavity reflection profiles corresponding to a superposition of the real and imaginary parts of the complex
Lorentzian profile [21].

This optical servo loop drives the fast intracavity electro-optic
modulator to control the OFC repetition frequency in order
to keep the following relation: (νcomb + fAOM) = (m fr + f0 +
fAOM) = νcw + fbeat. Also in this case, all the radio frequen-
cies and the comb offset frequency are stabilized against the
Rb clock. In this way, changing the beat frequency in the range
from fAOM ± � fAOM, where � fAOM = 1MHz, it is possible
to finely scan the OFC under the calibration FP resonances
and record the cavity reflection by the SMART technique.
Figure 4(a) shows the FP cavity reflection in the spectral
range from 192.86 to 193.16 THz as measured by the DFCS
SMART method in a measurement time of 200 ms (average
of 20 spectra acquired in 10-ms scan time). Periodical narrow
peaks are clearly observable in the measured cavity reflection,
with FSR equal to four times the comb repetition frequency
and with a sinusoidal-like modulation of the minima in the
range between 40 and 60%. This modulation is ascribed to the
residual reflection of the first surface of the test cavity plane
mirror, as pointed out by the excellent agreement between
the experimental data and the theoretical dotted red curve
corresponding to the simulated cavity reflection taking into
account the 3.3% reflectivity of the uncoated mirror surface
and the 6.35-mm thickness and 1.44 refractive index of the
fused silica mirror substrate. This residual reflectivity turns
out also in a slight modulation of the cavity finesse and of
the resonance linewidths. Figure 4(b) shows 27 cavity re-
flection profiles and their retrieved resonance linewidths in
the optical frequency around 193 THz. The cavity linewidths

(FWHM), obtained using a cavity reflection profile corre-
sponding to a superposition of the real and imaginary parts of
the complex Lorentzian profile [21], are well described by a
sinusoidal function, �νref = �ν0 + � sin[(2πν/c)2nt − φ0],
with the following fitting parameters: �ν0 = 400 ± 3 kHz,
� = 34 ± 4 kHz, n = 1.44 ± 0.05 (mirror substrate refractive
index), and φ0 = 1.56π ± 0.9 rad, where the mirror substrate
thickness is t = 6.35 mm and c is the speed of light. As a
comparison, Fig. 4(c) reports the same cavity reflection profile
measured using both the SMART DFCS method and the cw
Er-fiber laser (by simply scanning the cw laser frequency
across the auxiliary cavity resonance). It is worth pointing out
the excellent agreement between the retrieved cavity linewidth
values: 384 ± 19 kHz and 380 ± 3 kHz for the SMART DFCS
and cw Er-fiber laser, respectively. In the case of comb mea-
surements, the asymmetric cavity spectral shape, modeled
by the superposition of the real and imaginary parts of the
complex Lorentzian profile, is caused by a slight mismatch
between the profile of the beam reflected at the cavity in-
put mirror and that coming out by the multiple intracavity
reflections. Indeed, the fine alignment of the test cavity was
performed using the cw laser and some differences in coupling
efficiency between the comb radiation and the calibration
mode are due to chromatic aberration in the mode matching
lenses. To better estimate the ultimate frequency resolution
of the SMART method, we performed further line fittings
using a complex Voigt profile instead of a complex Lorentzian
profile to take into account any broadening contribution to the
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test cavity linewidth due to instrumental limitation such as
the comb tooth linewidth. The retrieved Gaussian (FWHM)
linewidth contribution of the Voigt profile is 20 ± 44 kHz,
i.e., consistent with zero and negligible with respect to the
384-kHz Lorentzian contribution reported in Fig. 4(c). In
addition, the fit residuals of the complex Voigt profile are
characterized by a rms value of 6% with respect to the
resonance contrast, two times higher than the 3% value
obtained with the complex Lorentzian profile shown in
Fig. 4(c), indicating that the complex Lorentzian profile is
more statistically appropriate than the Voigt one. However,
in the worst case, assuming the deviation of the Gaussian
linewidth as the instrumental contribution, the ultimate res-
olution of the implemented SMART DFCS method would
be therefore at the 44-kHz level, which is consistent with
the comb mode linewidth we previously measured in the
range from 20 to 50 kHz for observation times from 1 to
10 ms [24].

III. CONCLUSIONS

We report on the full characterization of a compact
and versatile direct-frequency-comb spectrometer with a re-
solving power higher than 4 × 109 in the spectral region

from 1.5 to 1.6μm, which is based on a high-finesse
scanning Fabry-Pérot microresonator and a low-resolution
diffraction grating combined with a free-running single-
frequency cw calibration laser. The proposed method exploits
the full potential of the optical frequency-comb source in
terms of absolute frequency calibration, high sensitivity,
and millisecond acquisition times, through parallel acqui-
sition of two different microresonator transmission-mode
orders (separated by several free-spectral-ranges) by us-
ing two independent photodetectors. The detection scheme
lends itself to be extended to other spectral regions, in
particular to the middle and far-infrared molecular fin-
gerprint regions for precision spectroscopy and sensing
applications.
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