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Dual electro-optic frequency comb spectroscopy
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An approach for dual-comb spectroscopy using electro-
optic (EO) phase modulation is reported. Maximum-
length pseudo-random binary sequences allow for
energy-efficient and flexible comb generation. Self-
correction of interferograms is shown to remove rela-
tive comb drifts and improve mutual coherence, even
for EO combs derived from the same laser source.
Methane spectroscopy is reported over a ~10 GHz
spectral range, limited by the modulators” bandwidth.
The potential of a simple EO comb instrument is
demonstrated to rapidly quantify atmospheric methane
emissions with sub-ppm precision. © 2019 Optical Society
of America
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The detection and quantification of diffuse greenhouse gases
and their respective sources and sinks represent an application
of frequency comb spectroscopy [1-4]. Over conventional mode-
locked laser sources, electro-optic (EO) combs [5] particularly
offer several advantages, thanks to their simplicity, frequency-
agility, and robustness. When the monitored gas is known a
priori (e.g. methane), the spectral coverage of an EO comb can
be matched to a single absorption feature. It thus provides an
efficient distribution of multiplexed optical power for sensing.
Subsequently, rapid read-out techniques such as frequency comb
interference spectroscopy (FCIS) can enable down-mixing of the
probing optical comb to electrical frequencies [6-8].

In that particular context, using a pseudo-random binary se-
quence (PRBS) phase modulation is known to achieve efficient
comb generation, enabling real-time characterization of atomic
dynamics for instance [9-11]. However, because FCIS does not
benefit from a spectral compression while converting from opti-
cal to electrical frequencies, it requires multi-gigahertz detection
chains to acquire molecular absorption features at typical at-
mospheric pressure [5]. Chirped-pulse EO comb spectroscopy
[12, 13] displays similar advantages and limitations. To allow for
a slower and less expensive acquisition system, a dual EO comb
approach can be employed. However, this forces compromises
on the measurement duration or the achievable signal-to-noise
ratio (SNR) [14].

In this Letter, we propose and demonstrate a new kind of
dual EO comb spectrometer which uses two PRBS modulating
at slightly detuned rates, to generate independent EO combs
originating from a single CW laser source. Maximum-length
sequences (MLS) are used to maximize the spectral flatness of
the EO combs. Even if the generated EO combs derived from
the same CW laser display intrinsically high mutual coherence,
it is shown that interferogram self-correction [15] is an effective
approach to improve coherent averaging.

The simple spectrometer design uses only a semiconductor
laser and fiber-based components which are readily integrable
into a small, field-deployable package. Methane is used here as
a target gas to evaluate instrument performance, and further to
show that dual EO combs could be used to quantify atmospheric
regional methane emissions as in [4], but with a lower cost per
station and at a projected precision of 5 ppb at a hypothetical
open-path length of 1 km.

The experimental setup is shown in Fig. 1. The output of a dis-
tributed feedback laser diode at 1654 nm (NTT NLK1U5FAAA)
was split in two paths, each containing a phase modulator
(EOSpace PM-085-20-PFA-PFA-1550/1650), with 10 GHz nomi-
nal bandwidth. PRBS were generated using two Xilinx VC707
field-programmable gate array (FPGA) demonstration boards
that were clocked at two distinct, but phase-coherent, frequen-
cies using a two-channel direct digital synthesizer (DDS) (Ana-
log Devices AD9958/59 Evaluation board Z Rev. C) .

The VC707s were clocked at 200.00 MHz and 200.05 MHz
and each used an on-board high-speed serial transmitter (GTX)
that generated bits at 50 times the seeded clock rate such that
bit streams were at f},;; = 10.0000 GHz and 10.0025 GHz respec-
tively. Since sequences of length N = 2° — 1 = 511 bits were
used, the pattern repetition rate was f; = f},;; /N = 19.57 MHz,
with a difference of Af, = 4.89 kHz between the two combs. The
electrical signals were amplified (modulator drivers JDSU H301-
1210) to drive the phase modulators near the V;; condition.

To maximize the spectral flatness of the generated EO combs,
MLS were used [9] as pseudo-random signals. Assuming per-
fectly square bits, the amplitudes of the PRBS harmonics then
follow a cardinal sine envelope, with a first zero at fy;; = 10 GHz
in our case, as shown in Fig. 2 (red line). A full optical band-
width of approximately 15 GHz is thus theoretically available for
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Fig. 1. Experimental setup for dual PRBS EO comb spec-
troscopy. Solid lines represent fiber links, dashed lines rep-
resent electrical links. Fiber-optic splitters/combiners have a
50/50 power ratio. DDS: Direct digital synthesis, FPGA: Field-
programmable gate array, AOM: Acousto-optic modulator,
PM: Phase modulator, Gas: methane cell, PD: Photodetectors
(Thorlabs PDB430C).

spectroscopy, using appropriate equipment. As seen in Fig. 2,
above 4 GHz the experimental curves deviate noticeably from
the theoretical cardinal sine. This stems not only from the band-
width limitations of the VC707 boards and modulator drivers,
but also from the bandwidth of the oscilloscope used for the
measurement. It can be noted that one modulator driver (blue
curve) has an unexplained high-pass behavior, resulting in less
power in the harmonics below 1 GHz.

The desired PRBS were generated offline and loaded to the
FPGAs which were programmed to repeatedly loop through
the sequences. The GTX high-speed serial transmitters on the
VC707 boards allowed adjustable amplitude, pre-emphasis, and
post-emphasis. These parameters were modified experimentally
so0 as to optimize the spectral flatness. The optimal conditions
depend upon the specific phase modulators and amplifiers used.
For the measurements presented here, the parameters were set
to 280 mVypp, 3 dB, and 3 dB respectively.

In the experimental setup (Fig. 1), it can be seen that an
acousto-optic frequency shifter is used on the second comb sig-
nal. Since the repetition rate is f, = 19.57 MHz, the AOM
frequency faom = 73.5 MHz shifts the beating signal by more
than 3f, (panel A of Fig. 3). However, as a dual comb contains
2 beating signals per f; spectral interval (panel B of Fig. 3),
there is one alias at f4op — 3fr = 14.79 MHz as well as one at
4fr — fAOM = 4.78 MHz.

After the phase-modulation, the first comb was used to
probe a (5.5 + 0.1) cm-long methane cell under a pressure of
(98.7£9.9) kPa. The light at the cell’s output was mixed with the
second comb using a 50/50 coupler. The second comb thus acted
as a local oscillator allowing the retrieval of the gas spectrum in
phase as well as in amplitude.

A second interferometer, in which neither of the combs inter-
rogated the sample, was also used to simultaneously provide
a reference measurement for spectral normalization [16]. This
method was chosen to mitigate the impact of time variations
in the modulation patterns. After detection, the two interfero-
grams lgqs and I, were low-pass filtered at 22 MHz (Minicircuit
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Fig. 2. Harmonic spectra at the output of the modulator
drivers, acquired during 3.2 ms with a 4 GHz bandwidth oscil-
loscope having a 40 GS/s sampling frequency. The two MLS
are generated by the two FPGAs and amplified by the two
modulator drivers (JDSU H301-1210). The blue circles and the
black dots represent the harmonics” amplitude of these two
MLS. The solid line is the Fourier series of the theoretical MLS.
The MLS have a length of 2° — 1 = 511, a repetition rate of
19.57 MHz and a bit frequency of 10 GHz.

BLP-21.4+) and digitized with a GaGe compuScope (CSE8389)
acquisition card at fs = 50 MS/s for a total duration of 10 sec-
onds. The digitized interferograms were first band-pass filtered
to keep only the alias around 4.78 MHz. This spectral copy was
next demodulated numerically, cancelling the AOM frequency
shift and yielding a complex signal which only preserved the
spectral alias closest to DC.

Self-correction was applied to the probe and reference inter-
ferograms independently. In each case, the first interferogram
was used as a template which was cross-correlated with the full
signal. This allowed retrieving the evolution of the interfero-
gram periodicity and phase, with a Af, sampling rate. Asin [17],
the phase information was interpolated to phase-correct each
sample of the interferograms and the periodicity information
was used to resample the interferograms such that each period
exactly contained the same integer number of samples. Each
repetition period could then easily be segmented and they all
could be averaged before computing the Fourier transform.

The evolution of the periodicity information as well as the
phase over a 10-second measurement is shown in the Fig. 4.
Panel A shows the offset of each uncorrected interferogram rel-
ative to its expected timing, in number of samples. The linear
relation indicates that the 52446 interferograms have accumu-
lated 330 more points than expected. In other words, instead
of holding exactly fs/Af, = 10220 points, each interferogram
displayed an extra ~ 6/1000 of a point. This is chiefly explained
by the absence of synchronization between the sampling oscillo-
scope and the DDS. However, synchronization would not have
completely solved the issue since, because of quantization, the
two synthesizers could not produce the perfectly integer f,/Af,
that was required. Panel B shows the unwrapped phase ramp
which arises from the fact that the 4.78 MHz downshift did not
bring the spectral alias” central tooth exactly to zero. This ramp
could be easily identified and corrected, yielding the residual
phase shown in panel C. This residual phase was different for
the probe and reference measurements and was mostly due to
independent fiber drifts in those two distinct interferometers.
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Fig. 3. A) Two optical combs with two different repetition
rates: f; = 19.57 MHz and f, + Af, = 19.57 + 0.005 MHz and
an AOM-induced frequency shift larger than 3f,. B) The beat-
ing of the two optical combs in A). The red line is the band-
pass filter used to isolate the chosen spectral alias.

This highlights the fact that interferogram correction is needed
even when the two combs are highly mutually stable since per-
turbations downstream of the laser source can easily impact the
interferograms’ phase evolution.

The probe and reference signals were phase-corrected, resam-
pled, averaged and Fourier transformed. The complex ratio of
the resulting spectra was then computed to retrieve the complex
transmission spectrum of the gas sample. The modulus and
the phase of the computed transmission compared to a fitted
model are shown in Fig. 5. The fit comprised a sum of Voigt
profiles whose initial parameters were taken from the HITRAN
2016 database [18]. For this optimization, the temperature was
fixed at 20.8°C. The adjustable parameters were the pressure
(P), the cell length (L), the absolute frequency, and two different
linear baselines for the modulus and the phase. Fitting the ab-
solute frequency was needed because the CW laser frequency
was not known a priori with sufficient accuracy. The linear base-
lines took into account varying spectral discrepancies between
the probe and reference channels. The modulus and the phase
were fitted simultaneously. The retrieved gas cell parameters
were: P = (94 + 2.7) kPaand L = (5.51 + 0.8) cm. The uncertain-
ties correspond to the 95% confidence intervals returned by the
fit.

The residuals (Fig. 5) show some systematic structure, which
is consistent with known shortcomings of the chosen spectral
model comprising a sum of Voigt profiles (e.g., speed-dependent
collisions, line mixing, etc.). The increased noise, around an elec-
tronic offset of 0 MHz, is explained by the lower power per comb
tooth in one of the PRBS combs discussed earlier (Fig. 2). Sim-
ilarly, the increased random residuals at the edges (+1 MHz),
are explained by the limited optical bandwidth of the modulator
drivers (Fig. 2). Importantly, the local baseline noise through-
out the remainder of the spectrum is ~ 0.001 at the 10-second
integration time.

Using the observed noise level, a projected precision was esti-

Interferogram number

Fig. 4. A) Offset of each interferogram relative to their ex-
pected timing. B) Unwrapped phase before AOM shift cancel-
lation. C) Residual phase after AOM shift cancellation. Black
curves are for the probe interferometer. Blue curves are for the
reference interferometer.

mated for atmospheric CH4 mole fraction retrieval of o = 5 ppb
at an open-path length of L = 1 km. The projected open-path
sensing precision was calculated by fitting simulated complex-
valued spectra of atmospheric CHy (xcpy, = 1.8 ppm, L = 1 km,
T = 296 K) with absorbance noise of 0.001 (0.001 rad for the
phase), sampled at an optical frequency spacing of f, = 15 MHz.
The fitted model retrieved the absolute frequency, pressure, mole
fraction, and the standard deviation of the fitted mole fraction for
100 independent simulations. The model yielded the estimated
open-path sensing precision of o = 5 ppb.

The PRBS comb bandwidth, as illustrated in Fig. 5, was well
matched to the entire CHy absorption feature near 1653.73 nm.
Consequently, nearly all the EO comb teeth provided simultane-
ously independent measurements of the sample gas. The pro-
jected precision, for open-path sensing of mole fraction, is there-
fore significantly better than the traditional single-frequency
figures of merit (e.g., noise-equivalent absorption), which is rou-
tinely discussed for continuous-wave laser sensors. Hence, for
relatively narrow-band spectroscopy, EO combs coupled with
fast and programmable interferometric read-out techniques rep-
resent a promising new architecture for robust field-deployable
sensors.

The SNR evolution, as a function of the number of averaged
interferograms for both the raw and corrected signals, is shown
in Fig. 6. The raw averaging accounts for the fractional number
of points per interferogram, but not for the extraneous Af, and
phase fluctuations. This was done to reflect an experimental
case where all frequencies are synchronized to enforce the so-
called coherent averaging condition. Still, it can clearly be seen
in Fig. 6 that coherent averaging begins to fail at time scales
longer than 2 seconds for uncorrected signal. Meanwhile, self
correction allows retrieving the mutual coherence between the
two sources at time scales longer than 10 seconds, limited by
our acquisition duration. This demonstrates that software self
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Fig. 5. Complex transmission spectrum of methane near
1653.73 nm. A) The black and the grey curves represent the
modulus and the blue curves represent the phase. Experimen-
tal data points are plotted as dots. The fitted model computed
with parameters from the HITRAN 2016 database is plotted
as solid lines. The compression factor from optical to electrical
frequencies is 4000. B) Modulus residuals. C) Phase residuals.

correction is beneficial even for highly mutually coherent dual
EO comb systems.

In summary, this Letter proposes an approach for dual EO
comb spectroscopy using pseudo-random binary sequences.
Maximal-length sequences are used for maximizing the spectral
flatness. Interferogram self-correction is a necessary processing
approach to implement coherent averaging, despite the use of
highly mutually coherent combs. The technique, demonstrated
here using a methane cell, exhibited residual noise levels com-
mensurate with detecting atmospheric methane with a precision
of 5 ppb over a hypothetical open-path length of 1 km with a
simple, inexpensive, and robust instrument.
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