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Abstract. We report a C-band fiber Talbot laser —an injection-seeded frequency-shifting
active ring cavity operated above threshold— emitting trains of far-field Airy pulses
characterized by a dominant cubic spectral phase. Pulses are created by the coherent addition
of the recirculating seed wavelength under a large roundtrip first-order dispersion. Single-sided
Airy pulse trains with sub-ns pulse widths, 80-MHz repetition rate, and bandwidth exceeding
10 GHz are generated at both integer and fractional Talbot conditions. At detuned Talbot
conditions pulses are shown to be tailorable by recirculation-induced first-order dispersion.
The far-field character of the resulting waveforms is demonstrated, and the performance in
terms of amplitude noise and timing jitter, in this last case after the introduction of active loop
stabilization, is evaluated.

1. Introduction

The generation of optical pulses with prescribed temporal or spectral phase characteristics
is of significant importance in both the fundamental and applied domains. Phase-coded,
stepped frequency, or linearly chirped pulses, for instance, are employed in a variety of
fields such as reflectometry, optical fiber sensors, real-time signal processing, lidar, and
photonics-assisted radar. Nonlinearly chirped pulses also have a wide range of applications.
Nonlinear frequency-to-time maps have been used to generate tunable linear frequency-
modulated electrical waveforms [1, 2, 3, 4]. Real-time acquisition systems benefit from
nonlinear characteristics to provide significant savings in storage requirements [5, 6, 7] and,
using similar principles, nonlinearly chirped waves have been used for multiscale time-
frequency analysis of microwave signals [8]. Also, photonics-assisted generation of nonlinear
frequency-modulated continuous waves designed to decrease the correlation peak-to-sidelobe
ratio of broadband radar signals have been demonstrated [9]. In a broader context, optical
pulses with general spectral phase profiles attract continuous attention due to its unique linear
[10, 11] and nonlinear [12] propagation properties, and temporal or spectral pulse engineering
can be combined with spatial beam conformation to generate spatio-temporal wavepackets
with unconventional behavior under both dispersion and diffraction [13, 14, 15].

High-order dispersive propagation represents one of the most successful approaches for
the generation of nonlinearly chirped pulses, either as a perturbation of a linear chirp [1, 2, 3]
or in the far field, where dispersion is dominant [5, 10]. If a transform-limited optical pulse of
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spectral width 6, propagates in a medium with spectral phase characteristics relative to the
carrier @y given by ®(®) = B,,(@0 — @)™ /m!, where B, is the dispersion coefficient with m
integer > 2, the corresponding higher-order Fraunhofer domain can be defined as the region
where |B,,|0l) /m! > 7. In this regime, the stationary phase approximation [16] describes a
pulse whose instantaneous frequency follows a frequency-to-time law of the form ™!
or, equivalently, a pulse whose temporal phase is o< M/ (m=1) " These scaling laws generalize

o< f

those of linearly chirped pulses generated by first-order dispersion (3;), which are recovered
form = 2.

Airy pulses represent the following example of this family, which are generated in
the far field of second-order dispersion (f33) where the dominant spectral phase is cubic
(m = 3). Introduced by Berry and Balazs within the context of quantum mechanics [17], Airy
wavepackets are characterized by a probability density whose free propagation is distortion-
less and self-accelerates as a classical particle subject to a constant force. However, as the
probability density is non-integrable, the optical generation of Airy waves takes on the form
of finite-energy Airy beams or pulses that nonetheless maintain these characteristic features
[18, 19]. This family of waves have captured considerable attention as they show additional
properties, such as self-healing [20] or several effects in Kerr media: soliton shedding [21, 22],
tight focusing and asymmetric inversion [23, 24], nonlinear spectral reshaping [25], and
particular forms of Airy-soliton interaction [26], to name a few. The generation of Airy pulses,
and also of higher-order far-field pulses [10] and fractional generalizations [11], usually relies
on the phase filtering of the spectrum of a mode-locked laser by a programmable spectral filter
[22, 25] or a grating-telescope compressor [13, 14]. In addition, Airy pulses are also generated
in standard telecom fiber at data rates in excess of 100 Gb/s [27]. These approaches, however,
suffer from the unavoidable losses associated to external filtering or fiber propagation and are
restricted to ultrashort pulses (from sub-ps to fs) as their broadband spectrum allows to reach
the Fraunhofer regime at moderate values of second-order dispersion.

In this paper we present an alternative method for the generation of Airy pulses at the ns
pulse width scale. It is based on the design of a Talbot laser that creates an optical frequency
comb where the different spectral lines acquire large cubic spectral phases upon multiple
recirculations in a dispersive laser cavity incorporating a frequency shifter. This approach,
which can be generalized to more general families of pulses with other temporal and spectral
characteristics, represents, to the best of our knowledge, the first laser system that directly
generates this type of pulses.

A Talbot laser is an injection-seeded active cavity that incorporates a frequency shifting
element, and so its output is built on the coherent addition of recirculating and frequency-
shifted waves [28, 29, 30, 31]. We restrict the name of Talbot laser to injection-seeded active
cavities operating above threshold; when operated below threshold they will be referred to
as frequency-shifting loops. Unseeded frequency-shifting active cavities are conventionally
designated as frequency-shifted feedback lasers [32]. Both Talbot lasers and frequency
shifting loops offer a generic advantage in terms of bandwidth, as they generate multi-GHz
frequency combs, eventually in the form of pulse trains, from low-frequency electronics [33].
Benefiting from standard telecom technology, they have found a broad range of applications.
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Restricting the account to pulse or waveform generation methods, they have been used
for generating stepped-frequency optical and radio-frequency (RF) signals [34, 35, 36] for
spectroscopy [37, 38] and radar [39, 40, 41, 42], transform-limited pulses [28, 31, 43, 44, 45],
and also linearly [33, 39] and nonlinearly [46, 47] chirped pulses, in this last case after the
introduction of an intracavity phase modulator. In the present context, the distinctive feature
of cavities incorporating a frequency shifter is that the recirculation of a monochromatic wave
under dispersion of order m generates optical pulses which present an effective dispersion of
increased order m + 1. The simplest example of this property is the recirculation of an optical
wave in a dispersion-free cavity, which generates far-field linearly chirped pulses [33, 48].

Our system extends this approach using a first-order (m = 2) highly dispersive fiber
ring cavity incorporating an acousto-optic frequency shifter (AOFS) and an EDFA as gain
element. Dispersion is introduced by linearly chirped fiber Bragg gratings (LCFBG), and
finite-energy Airy pulses are generated through spectral truncation, namely, a limitation in
the number of recirculations imposed by the LCFBG. These waveforms constitute a family
of bandlimited, single-sided far-field Airy pulse trains with repetition rates in the 80-MHz
range that can reach sub-ns pulse widths. The waveforms are tunable though the shifting
frequency, which introduces a controlled amount of effective first-order dispersion in the pulse
spectrum. The resulting family of bandlimited pulses is shown to be described by a previously
developed theory [49], which is here confirmed for the first time. The far-field character of
the generated Airy pulses is experimentally verified. Recirculating ASE, which represents
a major noise source in Talbot lasers [31, 44, 50, 51], is controlled by a suitable choice of
the injection wavelength within the LCFBG reflection band. Specific tests of amplitude and
timing stability, in this last case after the introduction of active loop control, were conducted
to assess the feasibility of the approach.

The paper is organized as follows. In Section 2 we explain the principle of operation and
derive the associated far-field condition. Section 3 describes the experimental setup and the
laser operation regime. Section 4 introduces the analytic model accounting for the pulses at
and near Talbot conditions, and Section 5 analyzes the obtained bandwidth, the induced cubic
spectral phases, and the different waveforms generated together with a specific study of time
and amplitude stability. Finally, we end in Section 6 with our conclusions.

2. Principle of operation

Airy pulses are defined by the presence of a dominant cubic spectral phase in its Fourier
transform. This type of pulses can be generated in a dispersive frequency-shifting ring cavity
as follows. Let us consider the recirculation of a monochromatic wave in such a cavity,
schematically depicted in Fig. 1(a) in its fiber version. In the frequency shifter (FS), the
recirculating wave is shifted by an angular frequency Qg = 27 f; equal to the RF sinusoidal
drive signal. Roundtrip losses, partially compensated by the amplifier (G) and controlled by
the RF power delivered to the FS, are assumed constant in the band of interest. They will be
described by an amplitude attenuation factor p < 1, so that the cavity is assumed to operate
below threshold, as a frequency-shifting loop.
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Figure 1. (a) Scheme of an amplified dispersive frequency-shifting ring cavity. (b) Scheme of
the experimental setup.

The single-pass propagation characteristics are lumped into an equivalent dispersive
delay line (DDL) described by the spectral phase term exp(—j®(w)) acquired by an optical
frequency . Under the standard narrowband assumption, the spectral phase is expressed as:

1
®(0) = @7y + (0~ 0y) T+ S 9(0 — @p)? ()

Here, ay is a reference frequency, 7, and 7, are, respectively, phase and group delays, and ¢
is the (first-order) dispersion coefficient, all of them evaluated at frequency @y.

If we seed the cavity with a monochromatic wave at the reference frequency, &y(t) =
Eoe/™!, the output field & (1) is created by the coherent addition of frequency-shifted replicas
of the input, and results is a single-sided frequency comb with spectral separation €2:

& (1) = Ege! ™! Z ple It einht 2)
n=0

The phase ¢, of the n-th spectral line is the accumulated spectral phase after n roundtrips,
which is augmented in each recirculation by the single-pass spectral phase at frequency
o +nL2. This results in a recurrence that represents a discrete or finite-time integrator seeded
with the DDL characteristics:

On = Op—1 +P(wp +nLy) (3)

where n > 0 stands for the number of roundtrips or frequency shifts undergone by the seed
frequency. When the dispersive phase is purely of order m, this recurrence is solved in terms
of Bernoulli polynomials [52] of order m + 1 in the running variable n. In our case, the
recurrence for the DDL (1) is:

1
O = ¢n71+worp+9srgn+§qo£2§n2 ¢o=0 (4)
with solution:

1 1
O :nwor,,+§n(n+1)erg+ﬁn(n+1)(2n+1)<pgz§ (5)
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In our experiment, we can neglect |@|Q;, against T4, see Section 3, so the spectral phases of
the comb lines simplify to:

1 1
On = nant, + n(n+ 1)erg+gn3<p§z§ (6)

The spectral phases of the output comb present a cubic dependence in the line index »n, which
represents an effective second-order dispersion induced by the recirculation of the seed in
the first-order dispersive frequency-shifting loop. The generation of cubic spectral phases is
thus a linear process. Effective dispersion coefficients B (k = 1,2,3) can be read from this
expression by equating it to a polynomial expansion ¢, = 2,2:1 Bi(n Q) /k!. The group delay
Bi is linear in the input frequency, B; = @yT,/ + T4/2. The accumulated first and second-
order dispersion coefficients are respectively given by B, = 7,/Q, and B3 = ¢/Q;. Note that
the effective second-order dispersion 33 is induced by recirculation in a DDL characterized
by ¢ in the same manner that 3, is induced by 7, [33].

As will be analyzed with more detail in Section 4, the second term in (6) provides an
integer number of cycles at the so-called integer Talbot conditions, where Q,7, = 27p with
p an arbitrary positive integer. Under this condition, the phases ¢, only contain a delay and
a cubic phase and therefore the comb appears as a train of Airy pulses with repetition rate
Q. If we denote by N the number of recirculating spectral lines, eventually determined by
a spectral filter, the comb’s spectral width is N and so the far-field condition is given by
N3|p|Q2? > 6.

3. Experimental system

3.1. Experimental setup

The scheme of the experiment, depicted in Fig. 1(b), is based on a previously reported
frequency-shifted feedback laser [53]. The fiber loop is composed of a home-made EDFA
comprising 60 cm of highly-doped fiber (Liekki Er80/8) pumped at 980 nm, operated at a fixed
gain of 19 dB and with saturation power of 20 mW and noise figure < 4.5 dB. It is followed
by a DDL implemented by three LCFBG (Teraxion), placed in tandem using circulators. Each
LCFBG has a nominal dispersion of 600 ps/nm in a flat 0.8-nm band around 1.55 um. The
nominal DDL dispersion parameter is thus ¢ = —2300 ps?/rad, and the recirculation-induced
second order dispersion B3 = @/Q; as large as —4.58 x 10° ps?/rad” at Q,/27w = 80 MHz.
The far field condition N3|@|Q2 >> 67 is reached when the optical comb comprises N > 70
spectral lines.

The loop includes a fiber-coupled AOFS (AA Opto) providing positive frequency
shifts around 80 MHz, a PZT fiber stretcher (Idil Fibres Optiques) for active stabilization,
filter couplers for power injection and extraction, and an isolator to assure unidirectional
recirculation. The system was based on polarization-maintaining components, except the
EDFA, after which a polarization controller (not shown in the figure) was placed to align the
recirculating state of polarization.
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We provided external injection (Seed) using a tunable single-wavelength fiber laser at
~ 1550 nm (NKT Koheras E15) with linewidth < 100 Hz. An additional fiber path was
included for heterodyne measurements of the optical field using a 40-GHz photodiode (PD1)
followed by a real time oscilloscope (RTO) of 6-GHz bandwidth (LeCroy SDA 6000A). We
also injected a second out-of-band, and thus non-recirculating, wavelength at 1562.80 nm,
not shown in the figure, to monitor in real time the EDFA gain and compression levels at
the low-bandwidth photodiode PD2 [53]. The characterization was completed by standard
spectral and intensity measurements. Active stabilization was provided from an error signal
obtained by tapping the intracavity field after the EDFA and mixing the intensity detected at
PD2 with the RF driving frequency €, followed by electrical lowpass filtering. Stabilization
is provided in a 10-kHz bandwidth by an analog PID controller (SRS SIM960) acting on the
PZT actuator.

Single-roundtrip losses were controlled by the RF power delivered to the FS and attained
—15 dB at the maximum rated power. Different cavities were used in the experiments. The
corresponding roundtrip group delays, with magnitude ~ 200 ns, were determined in each
case by the shifting frequencies € that lead to integer and fractional Talbot conditions at
1550 nm. The output power was below the milliwatt (—6 dBm), as is typical in this type of
configurations [31, 33].

3.2. Injection wavelength

Both in Talbot lasers and in frequency-shifting loops the recirculation of the coherent seed
competes with ASE for the same gain [32]. ASE recirculation is manifested in a non-white
noise background that repeats quasiperiodically at a rate equal to the FSR [44, 51, 53]. At
high noise levels, ASE can drive the relaxation oscillations of the amplified loop, leading to
large envelope variations consequence of gain fluctuations [53]. Specific noise-suppression
techniques, such as intracavity filters [33] or loss modulation [31], are usually employed
to reduce the level of ASE recirculation. In our experiment we optimized the emission by
operating the laser in the main spectral net gain region, so that the external injection in
this band picks up most of the gain at the expense of ASE [28]. To explain the procedure,
we performed an specific experiment using a short cavity (without the PZT element) with
Te = 178.2 ns (FSR = 5.612 MHz).

In Fig. 2(a) we show, with blue and magenta traces, two regimes of the laser emission
spectrum when the active fiber ring is not seeded. In blue, the unseeded laser is ~ 1 dB below
threshold and its spectrum follows the approximately flat-top 0.8-nm LCFBG reflection band.
As the ASE recirculation is damped below threshold, this curve is representative of the actual
shape of the gain spectrum. In magenta we plot the emission spectrum when the unseeded
laser is above threshold at a gain compression of ~ 1.5 dB, where the laser is Q-switched
(QS) by self-sustained relaxation oscillations [53]. The spectrum has a main peak at the low-
wavelength end, with ripples caused by the ~5 kHz QS pulse train. The spectrum also shows
a secondary peak near the center of the band. The two peaks are due to the accumulation of
ASE that undergoes amplification while being frequency shifted towards lower wavelengths
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Figure 2. (a) Laser emission spectrum under different operation conditions: blue, without
external injection and ~ 1 dB below threshold; magenta, without external injection and above
threshold at a compression level of ~ 1.5 dB; orange, injected at 1549.75 nm with power
2 uW; green, injected with power 8 pW. The horizontal arrows mark the two spectral net
gain regions of the cavity, and the vertical arrow the seed wavelength. (b)-(d) RF spectrum of
the intensity for the (b) unseeded cavity, and injected at 1550.16 nm with (c) 0.5 uW and (d)
3 uW. Resolution bandwidth, 1 kHz.

[54]. Spectral peaks and valleys locate the wavelengths for which the cavity is at threshold
and where the process of amplified ASE recirculation begins (valleys) or ceases (peaks). From
this observation, the spectral net gain regions can be graphically estimated, as is also shown
in the figure, and correspond to the local maxima of the LCFBG amplitude ripples.

The seed wavelength where injection competes more effectively with ASE is thus that
in the beginning of the main net gain region in the opposite direction of the frequency shift,
here at >~ 1549.75 nm. As we increase the injection power, the EDFA compression is initially
kept invariant. In this regime the total recirculating power (ASE + seed) remains constant in
a homogeneously broadened amplifier, so that an increase in injection is accompanied by a
reduction of ASE power. In Fig. 2(a) we show, in orange, the spectrum when the power of
the optimal seed wavelength is 2 uW. This is the maximum injection power that keeps the
initial compression level of ~ 1.5 dB, so the initial ASE power is maximally substituted by
the seed. The decrease in ASE power is clearly visible in the 20-dB reduction of the high-
wavelength peak in the secondary gain region. This secondary peak can be even vanished
under a higher level of injection, which increases compression and drives the secondary peak
below threshold, as is shown in Fig. 2(a) with a green trace.

We also point out that the relative amplitude of the spectral gain regions could be slightly
tuned through the polarization controller placed after the EDFA, a fact that we ascribe to
polarization-dependent loss in the LCFBG. This way, the roles of main an secondary gain
regions could be interchanged. In a second experiment, we observed the effect of ASE
substitution in the RF intensity spectrum of a longer cavity operated in the high-wavelength
gain region at the p = 17 Talbot condition. As is shown in Fig. 2(b), the intensity spectrum of
the unseeded laser shows ASE resonances separated by an FSR = 4.620 MHz. The 17th and
34th resonances, which coincide with the shifting frequency and its second harmonic, are here
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Figure 3. Simulated intensity traces of Talbot lasers at integer Talbot condition without (a)
and with (b) intracavity dispersion, and at semi-integer Talbot condition without (c) and with
(d) dispersion. In (c) and (d) the intensities show a twofold increase in pulse repetition rate.

reinforced due a residual modulation in the AOFS [44, 53, 55]. With progressive injection of
seed power, which appears at the repetition rate f; = 17 - FSR and its harmonics, the ASE
bands are clearly reduced, as is shown in Fig. 2(c) and (d).

4. Bandlimited Airy pulses

4.1. Airy pulses at Talbot conditions

The use of model (2) for the description of the laser output deserves some justification.
Following a previous analysis [32], we first observe that the seed wavelength recirculates
in the spectral net gain region a finite number of roundtrips, say N. Each spectral line shows
an accumulated amplitude gain u,, equal to the product of amplitude gain factors accumulated
after the n recirculations. This factor, which substitutes for p” in (2), can be approximately flat
(1, ~ const.) or gaussian-shaped, depending on the curvature of the gain region [32]. If the
injection level is so high that it drives the gain region below threshold, the recirculating seed
undergoes recurrent attenuation and (2) is valid with p < 1. Thus, (2) can be applied above
threshold for the analysis of flat or exponentially decaying combs provided we introduce the
appropriate spectral cutoff associated to the finite number of recirculations n < N.

In the analysis of (2) it is convenient to define a periodic envelope that is temporally
shifted by the wavelength-dependent delay, T = w7, /€, of the group delay f3;. The electric
field is thus presented as & (t) = E(t — T)e/™' where, using (6), the optical envelope is:

E(I) =K, i pne—j%Qy’cgn(n-H)—j%(pQ?nLi-anst (7)
n=0

The different types of waveforms with regard to Talbot effect can be described as follows. Let
us first consider a situation where the frequency shift is tuned to an integer multiple of the
FSR, Q;7, = 2mp with p a positive integer, so that the first phase term in (7) equals unity.
As this phase term is quadratic in the spectral line index n, this situation can be interpreted as
providing an integer Talbot replica of a pulse train. If, in addition, the intra-loop dispersion
is absent, ¢ = 0, (7) describes a pulse train with exponentially decaying spectrum, and so



10

Figure 4. (a) Airy Ai(x) (blue) and Scorer Gi(x) (orange) functions. (b) Intensity of the single-
sided Airy wave Ai(x) + jGi(x).

with Lorentzian intensity, at a repetition rate equal to the frequency shift. This situation is
schematically depicted in Fig. 3(a). In the general case where ¢ # 0, the periodic envelope
can be expressed as a succession of pulses p(t) as E(t) = Y., p(t — k/ fs), with:

“dw

t:E _*8(!) _(P
p(t) ), a.¢ eXp( Isan

o’ + jwt) (8)

and where we have written p = exp(—&€;) with € = 0 the exponential decay factor per unit
shifting frequency. In our experiment ¢ < 0, and so the real part or in-phase component of
p(t) is, up to scale factors and in the limit € — 0, the standard Airy function
Ai(x) = ©du cos (lu3 + ux) )
0o T 3

Conversely, the imaginary part or quadrature component of (8) becomes the inhomogeneous
Airy or Scorer function Gi(x) [52]. These in-phase and quadrature components, together
with the intensity, are depicted in Figs. 4(a) and (b), respectively. Due to the presence of the
slowly-decaying tails and in the absence of any frequency cutoff, they carry infinite energy.
The truncation necessary for rendering an Airy pulse of finite energy is implemented in (8)
through the spectral decay parameter €. In our experiment, however, the spectral truncation
is obtained by bandlimiting the wave’s spectrum so, as pointed out before, frequency combs
with both decaying (€ > 0) and flat spectra (¢ ~ 0) can be generated in limited bandwidths by
controlling the loop’s loss.

Asymptotic analysis [16] of (8) provides convenient analytic approximates to the Airy
pulse in the far field. The stationary phase condition defines an instantaneous frequency w;(7)
for each negative time ¢, following the parabola w;(¢) = ky/—t and with a scale factor:

20
— 10
*=\To (1o

The inverse equation, #;(®) = —®?/K?, represents the nonlinear frequency-to-time map that

assigns spectral components to temporal instants in the range ¢+ < 0. The stationary phase
approximation results in the following asymptotic description of the pulse for r < 0:
EoeiEK\/jt 2 T
= rexp | —j5x(=0)*+ ) (11
27 /3|l (—0)]*

p(t)
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whereas the behavior for ¢ > 0 is exponentially small. With our design values the scale factor
is k& = 20.9 rad/ns*/?, and so the typical temporal scale of phase variations lies in the ns
range. The pulse width, which also lies in this range, is thus lower than the train’s period
1/fs ~ 12.5 ns and can be controlled through the amplitude decay factor €. The output comb
appears as a train of Airy pulses, as exemplified in Fig. 3(b).

This description can be generalized to fractional Talbot conditions, which are defined by
the requirement Q,7, = 27 X p/q with p and g coprime and positive integers. According to
the general theory [56], the output field is periodic with the same repetition rate €, and in
the time domain each fundamental period is composed of g replicas of the basic pulse p(7)
mutually shifted by 1 /¢ f; and with relative phase factors following a Gauss phase sequence of
length ¢ [57, 58, 48]. The repetition rate of the intensity is thus multiplied by a factor of ¢, and
the energy distributed in g equal pulses per period. This situation is exemplified in Figs. 3(c)
and (d) for Lorentzian (¢ = 0) and Airy pulses (¢ # 0), respectively, for a semi-integer Talbot
condition.

4.2. Airy pulses at detuned Talbot conditions

In a similar manner as in a dispersion-free frequency shifting fiber loop [33], a small detuning
of the shifting frequency from (integer or fractional) Talbot conditions leads to the effective
induction of first-order dispersion in the pulse p(z). Let us consider a shifting frequency given
by Q, = Q; + AQ,, where Q; is tuned to an integer Talbot condition and AQ; < Q,. Using
this decomposition in the first phase term of (7) we are led to:

E(l‘) —E, i pne—j%AQSTgn(n—H)—j%(pQ?rﬁ—O—jnﬂst (12)
n=0
A temporal shift 7,AQ,/2€Q; is induced in the envelope, which can be a delay or an advance
depending on the sign of AQ, plus a quadratic spectral phase that is equivalent to first-order
dispersion. Neglecting the temporal shift, the envelope can be presented as a train of pulses
of the form:

4

2 . v
@ 6o,

*dw T,AQ
t)=E w o —Ew _ -8 ol
p(t) o/0 o ¢ eXP(JZQ%

o’ + ja)t) (13)
s
The induced first-order dispersion T,AQ / QE is normal (anomalous) for positive (negative)
values of A€, and can also attain large values: with f; = 80 MHz and 7, = 200 ns this factor
is ~ 5000 ps? /rad per kHz of detuning, equivalent to the dispersion of ~250 km of standard
telecom fiber in the C band.
The family of envelopes (13) can be analyzed from its time-frequency representation
[49]. As is immediate to show, the stationary phase condition defines an instantaneous

frequency that follows a shifted parabola in the  — @; plane,

K2 (At —1) = (0;(1) — Aw)? (14)
where the spectral and temporal shifts are given by:
T,AQ Aw?
Aw=—-—"2 At = (15)

OQ; - K2
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Figure 5. (a) Time-frequency representation of the bandlimited Airy pulses. The parabolas
correspond to A®w = 0 (red), A®w > 0 (orange), and Aw < 0 (black), with their vertices
highlighted with dots. (b)-(e) Schematic parabola (left) and simulations of the intensity
(right) of Airy pulses for different values of the spectral shift Aw. Plots (b) and (d) describe,
respectively, the single-sided and the double-sided Airy pulses used as references.

With our design values, the Aw/AQ; factor is 172 MHz/kHz, and so a detuning by a few kHz
shifts the parabola in time and frequency in ns and GHz ranges, respectively. In the absence of
detuning-induced dispersion (A® = At = 0) we recover the previous parabola w;(t) = k\/—t
whose vertex lies in the origin of the time-frequency plane, as is schematically shown with a
red trace in Fig. 5(a). In general, the temporal shift is always positive but the spectral shift
can be positive or negative depending on the signs of AQg and ¢. This moves the vertex
of the parabola in the first or fourth quadrants of the t — w; plane. However, and due to the
second relationship in (15), the origin of the plane w; = ¢ = 0 lies in any parabola obtained by
detuning. The possible situations (zero, positive or negative A®) are schematically depicted
in Fig. 5(a).

4.3. Bandwidth limitation

The spectrum of the Airy pulses is contained in the range @; > 0, as the integral representation
(13) does not involve negative frequencies. If, in addition, the pulse is bandlimited, the integral
is cutoff by a bandwidth Qp. In the experiment, this bandwidth is provided by the extent of
the spectral gain band used for pulse generation, typically about 10 GHz. In heterodyne
measurements, p is explicitly dictated by the RTO electrical detection bandwidth (6 GHz).

In either case, bandlimited Airy pulses are described by a strip 0 < w; < Qp in the time-
frequency plane. From this observation it can be provided a qualitative description of the
pulse intensity [49]. The single-sided Airy pulse, simulated in Fig. 5(b), is taken as our
default situation. When the spectral shift Aw lies in the strip 0 < Aw < Qp, the vertex of
the parabola represents the spectral content of the pulse’s trailing edge, where a number of
frequency components accumulate in approximately the same time. This leads to a wavy
"head’ [49] in the trailing edge composed of peaks with increasing heights, produced by
the interference of the symmetrically distributed frequencies around the vertex. This head
is preceded by a smooth ’tail’ due to the mismatched, temporally spread frequencies. This
structure is exemplified in Fig. 5(c).

The main peak of the head becomes the shortest and the tail is absent at Aw = Qp/2,
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measured in a RF spectrum analyzer (resolution bandwidth, 1 kHz). (c) Heterodyne FFT power
spectrum (blue, left scale) and phase of the spectral lines (orange dots, right scale) measured
from a digitized temporal trace (measurement time, 3.2 us; spectral resolution, 275 kHz). The
fitted cubic phase is shown with a continuous orange trace. The green trace is a parabolic fit
of the phase minimum plotted to ease the visualization of the positive cubic component. The
noise level in (c¢) corresponds to ADC noise plus spurious tones of electronic origin.

see Fig. 5(d), as all the frequencies are approximately grouped at the same instant in the
time-frequency plane. The structure of this envelope can be described as follows: shifting the
integration variable in (13) as ® = @’ + A® and making use of (15), we find:

p(t) — Eoe—SA(J)ejA(D(l‘—%At) (16)
Q=40 dgf e’ ( ¢ 13 / )

X e rexp| —Jj—w"+jo(t—At

/ o O P\ J5q Jo'(t = Ar)
When A@w = Qp/2 and assuming a flat comb (&€ = 0) the pulse envelope reads
.Q

p(t) = Egel 71738 (17)

Qp

=L /
X /;23 cgz exp <_j6202s o+ jo'(t —At))

The envelope is thus carried at a frequency Qp/2, and its amplitude is real and equals an
Airy function of the type (9), but bandlimited to Qp/2. This envelope will be referred as
the two-sided Airy envelope and, together with the bandlimited single-sided pulse shown in
Fig. 5(b) represent the two reference fields in our analysis. In the rest of the situations, when
the frequency shift Aw is negative or exceeds the bandwidth Qp, the high frequencies are
located in the leading or trailing edges, respectively, following the nonlinear frequency to
time map described by parabola (14). In these cases, the intensity appears stretched toward
these high frequencies and does not show sharp peaks. This is exemplified for Aw < 0 in
Fig. 5(e), where the pulse appears stretched to the leading edge.

5. Results

5.1. Bandwidth and spectral phase

To explore the actual laser performance, the system was configured in the complete setup
described in Fig. 1(b). The cavity was operated at the central gain peak in Fig. 2(a). This
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Figure 7. Intensity (1, top row), simulation of the intensity (2, second row), heterodyne signals
(3, third row), simulated in-phase components of the field (4, fourth row) and spectrograms
of the heterodyne signal (5, bottom row) corresponding to different bandlimited Airy pulses
generated by detuning the frequency shift from the p = 17 Talbot condition. Columns
correspond to detuned frequencies AQ; /27 equal to (a) —32 kHz, (b) 0 kHz (p = 17 Talbot),
(c) 16 kHz, (d) 32 kHz, and (e) 64 kHz.

wavelength was chosen to use the central part of the LCFBG reflection spectrum, thus
avoiding the use of the low-wavelength end that corresponds to the input port of the flat-
topped LCFBGs where the impact group delay ripples is more detrimental [59, 60]. The laser
was operated with an injection wavelength of 1550.16 nm, at typical compression levels of
1.5 — 2 dB, and with frequency shifts at or near the p = 17 integer Talbot condition. At this
wavelength, the cavity has a roundtrip group delay 7, = 215.9 ns (FSR = 4.632 MHz). The
laser could be adjusted through the injection level to provide exponentially decaying and flat
combs in ~ 10 GHz bandwidths (N ~ 125 spectral lines), as determined by wideband RF
spectral measurement of the heterodyne signal, see Fig. 6(a) and (b).

We performed a specific experiment to check the induction of cubic spectral phases by
the dispersive cavity. An heterodyne trace was taken at f; = 78.744 MHz, which nominally
corresponds to the p = 17 Talbot condition. At this point, the spectral phase is ideally
cubic, although even a small mismatch of a fraction of kHz induces an unavoidable quadratic
component. The heterodyne signal was Fourier transformed to acquire amplitude and phase
of the optical spectral lines above the injected carrier, plotted in Fig. 6(c). We introduced a
numerical delay in the spectral phase (i.e., a linear phase term) to place the minimum of the
phase at the center of the band, as so ease the visualization of the cubic contribution. A fit
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provides a value of this cubic term of 0.170 rad/GHz>, to be compared with the nominal value
0.189 rad/GHz> given by (6). In repeated tests with different values of Q we found consistent
values of the cubic term, differing at most 15% with respect to this nominal value.

5.2. Waveforms

We also conducted some experiment to explore the different waveforms generated by the
laser. The results, presented in Fig. 7, are organized in columns corresponding to Airy pulses
with different amounts of first-order dispersion induced by detuning the shifting frequency.
The single-sided Airy pulse obtained at the integer Talbot condition, shown in column (b),
represents the default situation. Following the time-frequency representation of Fig. 5, the
rest of the columns can be characterized by the vertex of the parabola: (a) an Airy pulse with
negative frequency shift Aw and thus highly stretched towards the leading edge, (c) an Airy
pulse with positive A® equal to half the detection bandwidth, corresponding to the double-
sided Airy pulse described in (17), (d) an Airy pulse with positive Aw equal to the detection
bandwidth, and finally (e) an Airy pulse with positive A® beyond the detection bandwidth
and thus highly stretched towards the trailing edge.

For each of these five situations we provide in row 1 single-shot traces of the intensity,
in row 3 the corresponding heterodyne signal, and in row 5 the spectrogram of the heterodyne
signal. In rows 2 and 4 we plot, respectively, simulations of the intensity and in-phase
component of the field. These simulations are based on (12) with p = 0.95, taking into account
the 6-GHz bandwidth by the inclusion of a Butterworth filter of order 19. As our heterodyne
interferometer is not stabilized, in the simulations in the fourth row the interferometer’s phase
was optimized to replicate the experimental in-phase component shown in the third row.

We found a good agreement in all the analyzed situations, with the exceptions of (al)
and (el) as compared to (a2) and (e2), respectively, where the stretching of these waveforms
lowers the instantaneous detected power and thus degrades the observed SNR. This effect is
more prominent at the 10-mV scale of (al) and (el). In addition, these intensity traces show
wavy heads or tails, regions that are smoothed by the bandwidth limitation imposed by the
RTO and which are only approximately described in the simulation. Globally, the experiment
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Figure 9. (a) Heterodyne signal at the semi-integer Talbot condition p/q = 29/2. (b) Hilbert
transform of the heterodyne signal.

captures well the qualitative view described in Fig. 5, with a shortest pulse in the two-
sided Airy configuration with main peak FWHM width 210 ps. The field measurements and
spectrograms in rows 3 and 5, respectively, clearly show the curvature of the time-frequency
parabola (14).

Subsequently, we used heterodyne measurements to quantify the phase of the optical
field in the time domain and so confirm the far-field character of the Airy pulses shown in
columns (b) and (d) of Fig. 7. In Fig. 8(a) we show the heterodyne signal in blue, together
with its temporal phase, in orange, for the single-sided Airy pulse. This phase was fitted to
the asymptotic expression given in (11), giving a scale parameter Kk = 21.7 rad/ns?/?
agreement with the design value of 20.9 rad/ns’/?

in good
. The situation shown in column (d), which
is analyzed in Fig. 8(b), corresponds to a field carried at frequency Qp with approximately
complex-conjugate envelope. This can be deduced by setting Aw = Qp in (16) and
considering in the limit € — 0. The expected asymptotic phase is thus, up to the carrier
shift, the opposite to that described in Fig. 8(a). The change in frequency trend is apparent and
indeed, after the fit of the retrieved phase, we obtain a carrier of 5.736 GHz, in good agreement
with the expected value of 6 GHz, and a negative curvature with Kk = —20.4 rad/ns>/2.

We also confirmed that the change of shifting frequency to fractional Talbot conditions
Q,T, =27 X p/q provides Airy pulse trains with ¢ pulses per period, as dictated by fractional
Talbot effect. As an example, and using a specific property of semi-integer Talbot conditions,
we experimentally resolve the in-phase and quadrature components of the single-sided Airy
pulse. At a fractional value p/q = 29/2 the phase acquired by the spectral components (7)
can be written as:

e 1T — (Lt = e It

V2
The waveform thus contains two replicas of the Airy pulse train, mutually delayed by half a
period and with a relative phase factor of j. In a heterodyne measurement, the train appears

[1+j(=1)"] (18)

as a periodic succession of in-phase and minus quadrature components of the electric field
within each period. An experimental trace is shown in Fig. 9(a). The relative phase between
components 1s confirmed after Hilbert transforming the heterodyne signal, see Fig. 9(b),
which shows how the first pulse (in-phase) in (a) is transformed to quadrature in (b), and
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Figure 10. Reconstruction of the time-frequency parabola by temporal and spectral shifts of
different spectrograms obtained by detuning the p = 17 Airy pulse in steps of 32 kHz. Red
curve: parabola (14).

the second pulse in (a) (minus quadrature) is transformed to in-phase in (b).

To conclude our analysis, we observe that (14), together with (10), points out that
the spectrograms of all possible Airy fields obtained by detuning the shifting frequency
are portions of the same normalized parabola —2Qt = |q0|a)l~2. In Fig. 10 we present the
reconstruction of this curve by adjoining the strips, shifted in time and frequency, that
represent the spectrograms of different waveforms. They were obtained by progressively
detuning the shifting frequency from the p = 17 Talbot waveform in steps of 32 kHz,
corresponding to our 6 GHz RTO bandwidth. Comparison with curve (14), shown in red,
confirms the correct reconstruction of the Airy parabola.

5.3. Stability

In a final set of experiments, we analyzed the stability in amplitude and timing jitter of the
resulting pulse trains. The dominant cause of amplitude noise is ASE, whereas jitter is mainly
due to the phase noise of the injected carrier and to technical noise, namely, vibrations and
thermal drifts that cause length variations in the fiber loop [44]. These are typically low-
frequency effects: values of rms jitter below the ps have been reported both in Talbot lasers
[31] and in frequency-shifting loops [44] when integrated above 10 kHz. Active stabilization,
in turn, is necessary to improve jitter below the 10-kHz range [44]. In our case, the dominant
jitter mechanism in this range is technical noise, as the seed linewidth (< 100 Hz) only
contributes to jitter below the ps scale [29].

In the experiments, we used the double-sided Airy pulse configuration of Fig. 7(c).
This configuration was chosen because these pulses were observed to be prone to amplitude
and timing errors, as all frequencies should add at the same time to create the pulse. In a
first series of tests, we explored the stability of the setup without PZT stabilization. The
experiments were performed at the p = 18 integer Talbot condition with a slightly shorter
cavity (f; = 85.616 MHz and 7, = 210.3 ns). The laser output was directly detected and
the RF spectrum of the intensity recorded in a spectrum analyzer. In Fig. 11(a) we show
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Figure 11. (a) RF spectrum of the fundamental (orange) and noise background (blue) in units
relative to the fundamental. Resolution bandwidth 10 Hz. (b) Intensity of a burst of single-
sided Airy pulses in a 200-pus interval (gray, top scale, pulses not resolved), and zoom of
this trace in a 200-ns interval (blue, bottom scale). (c) Peak intensity and (d) pulse position
with respect to the reference RF clock tracked over successive periods during a 120-s interval.
The active stabilization is activated at = 37 s, marked with a dashed line. Timing errors are
measured within a modulation period 1/f; = 11.68 ns.

its fundamental (orange) and the corresponding noise background (blue), with a peak to
pedestal value of 56 dB at a resolution bandwidth of 10 Hz. Neglecting the timing jitter
contribution to the fundamental, the fluctuations og of the pulse energy E can be expressed
as o /E = (P, /Pf)l/ 2, where Py is the power at the fundamental and P, is the integrated
noise power [61]. This results in a value for og/E = 0.027, of the order of mode-locked
frequency-shifted feedback fiber lasers based on similar architectures [62].

We also explored the intensity and timing jitter noises in the time domain at short time
scales. In Fig. 11(b) we show the RTO digitized trace, in gray, of the intensity envelope of a
pulse train of 200 us duration comprising ~ 16 x 10 pulses. A short run of 200 ns, extracted
from the long trace, is also shown in blue for comparison. The pulse burst shows an acceptable
stability: the intensity envelope has a standard deviation o7/1, = 0.017 relative to the average
peak intensity /,, and the jitter standard deviation was found to be 6; = 7 ps.

At longer times scales we observed that the amplitude variations are still low but timing
jitter severely degrades, as expected. In Fig. 11(c) and (d) we present, respectively, the
observed amplitude and timing jitter fluctuations in a 2-min period before and after activating
the feedback control at 37 s. Here, amplitude and timing fluctuations were determined by
recording in the RTO a single period of the intensity triggered by the master RF tone at
the shifting frequency fs, and using the RTO utilities for measuring the peak intensity and
position in each period. This procedure provides position values with ps resolution. Without
active control, pulse jitter appears dominated by low-frequency variations due to thermal drifts
in the fiber loop. With the PZT activated, we found that the relative intensity fluctuation is
o1 /71, = 0.024, in the same range as in the short burst, and a timing jitter of 6; = 23 ps. If
this jitter is entirely ascribed to loop’s length fluctuations, it amounts to a relative loop length
variation of 6; /T, ~ 1074, or to a FSR stability < 500 Hz.
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6. Conclusions

In this work, we have demonstrated the emission of bandlimited, single-sided ns Airy
pulses from a Talbot fiber laser with bandwidths in excess of 10 GHz and ~ 80 MHz-
repetition rates. The system has been built upon a stabilized dispersive and active fiber ring
cavity incorporating a frequency shifter, where dispersion has been implemented through
commercial LCFBGs. The emitted finite-energy pulses lie in the higher-order far-field
regime, where the asymptotic behavior dictated by the stationary phase approximation applies.
The emission was tunable through changes in the the shifting frequency, which introduces
a controlled amount of equivalent first-order dispersion over the Airy pulses. Previous
theoretical models have been shown to accurately describe the actual laser output in all the
analyzed configurations. We have also identified a method for optimum spectral allocation
of the seeding wavelength to minimize ASE recirculation, and evaluated the setup stability in
amplitude and timing jitter.

The demonstrated system can be extended in several directions. The requirement of
large intracavity first-order dispersion can be alleviated using lower shifting frequencies.
Alternative LCFBG designs, with apodization profiles distinct from the flat-topped used here
or with narrower passbands, can help set the net gain region for laser operation. Different
spectral phase profiles, distinct from the cubic used here, can be induced by the inclusion of
more general dispersive delay lines within the loop, and its use in conjunction with intracavity
modulators may extend the capacities of Talbot lasers and frequency shifting loops for optical
pulse generation. The present approach constitutes, in summary, a compact alternative to
external spectral filtering for the generation of pulses with non-conventional spectral and
temporal phase characteristics.
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