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Abstract

The results of an optoelectronic system—ifrequency-shifted feedback (FSF) laser experimental examination are presented.
The considered FSF laser is seeded only with optical amplifier spontaneous emission (ASE) and operates in the mode-locked
regime, whereby the output radiation is sequence of short pulses with a repetition rate determined by the delay time in its
optical feedback circuit. In the frequency domain, the spectrum of such a pulse sequence is an optical frequency comb (OFC).
These OFCs we call initial. We consider the possibility of tunable acousto-optic (AO) dual and quad-comb frequency spacing
downconversion in the FSF laser seeded with ASE and operating in the mode-locked regime. The examined system applies
a single frequency shifting loop with single AO tunable filter as the frequency shifter that is fed with several radio frequency
signals simultaneously. The initial OFCs with frequency spacing of about 6.5 MHz may be obtained in the wide spectral
range and their width, envelope shape and position in the optical spectrum may be tuned. The dual-combs are obtained with
a pair of initial OFCs aroused by two various ultrasound waves in the acousto-optic tunable filter (AOTF). The dual-combs
frequency spacing is determined by the frequency difference of the signals applied to the AOTF piezoelectric transducer
and can be tuned simply. The quad-combs are obtained with three initial OFCs, forming a pair of dual-combs, appearing
when three ultrasound frequencies feed the AOTF transducer. The quad-combs frequency spacing is defined by the differ-
ence between the frequency spacing of dual-combs. Quad-combs with more than 5000 spectral lines and tunable frequency
spacing are observed. The successive frequency downconversion gives the possibility to reduce the OFC frequency spacing
form several MHz for initial OFC to tens of kHz for quad-combs.
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1 Introduction

The development of optical frequency combs (OFCs) gen-
eration methods [1-6] and examination of their possible
practical applications [7—11] is an important and intensively
expanding area of optoelectronics.

To date, a number of methods have been proposed to
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responsible for shifting the frequency of light [21, 22].
The AOTF application allows control of all the OFC char-
acteristics by changing the parameters of AO diffraction
[23, 24].

The AO OFCs generation system with FSL includes an
optical pump source (laser), an optical amplifier, light polari-
zation control devices, and an AO cell [6]. The feedback
circuit is closed in the presence of AO diffraction in the AO
cell and can be implemented either with optical fiber or in
free space and even in a thin-film design [25].

With each passage of light through the AO cell, the opti-
cal radiation frequency is shifted by the frequency of ultra-
sound aroused in the AO cell, due to the Doppler effect.
The frequency shift can be implemented either to lower or
higher frequencies, depending on the choice of —1 or+1
diffraction order.

It is important to state here that an almost identical opto-
electronic system is also called the frequency-shifted feed-
back (FSF) laser [26-30]. And if, despite the presence of
certain advantages over EO modulators, the AO devices are
rarely used to obtain OFCs in FSL scheme, then the applica-
tion of AO devices in FSF lasers is rather the rule.

FSF lasers possess a number of interesting properties.
So, in the presence of an optical resonator, their radiation
does not contain optical modes and is sufficiently broad-
band [27-33]. Therefore, they also received the name of
“modeless lasers”. FSF laser radiation spectral range can be
tuned over a fairly wide band by changing the parameters
of the feedback circuit [32, 34-36]. In addition, with a cer-
tain selection of operating parameters, despite the optical
mode’s absence, it is possible to implement an operation
mode similar to the mode-locking regime in conventional
lasers, which, by analogy, is called the mode-locking regime
[32, 35-39]. In this case, the FSF laser output signal rep-
resents the sequence of short pulses with a repetition rate
determined by the time delay in the feedback loop [40]. In
frequency domain, such signal is an optical frequency comb
(OFC). We will call it further the initial OFC.

Previous studies have shown that despite certain features
of FSF lasers operation, they are able to generate pico- and
femto-second pulses with characteristics suitable for various
practical applications: high-resolution distance ranging [31,
41-43], atomic cooling and slowing [44], efficient optical
pumping of atoms [45], dispersion measurement [46].

Another feature of FSF lasers is that they are able to oper-
ate without an external optical radiation injection [33, 43,
47], due only to the presence of optical amplifier sponta-
neous emission (ASE). In this case, their optical radiation
characteristics also turn out to satisfy the requirements for a
large number of practical purposes [43].

Interestingly, despite the fact that a sequence of short
pulses in the spectral representation gives a discrete set of
spectral lines—an optical frequency comb [39, 48-50], in
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the field of FSF lasers, little attention is paid to the OFCs
generation abilities.

In this paper, we examine the features of OFCs genera-
tion in FSF laser operating in the mode-locked regime in the
absence of external optical seeding. This means that the con-
sidered system is much simpler and cheaper than the known
systems for OFCs generation, since they usually include
expensive, highly stable lasers with narrow emission lines.

It is shown that the mode-locking regime can be observed
in a certain frequency range of ultrasound excited in the
AO cell. This study proposes for the first time to generate
dual- and quad-optical frequency combs with FSF laser. All
combs are obtained with single AO cell, which is fed with
several RF signals simultaneously.

It was found that, despite the fact that initial OFCs in
such a system had the line spacing that did not depend on
the ultrasound frequency in the AO cell. For dual- and
quad-combs, the spectral interval was determined by the
frequency difference of the RF signals feeding to the AO
cell piezoelectric transducer. Thus, the frequency spacing
could be easily tuned in a broad band. Quad-combs with
more than 5000 spectral lines and tunable frequency spac-
ing were obtained. The successive dual- and quad-comb fre-
quency downconversion gives the possibility to reduce the
OFC frequency spacing from several MHz for initial OFCs
to tens of kHz for quad-combs.

2 Experimental setup

The experimental setup scheme is shown in Fig. 1. It is typi-
cal for FSF lasers but includes several distinguishing fea-
tures. The first feature is that paratellurite (TeO,) AO cell
(AOTF not AOM) with 8° cut angle (angle between [110]
crystallographic axis and acoustic wave vector) that plays
the role of SSB modulator is a key element of FSL [38].
AOTF applies wide-angle AO diffraction geometry [51]. The
AO phase-matching frequency for 1.55 pm optical radia-
tion equals 34.5 MHz, and AOTF optical bandwidth near
1.55 pm is 36 nm.

The second feature of the setup is that it is seeded only
with the spontaneous emission of optical amplifier [33, 43,
47], which is a polarization-maintaining (PM), Er/Yb dou-
ble-clad silica fiber amplifier with diode laser (910-980 nm)
pump source and with 33 dBm saturated output power. The
input optical signal is first amplified in a low-noise preampli-
fier and then boosted in a power amplifier.

A PM 90/10 1 X2 coupler ((1550 £ 15) nm passband) is
used to extract optical power out of the loop and send light to
the characterization setup. Characterization setup also con-
tains 90/10 1 X2 coupler, optical spectrum analyzer (OSA)
and photodetector (FPD) connected to the electrical signal
spectrum analyzer (ESA) and oscilloscope (OSC) through a



Frontiers of Optoelectronics (2023) 16:21

Page3of14 21

Generation of optical frequency combs (

0 order

Isolator

AFG 1

- In case of hual comb

90/10

AFG2

HN o

In case of quad-comb

AFG3

OSC

190/10 §

FPD

e

Characterization setup

Fig. 1 Experimental setup

broadband amplifier. The bandwidth of the characterization
setup electrical part is limited by the upper frequency of
the amplifier, which is about 18 GHz. The amplifier lower
frequency is about 50 kHz.

The FSL, starting from coupler output, contains a PM
optical fiber isolator and fiber collimator to couple light out
of the fiber. Laser beam diffracts in the AOTF with more
than 80% diffraction efficiency if needed. The — 1st AO dif-
fraction order is used, thus the optical frequency is shifted
down on the ultrasound frequency. It was shown in Ref. [23]
that the application of the — 1st diffraction order gives the
possibility to obtain broad OFCs.

The diffracted light passes through the half-wave plate
(HWP) to make the polarization of diffracted light the same
as the incident one has. After the HWP, the optical beam is
coupled to the PM fiber again and amplified. After the ampli-
fier, light passes through the pair of tunable (1535-1565 nm)
optical 2 nm bandpass filters (TOBF) that are applied for
controlling the system optical passband width and position
in the spectrum.

The third distinguishing feature is the application of
several arbitrary function generators (AFG1-3) feeding the
same AOTF simultaneously as AO cell transducer supports
multiple input RF frequencies. This means that several ultra-
sonic waves with different frequencies will exist in the AO
cell together, and optical radiation will be diffracted by them
independently. In this case, the light will obtain various fre-
quency shifts equal to the frequencies of the acoustic waves.
So multiple OFCs may be generated in the same FSL with
single AOTF [24].

The single generator (AFG1) is used to obtain an ini-
tial OFC when seeding the system with ASE. The pair of

generators (AFG1 and AFG2) (or single with two independ-
ent outputs) is needed to get dual-comb. Three generators
(AFG1, AFG2 and AFG3) are applied to obtain quad-comb.

3 Experimental results

The following experiments were carried out: examination of
the ASE spectrum for various parameters of optical amplifier
operation; the study of initial OFCs generated in the system
in the mode-locked operation regime and their dependence
on RF signal frequency applied to the AOTF; generation and
examination of dual-combs; investigation of quad-combs
generation.

3.1 Optical amplifier spontaneous emission
and initial OFCs generation

It was mentioned above that the only optical radiation source
in the system was the optical amplifier and its spontaneous
emission. So, the spectral characteristics of ASE and their
dependence on the parameters of the amplifier operation
were examined first. The applied optical amplifier had two
tunable parameters—preamplifier current and power ampli-
fier current. The ASE spectrum shape depended mainly on
the preamplifier current. The ASE measurements were done
without TOBF.

The spectral dependencies of ASE optical power were
obtained for variation of amplifier preamplifier current from
100 to 500 mA (the maximal possible value). These results
are shown in Fig. 2a. The ASE spectral band from 1530 to
1570 nm was limited by the setup optical elements spectral
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Fig.2 a Measured ASE spectra and dependence of optical amplifier preamplifier current; b FSF laser optical radiation spectra in the single-
wavelength continuous operation mode; ¢ FSF laser optical radiation spectra in the mode-locked pulsed operation regime

transmission. The shape of the spectra depended on current
in a rather complicated way, but preamplifier current mag-
nitude did not have great impact. In the short-wavelength
range (up to 1545 nm), the optical emission power decreased
with increasing current, and in the long-wavelength part, it
increased. The further OFCs generation experiments were
fulfilled for 250 mA current.

The next series of experiments were devoted to the exami-
nation of initial optical frequency combs generation. It is
known that FSF lasers may operate in two regimes—the
continuous-wave (CW) regime and the mode-locked regime
[28, 33, 52]. If we feed the AOTF piezoelectric transducer
with RF signal, in a certain frequency range (defined by
the ASE spectral band) it leads to the closing of the optical
feedback circuit due to the appearance of diffracted light and
the system starts to operate as the FSF laser.

@ Springer

For the chosen AOTF the optical feedback loop is
closed in the frequency band between 33 and 37 MHz.
This frequency band is defined by the acousto-optic dif-
fraction geometry in applied AOTF and corresponds to
the acousto-optic diffraction phase matching frequency for
the optical radiation with wavelengths near 1550 nm. The
exact values of the frequency range limits are determined
by a number of factors: spontaneous emission spectrum of
the amplifier, its gain, the ultrasound power in the AO cell
(AO diffraction efficiency), the feedback loop time delay
and optical loops.

It is notable that the frequency band in which the mode-
locked regime is observed lies between the bands where
the system operates in the single-wavelength, continuous
operation mode. The boundary between the modes is eas-
ily distinguishable by two criteria—the OFC appearance
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registered by ESA and a significantly different level of
background radiation.

The output optical radiation spectra observed in the CW
operation regime are shown in Fig. 2b. A distinctive fea-
ture of this regime is that the single band was is observed
in the radiation spectrum. Its position in spectrum may be
controlled by changing the ultrasound frequency in the
AO cell.

The optical radiation spectra observed with OSA for the
mode-locking regime are shown in Fig. 2c. Since the OSA
has a spectral resolution significantly worse than the spectral
interval between the OFC individual lines, each band pre-
sented in Fig. 2c¢ is the OFC envelope. In the mode-locked
regime, the OFCs exist in general case in several equidis-
tant spectral bands [33] (up to six bands were observed in
the experiment with approximately 2.8 nm spacing). The
variation of the ultrasound power and the optical amplifier
gain lead to a change in the envelope shape and width of
the bands, while their position does not change. The system
time delay (the length of the feedback circuit) variation leads
to a change in the bands width and shifts in their spectral
position. The width of each band is about 1 nm, this value is
typical for FSF lasers.

The OFCs existence was observed for the ultrasound
frequency range between 33 and 35.9 MHz for the system
parameters applied in the experiments.

It is known that the spacing between the FSF lasers initial
OFC spectral components is inversely proportional to the
feedback loop delay time [40]. This is a significant difference
from the case of AO OFCs generation in systems with FSL
in the presence of external optical pump with laser radia-
tion, when the comb lines spacing equals to the ultrasound
frequency aroused in the AO cell [6, 23].

For example, in the case, shown in Fig. 2c, the f; fre-
quency interval between initial OFC lines, measured by
ESA equals 7.498 MHz, while in the FSL scheme, with the
same AOTF and 1549.1 nm optical pump, it will be close to
34.5 MHz and can be tuned in a bandwidth of about 2 MHz
[24].

The correspondence between the optical and electrical
spectra in the presence of several spectral bands is illustrated
by Fig. 3.

Careful examination of the OFC RF spectra with ESA
(Fig. 3b) have shown that each RF spectral line in general
case includes several narrow lines, the number of which
equals to the number of OFC spectral bands observed in
the optical spectrum (Fig. 3a). This means that each spec-
tral band observed in Fig. 2c¢ is to separate OFC with its
own frequency spacing. The difference between the val-
ues of frequency spacing is due to the optical fiber refrac-
tion index dispersion in the examined optical wavelength
range. This effect paves the way to optical fiber dispersion
measurements.
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Fig.3 a OFC optical radiation spectra with 4 and 1 spectral bands; b
corresponding OFC RF spectra single line shape, with inset showing
the single peak case over a broader frequency range

The presence of several maxima within a single spectral
line can be considered undesirable. Therefore, for further
experiments, we applied the setup variant when the FSF
laser OFC spectrum includes single optical band. This was
achieved with one or a pair of mechanically tunable optical
bandpass filters (TOBFs) with a 2 nm passband.

The application of single TOBF made it possible to obtain
an OFC up to 2 nm wide at an ultrasound frequency of about
34.5 MHz, with a mechanically tunable position in the spec-
trum in the range from 1535 to 156 nm. In this case, the
long-wavelength boundary was limited by the TOBF char-
acteristics. The ultrasound frequency range, in which it was
possible to obtain such combs, depended on the RF genera-
tor signal amplitude and the optical amplifier gain (the larger
their values, the wider the frequency band).

A pair of TOBFs was applied to obtain narrower combs.
In this case, the TOBFs transmission bands were shifted
relative to each other. The TOBFs were adjusted so that
the comb width was limited about 1 nm for convenience of
registration. In such configuration of the optical feedback
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loop, the RF spectral interval f; between the OFC compo-
nents defined by the time delay in the feedback loop was
6.467 MHz.

Some of the obtained OFC optical spectra for varying
AFGI ultrasound frequency f; are shown in Fig. 4a. Cor-
responding RF spectra (first 10 GHz) for f; =35 MHz meas-
ured by ESA are presented in Fig. 4b with 1-1.5 GHz inset.
Figure 4c illustrates the comb lines spacing f; that depends
on the time delay in FSL.

3.2 Dual-combs generation in FSF laser with ASE
seeding

Comparatively broad spectral width of the generated initial
OFCs makes the registration of their RF spectrum a difficult

task. At the same time, the applied in the experimental setup
electronics cut-off frequency is limited by approximately
18 GHz.

Therefore, it seems reasonable both from practical and
scientific points of view to lower the RF spectrum frequency
applying dual-comb downconversion technique [11, 14, 17,
19, 53]. The method to obtain dual-combs in the considered
system and the results of their characteristics examination
are presented in this section of the paper.

Here we apply the same method of dual-comb downcon-
version that was previously proposed in [24]—a scheme with
a frequency shifting loop and single AOTF as the frequency
shifter, but without injection of external laser radiation.

In this case, an important feature of AO devices is used—
the possibility to feed the AO cell piezoelectric transducer
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with several independent RF signals simultaneously. So,
ultrasonic waves with the corresponding frequencies and
amplitudes will be excited in the AO crystal, and the light
radiation will diffract by these waves independently. We
need to apply a pair of generators AFG1 and AFG2 with f;
and f, frequencies to feed AOTF and to obtain dual-comb.
The magnitudes of AFG1 and AFG2 signals were chosen
to be equal.

This feature makes it possible to significantly simplify
the optical scheme—to use single FSL [24] instead of a pair
[53], and to arrange for the optical paths of light beams to be
diffracted by different ultrasonic waves identical.

The initial OFCs with f; spacing generated from the ASE
have such characteristics that the minimal difference in the
/i and f, frequencies, when the dual-combs are observed, is
about 300 kHz. The maximal difference corresponds to the
frequency band in which initial OFCs are generated in this
system—approximately 1.5 MHz.

An interesting feature is that the initial OFCs, the inter-
ference of which leads to the appearance of dual-combs,
have the same spectral lines spacing f;, since it is determined
only by the time delay in the optical feedback loop, but the
frequency interval between the dual-comb lines df'is deter-
mined precisely by the frequency difference of the ultrasonic
waves, excited in the AO cell (df}, =f; — /), and can be tuned
by changing AFG1 or AFG2 frequencies.

Thus, applying dual-combs, it is possible to reduce the
OFC electric spectrum upper frequency in approximately 15
times relative to the frequency of the initial comb.

Part of the dual-comb RF spectrum (for f; =35 and
f,=34.5 MHz frequencies) is presented in Fig. 5a. The
spacing between dual-comb spectral lines is 0.5 MHz and
equals the difference between two ultrasound frequencies.
The single dual-comb line is shown in Fig. 5b.

As was mentioned above, dual combs may be obtained
for a fairly wide range of df frequencies, ranging from about
300 kHz to approximately 1.5 MHz. Figure 6 illustrates the
case when df;,=1.16 MHz, and with the TOBFs adjusted
in such a way that the spectral width of both initial OFCs
does not exceed 0.5 nm with the central wavelength near
1550.5 nm.

Figure 6a represents two initial OFCs spectra and the
spectrum of the dual-comb, produced by their interference.
It is possible to notice that dual-comb has a specific envelope
shape, which differs from the shape of the initial combs [35,
36, 38]. The initial combs, in turn, have a radiation spectrum
shape typical for the FSF laser in the case of — Ist order AO
diffraction application [37, 38].

The part (first 1 GHz) of the dual-comb RF spectrum
and its detailed image in the frequency band from 40 to
170 MHz are shown in Fig. 6b and c correspondingly. The
dual-comb spectrum envelope, in contrast to the spectra of
OFCs obtained in systems with a FSL, and from the initial
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OFC RF spectrum, is not smooth. It consists of a set of
equidistant peaks, gradually decreasing in amplitude with
frequency. For the examined system, the frequency interval
between these peaks equals to 71.147 MHz, which corre-
sponds to 11f;.

The detailed visualization of the dual-comb spectrum,
represented in Fig. 6¢, shows that main peaks consist of a
set of smaller maxima, the frequency interval between which
corresponds to the f; frequency. Finally, all these peaks con-
sist of the dual-comb lines, with the frequency spacing being

3.3 Quad-combs generation with ASE seeding

We showed in the previous section of the paper that it is pos-
sible to obtain dual-combs with tunable frequency interval
between spectral lines in the examined system. It was also
found that the minimal value of this interval was limited to
a few hundred kHz.
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On the one hand, such frequencies are significantly lower
than the typical spectral line spacing for OFC generation
systems with AO FSL. On the other hand, in the case of
OFCs with spectral width of about 2 nm, such interval val-
ues still lead to the need to measure the RF signals with
upper frequencies of several tens of GHz. Therefore, it is
desirable to reduce the frequency spacing to about tens of
kHz.

We propose to further downconversion by the interaction
of a pair of dual-combs with different df values. The pos-
sibility of simultaneous AO device operation with several
radio signals (f}, f, and f3) also gives such an opportunity.

Figure 7 shows the scheme for a quad-comb [54-58] gen-
eration (we call it quad-comb as it is the result of two dual-
combs interference). It is implemented in the following way.

@ Springer
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Let us connect three signal sources (AFG1-3 in Fig. 1) to
the piezoelectric transducer of the AO cell. These generators
should run at different frequencies f), f, and f; correspond-
ingly; if necessary, we are also able to control their ampli-
tudes and phases. Then, for each signal in the feedback loop,
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its own initial OFC will be aroused (OFC in the diagram),
with the same f;=6.467 MHz spectral interval, determined
by the time delay in the feedback loop. These combs will
interact and produce dual-combs.

To obtain single quad-comb one should choose frequen-
cies f|_3 in the following way: f| —f, = f; —f3 > f, —f; given
that f, — f; <300 kHz. We have also chosen f; > f, > f;. Then
the interaction between initial OFCs form AFG2 and AFG3
will not give rise to a dual-comb, and there will be only
two dual-combs with frequency intervals df;, =f; —f, and
df\s=f; —f;. The interaction of these two dual-combs makes
it possible to obtain a quad-comb with a frequency spacing
dfqc equal to the frequency difference dfj, —dfi3=f;—f5.
Thus, it is possible to obtain a quad-comb with a frequency
interval dfqc varying from a few hundred kHz to tens of kHz.

Figures 8, 9, 10 represent the results of quad-combs
examination. The optical spectra of obtained combs and
seeding ASE (optical system bandwidth is limited to 2 nm)
are shown in Fig. 8. The ASE comb here is the initial OFC
with f; spacing. It can be seen that its envelope has a typical
shape [35, 36]. Three such combs for f, f, and f; ultrasound
frequencies form two dual-combs. The dual-combs enve-
lopes do not differ significantly, so the figure shows only one
of them—dual-comb 1 with df}, spacing.

The quad-comb envelope is symmetrical about the central
wavelength, and its spectral width (0.9 nm) is higher than
that for dual-combs.

The results of quad-comb RF spectra examination,
represented in Fig. 9a—c (f; =35 MHz), show that the
spectra of dual- and quad-combs differ significantly. The
spectrum of the quad-comb also has a periodic structure,
with a period equal to the f; frequency, consisting of a set
of maxima. At the same time, the maxima are equidistant
with a f}; frequency interval. The spacing between the comb
lines dfoc=/3—/, and could be varied. In the experiment,

-25 ‘
=30 + Quad-comb
35 [ Dual-comb
——— ASE comb
E -40 - —— ASE
g
T 45
Z
g 50
S 55t
=
O -60 ~
-65
=70 |+
s LM T LM | i'ﬂ

1550.4 1550.7 1551.0

1549.2

1549.5 1549.8 1550.1
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Fig.8 Optical spectra measured by OSA: ASE, initial ASE OFC,
dual- and quad-comb optical spectra

the upper frequency of the quad-comb spectrum exceeded
200 MHz. Thus, for 40 kHz spacing (Fig. 9a illustrates first
28 MHz of the quad-comb RF spectra), the number of reg-
istered comb lines was more than 5000.

During the experimental studies, the value of df fre-
quency was changed only by tuning the f; frequency; there-
fore, the shape of the tri-comb RF spectrum for other dfc
values shown in Fig. 9b and ¢ (30 and 50 kHz) does not
differ much from that at 40 kHz.

An important issue is that the quad-comb spectral lines
with dfc spacing are obtained from dual-comb lines with
a df}; interval, while each dual-comb spectral component
generates its own quad-comb lines. Therefore, in order for
the quad-comb components obtained from different dual-
comb lines to match in frequency, the dfc value must be a
multiple of the dfi; frequency interval (dfyc = df5/n, where
n is and integer), up to the width of the quad-comb spec-
tral line. Otherwise, each component of comb RF spectra
acquires several lateral components of smaller amplitude,
equidistantly spaced by a frequency Idfoc —dfs/nl.

Thus, in the case of 30 kHz spacing (Fig. 9b) the 32 quad-
comb lines are disposed between two dual-comb lines. In the
experiment df3 =964 kHz, so dfyc=df,5/32=30.125 kHz
(corresponds to 30 kHz as the nearest integer). Therefore,
dfqc frequency cannot be arbitrary, and its values form a
discrete set of frequencies (dfgc=df}3/n, two nearest fre-
quencies are 31.0968 and 29.2121 kHz). The same situa-
tion takes place for other dfc frequencies, including 40
and 50 kHz (df5/24=40.1667 and df,5/19=50.7368 kHz
correspondingly).

The representation of quad-combs in time domain meas-
ured by oscilloscope is shown in Fig. 9c—f. It is possible to
see that in the time domain, the examined AO quad-combs
are the sequences of pulses, as well as dual-combs [24, 55,
56, 59]. The pulses repetition rate is determined by the dfq¢
spacing. The amplitude of each pulse and the number of
oscillations depend on the number of comb spectral lines.

A detailed view of the quad-comb with 50 kHz line spac-
ing in a narrow frequency range near 2 MHz frequency and
the shape of a quad-comb single line measured with a 1 Hz
frequency resolution are shown in Fig. 10.

The comparison of dual-comb line (Fig. 5b) with quad-
comb line (Fig. 10b) shows that their characteristics are
approximately the same.

4 Conclusion

We have considered various aspects of the FSF laser func-
tioning when seeded with optical amplifier spontaneous
emission and applying AOTF as the frequency shifter.

The study has shown that the examined system may oper-
ate both in the single-wavelength continuous operation mode

@ Springer



21 Page 10 of 14 Frontiers of Optoelectronics (2023) 16:21
,80 ‘
A [——a0kii]
[
-90 ;
g -100 | f0=6.467 MHz
/Mm [
=
b5} —
03) 110
o
o
= -120
9
S -130
-140
-150
[ l | L \ | .
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28
Frequency/MHz
(@)
=70 — =70 T
I dfi5=32dfoc @ » —— 50 kHz
80 F | | -80 I
I ' -90
g <l '
S U
- (A _
: T
=< -—110 r
8 -120
S -120 |
; -130
-130 ' # i -140 -_
-140 . . -150
0 0.5 1.0 1.5 2.0 2.5 3.0 0 0.5 1.0 1.5 2.0 2.5 3.0
Frequency/MHz Frequency/MHz
() ©
15 : 15 15
r — 30 kHz - — 40 kHz - —50 kHz
12+ T 12 + 12 +
> 9t 9 | | | 9L
£ | L L
g" 6 6 6L
s L L
> 3 J 3+ 3 ;l i
oI ol : B A
_ LRIl el | _
— | I Y PR 1 I S PR — 1 PR IS I S ' I 1 — | - ) PR 1l 1 1
-40 -30 -20 -10 0 10 20 30 40 -40 -30-20-10 0 10 20 30 40 -40 -30 20 -10 0 10 20 30 40
Time/ps Time/ps Time/us
(@ (e) (®

Fig. 9 Quad-comb examination results: a—c¢ quad-comb RF spectra for 40 (0-28 MHz band), 30 and 50 kHz (0-3 MHz band); d—f quad-combs
representation in time-domain for 30, 40 and 50 kHz line spacing

and in the mode-locked regime, depending on the frequency
of ultrasound aroused in the AOTF.

The main attention was given to the examination of the
system operation peculiarities in the mode-locked regime.

@ Springer

In this case, the output radiation in the time domain is a
sequence of pulses with a repetition rate determined by the
feedback loop time delay. In the spectral domain, such signal
corresponds to the optical frequency comb (initial OFC).
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It was found that in the general case, without additional
system passband limitation with TOBFs, the OFC optical
spectrum in mode-locked regime may have included up to
six equidistant bands simultaneously, each with a half-width
of about 1 nm. In this case, the OFC RF spectrum lines
contained as many closely spaced maxima as there are spec-
tral bands in the optical spectrum. This means that several
OFCs simultaneously existed in the system with an interval
between spectral components that differed slightly due to the
dispersion of the optical fiber refractive index.

If the FSL passband was limited by an additional TOBF,
the single spectral band (single OFC) was observed with a
width equal to the TOBF passband. The position of the OFC
in the spectrum could be tuned by adjusting the filter. Such a
tuning could be implemented for any ultrasound frequency
for which the mode-locking takes place.

We proposed to fulfill, for the first time, the initial OFCs
dual- and quad-comb downconversion with the single AOTF
when applying several RF signals to its piezoelectric trans-
ducer simultaneously.

The study has shown that, when generating dual-combs,
this approach made it possible to obtain combs with a
spectral width of at least 1 nm (artificially limited by the
TOBF), and spectral components frequency spacing, deter-
mined by the difference of the applied RF signals frequen-
cies, varying in the range from 300 kHz to 1.5 MHz. The
specific limits of this range were determined by the system
parameters—the optical amplifier gain, TOBFs passband
adjustment, and the FSL loops. The resulting dual-combs
had a specific shape—the amplitude of their RF spectrum
components varied periodically. The maximum amplitudes
were observed at frequencies that were multiples of the
initial OFC frequency.

Simultaneous feeding of AOTF piezoelectric transducer
with three RF signals made it possible to obtain a quad-
comb, with an even smaller frequency spacing between the
RF spectrum components. The case when the frequency
interval was several tens of kHz was considered.

The quad-comb RF spectrum also had a complicated
shape—it had a periodic structure with a repetition period
determined by the frequency spacing between the spectral
components of the initial OFC and consisted of a set of
maxima. The frequency interval between these maxima
was determined by the frequency difference between
AFG1 and AFG3 RF signals, while the spacing between
the comb lines was determined by the frequency difference
of AFG2 and AFG3 signals. Quad-combs with more than
5000 lines were obtained in the experiment.

Thus, we have shown that in a FSF laser without exter-
nal optical seeding (which simplifies and significantly
reduces the cost of the system), it is possible to generate
optical frequency combs with tunable parameters and with
frequency spacing between components of several tens of
kHz. The characteristics of the obtained combs are such
that they can be used for practical applications such as
spectroscopy and refraction coefficient measurements.
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