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Abstract: This manuscript describes the design of a robust, mid-infrared dual-comb spectrome-
ter operating in the 3.1-µm to 4-µm spectral window for future field applications. The design
represents an improvement in system size, power consumption, and robustness relative to previous
work while also providing a high spectral signal-to-noise ratio. We demonstrate a system quality
factor of 2×106 and 30 hours of continuous operation over a 120-meter outdoor air path.

1. Introduction

Dual-comb spectroscopy (DCS) using mode-locked lasers provides an unparalleled combination
of broad spectral bandwidth, high resolution, high signal-to-noise ratio, and high frequency
accuracy [1–14]. In the near-IR, fielded open-path dual-comb spectrometers [15] based on
robust polarization maintaining (PM) Er:fiber frequency combs have been used for open-
path greenhouse gas monitoring [16–18], leak detection in oil and gas infrastructure [19,20],
combustion monitoring [21,22], and materials characterization [23,24], often exceeding the
capabilities of conventional spectrometers. Extending the wavelength coverage of frequency
combs to the mid-IR allows access to strong, fundamental, ro-vibrational molecular bands
and greatly enhances sensitivity [25]: demonstrations of microscopy [26], open-path detection
of volatile organic chemicals [8,27,28], studying combustion dynamics [29,30], detection of
radicals [31,32], and bio monitoring [33,34] suggest an array of possible directions for this
technology. If these laboratory mid-IR DCS systems could be made fieldable in the same
manner as the near-IR systems, it would enable new measurement capabilities. While some DCS
applications could certainly be addressed with compact, portable and increasingly advanced
quantum-cascade-frequency combs [30,33,35–42], inter-band cascade frequency combs [43],
and mid-IR electro-optic combs [44,45], certain applications, such as atmospheric monitoring,
require a combination of broad spectral bandwidth and high resolution that is currently not
available with QCL-based DCS.
Here we demonstrate a fieldable mid-IR dual-comb spectrometer based on PM Er:fiber

frequency combs and difference-frequency generation (DFG) [2,8,12–14,26,27,46,47]. Similar
intra-cavity DFG [48] and optical parametric oscillator [11,49–52] techniques are increasing in
sophistication, but we feel that two-branch DFG is currently the optimal way to construct a robust,
modelocked-laser-based, mid-IR dual-comb spectrometer for field applications because of the
simple, single pass frequency conversion from near-IR tomid-IR. Unlike our previous systems [12],
this new approach does not require Yb:fiber amplifiers and large grating compressors/stretchers,
which results in greatly decreased size, cost, and complexity and thus significantly improved
reliability compared to previous systems. We show that this system provides up to 6 mW of light
spanning the 3-4 µm atmospheric transparency window. The near-term goal of this work is to
build on previous near-IR DCS for studying emissions from oil and gas infrastructure with the
goal of being able to directly measure the volatile organic chemicals that impact local air quality.
With this in mind we demonstrate the capability of the system over a 120-m outdoor open-path
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measurement spanning 30 continuous hours with 100% instrument up-time. This demonstrates
the stability of the new DCS system and shows its potential for atmospheric monitoring outside
of the laboratory.

2. Robust mid-IR comb design

The basic mid-IR comb design is shown in Figs. 1(a) and 1(b) and is based on a PM mode-locked
Er:fiber laser [53] with a 200-MHz repetition rate. The output from the near-IR oscillator is
split into one branch for laser stabilization and a second branch for mid-IR light generation
via DFG. This second branch is preamplified to ∼50 mW in a 50 cm long, normal-dispersion,
singly-pumped erbium-doped fiber amplifier (EDFA) before being, again, split into two branches
to provide signal and pump light at 1.1 µm and 1.56 µm respectively. The signal branch consists
of an EDFA and a nonlinear optical fiber optimized to generate ∼40 mW of light between 1.04 µm
and 1.12 µm. The EDFA uses ∼170 cm of normal-dispersion PM Er:fiber and is triply pumped
with 900 mW, 976 nm laser diodes (one forward, two reverse) to produce an average power of
∼400 mW with a pulse duration of ∼65 fs. The pulse is then spectrally broadened in ∼20 cm of
polarization-maintaining (PM) highly-nonlinear optical fiber (HNLF) with a nominal dispersion
of 2.2 ps/nm/km at 1550 nm. The 1.1 µm pulses are ∼800 fs in length. The light for the pump
branch is amplified in 100 cm of anomalous-dispersion PM Er:fiber that is reverse pumped with
a single 900 mW, 976 nm laser diode. To reduce the system sensitivity to small timing drifts, the
1.56 µm light is stretched in 5 m of PM1550 fiber before it is amplified by the EDFA. The result
is an average power of∼175 mW and a pulse duration of ∼1 ps.

Fig. 1. System diagram for a single comb showing (a) a block diagram of a single mid-IR
frequency comb, (b) a photograph of the system in (a) with beam paths added, and (c) the
chirped waveguide PPLN poling design. PM: polarization maintaining, EDFA: erbium
doped fiber amplifier, HNLF: highly-nonlinear fiber, PPLN: periodically poled lithium
niobate.

The broadband signal light is collimated into free-space with an off-axis parabolic mirror
(OAP) of focal length f= 15 mm while the narrowband pump light is collimated into free-space
with a f= 18.36 mm triplet lens. To generate the mid-IR light, the pump and signal pulses are
combined on a dichroic beam splitter and coupled into a periodically-poled lithium niobate
(PPLN) waveguide using an f= 15 mm OAP with about 65% efficiency. The waveguide is a 15
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µm × 16 µm ridge waveguide whose chirped poling design is shown in Fig. 1(c). The pump
and signal pulses are temporally overlapped in the waveguide by tuning a variable path length
section of the 1.56 µm pump branch, resulting in up to 6 mW of mid-IR light in a spectrum
simultaneously spanning from 3.1 µm to 4 µm. Due to the long temporal duration of the 1.56
µm pulses (∼1 ps), the shape of this spectrum depends only weakly on the relative pulse delay
between the two branches, providing a high level of long-term stability. Finally, mid-IR light
exiting the waveguide is collimated using a f= 5.95 mm aspheric lens.

Although the signal power at 1.1 µm is significantly lower here than in the previous work [12],
the use of waveguide PPLN enables the generation of milliwatt level mid-IR light. This high
conversion efficiency can be explained by the Landau-Zener theory for adiabatic rapid passage
as applied to non-linear frequency conversion [54,55]. The theoretical efficiency of frequency
conversion, ηLZ , in the adiabatic regime (assuming a strong, time-invariant, and undepleted pump
field) is a function of pump intensity, IP, and is given by

ηLZ = [1 − exp(BIP)] (1)

where B is a negative number that can be calculated from the waveguide material properties and
geometry as shown in refs. [54,55]. The efficiency of our conversion can also be estimated by
fitting the data in Fig. 2(d) to the form IMid−IR = [1 − exp(BIP)]A and estimating the asymptote of

Fig. 2. (a) Spectrum of the 1.1 µm signal light measured after the waveguide shown both
without pump-signal pulse overlap (black) and with overlap (red). The difference shows
depletion of the signal light in the converted band. In this case, incident pump power was
∼70mW corresponding to ∼50% conversion of the 1.1 µm light. (b) Spectrum of the pump
pulse. (c) Spectrum of the generated mid-IR comb idler light from a single comb. (d)
Measured mid-IR output power as function of the incident 1.56 µm power (black points) and
a fit to the Landau-Zener approximation (red line). At the higher input power levels, there is
clear evidence of saturation in the mid-IR output. The fit asymptotically approaches 7.6mW.
The 1.1 µm light is held at a fixed power throughout.
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the function as 100% conversion of the phase matched 1 µm light. Figure 2(d) shows the fit of our
experimental results to Eq. (1) in red. This fit yields A= 7.5 mW, implying an 85% conversion
efficiency at our peak, 175 mW, incident pump power, and B = −3.5 cm2/GW, which is within
20% of the calculated value B = −3 cm2/GW, suggesting that the system is well described by the
adiabatic rapid passage model.

3. Establishing mutual coherence for high SNR dual-comb operation

In DCS, high mutual coherence between the combs is required for both high resolution and high
signal-to-noise (SNR) operation [1]. Here we enforce this coherence with a combination of both
active phase locking and digital correction of the interferogram signal. The active phase locking
part of the frequency control scheme is shown in Fig. 3. In this control scheme the comb stability
and the frequency accuracy of the recorded spectra are derived from a 10 MHz quartz oscillator
that is used to lock both the repetition rate of the “master” comb (comb 1) and the carrier
envelope-offset frequencies, fceo,1(2), of combs 1 and 2. To complete the stabilization of both
degrees of freedom of the combs we establish optical coherence by locking a single tooth from
the second comb (comb 2) to a cw external cavity diode laser (ECDL), which is in turn locked to
a tooth of comb 1. This approach has two significant advantages for portability over our previous
mid-IR DCS system [12]. First, our previous work relied on a laboratory-bound, cavity-stabilized
fiber laser to provide the mutual coherence and frequency accuracy. Replacing this with the
simpler and more compact quartz oscillator and ECDL was critical for field reliability. Secondly,
our previous approaches relied on high bandwidth (∼100 kHz), low phase noise (< 1 radian)
locks between the combs and the cw laser. Here we used only low-bandwidth piezoelectric
actuators (∼1 kHz) and temperature tuning to servo the comb cavity length and lock the comb to
the cw laser. This loose locking scheme is simpler and robust, but it can also leave >20 radians
of residual optical phase noise between the two combs even over the short duration of a single
interferogram acquisition. If not removed, this residual noise will cripple the system’s frequency
resolution and ability to coherently average.
To compensate for this higher level of phase noise, interferogram acquisition and co-adding

is performed using an improved version of the field-programmable gate array (FPGA)-based
acquisition system initially demonstrated at the Université Laval and described in Refs. [4–6,12].
The FPGA uses the residual phase noise from the four comb locks to calculate and perform a
real-time, sample-by-sample, phase and timing correction to each point of the interferogram to
compensate for high frequency laser noise. The FPGA then performs a second global phase
correction to each interferogram to correct out-of-loop timing shifts, and finally co-adds sequential
interferograms for long-term averaging. Point-by-point interferogram corrections are, at this
point, well established using both digital and analog approaches [4–6,10,12,14,38,41,56–58]
and the mathematical framework of our FPGA-based approach is thoroughly described in refs.
[5,12]. The frequency accuracy of the spectrum is still set by the 10 MHz input reference signal
through the comb stabilization.
However, the resampling required by the point-by-point timing correction poses a challenge

at such high phase noises. Previous versions of this algorithm employed a linear interpolation
between samples, which is more straightforward to implement in firmware but creates spurious
effects for large timing errors, particularly for interferogram frequency components approaching
the Nyquist sampling frequency. In this work, the real-time interpolation implemented on
the FPGA was upgraded from a linear interpolation to a 50-point sinc function (quasi-band
limited interpolation) [59]. Although technically more challenging, the entire algorithm could
be implemented on a XilinxVirtex-7 VX485T. It enables both accurate interpolation at radio
frequencies up to ∼90% of the Nyquist frequency and full real-time correction of time and phase
in the presence of >100 fs of pulse timing jitter between combs.
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To demonstrate the signal processing system’s ability to remove large amounts of phase noise,
we acquired 1.3-second-long time-series with and without the real-time corrections enabled
for the locking conditions shown in Fig. 3(b). With corrections enabled, Figs. 4(a)–4(c), the
individual centerbursts appear nearly identical and the Fourier transform of the complete time
series reveals resolved comb teeth. Without any correction, Figs. 4(d)–4(f), the time-domain
interferograms appear incoherent, and the spectra reflect this, with no resolved comb modes.

 

Fig. 3. Schematic of comb locking scheme. Frequency control flows roughly left to right.
The repetition rate of the system is defined by a phase lock of the comb 1 repetition rate to a
10MHz time base. Mutual coherence between the combs is established by locking both fceo
frequencies and by offset locking of an external cavity diode laser (ECDL) to comb 1 (fopt,1)
and then locking comb 2 to the ECDL (fopt,2). PLL: phase-lock loop. (b) Power spectral
density (left) and integrated phase noise (right) for the differential phase noise between
combs at the fceo and fopt lock points.



Research Article Vol. 28, No. 10 / 11 May 2020 / Optics Express 14745

Fig. 4. (a) Ten sequential phase-corrected interferogram centerbursts over plotted on each
other. (b) Scatter plot of the Fourier transform of a time series with 139 interferograms.
Comb tooth peaks are plotted in black and the rest of the points are plotted gray. (c) Line
plot of a zoom-in of b) near center showing well resolved comb lines. (d-f) As above, but
with no phase correction.

4. Outdoor DCS and continuous unattended operation

In addition to being able to operate with higher levels of phase noise, the new design reduces the
susceptibility to thermal drift. In our previous mid-IR DFG sources, spectral stability has been
limited by temporal walk-off between pump and signal pulses, or by misalignment [12]. The
system described here is more stable because it does not require pulse stretchers/compressors or
high-power Yb:fiber amplifiers. Moreover, the pump pulses in the new system are temporally
stretched, reducing the likelihood of walk-off between the pump and signal pulses. These
improvements allow the new mid-IR combs to operate unattended for days and provide more
stable spectra, which translates into better sensitivity to broad absorbers.
The setup for outdoor dual-comb measurements over a 120-m path is shown in Fig. 5. First,

the output of each mid-IR comb is combined on a 50:50 beamsplitter. One output port is coupled
into a PM, single-mode, zirconium fluoride (ZrF4) fiber with up to 60% efficiency using an
f= 7mm OAP and sent to a telescope platform. The PM fiber and polarizers in the telescope
constrain the polarization of the launched light. This reduces structure in the baseline spectrum
due to the interplay of a spectrally dependent launch polarization, pointing dependent polarization
rotation on the corner cube, and polarization dependence of the beam splitter. Removing these
polarization-dependent effects leads to a >10x improvement in our ability to limit baseline
structure on the recorded spectrum. Signal and reference interferograms are recorded on HgCdTe
detectors mounted on the telescope. Both detectors are 200-MHz bandwidth, thermoelectrically
cooled devices with an NEP of 15 pW/Hz1/2.

Combining both beams before launching over the open path is, at this point, a very established
technique for sensing for three reasons [1]. First, it suppresses relative path induced phase
fluctuations between the two combs, which can degrade the SNR particularly in long open paths.
Second, the co-linear approach allows the combs to be transmitted to the launch telescope in a
single fiber, which greatly simplifies the optical design. Finally, while one sacrifices the benefit
of a local oscillator for heterodyne gain, the overlapped spatial mode of the two combs ensures
the beam scintillation will not degrade heterodyne efficiency.
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Fig. 5. Schematic of open-path dual-comb spectrometer. Mid-infrared light from two combs
are combined and launched into a polarization-maintaining ZrF4 fiber. The fiber transports
light to the telescope system, which uses a reflective collimator and reflective beam expander
to launch a collimated beam. At the end of the 120 m outdoor path a 5-inch-diameter
corner-cube retro-reflector returns the light to the telescope. A linear polarizer in combination
with the PM ZrF4 fiber suppresses both temporal and spectral variation due to the input
polarization. The bottom panels show a measured transmission spectrum averaged for 168
minutes achieved by dividing the signal spectrum with the reference spectrum and applying
a piecewise polynomial baseline correction as discussed in ref [16] (black traces). The red
traces are a model transmission using Hitran 2008 lineshape parameters for H2O and CH4
[60] and show good agreement with the measurement.

Figure 5 shows the measured open-path spectra processed in the traditional way using a
piecewise polynomial baseline correction (see ref [16] for example). However, a goal of this
system is to see larger molecules with broad absorption features that would also be removed
by this baseline fit. Thus it is also useful to remove baseline structure in the measured spectra
through a four-point normalization of the spectrum which preserves these features as outlined in
Refs. [12,28]. The normalized spectra is calculated as follows

Inorm(ν) =
ISignal/IRef

ISignal,0/IRef ,0
,

where ISignal and IRef are the spectra recorded from the signal and reference detectors and ISignal,0
and IRef ,0 are the same signals recorded at a time zero when the chemical species of interest
is not present. Using HITRAN 2016 [60] as a model we also fit and remove the absorption
spectra of common small molecules, such as water and methane, from ISignal and ISignal,0 before
normalization. Figure 6 shows an example of signal and reference spectra and the associated
normalized spectra over several hours. Because of the system’s stability, the spectral baseline
remains flat (±2%) even when ISignal and IRef are separated from ISignal,0 and IRef ,0 by intervals
(∆t) of as much as 30 hours. The strongest impact on the spectral baseline is the water absorption
features around 90 THz. Background comb structure, detector response and etalons visible in
Fig. 6(a) can be strongly suppressed by the four-point normalization.
The improved baseline removal due to better system stability enhances our sensitivity to

ambient ethane and propane over the outdoor path. Ethane and propane originate primarily from
oil and gas production, and the Denver-Julesburg Basin – an active oil and gas extraction basin –
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Fig. 6. (a) The raw reference spectrum (red) and signal spectrum (black) as acquired across
a 120 m open-air path. Discrepancies between the reference and signal spectra are stable
over time and can be removed by four-point normalization. (b) Comparison of normalized
spectra for different delays across more than a day (offset for clarity), the variations are
below± 2% as shown in the right panel. A linear baseline was removed from the change
spectra. The structure at frequencies above 86 THz is due to changing water concentrations
of the outdoor air. Traces are offset for clarity.

lies to the north-east of Boulder, which leads to wind direction-dependent ambient ethane and
propane concentrations in the city. After fitting H2O and CH4 concentrations and removing their
spectral signature, ethane and propane can be clearly seen in a 1-hour averaged spectrum taken
during an easterly wind (Fig. 7). To determine concentrations, we fit with a model consisting of a
cubic polynomial baseline and ethane and propane spectra [61], which yields a path averaged
ethane concentration of 59 ppb (14.2 ppm·m) and propane concentration of 78 ppb (18.8 ppm·m).
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Fig. 7. Fit of ethane and propane. The black trace is the normalized DCS spectrum averaged
over 1 hour (21:00 to 22:00, 3/7/2019) and smoothed to 2GHz resolution with the cubic
baseline polynomial, water and methane removed. The red line is the combined ethane and
propane fit using the PNNL database, showing good agreement with the DCS measurement.
Also shown are the individual spectra for ethane (green line, 14.2 ppm·m concentration) and
propane (blue line, 18.8 ppm·m concentration).

The stability of the instrument makes continuous operation straight forward. Figure 8 shows
30 hours of continuous data over the outdoor path. The comb system ran independently for the
entire period despite being in a room with an open window. Return power over the open path
dropped occasionally with path alignment drifts and frost formation on the retroreflectors but
with occasional manual alignment we were reliably able to retrieve gas concentrations over the
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entire 30 hours. Heated retroreflectors and a tracking telescope would remove that requirement
[19,20]. The broad bandwidth of the system allows simultaneous retrieval of ambient H2O, CH4,
temperature, and ethane. N2O was also retrieved although the signal was noisy due to its limited
spectral signature in this region. The raw data set contains 12.3 million interferograms that
are averaged to 180 points at ten-minute time resolution. To quantify the ethane sensitivity we
calculate the standard deviation of retrieved ethane concentrations during a time window with
low-to-zero background ethane levels around 3/7/2019, 15:45. This provides an upper limit to
the sensitivity of 120 ppb·m·

√
minutes, representing 3-fold improvement over the previous work

[28].

Fig. 8. Open-path gas retrievals over 30 hours of continuous operation.

The presented DCS system covers 25 THz with 125,000 resolved elements (200 MHz point
sample spacing) and an average signal-to-noise ratio (SNR) of 120 for the signal channel, resulting
in a figure of merit [62] of 2×106. The figure of merit is limited, roughly equally, by the detector
dynamic range and the laser relative intensity noise on the combs (-130 dBc/Hz).This compares
favorably to both mid-IR and near-IR DCS systems [1]. However, it is worth noting that we
have defined SNR as the standard deviation of the noise in a 1 THz window at the center of
the spectrum. This definition provides a good measurement of the white noise but does not
necessarily capture baseline distortions that can mask a broadly absorbing molecule such as
propane. To estimate the sensitivity to broad absorbers, it is useful to calculate the SNR as
the standard deviation over a much larger spectral window. Figure 9 shows the spectral signal
channel SNR for a 1-minute measurement as well as the average 4-way normalized spectra’s
SNR as function of averaging time for different window sizes. As expected, the SNR increases
with the square root of the averaging time. Moreover, the 6-THz window shows only a modest
(2X) degradation in SNR compared to the narrow spectral window, indicating the effectiveness
of the current background removal approach. For larger spectral windows, the calculated SNR is
limited by spectral fluctuations arising from an imperfect fit to the many saturated water and
methane absorption lines. An improved spectral model for water and methane lines in this region
or use of a different masking function could reduce the impact of these saturated lines in the
future. While we took 30 hours of data, the 512 minute (8.3 hour) stretch of data used in Fig. 9
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represents the longest continuous stretch of time over which the return power over the path was
fully optimal.

Fig. 9. Spectral SNR. a) spectral SNR for the raw signal channel averaged for 1 minute.
b) spectral SNR for the 4-way normalized spectrum averaged for 512 minutes after H2O
and CH4 removal. The different spectral windows of 1 THz, 6 THz and 12 THz widths
used to calculate the different SNR values are indicated by arrows. c) Average SNR versus
averaging time over a narrow 1 THz window, (red) a 6 THz window (green) and a 12 THz
window (blue). The variations in SNR between spectral windows at short averaging times
are due to differing average light power within the windows. The flattening of the 12 THz
window SNR for longer averaging time is caused by spikes at spectral frequencies > 86 THz
originating from imperfect removal of saturated water and methane lines in the spectral fit.
Note that the SNR values in c) are lower than in a) due to the 4-way normalization.

5. Conclusion

We have demonstrated an open-path broadband mid-IR dual comb spectrometer operating in the
3.1-µm to 4.0-µm spectral region for field measurements of trace gases in the atmosphere. The
design leverages highly stable, all-PM fiber near-IR frequency combs and DFG in high efficiency
waveguide PPLN to greatly reduce system size, and complexity while increasing the robustness
and stability. The improvements in both spectral coverage and baseline removal relative to [28]
has increased the system’s sensitivity to species with broad absorption features such as volatile
organic compounds, which are emitted from an array of industrial processes. Given the improved
robustness and detection capability demonstrated here, we expect we will be able to deploy the
system at oil and gas extraction sites to measure and quantify emission levels for methane, ethane
and an array of volatile organic chemicals.
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