SCIENTIFIC REPLIRTS

Real-time high-resolution
heterodyne-based measurements
of spectral dynamics in fibre lasers

Received: 11 September 2015 - grikanth Sugavanam?, Simon Fabbri, Son Thai Le?, Ivan Lobach?, Sergey Kablukov?,
Accepted: 29 February 2016 : Serge Khorev®* & Dmitry Churkin®2*
Published: 17 March 2016

Conventional tools for measurement of laser spectra (e.g. optical spectrum analysers) capture data
averaged over a considerable time period. However, the generation spectrum of many laser types
may involve spectral dynamics whose relatively fast time scale is determined by their cavity round trip
period, calling for instrumentation featuring both high temporal and spectral resolution. Such real-time
spectral characterisation becomes particularly challenging if the laser pulses are long, or they have
continuous or quasi-continuous wave radiation components. Here we combine optical heterodyning
with a technique of spatio-temporal intensity measurements that allows the characterisation of such
complex sources. Fast, round-trip-resolved spectral dynamics of cavity-based systems in real-time are
obtained, with temporal resolution of one cavity round trip and frequency resolution defined by its
inverse (85 ns and 24 MHz respectively are demonstrated). We also show how under certain conditions
for quasi-continuous wave sources, the spectral resolution could be further increased by a factor of
100 by direct extraction of phase information from the heterodyned dynamics or by using double time
scales within the spectrogram approach.

Spectroscopy is an efficient tool in study of many phenomena in bio-photonics, chemistry, communications,
non-linear science, and many other areas, including, most notably, laser physics where optical spectrometers are
routinely employed for making highly precise measurements in the frequency domain. Apart from the require-
ment of high spectral resolution, the dynamic character of these phenomena also requires the ability to track their
evolution in time. Conventional high-resolution spectroscopy relies in these cases on well-developed mechani-
cally scanned or imaging techniques'. However, the achievable scanning rate (or frame rate) is usually too slow,

. often by many orders of magnitude, to resolve fast spectral dynamics of laser systems. In fibre lasers, the genera-

. tion spectrum may exhibit significant variation from one cavity round-trip to another and even within one cavity

: pass®. The temporal scale of spectrum evolution may vary from nanoseconds (corresponding to the sampling
frequency of hundreds of MHz) in few-metres-long lasers based on ytterbium- or erbium-doped fibres*?, to
several microseconds (corresponding to the sampling frequency of hundreds of kHz) in typical Raman fibre
lasers* or long and ultra-long mode-locked lasers*” having cavity length of hundreds of meters to kilometres.
Fast spectral dynamics is also observed in delayed-feedback laser systems® and pulsed quantum-cascade lasers
with self-scanning of output wavelength due to thermal effects®. Spectrometers based on scanned Fabry-Pérot
interferometers are not capable of operating faster than few kHz', and detector arrays used in other types of
spectrometers do not generally exceed ~20kHz!!.

One of the relatively new and actively developed techniques capable of greatly exceeding these limits is the
Dispersive Fourier Transform (DFT) approach (see, e.g. ref. 12 and references therein). This technique relies on
the group velocity dispersion of an optical medium in order to map the spectrum of an optical pulse into the tem-
poral domain. The DFT technique has been advantageously applied to study the generation spectrum dynamics of
pulsed fibre lasers'>!, super-continuum generation'?, and optical parametric amplifiers'®. However, this approach
imposes its own restrictions on the analysed signal. Since it relies on temporal pulse stretching, the input pulse
repetition rate cannot exceed the inverse of the output pulse duration to avoid waveform overlap, thus imposing
an upper limit on the simultaneous product of the signal bandwidth, repetition rate, and total system dispersion.
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Figure 1. Concept of real-time heterodyne-based measurements of spectral dynamics in fibre lasers.
Because of cyclic nature of radiation in the cavity, the output radiation consists of an intensity pattern with a
repetition period equal to the cavity round-trip time. Evolution of the intensity pattern, I(t), over cavity round-
trips (evolution time, Ty) could be represented as the spatio-temporal intensity dynamics, I(t, Ty). To access
the spectral information and measure the spectrum evolution over many cavity round-trips, the spectrum is
mapped into time domain via heterodyning and then the heterodyned time trace I(t) is directly measured by
a real-time oscilloscope. Further, the trace is processed as a spatio-temporal heterodyned intensity dynamics,
I(t, Ty). Finally, windowed fast Fourier transform is applied over time coordinate f, resulting in measurements
of spectral dynamics over cavity round-trips, I;;(w, Ty). The mathematical background of this procedure is
described in Supplementary Materials.

Additionally, there is an effective upper limit on the duration of pulses that can be analysed with DFT arising
from practically available dispersive media. Although extremely useful in analysis of relatively short pulses, DFT
cannot be used to study long pulses, in systems where pulses and continuous waves co-exist, or quasi-continuous
wave (CW) lasers. Recently, a time lens parametric spectral analyser based on four-wave mixing has been pro-
posed and demonstrated!”!8. It can be used to characterise spectral dynamics in various sources, however it has
limited applicability due to the complexity of the experimental system and limitation to the wavelength resolution
of only 0.03nm, i.e. of the GHz order of magnitude.

In this work, we propose a simple and elegant method to measure spectral dynamics of fibre lasers com-
prising of such continuous and quasi-continuous wave components, by combining the method of time-domain
optical heterodyne detection'®-?! with a specific technique of real-time spatio-temporal measurement!'*?2-26, We
show how by the introduction of a second time scale (here, the cavity round-trip time) and more importantly,
utilizing the phase domain information encoded in the heterodyne measurement, it becomes possible to arrive
at a frequency resolution that is orders of magnitude higher than those offered by conventional OSAs and even
Fourier-transform-based, time-domain approaches. Our proposed method complements existing techniques like
the DFT, by allowing the real-time spectral characterisation of long (ns) pulses or CW/quasi-CW radiation.

Materials and Methods

Concept of real-time measurements of spectral dynamics in cavity-based systems. We illus-
trate our concept of real-time high-resolution measurements of spectrum evolution on the example of a sin-
gle-frequency fibre laser, in which the optical spectrum is self-scanned over a broad wavelength range due to
the formation of dynamical phase and gain gratings induced by spatial hole burning in population inversion of
the active medium?. The details of our experimental setup are described in the Supplementary materials. The
radiation under study is trapped within the laser cavity making round-trips in it, Fig. 1 (for simplicity shown for
a pulsed laser, but also valid for any type of radiation). The intensity dynamics observed at the output of the laser
reflects periodic evolution of the radiation in its cavity: the train of output pulses at T}, T, T is actually associated
with the same pulse inside the cavity coupled out and sampled at different time instants Ty, where Ty=N X 7,
with N denoting numbers of successive cavity round-trips. As a result, the spatio-temporal laser intensity dynam-
ics can be measured in any source?, including CW ones. The technique represents an advanced realisation of
stroboscopic-type triggered measurements of intensity dynamics of pulsed sources'***-%6. In the particular case of
the laser under study, generated pulses have duration of ~10 us (Fig. 2a), being thus much longer than the cavity
round-trip time 7,,= 85 ns. Therefore, the laser radiation is effectively quasi-CW on the time scale of the round-
trip time, see Fig. 2a (inset). The spatio-temporal intensity evolution is trivial in our case, Fig. 2b, indicating that
generated broad pulses are stable over evolution time.

To acquire spectral information, we use the well-established heterodyning technique (see, for example,
ref. 28). In this technique, the output of a laser under test is linearly mixed with an external source of stable
single-frequency radiation, also called the local oscillator. Power-law-based detection of this mixed signal in
the time domain is equivalent to a convolution operation in the frequency domain. If the linewidth of the local
oscillator is sufficiently narrower than the signal under test, the convolution operation effectively reproduces
the spectrum in the radio-frequency spectral domain. Usually, mixed heterodyned signals are measured with
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Figure 2. Real-time heterodyned intensity spatio-temporal dynamics. (a) Output intensity dynamics, I(f).
Inset: high-resolution details showing that the radiation is quasi-CW on the temporal scale of the round-trip
time. (b) Spatio-temporal intensity dynamics, I(t, Ty). (c) Heterodyned intensity dynamics, Iy(t), with radio-
frequency modulation (inset). (d) Spatio-temporal intensity dynamics of the heterodyned intensity, I(t, Ty).
Phase evolution is clearly visible within and between the pulses.

conventional radio-frequency (RF) spectrum analysers which convert the heterodyned time-domain intensity
dynamics, I(f), into the frequency-domain, I(w). However this method cannot resolve fast processes and aver-
ages them out because electronic spectrum analysis is limited by relatively slow acquisition rates (see, for instance,
ref. 9).

To circumvent this problem, we combine the spatio-temporal methodology?® with the specific approach of
Brunner et al.’®, where heterodyne detection is now performed in the time domain, Fig. 1. The spectral informa-
tion is then stored in the heterodyned intensity dynamics in the form of radio-frequency modulation (see Fig. 2c,
inset). Further, we take advantage of the natural time scale offered by the cavity round-trip time and represent the
heterodyned time-trace I,(t), Fig. 2¢, as a two-dimensional spatio-temporal dynamics of the heterodyned signal
I(t, Ty) shown in Fig. 2d. Note that spatio-temporal dynamics of the heterodyned signal also contains informa-
tion about the spectral composition of the analysed signal, as can be seen from frequency beat bands shifting over
the time, Fig. 2d.

To access the spectral information, we now apply a fast Fourier transform (FFT) over time ¢, using the same
natural scale unit, i.e. the round-trip time, for the window size. As a result, the evolution of instantaneous optical
spectrum over cavity round-trips I(w, Ty) is measured, as illustrated in Fig. 3 (in which linear frequency f= w/27
is used). The optical spectra are reproduced at the heterodyne beat frequencies, given by the difference between
the instantaneous optical frequencies of the signal and the local oscillator. Resolution over the evolution time
coordinate in our method is one cavity round trip and its inverse defines the resolution of spectral features. Here,
we retain information about evolution over cavity round trips by using non-overlapping windows, which is a
natural extension of the spatio-temporal dynamics approach. The technique developed in the present work results
in time-aligned spectral characterisation of laser radiation, allowing the measurement of spectral dynamics over
slow evolution time (round-trips) in a way very similar to those common in the numerical modelling where radi-
ation spectrograms proved to be of extreme importance in understanding of underlying physics?#%.

As a comparison, we measure the spectrum of the same laser source under study by using both a conven-
tional optical spectrum analyser (OSA), Fig. 3a, and the proposed technique, Fig. 3b. The OSA-based spectral
measurement, owing to its limited spectral resolution and the scanned nature of spectral acquisition, is unable
to reveal how the spectral characteristics of the source evolve over short time scales. Conversely, the real-time
spectral dynamics I(w, Ty) clearly shows that the laser has quite a narrow spectrum, which evolves continuously
over successive cavity round trips, exhibiting self-hopping in the spectral domain, Fig. 3b. Here, the spectral
resolution is determined by twice the inverse of the temporal window duration (cavity round-trip time), in this
case 24 MHz. The time-domain heterodyne detection methodology clearly outperforms conventional optical
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Figure 3. Real-time spectrum dynamics. (a) Optical spectrum measured with conventional optical spectrum
analyser at different wavelength sweep rates (the data are offset over intensity axes for different sweep times).
(b) Real-time spectrum dynamics, I(w, Ty) revealing the self-sweeping behaviour of the fibre laser. The spectral
peaks directly correspond to the intensity-domain microsecond-order pulsations. The frequency is defined as
an offset frequency from the external local oscillator’s frequency (inset: magnified detail).

spectrum analyzers when one requires high frequency resolution and fast sweep time, as it allows round-trip
resolved, high-frequency spectral measurements in quasi-CW fibre lasers. While the maximum optical band-
width that can be measured by the technique is limited by electrical bandwidth of real-time oscilloscopes and can
reach 60 GHz (or twice that number if using multiple oscilloscope channels), it still allows real-time measure-
ments of spectral dynamics in a range over 0.2nm (0.5nm) in the 1.0 micron (1.5 micron) range.

Results and Discussion

Spectral resolution enhancement via phase reconstruction.  The time-domain heterodyne approach
for real-time spectral measurement indeed provides a frequency resolution which is at least 3 orders of magnitude
higher than in parametric-based approaches'”!3. However, the available resolution is limited by the fundamental
Fourier trade-off condition, and is still not high enough to resolve the spectral width of the studied laser, see insert
at Fig. 3b. We now extend the above principles of time-domain heterodyne detection, and show how the phase
information stored directly in heterodyned intensity spatio-temporal dynamics can be used to improve resolution
over frequency.

The heterodyned intensity spatio-temporal dynamics contains precise phase information of the heterodyne
carrier frequency, which can be seen as pronounced modulation. Further, it also records the change in the instanta-
neous frequency; as clearly evidenced by the change in the phase of the modulation over round trips, Fig. 2d. If the
studied signal has a narrow spectrum falling below the conventional FFT limit and the intensities of the original
(non-mixed) signals remain fairly constant over the window, the argument of Fourier transform directly gives the
phase of the carrier (see Supplementary Materials). In essence, this is equivalent to the assumption that the signal
can be considered single-frequency over the whole observation period. The phase of the carrier component over
successive round trips can then be directly extracted from the experimental heterodyned intensity spatio-temporal
evolution (Fig. 4a). Phase unwrapping (addition of w-increments at phase discontinuities) is required as the FFT
operation gives values of the phase within the limits [—, w] (Fig. 4b). The instantaneous frequency evolution can
be obtained by simple differentiation of this unwrapped phase over the evolution co-ordinate Ty (Fig. 4c).

With this method, we are able to see that the laser under study exhibits a monotonic chirp within the duration
of each long laser pulse (Fig. 4c). The total frequency excursion is less than 1 MHz, which is considerably smaller
than the initial FFT-defined spectral resolution of 24 MHz. The effective frequency resolution provided by the
phase method is around 100 kHz, which is a two orders of magnitude improvement over the conventional FFT
resolution, while the resolution over evolution time is kept equal to 1 round-trip. In this analysis, the same exper-
imental data were used as in Fig. 3b. The frequency resolution depends on the electrical bandwidth (see Eq.13,
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Figure 4. Frequency resolution enhancement via phase reconstruction. (a) Evolution of the phase of Fourier
components of heterodyned intensity dynamics over frequency and round-trip number. Dashed rectangle
highlights the region of interest. (b) Phase evolution of the selected Fourier component: blue and green curves
denote wrapped and unwrapped phase respectively. (c) High-resolution frequency drift within the pulse super-
imposed and centered on the initial spectral evolution dynamics of a single mode hopping transition. Note that
total frequency range on this graph (4 MHz) which is smaller than initial frequency resolution of 11 MHz.

Supplementary Materials). But even with detection configurations with moderate GHz-order bandwidths, the
frequency resolution remains at least an order of magnitude higher than the Fourier window resolution.

Note that the Fourier transform trade-off condition is effectively still in place: while the instantaneous fre-
quency evolution can be tracked with enhanced (up to a factor of 100) frequency resolution, the absolute value of
the carrier frequency is still governed by the FFT resolution equalling 24 MHz in our case.

Spectral resolution enhancement via Wigner-Ville distribution based approach. In this section,
we present another approach to increase the spectral resolution, which is not limited to the case of slow varying
sinusoid. Extending the temporal window of the Fourier transform beyond the round trip time will improve
frequency resolution. However, due to a fundamental trade-off of the Fourier transform between the frequency
and temporal resolution, improved frequency resolution will result in coarser resolution over the evolution time
coordinate Ty of the spectral dynamics. It is known that spectral dynamics can be restored via a spectrogram
approach, i.e. by calculating Fourier transform within a moving window?2. Figure 5d shows the spectrogram of
the heterodyned intensity dynamics (experimental data same as in Fig. 4), where we have used a much longer
window function Ty, of width 200 round trips to achieve sufficiently high frequency resolution (~120kHz). The
existence of a chirp which was recovered from the phase domain, Fig. 4c, can be still seen in the spectral evo-
lution recovered using spectrogram approach, but the time instant at which a particular frequency component
appears can no longer be defined with accuracy higher than the length of the window function Ty, Nevertheless,
there still exists essential information in the spectrogram definition, which in principle allows us to retain high
resolution over the evolution coordinate while at the same time keeping high resolution over frequency. Indeed,
the temporal window in the spectrogram definition is shifted over time at a certain step T, in our case equal to
one round-trip. Physically, this introduces another temporal scale much smaller than the window size, Ts < Ty,
which could be used to restore the resolution over slow evolution time.

To clarify the concept, let us consider an ideal signal in which some narrowband frequency component is
only present for the duration of a single round-trip N, i.e. this frequency appears at time instant Ty of the
evolution co-ordinate, Fig. 5a. Using the window of length T\, involved in Fourier transform results in
the fact that the chosen frequency component will be present in the spectrogram for all time instants,
Ty — Tyw/2 < T < Ty + Tyy/2, as Fig. 5b demonstrates.

However, if we re-define the window function used in spectrogram definition we can restore the resolution
over evolution time. In particular, we use the product of a rectangular profile of width Ty and a time-shifted
time-reversed copy of the heterodyned signal itself as a window function. That is, we calculate the following
function:

WVD(w, Ty) fTW/ZI Ty — Ll Ty + L |expiwnd
w, = - — — + —|exp(iwt)dt,
N —Twl2 H[N Z]H[N 2] P (1)
which is essentially the Wigner-Ville Distribution (WVD)*® of the heterodyned signal within the window centred
around Ty. The conjugate term indicates that an analytic extension of the heterodyne time series is used (see
Supplementary Materials). The Wigner-Ville distribution was originally proposed in quantum mechanics and it

w

SCIENTIFICREPORTS | 6:23152 | DOI: 10.1038/srep23152 5



www.nature.com/scientificreports/

W T T, T
b. c.
T T
LT e
- | -7 B - |
T
t f t f 275 276 277 2755 276 276.5

Frequency, MHz Frequency, MHz

Figure 5. Concept of spectral dynamics restoration by introducing second time scale. The concept is
demonstrated on the example of a monochromatic signal located at time instant Ty with duration of one
round-trip. The width Ty, of the window function is chosen to be large enough for the desired frequency
resolution. The sliding window time step T is defined by the desired resolution over slow evolution time
and should be sufficiently smaller than Ty (a) Monochromatic signal (red curve) and the sliding window
function (blue rectangle). (b) The product of the signal and window function at different positions of the
window moving with step T and the corresponding modelled spectrogram. The position of the frequency
component can be defined only to the accuracy of Ty (¢) Similar illustration for the chosen window
function corresponding to the Wigner-Ville distribution. Red curve corresponds to the monochromatic
windowed signal, while its time-reversed and time-shifted replica is shown as green dashed curve. Their
product is non-zero only at time instant Ty. This results in the position of the frequency component defined
with accuracy equal to Ts < Ty (d) Spectrogram of experimental data calculated as shown in panel (b).
Spectral dynamics of the same experimental data calculated via Eq. (2). High resolution both over frequency
and evolution time is achieved. Colour is used to code spectral power density in panels (d,e).

now finds extensive use in real-time process monitoring®"**

short pulse characterisation®-%’.

The introduction of a specific window function results in the fact that the signal and its time-shifted and
time-reversed replica overlap only for time exactly equal to Ty, i.e. the resulting function is non-zero only for time
instant Ty, Fig. 5¢. This allows restoration of the position of the frequency component over slow evolution time
to the accuracy of the moving window time step T. Further, for a signal exhibiting a linear frequency chirp, the
WVD gives an unbiased estimate of the instantaneous frequency of the signal, where the frequency resolution is
now determined by the width of the window function used (see Supplementary Materials).

Figure 5e shows the spectral dynamics calculated using Eq. 1 for the same region as in Fig. 5d. The resolu-
tion over evolution time is considerably improved (by more than an order of magnitude) while high resolution
over frequency is retained, Fig. 5e. The resulting frequency evolution shown on Fig. 5e is in excellent agreement
with phase extraction procedure presented in Fig. 4c (see Fig. S2 for direct comparison). Note that the resolu-
tion over evolution time is not completely restored to the theoretical limit of one round-trip. This is caused by
multi-frequency composition (and also non-linear chirp) of the signal. Thus, because of the second time scale
external to the Fourier transform procedure and the specific shape of the window function, the spectral dynamics
can be tracked simultaneously with a high frequency resolution and high temporal resolution along the evolution
co-ordinate T.

, in biomedical applications****, and also for ultra-

Conclusion

In summary, by combining methodologies of time domain-heterodyne detection and spatio-temporal dynamics,
we have demonstrated a time-aligned, round-trip time resolved characterisation of spectral dynamics of fibre
lasers comprising of continuous and quasi-continuous wave radiation components. In this regard, the methods
serve to complement existing real-time spectral measurement techniques for regular pulses like the DFT. We have
further shown how by using the Fourier phase domain and WVD approaches, it is possible to obtain frequency
resolution of the underlying dynamics that is at least two orders of magnitude higher than that dictated by the
Fourier trade-off condition. While the applicability of the phase domain approach is limited to signals satisfying
the slowly varying sinusoid approximation, the WVD approach can be extended for the case of more non-trivial
higher order frequency excursions®. Very recently, a scheme for performing a Fourier-transform based spectral
measurement in the optical domain has been proposed, which lifts the restrictions on the nature of the signal
interrogated®. However, the system has a finite temporal domain response, which results in an averaging of
dynamics along the evolution co-ordinate. Indeed, the electrical bandwidth of the detector and oscilloscopes
determine the maximum observable optical bandwidth, and currently limit the direct study of broadband optical
spectra (around 120 GHz). Nevertheless, the possibility of continuous spectral acquisition over multiple round
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trip time scales, and the orders of magnitude higher spectral resolutions serve to offer significant advantages for
the study of a wide range of lasers. Important examples of systems of interest include long mode-locked lasers
with dissipative wave interaction®*, Raman lasers?*4**!, and even random lasers*, including those based on
optical fibres*’. Even though random lasers do not comprise a cavity of any fixed length, co-existence of localised
and extended modes** with different lifetimes may lead to complex spectral dynamics, which is usually lost in
conventional spectral measurements. For such systems, the round-trip time can be replaced by an appropriate
natural time scale, and the spectral dynamics can then be resolved by the described techniques. The ability to
record long time traces (up to 2 billion samples in high-end oscilloscopes) opens the possibility of statistical stud-
ies in the spectral domain. Combination of this capability with triggering in temporal domain to focus on spectral
content of specific temporal events, for example, rogue ones, can substantially increase the total observation
time. Furthermore, spectral pre-filtering of the initial optical signal and simultaneous measurements in different
spectral bands can potentially help to reveal internal spectral correlations in real-time, which could be of interest
in studies of mode-locking onset in fibre lasers. We anticipate that the demonstrated real-time measurements of
spectral dynamics can substantially improve experimental capabilities in study of systems with complex temporal
and spectral dynamics.

References
1. VanderLugt, A. Optical signal processing. (Wiley-Interscience, 2005).
2. Grelu, P. & Akhmediev, N. Dissipative solitons for mode-locked lasers. Nat. Photonics 6, 84-92 (2012).
3. Wang, . et al. Wideband-tuneable, nanotube mode-locked, fibre laser. Nature Nanotechnol. 3, 738-742 (2008).
4. Kobtsev, S., Kukarin, S. & Fedotov, Y. Ultra-low repetition rate mode-locked fiber laser with high-energy pulses. Opt. Express 16,
21936-21941 (2008).
5. Ai, F et al. Passively mode-locked fiber laser with kilohertz magnitude repetition rate and tunable pulse width. Opt. Laser Technol.
43,501-505 (2011).
6. Kelleher, E. J. R. et al. Generation and direct measurement of giant chirp in a passively mode-locked laser. Opt. Lett. 34, 3526-3528
(2009).
7. Kobtsev, S. M., Kukarin, S. V., Smirnov, S. V. & Fedotov, Y. S. High-energy mode-locked all-fiber laser with ultralong resonator. Laser
Phys. 20, 351-356 (2010).
8. Fischer, A. P. A, Yousefi, M., Lenstra, D., Carter, M. W. & Vemuri, G. Filtered optical feedback induced frequency dynamics in
semiconductor lasers. Phys. Rev. Lett. 92, 023901 (2004).
9. Brandstetter, M. et al. Time-resolved spectral characterization of ring cavity surface emitting and ridge-type distributed feedback
quantum cascade lasers by step-scan FT-IR spectroscopy. Opt. Express 22, 26562664 (2014).
10. Seymour-Smith, N., Blythe, P., Keller, M. & Lange, W. Fast scanning cavity offset lock for laser frequency drift stabilization. Rev. Sci.
Instrum. 81, doi: 10.1063/1.3455830 (2010).
11. Yun, S., Tearney, G., Bouma, B., Park, B. & de Boer, J. High-speed spectral-domain optical coherence tomography at 1.3 um
wavelength. Opt. Express 11, 3598-3604 (2003).
12. Goda, K. & Jalali, B. Dispersive Fourier transformation for fast continuous single-shot measurements. Nat. Photonics 7, 102-112
(2013).
13. Runge, A. E J., Aguergaray, C., Broderick, N. G. R. & Erkintalo, M. Coherence and shot-to-shot spectral fluctuations in noise-like
ultrafast fiber lasers. Opt. Lett. 38, 4327-4330 (2013).
14. Runge, A. E, Broderick, N. G. & Erkintalo, M. Observation of soliton explosions in a passively mode-locked fiber laser. Optica 2,
36-39 (2015).
15. Godin, T. et al. Real time noise and wavelength correlations in octave-spanning supercontinuum generation. Opt. Express 21,
18452-18460 (2013).
16. Descloux, D. et al. Spectro-temporal dynamics of a picosecond OPO based on chirped quasi-phase-matching. Opt. Lett. 40, 280-283
(2015).
17. Zhang, C., Wei, X., Marhic, M. E. & Wong, K. K. Ultrafast and versatile spectroscopy by temporal Fourier transform. Sci. Rep. 4,
5351, doi: 10.1038/srep05351 (2014).
18. Zhang, C., Xu, J., Chui, P. & Wong, K. K. Parametric spectro-temporal analyzer (PASTA) for real-time optical spectrum observation.
Sci. Rep. 3, 2064, doi: 10.1038/srep02064 (2013).
19. Brunner, D., Porte, X., Soriano, M. C. & Fischer, I. Real-time frequency dynamics and high-resolution spectra of a semiconductor
laser with delayed feedback. Sci. Rep. 2, 732, doi: 10.1038/srep00732 (2012).
20. Porte, X., Soriano, M. C. & Fischer, I. Similarity properties in the dynamics of delayed-feedback semiconductor lasers. Phys. Rev. A
89, 023822 (2014).
21. Brunner, D,, Soriano, M. C., Porte, X. & Fischer, I. Experimental Phase-Space Tomography of Semiconductor Laser Dynamics. Phys.
Rev. Lett. 115, 053901 (2015).
22. Turitsyna, E. G. et al. The laminar-turbulent transition in a fibre laser. Nat. Photonics 7, 783-786 (2013).
23. Churkin, D. V. et al. Stochasticity, periodicity and localized light structures in partially mode-locked fibre lasers. Nat. Commun. 6,
doi: 10.1038/ncomms8004 (2015).
24. Dudley, ]. M., Genty, G. & Coen, S. Supercontinuum generation in photonic crystal fiber. Rev. Mod. Phys. 78, 1135 (2006).
25. Jang, J. K., Erkintalo, M., Murdoch, S. G. & Coen, S. Ultraweak long-range interactions of solitons observed over astronomical
distances. Nat. Photonics 7, 657-663 (2013).
26. Garbin, B, Javaloyes, J., Tissoni, G. & Barland, S. Topological solitons as addressable phase bits in a driven laser. Nat. Commun. 6
(2015).
27. Lobach, I. A, Kablukov, S. L, Podivilov, E. V. & Babin, S. A. Self-scanned single-frequency operation of a fiber laser driven by a self-
induced phase grating. Laser Phys. Lett. 11, 045103 (2014).
28. Protopopov, V. V. Laser Heterodyning. (Springer-Verlag Berlin Heidelberg, 2010).
29. Agrawal, G. P. Nonlinear fiber optics. 4 edn, (Academic press, 2007).
30. Flandrin, P. Time-frequency/time-scale analysis. Vol. 10 (Academic Press, 1998).
31. Baydar, N. & Ball, A. A comparative study of acoustic and vibration signals in detection of gear failures using Wigner-Ville
distribution. Mech. Sys. Signal Pr. 15,1091-1107 (2001).
32. Staszewski, W., Worden, K. & Tomlinson, G. Time-frequency analysis in gearbox fault detection using the Wigner-Ville distribution
and pattern recognition. Mech. Sys. Signal Pr. 11, 673-692 (1997).
33. Karlsson, S., Yu, J. & Akay, M. Time-frequency analysis of myoelectric signals during dynamic contractions: a comparative study.
IEEE T. Bio-med. Eng. 47, 228-238 (2000).
34. Orini, M., Bailon, R., Mainardi, L. T., Laguna, P. & Flandrin, P. Characterization of dynamic interactions between cardiovascular
signals by time-frequency coherence. IEEE T. Bio-med. Eng. 59, 663-673 (2012).

SCIENTIFICREPORTS | 6:23152 | DOI: 10.1038/srep23152 7



www.nature.com/scientificreports/

35. Dorrer, C. & Kang, I. Complete temporal characterization of short optical pulses by simplified chronocyclic tomography. Opt. Lett.
28, 1481-1483 (2003).

36. Bulus Rossini, L. A., Costanzo Caso, P. A., Paulucci, E., Duchowicz, R. & Sicre, E. E. Phase and amplitude measurements for high
bandwidth optical signals. Opt. Fiber Technol. 4, 403, doi: 10.1016/j.yofte.2014.05.001 (2014).

37. Kalashnikov, V. L. & Sorokin, E. Dissipative Raman solitons. Opt. Express 22, 30118-30126 (2014).

38. Boashash, B. & O’Shea, P. Polynomial Wigner-Ville distributions and their relationship to time-varying higher order spectra. IEEE
Trans. Signal Process. 42, 216-220, doi: 10.1109/78.258143 (1994).

39. Guillet de Chatellus, H., Cortés, L. R. & Azania, J. Optical real-time Fourier transformation with kilohertz resolutions. Optica 3, 1-8,
doi: 10.1364/OPTICA.3.000001 (2016).

40. Randoux, S. & Suret, P. Experimental evidence of extreme value statistics in Raman fiber lasers. Opt. Lett. 37, 500-502, doi: 10.1364/
OL.37.000500 (2012).

41. Turitsyna, E. G. et al. Optical turbulence and spectral condensate in long fibre lasers. Proc. R. Soc. Lond. A Mat. 468, 2496-2508
(2012).

42. Wiersma, D. S. The physics and applications of random lasers. Nat. Phys. 4, 359-367 (2008).

43. Turitsyn, S. K. et al. Random distributed feedback fibre laser. Nat. Photonics 4, 231-235 (2010).

44. Fallert, J. et al. Co-existence of strongly and weakly localized random laser modes. Nat. Photonics 3, 279-282 (2009).

Acknowledgements

We are grateful to Dr. Thavamaran Kanesan for fruitful discussions. This work was supported by the European
Research Council (project UltraLaser), Horizon 2020 project CARDIALLY, Russian Ministry of Education
and Science (14.584.21.0014), the Russian Foundation for Basic Research (15-02-07925, 16-32-60153).
L.A.L. acknowledges financial support from the Russian Foundation for Basic Research (14-42-08026)S.1.K.
acknowledges financial support from the Russian Foundation for Basic Research (14-02-00449A).

Author Contributions
S.S.and D.C. conceived the idea. S.K. and I.L. designed the laser and measured the data. S.S. processed the data
with contribution from S.F. and S.T.L. All authors analysed the data. S.S., S.K. and D.C. wrote the manuscript,
D.C. supervised the project.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Sugavanam, S. et al. Real-time high-resolution heterodyne-based measurements of
spectral dynamics in fibre lasers. Sci. Rep. 6,23152; doi: 10.1038/srep23152 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

G or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 6:23152 | DOI: 10.1038/srep23152 8


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Real-time high-resolution heterodyne-based measurements of spectral dynamics in fibre lasers

	Materials and Methods

	Concept of real-time measurements of spectral dynamics in cavity-based systems. 

	Results and Discussion

	Spectral resolution enhancement via phase reconstruction. 
	Spectral resolution enhancement via Wigner-Ville distribution based approach. 

	Conclusion

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Concept of real-time heterodyne-based measurements of spectral dynamics in fibre lasers.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Real-time heterodyned intensity spatio-temporal dynamics.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Real-time spectrum dynamics.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Frequency resolution enhancement via phase reconstruction.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Concept of spectral dynamics restoration by introducing second time scale.



 
    
       
          application/pdf
          
             
                Real-time high-resolution heterodyne-based measurements of spectral dynamics in fibre lasers
            
         
          
             
                srep ,  (2016). doi:10.1038/srep23152
            
         
          
             
                Srikanth Sugavanam
                Simon Fabbri
                Son Thai Le
                Ivan Lobach
                Sergey Kablukov
                Serge Khorev
                Dmitry Churkin
            
         
          doi:10.1038/srep23152
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep23152
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep23152
            
         
      
       
          
          
          
             
                doi:10.1038/srep23152
            
         
          
             
                srep ,  (2016). doi:10.1038/srep23152
            
         
          
          
      
       
       
          True
      
   




