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Common-Path Dual-Comb Spectroscopy Using
a Single Electro-Optic Modulator

Miguel Soriano-Amat ‘', Marcelo A. Soto
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Abstract—Dual frequency comb (DFC) spectroscopy using
electro-optic comb generators stands out for its flexibility, easy
implementation, and low cost. Typically, two combs with different
line spacing are generated from a common laser using independent
electro-optic comb generators. This approach minimizes the impact
of laser phase noise; however, the distinct paths followed by the
two combs ultimately limit the attainable signal-to-noise ratio and
long-term stability of the system. In this work, a common-path
DFC is generated using a single modulator driven by an arbitrary
waveform generator, thus enabling a remarkable increase of the
system stability (up to 0.8 s of integration time) while maintaining
high flexibility. The proposed technique is experimentally validated
by implementing a dual frequency comb with 3000 lines, covering
an optical bandwidth of 4.5 GHz, and demonstrating an optical-
to-radiofrequency compression factor of 7500. Our system is able
to measure extremely narrowband optical features (in the MHz
range) with an accuracy only limited by the master laser stability.

Index Terms—Arbitrary waveform generation, brillouin
scattering, dual comb spectroscopy, optical frequency combs.

1. INTRODUCTION

PTICAL frequency combs (OFCs) have become a ground-
breaking technology in a variety of applications, such as
precision spectroscopy [1], distance ranging [2] and telecom-
munications [3], to name just a few. In some of these applica-
tions, the interference of two OFCs with slightly different line
spacing enables the acquisition of high-resolution spectra with
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a single photodetector and low-bandwidth electronics, thanks
to an optical-to-radiofrequency (RF) down-conversion [1], [4].
Due to its seminal use for spectroscopic measurements, such
a method is usually called dual-comb spectroscopy (DCS),
although it can be understood in a more general way as a
multi-heterodyne interferometric technique. Since their inven-
tion, dual-comb interferometers have been implemented using
different comb types, including mode-locked lasers, microres-
onators and combs based on electro-optic (EO) or acousto-optic
modulators [5]-[9]. Irrespective of the comb generation princi-
ple, resolving individual spectral lines requires the two combs
involved in DCS to maintain a high degree of mutual coherence.
If that condition is ensured during the acquisition time, the
measurement signal-to-noise ratio (SNR) can be dramatically
improved by coherent signal averaging [4], [10].

From a practical point of view, the requirement of mutual
coherence between two different OFCs is technically very chal-
lenging. This condition can be accomplished, for instance, by a
tight phase-locking between the combs or using digital process-
ing algorithms. However, those methods work at the expense of
increasing the hardware and/or software complexity [5], [11]. An
effective approach to simplify the architecture of DCS is to use a
pair of EO frequency combs generated from a single continuous-
wave (CW) laser [6]—[8]. Besides its easy implementation, this
scheme offers a high degree of relative phase coherence between
the two combs, as well as high flexibility when setting the optical
line spacing and the RF detection bandwidth. Limitations in the
number of lines (typically <100) affecting the first implemen-
tations of EO combs can be overcome by external non-linear
broadening [12], [13] and/or by the use of optimized electronic
driving schemes [14], [15]. Using multi-stage comb generators,
some EO schemes are capable of performing broadband DCS by
varying the repetition rate of a single frequency comb. However,
these setups require large interferometers, compromising the
stability of the system and seriously limiting its capability to
be reconfigured [16], [17]. Another reported strategy to produce
a pair of mutually coherent OFCs is their generation from a
common laser cavity [18]-[21]. In that case, the difference in
the line spacing between the two combs is obtained by the
asymmetries existing between the two directions of propagation
inside the cavity. This architecture avoids duplicating the optical
components in the setup and improves the system stability due to
the common-noise rejection between the two generated combs.
Several laser platforms and technologies have been employed
to implement these dual-comb generators, such as bidirectional
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(1),(2) Spectrum after the MZM and filtering
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Fig. 1.

(a) Conceptual scheme of the common-path dual-comb interferometer, along with the signal spectrum at different points of the scheme. Upper left inset:

Detuned RF frequency combs programmed on a computer. The sketches shown here are conveniently scaled to make it evident the detuning in the line spacing
and the main design features. Notice that to facilitate the optical filtering, the first line of each sideband can be separated from DC considerably more than the line
spacing. CWL: continuous wave laser; AWG: arbitrary waveform generator; TBPF: optical tunable band pass filter. F~! {-} stands for inverse Fourier transformation;
MZM: intensity Mach-Zehnder Modulator; PD: photodetector; ESA: electrical spectrum analyzer.

mode-locked fiber lasers [18], [19], a mode-locked integrated
external-cavity surface emitting laser [20] and dissipative Kerr
solitons counter-propagating in a microresonator [21]. These
schemes generally present limited flexibility to tune both the
comb line spacing and the down-conversion factor, although
some of these restrictions have been recently alleviated by the
use of a bidirectional frequency-shifting loop seeded with a
CW laser [22]. In all the described dual-comb schemes, the
two generated frequency combs propagate along different arms
before interfering, even when they are originated from the same
cavity or fiber loop. In this way, thermal fluctuations or any
uncorrelated noise between the two arms imposes an ultimate
limit to the mutual coherence between the combs. This problem
is usually circumvented by means of low-bandwidth feedback
loops or phase correction algorithms [9], [23]-[25].

In this paper, we propose a method to generate a single-
path dual-comb based on a single electro-optic modulator, fed
by a low phase noise CW laser, and driven by an arbitrary
waveform generator (AWG). The proposed scheme produces an
optical spectrum composed of two interleaved frequency combs,
whose line spacing differs in a small offset. This spectrum
can be viewed as a sequence of periodically repeated doublets,
each one composed of two lines whose frequency difference
increases linearly along the optical bandwidth. The resulting
dual-comb generator allows us to interrogate a spectroscopic
sample with a simplified one-arm setup, which includes only
one photodetector instead of a high-resolution spectrometer
[1], [26]. The magnitude of the spectral fingerprinting of the
sample becomes encoded onto a set of low-frequency beat notes,
originated by the interference of the closest neighboring lines
(doublet lines) which compose the optical dual-comb spectrum.
As a proof of concept, we employ the proposed common-path
dual-comb interferometer to perform a very fast measurement
of the gain spectrum of stimulated Brillouin scattering (SBS)
in optical fibers. The performance and limitations of the pro-
posed method are analyzed and evaluated experimentally. Due
to its common-path architecture, the implemented dual-comb
interferometer allows self-referenced measurements without
requiring real-time correction methods or feedback loops.

The remarkable system stability achieved allows reaching
integration times close to 1 second (more precisely 0.8 s) with
a consistent increase in the achieved SNR across the averaged
interferograms. In addition, with the current AWG technology,
this method can be engineered to resolve extremely sharp op-
tical features, in the order of MHz or below, as demonstrated
hereafter.

II. DESCRIPTION OF COMB GENERATOR
A. Dual Comb Design and Implementation

The operation principle of our dual-comb interferometer is
sketched in Fig. 1. The light source is a CW laser (NKT Koheras
Basik X15) operating at Ao = 1550.12 nm, with a linewidth
of <100 Hz and RIN of —135 dBc/Hz at 10 MHz. The laser
light is modulated by a conventional Mach-Zehnder modulator
(MZM, Photline MX-LN-10, 10 GHz). The MZM is driven by
a temporal signal generated by an AWG (Keysight M8195A).
This signal is previously designed off-line through the process
detailed in subsection II.B The resulting digital signal includes
information of both combs, whose line spacing is Af and
Af +6f, respectively, being 0 f < Af. This signal is then
loaded into an AWG, whose electrical output is boosted by an
RF amplifier and then launched into a single EO modulator. This
constitutes the principal difference with conventional schemes,
which add both signals in the optical domain, and are therefore
subject to uncorrelated optical phase fluctuations between the
combs. The MZM bias is adjusted so that the optical carrier is
suppressed, therefore yielding only two symmetric sidebands
around the carrier frequency [27]. Each sideband in the optical
domain is a flat-top DFC. Note that the RF power entering the
modulator must be as high as possible to increase the optical
output power of the generated frequency combs. However, its
maximum value is limited by the nonlinear behavior of the
MZM. Indeed, it must be secured that the whole modulation
process remains linear and free from saturation, which would
otherwise produce unwanted harmonics in the spectrum. By
means of a tunable optical bandpass filter (TBPF), one of the
dual-comb sidebands and the residual carrier are filtered out.
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Then, the light emerging from the optical filter is sent to a
sample under test and detected by a single photodiode. A spectral
analysis of the measured electrical signal (conveniently filtered
and amplified when necessary) allows us to map line by line
the optical spectrum into the electrical domain. Restricting
ourselves to the lowest RF region, the interference between the
nearest neighboring lines composing the dual-comb structure
produces an electrical RF comb with a line spacing equal to
0 f. In this way, the optical bandwidth turns out to experience
a compression factor (CF) calculated as CF = Af/df. Note
that this downconversion is unambiguous thanks to the optical
filtering performed by the TBPF, which removes the beat notes
coming from the other optical sideband generated by the EO
modulator. The spectral response of the spectroscopic sample
becomes therefore encoded onto the dual optical frequency
comb, and by spectral amplitude response of the sample can be
easily retrieved. It should be noted that the electrical amplitude
response encoded in the beat of each doublet corresponds to the
square of the optical amplitude response of the sample, which
entails double optical amplitude sensitivity compared to a setup
where only one of the two combs interacts with the sample.

This configuration is similar to the symmetric or collinear
approach in conventional dual-comb spectroscopy [4]. Experi-
mentally, the reference measurement (i.e. the one without infor-
mation from the sample) can be simply obtained by deviating a
fraction of the light emerging from the TBPF towards a second
photodiode.

B. Comb Signal Design

The design of the electrical signal driving the Mach-Zehnder
modulator is carried out by a digital synthetization in the fre-
quency domain. The process starts with the numerical construc-
tion on a computer of two single frequency combs, whose line
spacingis A f and A f + § f. The frequencies that constitute the
two combs are selected according to the design parameters, i.e.,
number of lines, optical bandwidth and frequency offset. These
design parameters are subject to a series of constrains detailed
in the following subsection. Defined the comb frequencies, a
random phase is allocated to each spectral line in order to
avoid the formation of high peak-power pulses, which can easily
saturate the modulator driver and/or the photodetector. In order
to recover a real-valued signal at the end of the design process
(so as to obtain a real-valued electrical signal to drive the MZM),
the spectrum of each comb must be conjugated symmetrically
around f = 0 (see Fig. 1).

Once the individual combs are numerically built, they are
added in the digital domain to form a single complex spectrum.
Mathematically, the designed spectrum can be defined by the
expression

N-1
Z Am €J¢m f fm) € j¢m'5(f+fm))
m=0

N-1
3 A (905 (f = 1) + €905 (F + 1),

m=0
)]
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where A,,, f,, and ¢,, are the amplitude, frequency and the
random phase value of the m™ comb line. The frequency of
each line can be decomposed in terms of the line spacing

fm:fs+mAfa
fn=fs+m(Af+0f), 2)

where f, defines the frequency of the first line of one comb
(m = 0). The first line of the second comb (f”,) has been set
in f' = fs+0f , so that, the first line of the downconverted
comb can be evaluated. The time-domain representation of the
modulating signal is obtained through an inverse Fourier trans-
formation, i.e., e(t) = IFT{E(f)}. In temporal domain, e(t)
corresponds to a summation of cosines, each one with identical
amplitude, frequency f,, and different phase value. From an
implementation point of view, in this work the design of the
DFCs turned out to be computationally more efficient in the
spectral domain. This digital signal e(¢) is uploaded to the AWG
to finally obtain the electrical signal driving the MZM.

C. Constraints of the Dual Comb Implementation

The basic design parameters of the DFC are the number of
spectral lines N and the optical line spacing of each interleaved
comb, given by Af and Af + §f (with 6 f > 0), respectively.
As it is common to all DCS setups, the need to resolve unam-
biguously the optical spectral lines imposes restrictions on the
downconversion. Upon detection, all the optical lines of the dual
comb beat to each other, in such a way that multiple bands can
be found in the detected electrical spectrum. To be able to isolate
the first-order beating frequencies between pairs of lines of the
dual comb without aliasing, the maximum separation between
pairs of lines must be smaller than half the line spacing A f, i.e.,
NOf < %. When this condition is satisfied, the compressed
comb can be acquired at the baseband, in the so-called first
Nyquist zone (which goes from DC to Af/2) [10]. Alterna-
tively, we may relate 6 f to the optical bandwidth ( BW,,)
asof < 5 BW , where BW,,,; = NAf. This equation has a
paramount 1mp0rtance in dual-comb spectroscopy, since the
inverse of  f corresponds to the duration of an interferogram,
and therefore it defines the minimum time required to perform
a complete spectroscopic measurement [4], [10].

Note that for our dual-comb generator, B, is in principle
ideally limited by the electrical bandwidth of the MZM and the
AWG. Furthermore, it must be noted that the roll-off of TBPFs
is typically not very sharp, leading to a further reduction of the
usable bandwidth. The frequency offset 4 f, in its turn, depends
solely on the AWG operation. In particular, the minimum value
of §f is determined by the ratio between the sampling rate of
the AWG to the employed memory depth (that is, by the inverse
of the total time length of the generated signal). Since BW,,,;
and 0 f are the parameters that become fixed by the performance
of the electronics and EO equipment, a downconversion without
aliasing implies that N < /BW,,; /26 f. This equation reveals
a tradeoff between the minimum acquisition time (1/4f) and
the number of spectral lines that can be used. Once N is chosen,
the optical line spacing is simply given by Af = BW,,;/N.
For the particular implementation used in this paper, BW,,,; is
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set to 4.5 GHz. Concerning the frequency offset, we employ a
very narrow linewidth laser (<0.1 kHz), and a high-performance
AWG featuring a sampling rate of 65 GS/s and a maximum
usable memory of 320 MSa. With these specifications ¢ f can
be easily tuned over several orders of magnitude (from 200 Hz
up to 100 kHz) securing hundreds or a few thousands of lines
within the aforementioned optical bandwidth. Correspondingly,
A f can range from around one to a few tens of megahertz.

III. EXPERIMENTAL RESULTS

A. Characterization of the Generated Dual Frequency Comb

To demonstrate the flexibility of the dual comb design and
implementation, two different dual combs are presented in what
follows, which have been generated employing the scheme in
Fig. 1 (omitting the spectroscopic sample). The spectra of the
RF signals generated by our detector (a photodiode with a
bandwidth of 100 MHz) have been measured by an electrical
spectrum analyzer (ESA). As mentioned above, the two dual
combs are generated to cover an optical bandwidth of BW,,,;~
4.5 GHz. The first dual comb has N = 3000 pairs of lines,
resulting in a line spacing of A f = 1.5 MHz. The relative offset
between the combs is § f =200 Hz (i.e. the two generated combs
have a line spacing of 1.5000 and 1.5002 MHz, respectively).
Note that this offset corresponds to the minimum value that we
can experimentally attain with our available memory depth. This
configuration leads to a CF = 7500. The second DFC has N =
600 lines separated 7.5 MHz in the optical domain. In this case,
the offset is set to df = 5 kHz, what entails a CF = 1500.
The obtained downconverted spectra (after photo-detection) are
shown in Fig. 2. In the two cases, the ESA resolution bandwidth
and video bandwidth were set in 3.3 Hz.

Fig. 2(a) shows the electrical downconverted spectrum for
the DFC with 3000 line pairs. As expected, the bandwidth of
the downconverted spectrum (N6 f) reaches up to 600 kHz.
Fig. 2(b) shows the downconverted DFC with 600 lines, and
a frequency offset of 5 kHz (yielding an electrical RF spectrum
of 3 MHz). With this frequency offset, it is possible to accumu-
late thousands of interferograms (each one with a duration of
200 ps) over acquisition times for which stabilization schemes
are usually required (>0.1 s). Due to memory limitations in our
oscilloscope, this was the configuration employed to analyze the
evolution of the comb SNR in the time-domain, as a function of
the number of averaged interferograms (see Section II1.C).

An important advantage of our method is that we can optimize
the form of the time-domain optical signal at the output of the
comb generator, so the power per line (and thus the comb SNR)
can be increased while maintaining the spectral flatness. By
acting on the spectral phase of the two interleaved combs, we can
avoid the generation of high peak-power sinc pulses associated to
arectangular-shaped comb with all the lines sharing (aside from
a linear term) the same phase. In that “transform-limited” case,
the generated sinc pulses could easily saturate the modulator
driver and/or photodetector, thus imposing a significant limita-
tion to the mean RF power required to drive the EO modulator. A
full study on the optimization of the time signal released by our
generator is out of the scope of this paper. However, it should
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Fig. 2. Measured (downconverted) DFC spectra for: (a) N = 3000 lines, J f

=200 Hz and Af = 1.5 MHz; (b) N = 600 lines, 6 f = 5 kHz and Af =
1.5 MHz. Insets show the spectral separation of the resolved comb lines in the
electrical domain (top-right) and the comb flatness in terms of electrical power
(top-left).

be noted that by the simple allocation of a random phase for
each spectral comb line, we experimentally verified that the
average power of the combs was increased, respectively, by
19-20 dB (N = 600) and 25 dB (N = 3000) when compared
to the “transform-limited” case.

B. Fine Spectral Sampling Using the Generated DFC

The features of our DFC generator allow us to produce optical
frequency combs with a line spacing that can be reduced to the
megahertzrange. These dense combs can be exploited to perform
a fine spectral sampling of narrow optical resonances by DCS
[28]. The absorption lines of gases measured in conventional
molecular spectroscopy have typically linewidths of a few GHz,
which are too broad to benefit from the small line spacing offered
by our DCS scheme. However, other spectroscopic transitions
(such as those measured in saturated absorption spectroscopy
[29], [30]) are a few orders of magnitude narrower and may
therefore take advantage of a densified DFC.

Experimentally, we mimicked them by generating stimulated
Brillouin gain and loss spectra in a conventional optical fiber,
whose accurate measurement represents a challenging appli-
cation to test our method. The activation of SBS requires the
interaction of two counter-propagating optical signals in the
fiber, which in this case are generated based on the setup depicted
in Fig. 3.

The pump inserted on one side of the fiber under test (FUT)
generates narrowband (a few MHz width) gain and loss pro-
cesses in the fiber. In order to achieve SBS interaction, pump
and probe comb have to be spectrally separated by a quantity
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Fig. 3. Experimental setup used to demonstrate the high spectral resolution
capability of the proposed common-path DFC by measuring the Brillouin
gain/loss spectrum in a standard optical fiber. PC: Polarization controller. VOA:
variable optical attenuator.

close to the Brillouin frequency shift (BFS) of the fiber. Using
one of the DFC described in the previous section (namely, the
one with N = 3000 lines), the Brillouin gain and loss spectra of
a 25 km-long optical fiber have been measured. Pump power in
this case is tuned to a few mW, yielding approximately 12 dB
gain/loss processes in the fiber. The choice of what process is
interrogated (gain or loss) is simply made depending on the
relative frequency arrangement between the interacting waves
(see Fig. 4-bottom, vp denotes the BES of the FUT).

Experimental results recovered by the ESA are shown in
Fig. 5. In particular, Figs. 5(a) and 5(c) show the down-converted
electrical spectra of the comb influenced by Brillouin gain and
Brillouin loss, respectively. Interestingly, the main features of
the Brillouin gain/loss spectrum can be resolved with high res-
olution in the electrical domain, with a CF = 7500, as expected
from the DFC settings.

Using this CF, the natural Brillouin gain and loss spectra are
obtained in the optical domain, as shown in Fig. 5(b) and 5(d).
Indeed, the Brillouin gain spectrum is measured in the electrical
domain with central frequency of 351 kHz and a natural width of
4.163 kHz, representing in the optical domain a frequency offset
from the master laser frequency of 8.14 GHz and a linewidth
of 31.22 MHz. The Brillouin loss spectrum is measured in the
electrical domain with a central frequency of 351 kHz and a
natural width of 4.089 kHz. This represents in the optical domain
a frequency offset from the master laser frequency of 8.14 GHz
and a linewidth of 30.66 MHz. Considering the frequency offset
of 19 GHz between the Brillouin pump and the master laser
frequency in our setup, the measured central frequency yields
a BFS of 10.86 GHz, in agreement with the value measured by
conventional means [31].

C. SNR Analysis

With the purpose of evaluating the system stability, a study on
the evolution of the SNR with coherent averaging is performed.
In particular, the electrical SNR of the second comb charac-
terized (N = 600 lines, f = 5 kHz and Af = 7.5 MHz) is
computed in the time-domain, for integration times up to ~0.8 s
(corresponding to the average of 4096 interferograms, each one
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with a duration of 0.2 ms). The maximum number of acquired
interferograms is limited in our implementation only by the
memory of the employed oscilloscope. The SNR is calculated
using the following strategy. Each photo-detected interferogram
si(t) is composed of the DCS signal r(¢) (which does not change
from one interferogram to the next) and uncorrelated additive
white noise n; (t):

si(t) = r(t) + ny(t) 3)

By using a noiseless reference interferogram, i.e., syef(t) =
7r(t), the SNR of an individual interferogram can be computed
in the time domain by noting that the difference between the
acquired interferogram and s..¢(t) is the noise added to the
interferogram. This way, the SNR is calculated as:

2 2
ovm = O @

(na(t)7)  ((s:(t) = svet(£))7)

where the brackets make reference to the variance calculation. In
the above derivation, it has been assumed that the DFC signal of a
single interferogram is strong enough so that the approximation
(5;(t)%) = (r(t)®) + (ni(t)?) =~ (r(t)?) can be used (note that
the non-averaged interferograms measured by our setup present

an SNR >35 dB, validating this assumption).

To compute the SNR as a function of the number of averages,
we acquired in the time domain a set of 8192 interferograms
employing the second configuration of our dual-comb generator.
To avoid aliasing in the recorded interferograms, the first Nyquist
zone is digitally filtered in the spectral domain by applying
a low-pass filter to the detected signal. Note that the number
of recorded interferograms in our implementation is limited by
the oscilloscope memory. This dataset is then divided into two
subsets of 4096 interferograms each. All the interferograms of
the first subset, aligned in time, are averaged to generate a “quasi-
noiseless” reference interferogram. The second subset, in its
turn, is used to compute interferograms with increasing number
of averages (up to 4096, which corresponds to an integration
time of about 0.8 s). The evolution of SNR with the number
of averages is then evaluated according to Eq. (4). Note that
the “quasi-noiseless” reference interferogram and the averaged
signal are disjoint sets of data, i.e., none of the interferograms
used in the reference calculation were used to compute the
averaged signal under analysis. Otherwise, the evaluation of
the SNR would be biased. Regarding the theoretically expected
value of SNR, we start by noting that for a purely additive
noise, averaging M realizations of an interferogram should yield
a reduction of the noise power by a factor of M:

1 & ’
< (M Zm(t)) > =0l /M )

where 0,2 is the noise power of a representative trace. In this
case, using a noiseless reference interferogram, averaging M in-
terferograms would increase the electric SNR defined by Eq. (4)
by a factor of M. However, in the presented implementation,
the reference interferogram, while presenting very low noise,
is not purely noiseless. This will affect the SNR computation
as follows. Assuming a white uncorrelated noise between an
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Fig. 5. DFC spectra for N = 3000 lines comb, § f = 200 Hz offset and line
spacing of A f = 1.5 MHz after interaction with the SBS gain (a) and loss (b)
peaks. (c) and (d) figures show the resolved gain and loss peaks in each case,
with a superimposed Lorentzian fitting. ESA resolution bandwidth and video
bandwidth are both 3.3 Hz.

interferogram s;(¢) and the reference s,¢¢(t) then:

((56(t) = seet (£))?) = (ns()%) + (et (t)?)

where (n,e¢(t)?) is the noise power in the reference interfer-
ogram, obtained with 4096 averages. Note that, for a non-
averaged interferogram, the term (n,c¢(t)2) will be 4096 times
smaller than the term (n;(¢)?). Then, the SNR computed for an
interferogram obtained from M averages, will be given by:

(6)

SNRMavg

Fig. 6. Time domain electrical SNR evolution of the DFC with N = 600 lines,
0f =5 kHz and Af = 7.5 MHz for increasing averaging times. Blue dotted
line: Experimental SNR measurement. Orange solid line: additive-noise limited
SNR, considering a noiseless reference. Black dashed line: additive-noise limited
SNR, considering noise in the reference.

In the above equation, it can be seen that for low values of
M, the obtained SN Ry 4.4 scales, with a good approximation,
proportionally to M (i.e. SN Rpq9 = M - SN R;). However,
as M approaches 4096, the computed SNR becomes 3 dB
lower than that which would be obtained with the use of a
noiseless reference interferogram s.o¢(¢). In Fig. 6, the black
dashed line presents the theoretically expected SNR computa-
tion, derived from Eq. (7) (that is, taking into account the use
of a non-noiseless reference interferogram), while the orange
line represents the case of a completely noiseless reference,
for which SN Rpsq.,g = M - SN R;. The experimental results
are presented in Fig. 6 in blue dotted line. Assuming infinite
coherence between the frequency lines of the DFC spectrum, the
electrical SNR for purely additive (white) noise is expected to in-
crease linearly with the integration time (orange line). However,
the theoretical expectation for our experimental SNR (plotted
as a black dashed line in Fig. 6) needs to consider the use of a
reference interferogram that is not noiseless. As can be observed,
our experimental values are very close to that theoretical line. A
maximum SNR of 68 dB is obtained after ~0.8 s integration, i.e.,
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Fig.7. (a)First (blue) and last (red) non-averaged interferograms of the dataset
used to compute the SNR evolution in Fig. 6. On the bottom (green): difference
between the presented interferograms. (b) Zoom-in of the curves shown in (a).

~4000 averages. This yields an SNR improvement of 32.5 dB
when compared to the SNR of a non-averaged interferogram.
Note that a high stability of the system can be inferred from
this figure, which indicates a continuous growth of the SNR as
the number of averages increases. In case of a poor stability,
the drift of the interferograms would result in lower SNR when
increasing the number of averages.

A progressive saturation of the SNR starts to be noticeable
only after ~0.5 s (=2500 averages), when the SNR is already
67.5dB. Asitis visible, this deviation is mostly explained by the
use of a non-noise-free reference interferogram (black dashed
line). However, the presence of non-additive noise sources at
this time scale cannot be discarded. These could be related
to temperature fluctuations and power drifts (from the laser
or the optical amplifier, in this case an erbium doped fiber
amplifier (EDFA)) or changes in the operation point of the MZM.
Irrespective of the origin of the non-additive noise, the deviation
from the dashed line is lower than 1dB (0.8 dB) at 0.8 s.

The high stability for measurements times close to 1 s is
further evidenced in Fig. 7, where the first (1) and last (4096)
interferograms used in the previous SNR analysis are presented.
The high resemblance of the interferograms (measured with a
time difference of about 1 s) can be better observed in Fig. 7(b),
which shows a magnification of them. The difference between
these interferograms (shown in the green line) is mostly uncorre-
lated (correlation coefficient <0.4) to the interferograms them-
selves, thus demonstrating the predominance of white noise. To
reduce the impact of uncorrelated noise and better quantify the
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similarity of the interferograms, the correlation between the first
and last 16 averaged interferograms is evaluated to be 0.975,
demonstrating the high stability of the system over the time
window of 1 s.

Therefore, an increase of the integration time should still yield
an improvement in the attainable SNR, until the effect of power
drifts and other correlated noise sources becomes more relevant.
On the other hand, the effect of adding random phases to the
spectral lines of the combs can also be observed in Fig. 7. The
generated electrical signal is a train of noise-like waveforms
that spread over the entire period (=100% of duty cycle), thus
avoiding the existence of high-peak pulses.

IV. DISCUSSION AND CONCLUSIONS

We have proposed and demonstrated the generation of a
reconfigurable dual-comb spectrum using a single EO modu-
lator driven by an AWG. This simplified scheme allows the
implementation of a one-arm spectrometer capable of measuring
fine spectral signatures (such as the gain spectrum of stimulated
Brillouin scattering) with thousands of points and a frequency
spacing of 1.5 MHz (0.01 pm). The common-path configuration
of our system does not only simplify the usual EO dual-comb
architecture (eliminating one arm), but also provides high stabil-
ity over acquisition times of several hundreds of milliseconds.
Additionally, the difference in the line spacing between the two
combs, which determines the maximum measurement speed,
can be tuned over three orders of magnitude (from 200 Hz
to 100 kHz). The flexibility to set the different parameters of
the dual-comb spectra, comparatively higher than in approaches
based on bidirectional cavities, is subject, however, to several
constraints and tradeoffs. The spectral coverage of our spectrom-
eter is eventually limited by the maximum attainable modulation
bandwidth. Fixed the optical bandwidth, the use of an AWG
imposes a tradeoff between the number of lines and the AWG
memory (Section II.B). Thus, the generation of ultra-dense fre-
quency combs entails alarge memory depth. Concerning the type
of spectral information that can be measured, our common-path
approach only allows us to retrieve the spectral amplitude re-
sponse of a sample. In that sense, our spectrometer is analogous
to (two-arm) dual-comb systems in a symmetric configuration
and typical Fourier-transform infrared spectrometers.

The main limitation of the technique is currently given by the
bandwidth of commercially-available electro-optic modulator,
which can be of the order in 40 GHz. Unfortunately, existing
methods to enlarge single EO combs cannot be used for the
single-path dual-comb here generated. The reason is that those
methods essentially require the two combs to propagate over
different paths and/or make use of nonlinear optical effects
(such as four-wave mixing), which will not be able to efficiently
operate directly in the dual comb due to the non-constant spectral
separation between the DFC lines. Techniques for enlarging
the DFC here originated could be an interesting research topic,
however this goes out of the scope of this paper.

The demonstrated dual-comb scheme explores the capability
of electrical arbitrary waveform generation to engineer optical
dual-comb spectra. The result is a free-running system whose
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spectral region of operation can be easily extended outside the C
band (to 1 um or 2 pm) by means of the currently available EO
technology. The possibility of reducing the line spacing to the
megahertz level makes possible an extremely fine spectral sam-
pling, which is of interest in applications such as spectroscopy of
high-quality-factor microresonators [28], atomic spectroscopy
[32] and optical sensing [14], [15], [33]. In those applications,
the simple and robust design presented here represents a step
towards the development of real field-deployable comb-based
instruments.
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