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Fourier transform spectroscopy by repetition rate
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We demonstrate the operation of a Fourier transform spec-
trometer that operates by sweeping the pulse repetition fre-
quency of an electro-optic frequency comb. Incorporating a
length-imbalanced interferometer, this single-comb system
is analogous to a conventional dual-comb system, but with
a greatly simplified design. The functionality of the spec-

trometer is demonstrated via the high-resolution spectrum

measurement of an H'3C!N reference gas cell. © 2018
Optical Society of America
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Optical frequency combs (OFCs) are made of mutually coher-
ent, narrow, and equally spaced spectral lines. Phase matching
across the spectral lines of a frequency comb is appealing for
numerous applications such as coherent optical communica-
tion, arbitrary waveform generation, low noise microwave gen-
eration, and most importantly, spectroscopy [1,2]. Especially
for broadband molecular spectroscopy, the hundreds to thou-
sands of sharp spectral lines make the OFC a suitable tool for
spectrum sensing with high resolution and high sensitivity [3].
However, to detail individual spectral lines, an optical spectrum
analyzer with a resolution as high as the spectral lines under
investigation must be used, which is typically expensive, if
available. In the case of traditional Fourier transform (FT) spec-
trometers, comb sources can replace incoherent light sources to
offer an improved signal-to-noise ratio. However, comb sources
do not overcome the two disadvantages of FT spectroscopy,
which are the requirement of a mechanical scan mirror and
an output resolution that is limited by the maximum path
difference between two interferometric arms.

In response to this, dual-comb spectroscopy overcomes
these limitations by employing two combs of slightly different
repetition rates and produces a cross-correlational interfero-
gram at the sample [4]. This method has ultrafast acquisition
time, no moving parts, and a resolution determined by the
repetition frequency of the comb. However, the strict phase-
matching requirements between both combs make this system
complex, bulky, and not suitable for field use.
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Single-comb spectroscopy with a sweeping repetition fre-
quency is a simple and efficient alternative to the ones pre-
sented above [5]. It uses a length-imbalanced interferometer
to create two pulse trains of different instantaneous frequencies.
Optical path delays between two overlapping pulse pairs are
scanned by changing the repetition frequency (f',) of the comb.
Since one arm of the interferometer is shorter than the other, a
change of the repetition frequency impacts the output of the
shorter arm at first, and momentarily two pulse trains with
different repetition frequencies are generated. The system
becomes analogous to a dual-comb system when the repetition
frequency is varied continuously. After a complete scan of the
repetition frequency, a recorded cross-correlational interfero-
gram is produced at the photodetector. This method is also
known as optical sampling by laser cavity tuning (OSCAT),
first proposed in Ref. [6]. As the name suggests, this method
was originally intended for mode-locked laser (MLL)-based
OFC where f, sweeping is achieved by means of varying
the laser cavity length with a piezoelectric actuator. However,
the dynamic range of such f, sweeping is limited due to stabi-
lization constraints of the MLL cavity. As a result, one needs a
long (>200 m) delay line to achieve sufficient spectral resolu-
tion for spectroscopy. A long delay line is sensitive to ambient
temperature variation and causes interferometric timing and
phase fluctuation of the comb signal [5,7]. To compensate for
the impairments of the delay line, two narrow bandpass filters
must be used to track the timing and phase variation. By
extracting the phases of the filtered signal, the phase and timing
grid of the interferogram are corrected [8].

Electro-optic (EO)-comb-based dual-comb systems have
greatly improved in the last few years [9-11]. Effectively, dual
EO combs are seeded from one continuous-wave (CW) laser.
This brings the main benefit of EO combs, which is that, in
contrast to mode-locked-based systems, EO combs do not
require phase matching. However, for the optical bandwidth
of EO combs to cover hundreds of nanometers (nm), multiple
sections of pulse compression, amplification, and nonlinear mix-
ing are required, often via adding kilometer (km)-long optical
fibers. Maintaining the coherence of two EO combs over such
a long length of fiber is a challenging task, degrading the
performance of dual-comb EO systems. In contrast, single-
EO-comb-based systems are coherence independent and thus
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more suitable for spectroscopy with an ultra-wide optical band-
width (>150 nm) [12]. Also, in terms of signal-to-noise ratio
(SNR), single-comb systems perform better than dual-comb sys-
tems. For dual-comb systems, each interferogram must cover the
complete optical path length difference set by the difference in
repetition rate. For single-comb systems, periodic variation in
repetition frequency means that a small and selectable pulse de-
tuning range can be covered, and this translates into an improved
SNR since all pulses are probing a specific spectral range of
interest [8]. It is only in terms of acquisition speed that dual-
comb systems outperform single-comb-based systems, since
the acquisition speed of a dual-comb system is limited by the
bandwidth of its detector (~ms), whereas the acquisition speed
in a single-comb system is limited by the tuning speed of its
microwave source (~s).

In this Letter, we demonstrate the operation of a single-
EO-comb-based spectrometer (SCS) that operates by repetition
frequency sweeping. The SCS overcomes the limitations of
mode-locked-laser-based systems, bypassing the phase correction
requirement by offering greater dynamic range of repetition
frequency sweeping. Greater dynamic range mitigates the delay
length requirement for maximum resolution and minimizes the
interferometric phase fluctuation. Moreover, this approach offers
long-term stability since there is no cavity involved in the EO
comb generation process [13]. In comparison with the so-called
optical vector network analyzer technique [14], the SCS is faster
and capable of covering a broader spectrum. This is because the
SCS can probe simultancously the entire band covered by its
comb lines, whereas the optical vector network analyzer probes
only in the vicinity of the CW laser line.

An OSCAT system mimics a dual-comb system by using a
periodic variation of the pulse repetition rate transmitted
through an imbalanced interferometer. Due to a pulse buffer
effect on one interferometer’s arms, a variation of the pulse rep-
etition rate is transmitted through the shorter arm first, then
through the longer arm second, with a delay that corresponds
to the difference in the arms’ lengths. Two pulse trains with
different repetition rates thus reach the output of the interfer-
ometer and superimpose for a brief period of time. The
OSCAT system becomes completed with a smooth and cyclic
variation of the comb repetition rate, resulting in a variation of
the relative delay in between pulses coming from each interfer-
ometer’s arm and thus forming an interferogram at detection.

Next, we derive the relative time delay between a pulse pair
for each incremental change in comb repetition frequency [5]. If
L is the length mismatch between two arms, then the number of
pulses stored in the delay fiber is given by N =L f, - n/c
where ¢ is the speed of light in a vacuum and # is the group
refractive index of the fiber. The repetition frequency at the peak
position of the interferogram determines f,. The time delay that
separates a pulse and its delayed version after passing through
the interferometer (pulse pair) is 7 = L-n/c = N/f,. Thus,
for each incremental change 6f, of repetition frequency, the
resulting increment in time delay for the pulse pair is
of,

7

The maximum optical path delay of the pulse pair after a full
[, scan is given by MPD = 67 - iy = =N - 6, - Bep /. f2
where 7., is the number of frequency scan steps. The
spectral resolution (R) is given by R = max (f,, MPD!) and
determined by the inverse of MPD if not limited by repetition

ot =-N-
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rate [8]. Thus, we conclude that increasing the product N -
Of, + nye, maximizes spectral resolution. In the case of a
MLL-based comb, the dynamic range of /', sweeping is limited.
Therefore, the only way for MLL-based combs to maximize
resolution is to increase /V or L. This has been done in previous
works using the OSCAT method [4,6,11]. The main drawback
of this approach is the requirement of a long delay fiber that
imposes phase and timing variation between pulse pairs, which
subsequently needs to be corrected using two reference fiber
Bragg gratings (FBGs) [8]. On the other hand, the use of
an EO comb increases the dynamic range (8f) in sweeping
pulse repetition rate and thus achieves high resolution from
a short delay fiber (<15 m). The spectral resolution of such
method is determined by the comb repetition frequency, the
acquisition time is determined by the scan speed of the repeti-
tion rate sweeping mechanism, and the absolute wavelength
accuracy of the Fourier spectrum is determined by the uncer-
tainty of the carrier wavelength.

Figure 1 shows the experimental implementation of the
SCS. An EO comb is generated by phase modulation, chirp
compression, and nonlinear mixing of a CW signal at a wave-
length of 1540 nm [15]. The EO comb consists of a pulse train
with a repetition frequency of ~10 GHz. The pulse width is
10 ps, and its spectral full width at 10 dB from the maximum
is 30 nm with an optical SNR >20 dB throughout.

Figure 2 shows the spectrum of the resulting OFC. The rep-
etition frequency is controlled by the sinusoidal signal of a radio
frequency (RF) clock generator, and can be tuned over the
9—11 GHz range without significant change in optical band-
width. A tunable bandpass filter truncates half of the optical
spectrum from 1522 nm up to 1537 nm to prevent aliasing of
spectroscopic measurement. Bandpass filtering would be
unnecessary if an acousto-optic modulator was used in one
arm, resulting in a twofold increase in the effective bandwidth,
as is the case for EO dual-comb systems [10,11]. The filtered
OFC signal is then sent to an imbalanced Mach—Zehnder
interferometer (MZI). A polarization controller is used in
one arm to maximize the beating signal amplitude at the output
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Fig. 1. Experimental setup to demonstrate the concept of single-
comb spectroscopy with sweeping pulse repetition rate. Three samples
are shown in the dashed boxes (FBGs and an H'*C"4N gas cell) and
numbered in accordance with the order of their presence in the Letter.
BPF: bandpass filter; PC: polarization controller; FBG: fiber Bragg
grating; PD: photodiode.
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Fig. 2. Spectrum of the 10 GHz EO frequency comb.

of the MZI. The net physical length difference in between the
MZIs arms is provided by an optical fiber with a length of
12.15 m. After passing through the MZI, the resulting inter-
ferometric signal is divided in two halves, where one half is
passed through the signal arm containing a spectroscopic sam-
ple to analyze, detected with a 100 MHz photodiode, and re-
corded with a real-time oscilloscope of 1 GSa/s bandwidth. The
other half of the interferometric signal is passed through the
reference arm and detected by another photodiode to record
the signal simultaneously without the sample.

The first analyzed sample is a fiber Bragg grating (FBG1)
having a central wavelength of 1529.37 nm, a full width at
half-maximum (FWHM) of 0.2 nm, and transmission depth of
~9 dB. The RF signal is swept from 10.010 to 10.035 GHz in
1000 steps with a frequency step size of 25 kHz. At each frequency
step, the oscilloscope records the optical power from the MZI out-
put after passing through the sample. It forms an interferogram
signal at the oscilloscope after one full scan, containing the trans-
mission spectrum of the sample under test. Signal from the refer-
ence arm is also recorded at the oscilloscope simultaneously.

The second sample is FBG2, working in the reflection mode
thanks to a circulator. FBG2 has a central wavelength of
1529.33 nm, a FWHM of 0.3 nm, and transmission depth
of ~20 dB. After sweeping the RF signal, interferograms from
both signal and reference arm are recorded by the oscilloscope.

The proposed spectroscopic system is also used to measure
the transmission spectrum of an H'3C!"N reference gas cell.
For this purpose, a 16.5 cm long H'3C'¥N gas cell with a pres-
sure of 25 Torr is inserted in the signal arm. A circulator and a
fiber mirror are used for the incoming light to perform a double
pass in the gas cell for increased sensitivity. Since each absorption
line of H3C!N has a FWHM ~2 GHz, the repetition fre-
quency of the reference RF clock is reduced to 2 GHz and swept
from 2.010 to 2.050 GHz with a frequency step of 40 kHz. In
this process, the total optical bandwidth becomes reduced with
respect to the configuration used to analyze the FBGs, resulting
in an effective bandwidth of 1 nm after bandpass filtering. The
central wavelength of the comb is shifted a number of times to
cover 8 nm of spectral bandwidth, as explained in a later paragraph.

Figure 3 shows interferograms for both FBG samples.
Figure 3(a) shows the periodic interferogram recorded by an
oscilloscope after passing through FBG1 in red and FBG2
in blue. The acquisition speed per interferogram is 4 s, which
can be substantially reduced by optimizing the number of
frequency scan steps. The acquired interferogram is low-pass
filtered to filter out the noisy fluctuations by sampling at
the effective time step calculated from Eq. (1). This is per-
formed in MATLAB, using a moving average filter with a rel-
ative cutoff frequency of 0.2. The interferogram is subsequently
zero-padded to smooth out the peaks in the spectrum and
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Fig. 3. (a) Periodic interferogram recorded in oscilloscope after both
sample FBG1 and FBG2. (b) Interferogram after low-pass filtering,
apodization, and zero-padding.

apodized by multiplying with a triangular signal to minimize
the oscilladons of the spectral envelope. The resulting post-
processed interferogram is shown in Fig. 3(b). The post-
processed interferograms are Fourier transformed to obtain
the spectral response of the samples. The spectrum resolution
is set by the 10 GHz repetition frequency of the comb, which
is fine enough to resolve the spectral signature of the FBG sam-
ples. This resolution is better than some dual-comb counterparts,
reporting a measurement resolution of > 20 GHz [11,16].
Figure 4 shows the retrieved spectra of FBG1 and FBG2.
Figure 4(a) shows the total power transmitted by FBGI and
reflected by FBG2. The spectrum profile of FBG1 originates
from the OFC envelope after bandpass filtering. The dip at a
wavelength of 1529.37 nm with a depth of ~9 dB fits well with
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Fig.4. (a) Resulting spectra after Fourier transforming the interfero-
grams from Fig. 3(b). FBGI1 operates in transmission mode, while
FBG2 operates in reflection mode. (b) Transmission spectrum of
FBGI is retrieved after subtracting the spectrum of the reference
arm from the spectrum of the signal arm.
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the expected transmission spectrum of FBG1. Multi-path inter-
ference produces small ripples observed on the spectrum, but is
accounted for by subtracting a reference spectrum without any
sample present. Figure 4(b) shows the transmission spectrum of
FBGI, as retrieved after subtracting a reference spectrum. The
reflectance spectrum of the reference FBG2 is also provided
on Fig. 4(a) with a peak at 1529.33 nm. Both center wavelengths
and FWHM match well the values obtained with a high-
resolution optical spectrum analyzer (Yokogawa), with an abso-
lute wavelength accuracy of £0.01 nm.

The calculated spectra are retrieved from a single interfero-
gram without averaging. However, coherent averaging may be
used to enhance the SNR of the interferogram. The SNR in-
creases with the square root of the number of averaged spectra
(NV,). To measure the SNR, we consider 10 Fourier spectra to
measure the normalized standard deviation of the amplitude
noise. The frequency domain SNR is the inverse of the stan-
dard deviation and calculated to be SNR = 50 for 10 averaged
spectra over 15 nm of optical bandwidth (BW). The highest
reported SNR for an EO dual-comb system was 2500 for
100 averaged spectra over a bandwidth of 0.5 nm [10].
When comparing the figure of merit (SNR % BW//Na),
the SCS method has almost twice the value. However, the
acquisition speed of the dual-comb method is 1 ms, that is,
faster than the SCS method. The measurement accuracy of
the wavelengths is dependent on the absolute wavelength ac-
curacy of the carrier signal of the OFC. To increase the spectral
resolution of measurement, one has to use a comb with lower
repetition frequency, since resolution of such a system is
ultimately limited by its repetition rate. However, a smaller fre-
quency spacing comes with a smaller bandwidth, leading to a
trade-off between spectral resolution and spectral range.

For the transmission spectrum analysis of the H?C!*N gas
cell, the comb repetition frequency is set to ~2 GHz, as required
by the resolution of the transmission features of the sample.
However, this leads to an optical bandwidth of 2 nm. To increase
the wavelength range, that is, measuring the R2—R14 absorp-
tion lines of H'3C'"N covering 1533-1541 nm, the carrier
frequency of the OFC is shifted once every ~0.75 nm. In each

section, four interferograms are coherently averaged to produce
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Fig. 5. Transmission spectrum of the H'>C*N gas cell showing
the absorption lines between R2-R14 branches. The vertical lines de-
note the true absorption wavelength value for each branch as per the

NIST test data. The inset shows the Voigt fitting of the R4 branch.
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the final interferograms for both signal and reference arms. This
pair of interferograms are then Fourier transformed to produce
the corresponding spectra. The reference spectrum is subtracted
from the signal spectrum to obtain the transmission spectrum for
one section. All of the sections are then combined together
after averaging the overlapping sections to obtain the complete
transmission spectrum of the gas cell. Figure 5 shows the
resulting transmission spectrum of the R2-R14 branches of
H'3C'"N. The relative amplitude of the 13 transmission dips
matches the transmission spectrum of the reference gas cell’s
datasheet [17]. After getting the transmission spectrum, the
peak absorption wavelengths measured in the experiment are
compared against their National Institute of Standards and
Technology’s (NIST) standard values. The experimental versus
reference spectra differ by a maximum of £9 pm. This discrep-
ancy is attributed to the absolute wavelength accuracy of
£10 pm of the tunable laser that seeds the OFC. Thus, it
can be assumed that with a precise measurement of carrier wave-
length within 1 pm, the measured value will match the NIST
standards within an accuracy of <1 part per million.

In summary, we have shown that a spectrometer based on a
single EO comb and a length-imbalanced MZI successfully and
accurately determines the spectral response of a chemical sample.
Since it only uses one comb source, the system does not need to
satisfy any strict phase-matching criterion. The use of one EO
comb and a short length (~12 m) of delay fiber enable this mea-
surement and bypass the requirement of two-reference phase cor-
rection. EO combs are more flexible than MLLs in terms of
tunability of the comb repetition rate and long-term stability
in field deployment, which constitutes an advantage for comb-
based spectroscopy. Unlike MLL-based systems, the resolution of
an EO comb and length-imbalanced MZI system is not limited
by the maximum path delay, but rather by the comb repetition
rate, like a dual-comb spectrometer.
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