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A B S T R A C T   

Mode-locked erbium-doped fibre lasers are ultrashort pulsed sources widely studied due to their versatility and 
multiple applications in the near infrared range. Here we present the experimental study of the emission of a 
passive mode-locked erbium-doped fibre laser with an amplification stage outside the cavity by means of Fre
quency Resolved Optical Gating (FROG) and spectral interferometry. Due to shot-to-shot instabilities, the FROG 
traces can be understood as the combination of two different traces, corresponding to the coherent artifact and 
the average pulse characteristics. We have modified a Principal Components Generalized Projections Algorithm, 
in order to make it able to retrieve efficiently both the coherent artifact and the average pulse. In addition, we 
study the temporal dependence of the polarization, showing that the pulses present time-dependent polarization 
with a stable spectral relative phase between the horizontal and vertical projections. Up to our knowledge, this is 
the first experimental study that shows the FROG measurements of unstable pulse trains associated with the 
coherent artifact and analyses the time-dependent polarization in ultrafast fibre lasers.   

1. Introduction 

Erbium-doped fibre lasers (EDFLs) have been studied for many de
cades due to their great versatility and multiple applications in the near- 
infrared range such as telecommunication, optical sensing or micro
processing [1,2]. These lasers can operate in continuous emission or 
pulsed emission with interesting characteristics. In particular, passive 
mode-locked EDFLs are highly demanded as simple, compact and low- 
cost sources of ultrashort pulses in many applications such as optical 
coherence tomography [3], micro-welding [4] and supercontinuum 
generation [5]. 

In order to optimize the performance of a laser in a specific appli
cation, it is needed an appropriate characterization of its emission. The 
best scenario would be to study the individual pulses of the pulse train 
by using a single-shot characterization technique such as single-shot 
autocorrelation [6], GRENOUILLE (GRating-Eliminated No-nonsense 
Observation of Ultrafast Incident Laser Light E-fields) [7], SPIDER 
(Spectral Phase Interferometry for Direct Electric-field Reconstruction) 
[8] or TSHG D-scan (Transverse Second Harmonic Generation 

Dispersion Scan) [9]. However, due to the high repetition rate of these 
lasers (usually around the MHz range) and the low energy of the pulses, 
usually it is necessary to average the detected signal over multiple pulses 
even in the case of single-shot techniques. Thus, these lasers are usually 
characterized by multi-shot techniques such as autocorrelation, FROG 
(Frequency Resolved Optical Gating) or D-scan (Dispersion Scan) 
[10,11]. 

One important feature in mode-locked EDFLs is the stability. This 
type of lasers is usually characterized by high stability but sometimes 
they can operate in unstable regimes. One example of these unstable 
regimes is the noise-like pulses (NLP) regime, firstly reported in EDFLs 
by Horowitz et al. [12]. The NLP regime consists on wave packets 
composed of a picosecond (ps) scale envelope comprising femtosecond 
(fs) scale oscillations. This regime is usually characterized by a smooth 
spectrum and presents a temporal autocorrelation with a narrow spike in 
the fs scale over a slowly varying ps structure [13–15]. 

Definitely, it is crucial for different applications to know if the laser 
design is stable or, contrarily, it presents any kind of instability. 
Considering that multi-shot measurements are based on the average of 
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multiple signals from different unstable pulses, the conventional 
reconstruction algorithms fail to provide a truthful reconstruction when 
assuming a stable emission [16]. 

Since the last decade, it has been studied the effect of different types 
of instabilities using conventional characterization techniques [16–23]. 
In particular, recently it has been published an experimental study of 
instabilities in photonic-crystal fibre of a fibre laser using D-scan [19]. 
Regarding the FROG technique, previous works [16–18] focused on the 
study of FROG traces resulting from an unstable train of pulses (here
after called CA FROG traces), so that the resulting trace can be modelled 
as the contribution of two auxiliary components. On one hand we have 
the coherent artifact (CA), and on the other hand we have the average 
pulse. In those papers the CA is associated to the shortest repeating 
substructure of the pulse train and the average pulse is referred to the 
temporal envelope of the average bunch of pulses. This can be under
stood as a way to model the unstable pulse train and a chance to extract 
additional information from the FROG traces. Recently, Escoto et al. 
[17] have proposed a modified Generalized Projections Algorithm in 
order to model this kind of FROG traces, from a numerical approach. 
Following this idea, we have developed a modified Principal Compo
nents Generalized Projections Algorithm (PCGPA) to study CA FROG 
traces and we have applied it to experimentally study an unstable pas
sive mode-locked EDFL with an amplification stage outside the cavity. 
Moreover, in the present work we connect the experimental results from 
this general model with the one proposed to describe the NLP [12–15], 
where the average of the randomly varying fs structures can be inter
preted as the coherent artifact, and the ps temporal structure can be 
described as the average pulse. 

Besides the characterization of the system stability, it is also very 
important to know the polarization state of the pulses. Many charac
terization techniques are designed for scalar pulses, so they assume that 
the polarization is linear and constant in time [10]. However, the 
inaccurate knowledge of the time dependence of the pulse polarization 
could yield in drastic consequences for those applications dependent on 
the pulse polarization. In order to tackle this problem, for many years 
there have been proposed some characterization techniques able to 
study the polarization state of ultrafast lasers such as POLLIWOG 
(POLarized Light Interference versus Wavelength of Only a Glint) [24], 
TURTLE (Tomographic Ultrafast Retrieval of Transverse Light E-fields) 
[25] or time-resolved ellipsometry [26]. Moreover, it is well known that 
in optical fibres without maintained polarization, the state of the po
larization is very sensitive to any changes in the fibre and there could be 
cases where the pulses present complex arbitrary polarization states. 
Taking this into mind, we have also applied a polarization character
ization technique based on in-line interferometry [27] in order to 
measure the time-dependent polarization state of the passive mode- 
locked EDFL with an amplification stage under study. 

In this paper, we present a study of the pulses of a passive mode- 
locked EDFL with an amplification stage outside the cavity, analysing 
its emission in the time domain and its stability. First, in Section 2, the 
experimental set-up and techniques are presented (Section 2.1), as well 
as the methods for the analysis of the FROG traces of unstable pulse 
trains with a modified PCGPA (Section 2.2). Section 3 presents the 
experimental results obtained from the FROG measurements of the un
stable pulse trains as a function of the amplification (Section 3.1) and the 
time resolved polarization analysis of the pulsed emission (Section 3.2). 
The conclusions are presented in Section 4. Up to our knowledge, this is 
the first experimental study that models the unstable FROG measure
ments and analyses the time-dependent polarization in ultrafast fibre 
lasers. 

2. Material and methods 

2.1. Experimental set-up 

The experimental set-up, as it is shown in Fig. 1, can be divided into 

two different parts: the laser system (blue background) and the char
acterization systems (orange background). 

The laser system was composed by an oscillator based on Er3+ doped 
optical fibre amplifier followed by an amplification stage outside the 
cavity. The oscillator was an erbium doped fibre mode-locked laser in a 
ring configuration with an Erbium Doped Fibre Amplifier or EDFA 
(EDFA-C, JDSU, model JDSU00919629) operating in the C-band (from 
1530 nm to 1565 nm) with + 14 dBm saturation output power as active 
medium. The cavity was made of standard single-mode optical fibre 
(Corning, model SMF-28) and the output coupler extracts a 10% of the 
energy (10/90 coupler). The passive mode-locking was achieved by 
means of the Non-linear Polarization Rotation (NPR) effect [28,29]. This 
effect is commonly used as a passive technique to achieve the mode- 
locking in fibre lasers because its effectiveness increases with the opti
cal intensity and with the length of the fibre. In the proposed system, the 
optical modulator is formed by a linear polarizer (LP, Thorlabs, model 
ILP1550SMFC) placed between two polarization controllers (PC, Thor
labs, model FPC560). The repetition rate of the oscillator in pulsed 
operation was 4.37 MHz, exhibiting a spectrum centred at 1566 nm with 
15.4 nm full width at half maximum (FWHM), as it is shown in Fig. 2. 

Then, the pulse train coming from the oscillator is amplified by 
means of an EDFA operating in L-band (from 1565 nm to 1625 nm) with 
+20 dBm saturation output power (EDFA-L, Keopsys, model KPS-BT2-L- 
20-PB-FA). Moreover, its pump power can be modified allowing us to 
study the influence of the gain on the laser emission. 

The amplified pulses were collimated into the air by means of a GRIN 
lens (CONCENT, model KPMC-A-250-1550-Y-20-C-FC/APC) and they 
were characterized by using four different systems. First, the funda
mental spectra were measured with an Optical Spectral Analyzer (OSA, 
Agilent, model 86145B) using a spectral resolution of 0.5 nm. Second, 
the temporal characterization of the horizontal polarization projection 
(x-axis) of the generated pulses were done with a home-built SHG-FROG 
in noncollinear configuration (see details of this technique in Section 
2.2). The nonlinear medium used in the SHG-FROG was a 500 μm width 
type I BBO that ensures the phase-matching for all the spectrum 
generated. Third, the measurement of the time-dependent polarization 
of the full vector pulse was done with in-line spectral interferometry 
[27], allowing us to measure the difference of phase of the vector pulse 
between two orthogonal projections. This in-line technique consists on a 
bulk interferometer made of a 3 mm width calcite with the fast axis 
along the horizontal direction, which introduces a 1.8 ps delay in the 
spectral range of our laser between the horizontal (x-axis) and vertical 

Fig. 1. Scheme of the experimental set-up: laser source (blue background) and 
characterization systems (orange background). The characterization systems 
are: photodiode for the direct observation of the pulse train, Optical Spectrum 
Analyser (OSA) for the spectra measurement, noncollinear SHG-FROG for 
temporal characterization and the in-line method for measurement of time- 
dependent polarization of ultrashort pulses. 
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(y-axis) polarization projections. After the interferometer, a linear 
polarizer is placed (LP, Newport, 10GL08) in order to select the desired 
projection to be measured with the OSA. Moreover, during the cali
bration of the technique, it is needed to place another linear polarizer at 
the entrance of the system with its axis at 45◦, in order to study the 
difference of phase between both projections introduced by the char
acterization system. 

Finally, the repetition rate of the system (4.37 MHz) was measured 
with a photodiode (ALPHALAS, model UPD-15-IR2-FC) operating in a 
spectral range from 800 nm to 1700 nm with a rise time of 15 ps. It is 
important to point out that with the temporal resolution of this photo
diode, the pulse trains seemed to be stable, as it is shown in Fig. 2b. 
However, as we show in this paper, using a SHG-FROG (which has better 
temporal resolution) it is observed that the pulse trains are unstable. 
This remarks the importance of an appropriate characterization of the 
pulses in order to avoid misunderstandings due to lack of temporal 
resolution. 

2.2. Modified FROG reconstruction algorithm 

FROG is an amplitude and phase characterization technique 
commonly used for ultrashort pulse temporal measurements [30]. In this 
paper we used one of the most common configurations, SHG-FROG in 
non-collinear scheme. In this set-up two non-collinear replicas of the 
input pulse overlap onto a nonlinear crystal for different relative delays, 
while the spectra of their SHG are recorded in a 2D trace called FROG 
trace. Provided that the pulse train is stable, it can be reconstructed from 
the FROG trace using specific algorithms such as Generalized Pro
jections [31], Principal Components Generalized Projections [32] or 
ptychographic algorithm [33], among others. However, there are some 
cases in which the conventional FROG algorithms do not converge due 
to instabilities in the pulse train [16]. In the last decade it has been 
proposed an approach to a type of unstable FROG traces, called CA 
FROG traces, that presents double temporal structure, based on the di
vision of the original pulse train in two auxiliary pulses called coherent 
artifact and average [16–18]. 

Following the idea presented by Escoto et al. [17] and based on the 
PCGPA (Principal Components Generalized Projections Algorithm) of 
[34], we have developed a modified PCGPA that models the CA FROG 
traces produced by an unstable pulse train as the combination of two 
different traces, the coherent artifact (CA) trace and the average pulse 
trace (“ave”), as given by 

IFROG(ω, τ) = ΓICA(ω, τ)+ (1 − Γ)Iave(ω, τ) (1) 

where IFROG,ICA and Iave are respectively the FROG trace of the 
experimental measurement, the coherent artifact and the average pulse, 
all of them with the maximum normalized to unity. The variables ω and 
τ represent the spectral and delay dependences of the traces. The term Γ 
(with 0 ≤ Γ ≤ 1) stands for the relative weight of the coherent artifact 
trace and the average trace in the global reconstruction. 

In previous works [16–18] the CA represents the shortest repeating 
substructure of the pulse train, so it is imposed that the CA is a Fourier 
Transform Limit (FTL) pulse. In this work we propose another inter
pretation of the CA as the average of the fs scale variations reported in 
the noise-like pulses regime, letting the reconstruction algorithm to 
retrieve the phase of the CA without imposing any constrains. We have 
chosen not to impose the FTL constraint because, as it will be shown in 
Section 3.1, our experiments show that the CA could be different from 
the FTL. 

The modified PCGPA proposal was designed exclusively for CA 
FROG traces and should be used only if the conventional PCGPA or 
analogous algorithms do not converge or present high G errors (defined 
as the root-mean-square or rms difference between the retrieved and 
original FROG traces), which may be a manifestation of having unstable 
pulse trains [21]. Our method presents the same constrains as the usu
ally found in a SHG FROG system (e.g. enough energy to generate the 
second harmonic signal, phase-matching over all the spectrum or good 
signal to noise ratio), but it also requires a temporal width of the average 
much wider than the CA temporal width in order to be able to efficiently 
separate the CA trace from the average pulse trace. The algorithm pre
sents a structure divided in the different steps shown in Fig. 3. 

The algorithm uses all the FROG traces with the maximum normal
ized to unity. First, for a given experimental FROG trace 

(
Iexp
FROG

)
the 

algorithm calculates the intensity autocorrelation (corresponding to the 
delay marginal of the trace, which is integrated in the spectral axis), 
which for unstable pulse trains is expected to show a narrow central 
spike over a broader temporal basis. From this signal, the autocorrela
tion that the ps-scale pulse structure would generate (corresponding to 
the average pulse) is calculated. To do this, the central part of the 
experimental autocorrelation curve of the average component is esti
mated by spline interpolation from the basis, so the central spike can be 
removed. After that, it is defined a calibration function (Rcal) in the 
temporal domain, as the quotient between the spline autocorrelation 
(associated to the average pulse) and the experimental autocorrelation 
(associated to the full pulse). Next, this calibration function is applied 
for every frequency of the trace Iexp

FROG obtaining the contribution of the 
average pulse to the experimental FROG trace 

(
Iexp
ave

)
. The contribution of 

Fig. 2. Characterization of the oscillator in pulsed operation. (a) Fundamental spectrum measured with the OSA. (b) Pulse train measured with the photodiode. More 
details can be found in the text. 
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the CA to the experimental FROG trace 
(
Iexp
CA

)
is defined as the difference 

between Iexp
FROG and Iexp

ave . Then, the conventional PCGPA is applied both for 
the Iexp

ave and Iexp
CA traces, retrieving the electric field for each case and their 

corresponding FROG traces, which are called Iretr
ave and Iretr

CA , respectively. 
Thereafter, the reconstructed FROG trace 

(
Irec
FROG

)
is defined following 

the Eq. (1) multiplied by a normalization constant (μ). This constant is 
defined as the quotient between the integral of the experimental and 
reconstructed FROG traces, and it ensures that the energies of Irec

FROG and 
Iexp
FROG are the same. Finally, it is found the value of Γ that minimizes the 

rms error between Irec
FROG and Iexp

FROG. 
The modified PCGPA proposed was tested numerically using 

different FROG traces generated by unstable pulse trains composed by 
5000 pulses. Those pulses were generated from a stable seed corre
sponding to a FTL gaussian pulse with 10δt (FWHM) temporal duration, 
to which it has been added a random spectral phase. Moreover, in the 
temporal domain each pulse is multiplied by a wide gaussian envelope in 
order to avoid the spreading of the signal. This numerical test is similar 
to the one done by Escoto et al. [17] that sets the basis for the modified 
method proposed in this paper. We also replicate the way of simulating 
unstable pulse trains from a stable oscillator, becoming unstable after 
adding a random spectral phase that could be introduced, for example, 
in a post-amplification stage. 

The proposed algorithm was tested using different values (50δt, 
100δt, 150δt) of the FWHM temporal width of the wide gaussian enve

lope. In Fig. 4 are compared the original (first row) and reconstructed 
(second row) FROG traces for each case. All the reconstructions show a 
good agreement with G errors lower than 0.2%, pointing out that the 
proposed algorithm works correctly. 

The good agreement between the original and reconstructed FROG 
traces shown in Fig. 4 is also reflected in the comparison shown in Fig. 5. 
On the one hand, Fig. 5a compares the reconstruction of the average 
pulse with the wide gaussian envelope for each case, showing a good fit 
between the theory and the reconstruction for the average. On the other 
hand, Fig. 5b compares the CA with the seed used to generate the pulse 
trains and it also presents a great agreement with small differences at the 
tails of the pulse. 

The interpretation that we have proposed to the CA and the average 
pulses associated with the NLP regime is observed in Fig. 5. Firstly, the 
CA, corresponding in our definition to the average of the fs pulse 
structure that is randomly varying, in this case corresponds to the 
gaussian seed to which we are adding noise. Secondly, the average 
corresponding in our definition to the ps structure that involves the 
dynamics, corresponds in this case with the gaussian envelope that 
comprises the random dynamics. 

Notice that in the numerical test shown in Figs. 4 and 5, the CA and 
the average pulses are approximately gaussian curves because we have 
used gaussian pulses for the simulation of the unstable pulse train (as we 
have previously mentioned). The modified PCGPA proposed in this 
paper works perfectly with other arbitrary pulse shapes too, since the CA 

Fig. 3. Diagram of the modified PCGPA algorithm for the reconstruction of double structured FROG traces.  

Fig. 4. Numerical test of the modified PCGPA algorithm for a seed of 10δt (FWHM) with different values of the FWHM temporal width of the temporal gaussian 
envelope: (a) 50δt; (b) 100δt;(c) 150δt . First row represents the original FROG trace calculated from the unstable train. Second row shows the reconstructed FROG 
traces using the modified PCGPA for each case. 
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and average retrievals are performed using a conventional PCGPA, 
which obtains the electric field that minimizes the rms error between the 
contributions to the original trace defined with our algorithm (Iexp

ave and 
Iexp
CA ) and the individual retrievals (Iretr

ave and Iretr
CA ). In fact, we have tested 

this analysis with sech2 pulses obtaining similar results. 

3. Results and discussion 

3.1. Influence of the amplification to the unstable emission 

First, we wanted to study the effect of the amplification stage to the 
FROG traces and the pulse train stability. Thus, for the maximum pump 
power of the EDFA-C and an arbitrary fixed configuration of the polar
ization controllers that allows the mode-locking condition, we studied 
the influence of the pump intensity of the EDFA-L (IP) on the FROG 
traces. 

Under this configuration, the measured FROG traces presented a 
temporal double structure as it is shown in the three examples of Fig. 6 
(column a). Each row of Fig. 6 corresponds to a different value of IP, from 
top to bottom 250 mA, 550 mA and 750 mA. It was impossible to ach
ieved reasonably reconstructions with a conventional PCGPA, which 
was associated to retrievals presenting high FROG G errors. Therefore, 

we applied the modified PCGPA explained in Section 2.2 solving the 
problem of convergence and obtaining better reconstructions as it is 
shown in the column b of Fig. 6. Columns c and d of Fig. 6 show 
respectively the retrieved average and CA pulses pointing the weight of 
each trace. 

As we can see in Fig. 6 the spectral structure of the FROG traces 
changes as the intensity grows. Moreover, the weight of the CA trace, Γ 
as defined in the Eq. (1), also depends on the pumping intensity. The 
evolution of Γ with IP is shown in Fig. 7a, where the shadowed area 
represents the confidence zone of the adjustment of Γ in which the de
viation from the minimum value of the rms error between the experi
mental and reconstructed traces is lower than 5%. We used this criterion 
to quantify the error of Γ, finding an acceptable experimental uncer
tainty except for the lowest IP values. The dependence of the laser 
emission with the pumping intensity is also observed in Fig. 7b that 
shows the temporal width (FWHM) of the average, CA and the Fourier 
Transform Limit (FTL) of the experimental spectrum as a function of IP. 
The elimination of the flat phase constraint in the reconstruction of the 
CA, used in previous works [16–18], that we have done is justified with 
the difference between the CA and the FTL of the experimental spectrum 
shown in Fig. 7b. 

Observing Figs. 6 and 7, the emission of the laser as a function of the 

Fig. 5. Numerical comparison of the temporal evolution. (a) Average reconstruction compared with the wide gaussian envelope (Theo.) for each case. (b) CA 
reconstruction compared with the seed (Theo.) used to create the unstable pulse train. 

Fig. 6. FROG reconstruction measured in the same configuration but with different IP from top to bottom: 250 mA, 500 mA and 750 mA. Experimental (column a), 
reconstructed (column b), average pulse (column c), and CA (column d) FROG traces for each pumping intensity. Note that all traces are individually normalized to 
maximum unity. 
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pumping intensity could be divided into three different regimes. Firstly, 
for IP lower than 250 mA, the error in the determination of Γ is high and 
the temporal widths of the average and CA are close. This regime could 
be associated to low instability and probably the division proposed for 
the original pulse in CA and average is not possible. Secondly, for IP from 
250 mA up to 400 mA, the instability rises implying a reduction in the 
error of Γ. Moreover, in this regime the CA is closer to the FTL of the 
experimental spectrum and the average is much wider than the CA. 
Lastly, for IP higher than 400 mA, the temporal width of the average 
seems to saturate, the spectrum presents the generation of new red 
frequencies and the error of Γ becomes very small. This regime is 
characterized by the predominance of the nonlinear effects, implying 
the creation of new frequencies and the presence of high instability. 
Therefore, our experimental set-up reaches a highly unstable regime for 
IP above 400 mA, implying that the minimum energy per pulse required 
to reach this unstable regime in our experimental system is 3.8 nJ. 

3.2. Vector pulse experimental study 

Finally, we want to study deeper the pulsed emission of the laser 
paying special attention to the spectrum and the polarization status for 
different configurations of the polarization controllers. In Figs. 8 and 9 
we present the characterization obtained for an arbitrary fixed 

configuration of the polarization controllers, different from the one 
presented in the previous subsection, that corresponds to an IP of 550 
mA. 

In Fig. 8a it is represented the experimental FROG trace of the pulse 
train. The similarity between this experimental trace and the CA FROG 
traces structure, as well as the lack of convergence of conventional 
PCGPA, indicates that the experimental trace could be generated due to 
an unstable pulse train. So we can apply the modified PCGPA previously 
explained, obtaining the reconstructed FROG trace shown in Fig. 8b. 

Notice that the bigger G error obtained (around 1.6%), compared 
with the numerical test of the PCGPA obtained in Section 2.2 (lower than 
0.2%), could be due to the noisy spectral structure of the original trace 
that is not presented in the reconstruction and it also does not appear in 
the numerical simulations. Despite this higher G error, the agreement 
between the traces is very good. The parameter Γ in this case is 55%, 
implying that the pulse train is highly unstable because the contribution 
of the CA is not negligible. This corroborates that the laser is an unstable 
system where the pulse to pulse emission changes and the average and 
coherent artifact are a way of modelling or extracting some information 
about the laser emission. This is also revealed in Fig. 8c because none of 
the spectra, neither the CA nor the average, fits exactly with the 
experimental spectrum of the x-polarization projection (Sx) that was 
characterized with the FROG. In spite of the differences, in this 

Fig. 7. Evolution of parameters as a function of the pumping intensity of the amplification stage, IP. (a) Weight of the CA on the reconstructed traces, Γ. (b) Temporal 
width (FWHM) of the average (blue), CA (red) and Fourier Transform Limit of the experimental spectrum (black). (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 

Fig. 8. Complete measurement of IP = 550 mA. (a) Experimental FROG trace. (b) Reconstructed FROG trace with Γ = 55%. (c) Spectral comparison of the horizontal 
(Sx) and vertical (Sy) projections of the vector pulse measured with the OSA and the spectra retrieved for the average (ave) and coherent artifact pulses (CA). 
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particular case the average spectrum is similar to the experimental one, 
but this is not a general behaviour as corroborated by other 
measurements. 

In addition to the FROG analysis, it was also studied the polarization 
of the pulse train with the method reported in [27]. Fig. 9a and b show 
the reconstructed temporal evolution of the electric field, associated to 
the average pulse and the CA respectively, as a function of the ellipticity 
defined as the minor to major axes ratio. Additionally, Fig. 9c and 
d show, for the average and CA respectively, the temporal evolution of: 
the total intensity (IT), the orientation of the polarization ellipse to the x- 
axis (azimuthal angle χ) and the redefined ellipticity (∊r = sign(δ)⋅∊ )
defined as the ellipticity multiplied by the sign of the phase difference 
between the x and y components (δ). The sign of the redefined ellipticity 
indicates the helicity, so if ∊r > 0 it is right-handed or if ∊r < 0 it is left- 
handed. 

In order to evaluate the contrast of the interferences, we have 
calculated the pure interference term (without the contribution of each 
projection spectra) obtaining that the weight is 88%. Notice that, in spite 
of the shot-to-shot fluctuation, there is good contrast of the interferential 
fringes. It could be only explained by the conservation or presence of 
small changes in the relative phase between the orthogonal projections 
of the vector pulse generated by the laser. Moreover, the polarization 
state is changing along the pulse as it is shown in Fig. 9. This implies that 
the pulses generated by the fibre system have time-dependent polari
zation. This idea was tested with many other configurations of the po
larization controllers and intensities of the EDFA-L20 and it was found 
that all of them showed different time dependent polarization. 

As we have discussed along the paper, the division of the FROG 
measurement in CA and average pulses is just a way of modelling the 
unstable train, in order to extract some information. Taking this into 
mind we have associated the characterization to both pulses showing the 
vector nature of the pulses generated with the fibre laser. The main 
differences between both reconstructions in the case represented in 
Fig. 9 are the temporal width and the small undulation of the average 
pulse. The origin of the undulation is the small modulation presented in 
the measured spectral amplitude (Fig. 8c). This modulation becomes 
evident in the temporal domain due to the pulse stretching caused by a 
strongly chirped pulse, and this is the reason why it is only seen in the 
average pulse. Despite these differences, it is clear that the pulses 
generated by the fibre laser present a vector behaviour. This could be 
originated due to the anisotropy of the fibre and, if it is the case, it would 
likely appear even in stable cases. Therefore, it is necessary a vector 

study in order to completely characterize the emission of pulsed fibre 
lasers. 

4. Conclusion 

In this work we have studied a passive mode-locked erbium doped 
fibre laser with an amplification stage exhibiting an unstable emission in 
the time domain. In order to study the SHG FROG traces of the unstable 
laser, we have implemented a Principal Components Generalized Pro
jections FROG reconstruction algorithm, which is able to model exper
imental FROG traces as the sum of two different traces, namely the 
coherent artifact (CA) and the average pulse contributions. We have 
observed that the different behaviour of the laser emission can be due to 
different regimes of instability, reaching a highly unstable regime in 
which the method proposed presents a better performance, for pulse 
energies over 3.8 nJ. Up to our knowledge, this is the first experimental 
study of double structured FROG traces related to an unstable optical 
fibre laser emission in the near-infrared region. 

Furthermore, the pulsed emission of our laser system has been also 
characterized in terms of the polarization stability of the pulse train, 
finding that the polarization state changes along the pulse maintaining a 
stable spectral relative phase between the horizontal and vertical 
projections. 

Finally, we want to point up the importance of a complete charac
terization of the fibre lasers used in many different applications, and to 
show that the usually stable fibre lasers could present a complex emis
sion with shot-to-shot fluctuations and also time dependent polarization. 
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