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Mid-infrared spectroscopy is a powerful technique for the 
multispecies detection of trace gases, with applications 
ranging from the detection of hazardous materials to envi-

ronmental monitoring and industrial monitoring. Compared to the 
near-infrared, where laser sources are more plentiful, the techniques 
for measuring mid-infrared spectra are more limited. Mid-infrared 
spectra are most commonly acquired by Fourier-transform spec-
troscopy (FTS), which provides accurate and high-resolution spec-
tra, but requires a scanning delay arm and blackbody source. This 
leads to large instruments and long acquisition times. Dual-comb 
spectroscopy (DCS) is a high-performance alternative to conven-
tional FTS, providing high resolution, absolute frequency accuracy, 
fast acquisition times, long interaction lengths, broad bandwidth 
coverage and high signal-to-noise ratio (SNR)1,2. The advantages 
of speed and long path length are of particular relevance to non-
laboratory applications, for example in open-path atmospheric 
monitoring or industrial process monitoring3–6. However, until now, 
DCS has only been demonstrated with its full panoply of advantages 
in the near-infrared, from ~ 1 to 2 µ m (refs 7–10). The near-infrared 
has much more limited applications compared to the mid-infrared, 
because molecular cross-sections are typically 1,000 times weaker, if 
they exist at all. DCS in the mid-infrared has indeed been actively 
pursued11–24, yet it is not competitive with high-resolution conven-
tional FTS, being limited by the coherence and/or bandwidth of 
mid-infrared comb sources.

For quantitative broadband mid-infrared DCS, the strong over-
lapping requirements for the underlying mid-infrared frequency 
combs must be addressed: they must produce broad and relatively 
flat optical spectra while maintaining mutual coherence over the 
measurement time. Without coherence, adjacent comb teeth blend 
together, sacrificing orders of magnitude in spectral resolution and 
obscuring both the frequency and amplitude accuracy possible with 
this technique. The requirements for bandwidth and coherence are 
strongly coupled—as the optical bandwidth increases (or required 
SNR increases), the measurement time must correspondingly 
increase, putting ever more stringent requirements on the mutual 

coherence between the combs. Driven by the challenges involved in 
generating highly coherent mid-infrared light, high-SNR, accurate 
and quantitative mid-infrared DCS has so far been limited to nar-
row instantaneous bandwidths13,17,20.

In this Article, we demonstrate mid-infrared dual-comb spec-
troscopy with high coherence, recording a high-fidelity spectrum 
of the complex molecule propane. We capture both the broad 
200 cm−1 pedestal and complicated fine structure of this gas, which 
has features as narrow as 0.01 cm−1 (300 MHz). We demonstrate that 
high-coherence DCS spectra of large molecules can have fidelity 
equivalent to high-resolution FTS spectra, without requiring cor-
rection for instrument lineshape or frequency calibration, with a 
faster acquisition time and in a more compact footprint compatible 
with future non-laboratory use. We also measure the spectrum of a 
gas mixture of methane, acetylene, carbonyl sulfide (COS), ethane 
and water, measuring the complex (phase and amplitude) spectra in 
both the 3 μ m region and 5 μ m region, spanning the entire L and M 
atmospheric transmission windows.

Data processing for comb-tooth-resolved spectra
Multiple approaches have been taken to achieve the mutual comb 
coherence needed for dual-comb spectroscopy, but often at the cost 
of bandwidth or experimental complexity1. Of these approaches, 
digital signal processing alone can avoid these trade-offs while 
enforcing not only mutual coherence but also enabling the coher-
ent averaging needed to acquire high-SNR spectra. Real-time phase 
correction through digital signal processing has only been demon-
strated so far in a relatively narrow optical region around a pair of 
c.w. lasers acting as transfer oscillators7,30. We generalize the digital 
signal-processing approach to support broadband DCS by allowing 
for the correction of a DCS signal at any colour using an arbitrary 
pair of optical references, demonstrated by our use of two near-
infrared signals to correct a mid-infrared DCS signal.

We implement real-time phase correction on a field-program-
mable gate array (FPGA). The FPGA signal processor also imple-
ments coherent averaging, critical to reducing the data size for any 
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reasonable averaging time31. As described in the Methods, each 
interferogram first undergoes real-time phase/timing corrections 
and is then added point by point to a running summed interfero-
gram. This process is repeated to average up to 65,000 interfero-
grams on the FPGA, at which point they are transmitted to a PC 
over a RIFFA interface32.

Figure 2 shows a series of coherent, comb-tooth-resolved spec-
tra for tuning of the PPLN from 2.6 to 5.2 µ m. For each spectrum, 
69 interferograms with 1,922,334 samples each were recorded in 
0.66 s and then Fourier-transformed to produce optical spectra. We 
observe resolved DCS comb modes with no signs of line broaden-
ing at all spectral bands, demonstrating that for all mid-infrared 
spectra the relative comb linewidth is less than 2 Hz. For longer 
acquisitions we implement coherent averaging as described in the 
Methods, which effectively retains only the (complex) values at the 
DCS radiofrequency comb teeth, to generate high-SNR spectra as 
shown in Fig. 1b and in the remainder of this Article. With coherent 
averaging, the SNR improves as the square root of time, essentially 
indefinitely (Fig. 1b and Supplementary Fig. 1). The coherently 
averaged spectra are sampled at an optical 200 MHz point-spacing 
(the comb repetition rate) where each sample has a frequency accu-
racy of 100 kHz, set by the fractional uncertainty of the counted 
repetition rates, and a linewidth less than 1 MHz, determined by the 
absolute linewidth of the frequency combs. Figure 2c shows a high-
resolution spectrum of several well-characterized ~300 MHz-wide, 
hydrogen cyanide (HCN) absorption lines33,34.

The digital signal-processing system presented here can be 
applied to almost any dual-comb spectroscopy system, and provides 
a technically simple means of achieving mutual optical coherence 
between a pair of combs. Significantly, the signal-processing system 
does not rely on any relationship between the two optical locking 
frequencies and the frequency of the dual-comb signal; for example, 
the same signal processor should function equally well with two 
telecom-band c.w. lasers and a visible-light interferogram.

Mid-infrared frequency combs
Our mid-infrared laser frequency combs use difference frequency 
generation (DFG) to convert near-infrared light into 2,600–5,200 nm  
mid-infrared light, as shown in Fig. 1. Each system is based on a 
self-referenced polarization-maintaining fibre frequency comb 
with a repetition rate of 200 MHz (ref. 25). The lasers are stabilized 
by phase-locking a comb tooth to a common cavity-stabilized 
1,560 nm continuous-wave (c.w.) laser and the carrier-envelope off-
set frequency to a fraction of the repetition frequency. The resulting 
stabilized repetition rate is then counted against a radiofrequency 
reference, here a hydrogen maser, to provide absolute frequency 
calibration. The near-infrared comb output is preamplified to about 
30 mW and then split equally into three branches. The first branch 
generates the f− 2f signal used to lock the comb’s offset frequency. 
The second branch generates pump light for the DFG process at 
1,070 nm. The preamplifier output is amplified in a core-pumped 
erbium-doped fibre amplifier (EDFA) and launched into a highly 
nonlinear optical fibre (HNLF) with anomalous dispersion. This 
provides about 1 mW of power between 1,040 and 1,090 nm, which 
is filtered, stretched with a chirped fibre Bragg grating, amplified to 
1.6 W in an ytterbium-doped fibre amplifier, and compressed with 
a Treacy compressor to ~200 fs and 900 mW of average power. The 
third branch generates signal light spanning 1,350 to 1,750 nm by 
amplification in a core-pumped EDFA to 430 mW and subsequent 
broadening in normal-dispersion HNLF.

Light from the pump and signal branches is combined on a 
dichroic mirror and focused into a periodically poled lithium 
niobate (PPLN) crystal using an off-axis paraboloid mirror. We 
have used both a bulk PPLN crystal 1 mm in length14,17,19,26,27 and a 
chirped PPLN waveguide. The chirped waveguide PPLN generates 
a structured but broad spectrum with an instantaneous bandwidth 

exceeding 1,600 cm−1. The bulk crystal provides smoother spectra 
with optical bandwidths from 760 to 120 cm−1 (− 10 dB) as the cen-
tre wavelength is tuned from 3 to 5 μ m by selecting different poling 
periods, as shown in Fig. 2. The output powers range from 40 to 
100 mW for wavelengths from 2.5 to 3.8 μ m and from 1 to 10 mW 
for wavelengths from 4 to 5 μ m, sufficient to support future open-
path measurements. For the laboratory data here, the mid-infrared 
light is attenuated to a few hundred microwatts to avoid saturation 
of the HgCdTe detector.

The choice of DFG for the mid-infrared combs is not the only 
option. In addition to DFG, other mid-infrared DCS demonstra-
tions have emphasized novel sources such as quantum cascade 
lasers23,28, femtosecond lasers12, microresonators21 and optical para-
metric oscillators15,18,22,24. The DFG combs have a combination of 
attributes that are attractive. First, the combs’ phase noise can be 
measured easily in the near-infrared and then extrapolated to the 
mid-infrared region. Second, the DFG combs can provide powers 
up to 100 mW, more than sufficient for operation in stressing, long-
path configurations. Third, the DFG process is relatively simple, so 
the combs operate continuously for many days. Finally, the entire 
system can easily fit on a 3′  ×  5′  table. Therefore, by slightly modi-
fying the locking scheme to follow ref. 29, the entire mid-infrared 
DCS optical system can be made portable for non-laboratory use 
where the improvements of mid-infrared DCS over conventional 
high-resolution FTS would have the most impact.

Results
Propane absorption cross-section. In contrast to previous DCS 
demonstrations, which have focused on narrow absorption features, 
we measure the 200 cm−1 wide absorption cross-section of low-pres-
sure propane gas. Propane was chosen due to its broad absorption 
feature at 3.4 µ m, which is qualitatively similar to the spectra of 
other large organic molecules, and also for its relevance to air qual-
ity and oil- and gas-monitoring efforts35. Accurately measuring the 
absorption cross-section requires high resolution to capture the fine 
structure, as well as a flat spectral response over a wide bandwidth 
to capture the broader absorption pedestal.

A gas cell was constructed with wedged CaF2 windows to avoid 
etalon effects, and filled with propane gas at low pressure. The 
mid-infrared comb spectra, generated here in a bulk PPLN crys-
tal, change slowly with time, so a signal spectrum Isig and reference 
spectrum Iref were measured simultaneously, as shown in Fig. 3a,b.  
A static discrepancy between them was calibrated out by recording 
the pair Isig

cal and Iref
cal after purging the gas cell with ambient air. We cal-

culated the normalized transmission as = ∕T I I I I( ) ( )propane sig ref
cal

ref sig
cal  

and then the molecular absorption cross-section as

σ = − ×n T
k T
pL

l ( ) (1)propane
B

where the cell length is L =  36 cm, the propane pressure is 
p =  1 torr, and the room temperature is T =  293 K. As shown in Fig. 
3c,d, the measured cross-section agrees well with a recent high-
resolution FTS measurement36, capturing both a broad absorption 
envelope and many narrow features. The statistical uncertainty of 
the cross-section scales inversely with the signal strength of the 
raw spectra, being ~ × −1 10 21 cm2 molecule−1 at 2,967.6 cm−1 and 
~ . × −0 25 10 21 cm2 molecule−1 at 2,900 cm−1. The FTS and DCS spec-
tra agree well, as shown, and have a similar SNR of 2,000:1 based 
on the point-to-point fluctuations in the wings of the cross-section 
(where variations in the actual cross-section do not dominate the 
point-to-point scatter). However, the FTS measurement time is 12 h, 
while the DCS spectra were acquired in 182 min, or about four times 
faster. Of course, any generalized comparison of acquisition speed 
between the DCS and high-resolution FTS has many qualifiers.  
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On the one hand, the DCS acquisition speed, for a given SNR, 
could be increased 200 times if one eliminated the noise floor due 
to the relative intensity noise of the combs, through either comb 

design or balanced detection. On the other hand, the required 
DCS acquisition time increases with optical bandwidth37, and 
in this comparison, the bandwidth of the DCS was less than the 
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Fig. 2 | Dual-comb spectra. a, Dual-comb spectra at different PPLN poling periods, for ~0.6 s of streamed, phase- and timing-corrected DCS data.  
The spectra span ~1,800 cm−1 bandwidth or 270,000 resolved comb modes. They have been normalized to equal peak height. The structure above 3,500 cm  
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FTS. Indeed, in the laboratory setting, high-resolution FTS is well 
known to provide high-SNR spectra in sufficient acquisition times. 
However, and most importantly, the DCS uses high-brightness 
comb light, which was attenuated here 20-fold to avoid detector 
saturation. Therefore, the same acquisition speed and SNR should 
be achievable with this DCS even if the sample region has a much 
higher effective insertion loss (for example, as with a kilometre-
long atmospheric path or lossy combustion chamber), whereas 
the SNR for a high-resolution FTS would suffer from low signal 
in such cases (with the notable exception of solar-looking FTS). 
Finally, no instrument lineshape correction, baseline correction or 
separate frequency axis calibration was needed for the DCS data. 
These data represent the first quantitative comparison between a 
broad, structured spectrum measured via conventional high-reso-
lution FTS and via DCS.

Complex (phase and absorption) spectra of gas mixtures. In a 
second measurement, the set-up was configured as shown in Fig. 1a  
and the gas cell was filled with a mixture of 5,000 ppm methane 
(CH4), 1,000 ppm COS, 5,000 ppm acetylene (C2H2) and 500 ppm 
ethane (C2H6) buffered with nitrogen at atmospheric pressure. 
Spectra were acquired at two different spectral bands by selecting 
the poling period of the bulk PPLN crystal.

Figure 4 shows the measured spectrum over 2.9–3.6 µ m, corre-
sponding to a bandwidth of 650 cm−1 (20 THz) and 100,000 resolved 
comb modes. Spectra were coherently averaged for 32 min, achiev-
ing a peak spectral SNR—defined as the ratio of the signal to the 

random variations of the baseline—of 660 or 15 ∕ s . The overall 
comb intensity structure was removed using standard baseline fit-
ting techniques to find the transmission and phase spectra shown, 
which agree well with a model based on HITRAN 2008 line param-
eters and Voigt lineshapes38, as is also seen even more strongly in the 
comparison with the narrow, well-calibrated HCN lines in Fig. 2c. 
Indeed, we attribute any slight differences in Fig. 4 to the HITRAN 
2008 database, illustrating the potential of mid-infrared DCS to 
contribute to improved spectral databases.

Figure 5 shows the measured spectrum at longer wavelengths 
from 5.08 to 4.75 µ m, corresponding to a bandwidth of 136 cm−1 
(4.1 THz) and 20,000 resolved comb modes. Spectra were coher-
ently averaged for 80 min, achieving a peak spectral SNR of 6,500, 
or 94∕ s . As before, the phase and transmission spectra were 
extracted after standard baseline correction for the comb structure 
and agree very well with the HITRAN 2008 based model.

We can compare different spectra and dual-comb systems 
through a DCS figure of merit37, defined as the average SNR (not 
peak) times the number of comb modes, which is then identical to 
simply summing the SNR across the comb modes (see Methods). 
The SNR refers to the uncorrelated point-to-point spectral fluctua-
tions and ignores slower variations from, for example, any changing 
etalons in the beam paths. We find a figure of merit of . × ∕1 5 10 s6  
for the propane spectrum of Fig. 3 and × ∕6 10 s5  for both the 3 μ m  
(Fig. 4b) and 5 μ m spectrum (Fig. 5a). The figures of merit are 
limited by the relative intensity noise (RIN) on the mid-infrared 
combs of approximately − 127 dBc Hz−1. In the future, the use of a 
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Fig. 3 | Propane spectrum and cross-section. a, For the propane measurement, the light of both combs is combined on a 50:50 splitter and sent through 
a single-mode ZrF4 fibre. A wedged window samples the beam to provide a reference, and the remainder of the light probes the propane cell. A second 
window (not shown) is used to sample the light transmitted through the propane cell, to avoid saturation of the photodetector. b, Raw DCS spectra with 
the signal channel probing the cell filled with propane (black) and the empty cell (grey), spanning 700 cm−1 and 100,000 teeth. c, Propane cross-section σ, 
extracted from the normalized DCS spectra. The DCS measured cross-section, spanning 200 cm-1 and 30,000 comb modes, compares well to a  
high-resolution FTS measurement by Beale et al.36 (red line), with their difference (grey line) flat to within × − −3 10 cm molecule21 2 1 (standard deviation).  
d, Detail of the propane cross-section, showing its highly structured nature and excellent agreement between the DCS and high-resolution FTS. As further 
magnification shows, the width of some of the narrower spikes are around 0.01 cm−1, compared to the comb tooth spacing of 0.0067 cm−1.
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balanced HgCdTe detector could suppress this noise substantially, 
as in the near-infrared29. Although these figures of merit do not 
reach the shot-noise limit, they are comparable to reported results 
for narrowband DFG DCS, which range from 1.0 to . × ∕2 3 10 s6   
(refs 13,20).

Broad instantaneous bandwidth through waveguide PPLN. Even 
broader instantaneous bandwidths are interesting for many appli-
cations, for example for covering the full 3–4 µ m and 4.5–5 µ m 
atmospheric windows, but are challenging to achieve in bulk PPLN 
crystals. To extend our interaction length while maintaining high 
intensities, we designed an aperiodically poled lithium niobate ridge 
waveguide. As shown in Fig. 6a, the waveguide has a cross-section of 
15 µ m× 15 µ m and length of 25 mm, on a lithium tantalate (LT) sub-
strate. Poling along the 25-mm-long waveguide is varied from peri-
ods of 22 to 30 µ m to achieve phase matching for DFG from 2.6 to 
5.2 µ m. To mitigate the tendency of optical parametric amplification 
to effectively reduce the difference-frequency bandwidth, the pol-
ing period was chirped at a rate proportional to the phase-matching 
bandwidth, as shown in Fig. 6a. Qualitatively, less waveguide length 
is devoted to poling periods with broad phase-matching band-
width, and vice versa. To generate a broad-bandwidth mid-infrared 
spectrum, we stretched our pump pulse to ~1 ps before coupling 
into the waveguide, with the final mid-infrared spectrum depen-
dent on the relative delay between the input pump and signal light. 
Supplementary Fig. 2 shows one example of a smooth spectrum 
covering 3.2–3.7 µ m at 90 mW average power, which is coupled to 
single-mode ZrF4 fibre with 30% efficiency, indicating good spatial 
beam quality.

Figure 6b shows a DCS spectrum acquired using mid-infrared 
combs, each generated from chirped waveguide PPLN, with the 
same gas mixture of methane, ethane, COS and acetylene. While 
the spectra produced by the waveguide PPLN are more structured 
than those produced by the bulk PPLN, they are broader. The DCS 

spectrum covers 2,250–3,890 cm−1, corresponding to a bandwidth 
of 1,640 cm−1 (1,874 nm and 49 THz) and 245,000 comb modes. 
Equally important, there is no evidence of higher intensity noise; 
averaging for 83 min, the spectrum achieves a peak spectral SNR 
of 2,000 (28/√ s) and a figure of merit equal to × ∕9 10 s5 . The 
retrieved gas transmission spectra agree with the HITRAN model, 
as shown in Fig. 6b. With further design, we anticipate that chirped-
waveguide PPLNs will be able to provide high-power, single-spatial-
mode, mid-infrared light with spectral coverage tailored to different 
broadband applications.

Discussion
Mid-infrared DCS has the potential for a much broader set of non-
laboratory applications than conventional high-resolution FTS. 
Combining the spectral coverage of FTS and the precision of fre-
quency combs, mid-infrared DCS has potential for high-precision 
lineshape studies of large molecules39, high-spatial-resolution spec-
tral microscopy40, time-resolved spectroscopy41, combustion diag-
nostics42 and sensitive, rapid detection of large molecules even in 
the presence of strongly absorbing background clutter.

The system shown here is capable of comb-tooth-resolved, 
broadband spectroscopy in the functional group index region from 
3 to 5 μ m with high SNR and with frequency resolution and accu-
racy equal to or exceeding high-performance mid-infrared FTS. In 
contrast to FTS, this performance is reached with a high-power, 
high-brightness laser source, which is attenuated here to avoid 
detector saturation. Whereas traditional FTS has difficulty in lossy 
conditions—open-path spectrometers are typically operated at 
resolutions of ~1 cm−1—the dual-comb spectrometer maintains its 
performance, thereby enabling detection over lossy open-air paths 
and in industrial process monitoring.

Future improvements to the dual-comb spectrometer will 
increase robustness, optical bandwidth and portability. With 
improved PPLN waveguide designs, it will be possible to generate 
spectra that are both broad and flat. Waveguides will also increase 
the DFG efficiency, lowering the required infrared optical power 
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is 200 µ rad. Over the shown spectral range it averages to 4.5 mrad.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

NAtuRE PHotoNICS | www.nature.com/naturephotonics

http://www.nature.com/naturephotonics


Articles Nature PhotoNics

and thereby further decreasing the size of the already compact DCS 
to enable future portable applications.

Methods
Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41566-018-0114-7.
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Fig. 6 | Broadband dual-comb spectroscopy with light generated in PPLN 
waveguides. a, Aperiodic poling design of the lithium niobate waveguides 
used, showing variation of poling periods from the waveguide entrance 
(z =  0) to the exit (z =  25 mm). Inset: waveguide dimensions. b, Broadband 
dual-comb spectrum obtained with two chirped waveguide PPLNs.  
The covered span is 1,640 cm−1 (2,250–3,890 cm−1), corresponding to 
245,000 teeth at 200 MHz resolution. Also shown is the DCS transmission 
after performing a baseline correction. Finally, the bottom panels show 
details of the transmission: the broad spectral span covered within one 
single measurement allows the simultaneous detection of multiple species, 
as shown for CO2, CH4 and H2O. A model based on HITRAN (red trace) 
matches the measurement well. The noise visible around 3,600 cm−1 
comprises uncorrected etalon fringes. The occasional noise spikes 
elsewhere correlate with narrow dips in comb light.
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Methods
Digital signal processing. Real-time phase correction through digital signal 
processing has only been demonstrated so far in a relatively narrow optical region 
around a pair of c.w. lasers acting as transfer oscillators7,30. Here, we generalize 
the digital signal-processing approach to support broadband DCS by allowing 
for the correction of a DCS signal at any colour using an arbitrary pair of optical 
references.

We require the underlying combs obey the standard comb equation, where the 
phase of the nth mode is

θ θ θ= +t n t t( ) ( ) ( ) (2)n r 0

and θ δθ= π +t f t t( ) 2 ( )r r r  and θ δθ= π +t f t t( ) 2 ( )0 0 0  in terms of the usual repetition 
frequency fr and offset frequency f0, and where we allow for phase noise on the 
comb’s repetition rate and offset frequency, δθ t( )r  and δθ t( )0 . In DCS, many pairs of 
modes are simultaneously mixed on a square-law photodetector to generate a series 
of DCS radiofrequency modes, each with phase

ϕ ϕ ϕ= +t k t t( ) ( ) ( ) (3)k r 0

where k is the index of a radiofrequency DCS mode and

ϕ πΔ Δδθ
ϕ πΔ ϕ Δδθ

Δ Δδθ δθ δθ

Δ Δδθ δθ δθ

= +
≈ + + − π

= − = −

= − = − .

t f t t
t f t n t t mf t

f f f

f f f

( ) 2 ( )
( ) 2 ( ) ( ) 2

where
, ,

,

(4)

r

r r r

0 0 0 r 0 r,comb1

r ,comb2 r,comb1 r r,comb2 r,comb1

0 0,comb2 0,comb1 0 0,comb2 0,comb1

n0 is the optical comb-mode index for comb 2 corresponding to the radiofrequency 
DCS mode when k =  0. The difference in repetition rates is chosen such that 

Δ∕f fr,comb1 r
 is an integer and Δ≡ ∕m n f fround( )0 r r,comb1

 is present because a DCS 
signal is typically measured at radiofrequencies between 0 and fr/2 and in many 
cases n0Δ fr >  fr/2. Thus, the measured signal is the heterodyne of modes n from 
comb 2 with modes n +  m from comb 1.

The DCS spectrum loses coherence if the phase noise on its kth mode, 
δϕ Δδθ Δδθ= + +t n k t t( ) ( ) ( ) ( )k 0 r 0 , exceeds a radian, leading to a loss in SNR as 

δϕ−⟨ ⟩xpe ( )k
2 . Moreover, if the phase noise extends across neighbouring modes, 

the comb tooth resolution is lost and, with it, the frequency resolution and 
accuracy that distinguishes DCS from FTS. To avoid this decoherence, we correct 
the DCS interferogram signal in the time domain, assuming knowledge of Δδθr and 
Δδθ0. First, we rotate the phase of the digitized interferogram by ϕ− t( )0 . Second, 
the timing variations are removed by resampling the recorded interferogram by 
linear interpolation onto a new time axis, determined by

Δδθ π= + ∕′t t t f( ) 2 (5)r r

To perform these corrections, it is necessary to measure θ t( )r  and θ t( )0  for each 
mid-infrared comb with sufficient precision to evaluate δϕ t( )k  to much better 
than 1 rad. Our mid-infrared light is generated using DFG, and consequently 
the mid-infrared combs have δθ= =f 00 0 . However, we must measure Δδθr with 
sufficient precision such that Δδθ+n k( )0 r is much less than 1 rad at short (tens of 
microseconds) timescales. To reach this precision via direct measurements of the 
mid-infrared combs’ repetition-rate signal is extremely demanding and has not yet 
been demonstrated. Instead, we extract this quantity from measurements of the 
near-infrared combs as follows. The near-infrared θ t( )0  is measured using an f–2f 
interferometer. A second measurement of each near-infrared comb’s phase is made 
by beating the nopt mode near 1,560 nm against a common c.w. laser, providing 
a phase signal δθ t( )opt . The difference Δδθ δθ δθ≡ −t t t( ) ( ) ( )opt opt,comb2 opt,comb1  is 
calculated, removing dependence on the c.w. laser’s phase, and finally we calculate 
Δδθ Δδθ Δδθ= −−t n t t( ) [ ( ) ( )]r opt

1
opt 0 .

In an extension of earlier work7,30, we implement the phase-correction 
algorithm using standard signal-processing techniques in real time on a FPGA. 
The radiofrequency signals from each of the near-infrared combs’ two locks—in 
our case f0 beat notes (via self-referencing) and at 1,560 nm (against a c.w. laser)—
and the interferogram are digitized with a 14 bit analog-to-digital converter that 
is clocked on comb 1’s repetition rate. These real signals are converted to complex 

ones using in-phase and quadrature (IQ) demodulation, and the phase errors are 
calculated using the arctangent operation implemented using a CORDIC. From 
these phase error signals, point-by-point phase and timing corrections to the mid-
infrared DCS signals are computed from the above equations using fixed-point 
arithmetic and applied to the DCS signal by multiplication with a complex phasor 
and linear interpolation, respectively. Here, the near-infrared frequency combs 
are sufficiently tightly phase-locked that the timing resampling is unnecessary, 
provided that the phasor is computed not by ϕ t( )0 , but instead by δϕ t( )k , where 
mode k is centred in the mid-infrared DCS spectrum.

This high-bandwidth, real-time phase correction compensates for phase noise 
originating with the near-infrared combs. To compensate for additional slow 
drifts in timing and phase from optical path length variations in the amplification, 
DFG set-up and optical cell, a cross-correlator is implemented on the FPGA that 
compares the stream of interferograms to a reference interferogram. The position 
and phase of the cross-correlation peaks are used as error signals for proportional-
integral feedback to the real-time phase and timing correction processor7, 
which ‘locks’ the timing and phase offsets to zero on a timescale of about 10 
interferograms, here compensating for noise slower than 10 Hz.

In addition to the real-time phase correction, the FPGA signal processor also 
implements coherent averaging. Coherent averaging is critical to reducing the data 
size for any reasonable averaging time31. A single interferogram, up to ~8 million 
points long, is buffered in dynamic random-access memory (DRAM.) After 
phase/timing corrections, subsequent interferograms are added point by point to 
this interferogram and written back to the buffer. This process can be repeated 
to average up to 65,000 interferograms on the FPGA, at which point they are 
transmitted to the PC over the RIFFA interface32.

Coherent averaging and figure of merit. We define the noise as the ‘spectral 
noise’, or the standard deviation of the dual-comb spectrum after broad features are 
removed by high-pass filtering the Fourier-transformed interferogram. We then 
calculate the figure of merit37 by extending the expression

= × ∕m tFOM SNR (6)

so that we can account for the variation in SNR across the spectrum. Our figure 
of merit averages the SNR across the modes and is defined as

∑ σ
=

=

I
t

FOM (7)
n n

n
n

n
low

high

where nlow and nhigh are the indices of the lowest and highest frequency spectral 
elements in the dual-comb spectrum, In is the signal strength of each element, and 
σnis the one-sigma deviation at mode n.

As assumed in this expression, a dual-comb spectrometer using coherent 
averaging should exhibit a SNR that increases with the square root of the number 
of averages, or time. We have verified this scaling in our system. In one of our 
measurements we recorded both 600 ms of continuous data as well as averaged 
data of up to N =  100,000 interferograms, recorded as ten consecutive sets of 10,000 
averages each. From these data, we calculate the spectral SNR as a function of 
averaging time over five orders of magnitude. As shown in Supplementary Fig. 1, 
the peak SNR increases as a function of N  as expected, in this case increasing  
by 8.1/ .N

Alternate configuration of waveguides. While producing broadband optical 
spectra from the aperiodically poled lithium niobate waveguides it became 
apparent that our 25-mm-long waveguides provided an interaction length that  
was too long for the generation of smooth optical spectra. We therefore cut one of 
our waveguides, keeping just the first 10 mm with poling period ranging from  
32 to 26 μ m. Using this short waveguide, a DFG spectrum that is smooth and with 
90 mW of average power could be generated, as shown in Supplementary Fig. 2. 
Using a 15 mm focal length off-axis paraboloid (OAP) mirror to collimate the light 
leaving the waveguide and a 15 mm focal length OAP mirror to focus light into a 
single-mode ZrF4 fibre, a maximum of 30 mW was coupled into the fibre.

Data availability. The data that support the plots within this paper and other 
findings of this study are available from the corresponding author upon  
reasonable request.
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