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Abstract
We demonstrate an improved concept for nearly bandwidth-limited nonlinear pulse compression down to the few-cycle 
regime in a fiber chain with alternating sign of dispersion. Whereas the normally dispersive fiber segments generate band-
width via self-phase modulation, the anomalously dispersive fiber segments recompress the broadened spectral bandwidth 
by an appropriate amount of group velocity dispersion. Nonlinear pulse compression from 80 fs input pulses to nearly 
bandwidth-limited 25 fs pulses at 1560 nm was achieved, resulting in a pulse compression factor of 3.2. The use of a specific 
dispersion-compensating fiber eliminated the impact of higher-order dispersion, such that a high spectral coherence was 
ensured. We show that nonlinear Schrödinger equation simulations were in good agreement with the experimental results 
and investigated the transfer of input fluctuations to the output. The concept is transferable to longer input pulse durations, 
resulting in compression factors of 83 for 10 ps input pulses.

1 Introduction

Ultra-short pulses deliver high peak power within a very 
short time interval; therefore, pulse compression is a topic 
of high interest for a manifold of applications such as high-
harmonic generation [1–3], supercontinuum generation [4, 
5], nonlinear optical microscopy [6], and telecommunication 
[7]. To generate ultra-short optical pulses, a broad bandwidth 
is necessary. For instance, gain media like titanium:sapphire 
crystals offer a broad bandwidth for the generation of pulses 
with durations down to a few femtoseconds [8]. Gain media 
doped with chromium ions provide enough bandwidth for 
the generation of ultra-short pulses in the telecom wave-
length range [9], e.g., for high-speed optical time-division 
multiplexing [7]. However, fiber-based gain media are pre-
ferred in many applications such as telecommunications or 
biological imaging, but do not offer such a broad bandwidth. 
Due to the limited bandwidth of typical laser gain media 
such as erbium or ytterbium glass, pulse durations in the 
order of many tens or even hundreds of femtoseconds are 

extracted directly from oscillators but the few-cycle regime 
is hardly accessible.

To overcome this problem, nonlinear pulse compres-
sion (NLPC) has been well established [10]. This technique 
utilizes spectral broadening in a Kerr medium with subse-
quent compensation of the induced frequency chirp. NLPC 
was achieved within many different schemes using pho-
tonic crystal fibers [2, 11–14], highly nonlinear fibers [15], 
large-mode-area fibers [1, 3], hollow-core fibers [16–18], 
fiber amplifiers [19, 20], or even multi-pass cells [21]. With 
this NLPC concept, high pulse compression factors up to 
19 were achieved routinely [2]; however, very high pulse 
energies such as 0.5 mJ [17] were required to generate the 
necessary bandwidth. Nevertheless, NLPC for the genera-
tion of few-cycle pulses was also demonstrated with input 
pulse energies in the nanojoule range [22–25]. However, to 
compress the achieved bandwidth to ultra-short pulse dura-
tions, higher-order dispersion (HOD) has to be considered 
and all these systems require external compressors, which 
have to be aligned.

In contrast, soliton-effect pulse compression utilizes 
soliton formation to shorten the pulses without any type 
of external compression. This technique relies on tempo-
ral focusing by self-phase modulation in conjunction with 
anomalous dispersion in a nonlinear waveguiding medium, 
and ultra-short pulses can be extracted close to the soliton 
fission point [26]. Soliton-effect pulse compression was 
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demonstrated in various waveguides such as optical fibers 
[27–29], photonic nanowires [30], photonic crystal fibers 
[31–33], gas-filled Kagome fibers [18, 34], photonic crys-
tal waveguides [35], and silicon nitride waveguides [4]. 
Compression factors of 18 have been demonstrated [34], 
and low-power pulse compression with nanojoule-level or 
even picojoule-level pulse energies is possible [32, 33, 36]. 
However, to form a soliton, the input pulse energy has to 
be equal to or larger than the soliton energy, and the output 
pulse duration is very sensitive to input energy fluctuations 
or noise [37]. Furthermore, the compression factor scales 
with the soliton number and, therefore, with the input peak 
power [38]. Additionally, the pulse quality is limited at the 
point of maximum compression as part of the energy is con-
tained in a temporally broad pedestal [39]. Nevertheless, 
for a soliton order of 5 roughly 70% of the pulse energy 
are contained in the compressed pulse [27]. However, pulse 
qualities reaching up to 90% of the initial pulse energy in the 
compressed pulse are hardly achieved.

Dispersion-alternating fibers (DAF) combine the advan-
tages of ordinary pulse compression and soliton-effect pulse 
compression and, therewith, overcome typical limitations 
for bandwidth generation in optical fibers, such as disper-
sive temporal defocusing and soliton formation [5, 7, 40, 
41]. The alternation of the dispersion sign allows for repeti-
tive sections of SPM-mediated bandwidth generation in the 
normal dispersion regime with subsequent pulse compres-
sion in the anomalous dispersion regime. Then, NLPC can 
be achieved without the use of free-space compressors or 
soliton formation, and a high compression factor of about 
19 to approximately 380 fs pulse duration was achieved [7]. 
Nonetheless, due to the non-inverted dispersion slopes of 
the involved fibers, the output pulses suffered from HOD 
leading to wave-breaking [5, 7]. Wave-breaking prohibits 
the recompression to the bandwidth-limited pulse duration 
with grating or prism compressors, compensating typically 
only second-order dispersion.

Here, we present a DAF consisting of anomalously and 
normally dispersive fibers with matched dispersion profiles 
in terms of the dispersion magnitude and slope to generate 
bandwidth-limited few-cycle pulses. To achieve bandwidth-
limited pulses, HOD impact has to be minimized during 
pulse compression by matching the dispersion magnitude D 
and dispersion slope S of the involved fibers:

where R corresponds to the dispersion ratio. In previous 
experiments, the dispersion magnitude was matched, but the 
dispersion slope of both fibers was positive, leading to an 
increased impact of HOD [5]. In our experiments, avoidance 
of HOD was accomplished by utilizing standard SMF28 
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fiber in combination with a specific dispersion-compensat-
ing fiber (DCF, Corning Inc.). According to the data of the 
manufacturers, the ratio of the dispersion magnitude and 
dispersion slope at 1550 nm wavelength of both types of 
fiber corresponds to

This ratio is fixed by the design of the DCF and does not 
influence the compression ratio but corresponds to the 
necessary length ratio of the two different types of fibers 
to compensate the overall dispersion (in the case of linear 
propagation). With input pulse energies of 1.3 nJ pulse 
compression from initially 80 fs down to 25 fs, towards the 
few-cycle regime, was achieved. We show that this concept 
can be transferred to longer input pulse durations, achieving 
compression ratios of up to 83 for 10 ps input pulses.

2  Numerical methods

The experiments presented in the following were supported 
by numerical simulations of the generalized scalar nonlinear 
Schrödinger equation [42]:

where A denotes the temporal envelope of the pulse, z the 
propagation distance, �k the k-th dispersion coefficient, t the 
time in the co-moving frame of the pulse envelope, � the 
nonlinear coefficient, �shock the shock constant, and linear 
propagation losses and Raman effects were neglected, as 
they did not alter the simulation results within comparative 
calculations.

To simulate the nonlinear pulse propagation in the DAF, 
the dispersion curves of both fibers have to be modeled as a 
function of the wavelength � . The dispersion profile of the 
SMF28 fiber ( DSMF28(1550 nm) ≈ +18 ps/nm/km ) was cal-
culated with a mode solver and is shown as a solid blue curve 
in Fig. 1. On account of missing information on the refrac-
tive index profile and the dispersion profile of the DCF, the 
dispersion of the DCF was measured by spectral white light 
interferometry with an Erbium-doped ASE source, such as it 
was described in Ref. [43]. Within the measurement uncer-
tainties the determined dispersion values (see black line in 
Fig. 1) match with the assumed dispersion −120 ps/nm/km 
at 1550 nm (compare Eq. 2) as well as with the dispersion 
slope. For the simulations, the dispersion of the DCF was 
assumed to completely compensate the dispersion of the 
SMF28 fiber, leading to DDCF(�) = −6.7 ⋅ DSMF28(�) , see 
Eq. (2). This assumption was justified by a good agreement 
between experimental results and numerical simulations. 
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The dispersion profile of the DCF is shown in Fig. 1 as a 
dashed red curve.

3  Scheme

The pulse compression in a DAF works as follows: The first 
normally dispersive fiber segment generates bandwidth via 
self-phase modulation (SPM), while the pulse is defocus-
ing temporally due to group velocity dispersion, resulting 
in a reduced peak power, stopping the bandwidth genera-
tion eventually. To recompress the pulse, a second piece of 
fiber with anomalous dispersion is added, and the resulting 
pulse duration is even shorter than the initial pulse duration 
due to the additional spectral bandwidth. During this recom-
pression stage more additional bandwidth can be generated 
by SPM. The length of the anomalously dispersive fiber is 
chosen such that the temporal focus is reached at its end. The 
length of this fiber depends on the chirp induced by the pre-
ceding normally dispersive segment and on the chirp of the 
input pulses. Then, a normally dispersive fiber segment is 
added to generate even more bandwidth via SPM. The result-
ing bandwidth is then recompressed with a fourth piece of 
fiber with anomalous dispersion. This process of alternating 
dispersion can be repeated to subsequently increase band-
width and to achieve shorter pulse durations than in previ-
ous fiber segments by recompression, eventually resulting in 
ultra-short few-cycle pulses. However, the achievable com-
pression factor in the experiments is limited due to splice 
losses at the fiber interfaces of the individual segments. 
Furthermore, HOD does not limit the achievable compres-
sion factor as it is minimized by the design of the DAF; 
however, the zero-dispersion wavelength of the SMF28 fiber 
near 1.3 μm wavelength (see Fig. 1) would limit the achiev-
able pulse compression as the fiber is normally dispersive 

for shorter wavelengths. Accordingly, the shortest achievable 
pulse duration would be about 5 fs if a maximal bandwidth 
of 500 nm centered at 1550 nm wavelength is assumed.

Concerning the experimental realization, an optical spec-
trum analyzer was used to determine the appropriate lengths 
of the normally dispersive fiber segments to maximize band-
width generation, and an autocorrelator was used to measure 
the pulse duration when cutting back the anomalously dis-
persive fiber segments to the temporal focus, i.e., the point 
of maximum recompression.

The length and transmission values of each fiber segment 
in the characterized DAF are denoted in Table 1. The losses 
in the segments resulted from splicing losses of the two fib-
ers with mode-field diameters of 10.4 μm and 4.2 μm of the 
SMF28 and DCF, respectively, measured with a beam pro-
filer (BP104-IR2 from Thorlabs). These losses added up to 
−5.34 dB overall transmission, which could be overcome in 
future experiments by tapering for improved mode-matching 
of both fiber types.

4  Results and discussion

Figure 2 shows a schematic of the experimental setup. Pulses 
with a repetition rate of 80 MHz and a duration of 80 fs 
centered at 1560 nm originating from a mode-locked Er-
doped fiber laser (Er-Laser; FemtoFiber Pro IR from Top-
tica) were coupled into a DAF, consisting of alternating DCF 
and SMF28 fiber segments, using an aspheric lens (L1). 
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Fig. 1  Calculated dispersion coefficient as a function of the wave-
length for the SMF28 fiber (solid blue curve) and the DCF (dashed 
red curve). The dispersion profile of the DCF was calculated from 
the SMF28 dispersion with the factor of − 6.7. The black line shows 
the measured dispersion with the measurement uncertainty as a gray 
shaded area

Er-Laser
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1560 nm 

PBSHWP ACOSAL1 L2DAF

Fig. 2  Schematic of the experimental setup. Pulses from an Er-doped 
fiber laser were coupled into a dispersion-alternating fiber (DAF). 
The output pulses were characterized with an optical spectrum ana-
lyzer (OSA) and an autocorrelator (AC). HWP half-wave plate, PBS 
polarizing beam splitter, L aspherical lens. For details see text

Table 1  Length and transmission of each fiber segment of the used 
dispersion-alternating fiber chain. The transmission values inside the 
parentheses include the input coupling efficiency

Segment Fiber type Length (cm) Transmission (dB)

1 DCF 4 (−1.60)

2 SMF28 21 −1.37

3 DCF 3 −0.56

4 SMF28 20 −1.41

5 DCF 3 −0.60

6 SMF28 20 −1.40

Total 71 −5.34 (−6.94)
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Least-square fitting autocorrelation functions of Gaussian- 
and sech2-shaped pulses to the measured autocorrelation 
traces confirmed in accordance to their smallest deviations 
that the input pulses were sech2-shaped. The input pulse 
energy could be adjusted with a half-wave plate (HWP) and 
a polarizing beam splitter (PBS). The fiber segments were 
spliced together according to the procedure described above 
(see also Table 1). The output light of the DAF was col-
lected with a second aspheric lens (L2) and then character-
ized with an optical spectrum analyzer (OSA, AQ-6370D 
from Yokogawa) and an autocorrelator (AC, pulseCheck 
from APE).

Figure 3 depicts the spectra and autocorrelation traces 
of the input and output pulses of the DAF with a launched 
pulse energy of 1.3 nJ inside the fiber. Note that we state the 
input pulse energy as the pulse compression in this scheme 
is independent of the repetition rate. The spectral full-width 
at half-maximum (FWHM) bandwidth increased from 71 to 
110 nm (see Fig. 3a) at the output of the DAF. The addition-
ally generated bandwidth accomplished to reduce the pulse 
duration from 80 fs down to 25 fs as shown by the auto-
correlation traces in Fig. 3b, resulting in a pulse compres-
sion factor of 3.2. This pulse duration corresponds to less 
than five optical cycles of the electrical field. The measured 
pulse duration matched the bandwidth-limited pulse dura-
tion of approximately 24 fs (gray shaded area in Fig. 3b) 
due to the matching dispersion profiles of the used fibers 
and, therefore, represented the minimized impact of HOD. 
Only a small amount of energy was located in the wings 
around ±150 fs delay; these features were also observable 
in the input autocorrelation trace. However, a small portion 
of the pulse energy could probably be transferred to satellite 
pulses, being responsible for such features, due to nonlinear 
chirp contributions induced by SPM, which cannot be com-
pensated by the fiber’s group velocity dispersion.

The pulse quality of the output pulses, here defined as 
the energy fraction contained in the main compressed peak, 

reached about 87.2% and was not significantly degraded in 
comparison to the input pulse quality of roughly 90%. The 
energy fractions were estimated from the autocorrelation 
traces shown in Fig. 3b.

The dynamics of the NLPC in the DAF are depicted in 
Fig. 4, where the simulated pulse duration (solid blue curve) 
and the simulated −30 dB full spectral bandwidth (dashed 
red curve) are plotted as a function of the propagation dis-
tance. Sech2-shaped input pulses were launched including 
a linear down-chirp ( C = −0.35 ; compare with Ref. [26]) 
induced by optical components in the beam path before 
the input coupling; the induced group delay dispersion was 
approximately −770 fs2 . The pulse duration increased in the 
normally dispersive fiber segments and was recompressed 
in the anomalously dispersive fiber segments while the spec-
tral bandwidth increased continuously due to the nonlinear 
dynamics discussed earlier. In addition to the simulated data 
the measured pulse durations (blue squares), which were 
estimated from autocorrelation traces with a deconvolu-
tion factor of 1.54, and the measured spectral bandwidths 
(red dots) are denoted in Fig. 4. The simulated pulse dura-
tions agree very well with the measured pulse durations. 
The deviations between simulated and experimental data, 
which increase with the propagation distance, originated 
from uncertainties of the segment lengths in the DAF and 
were accumulating with increasing segment number. The 
simulated and measured spectral bandwidths match after 
the first two fiber segments but deviate in the subsequent 
segments. The increase in spectral bandwidth in the third 
fiber segment is smaller in the simulations compared to the 
experiment. By our numerical simulations we were able to 
identify that the main reason for these deviations was the 
non-perfectly sech2-shaped input spectrum in the experi-
ments (compare Fig. 3a). As the spectral bandwidth was 
estimated by a −30 dB threshold, spectral components apart 
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from the main spectrum, which increase above the thresh-
old, could have increased the bandwidth estimation. Fur-
thermore, a wavelength-dependent loss occurred on account 
of the different mode-field diameters of the involved fibers 
[44], which was not included in the simulations because the 
wavelength-dependent mode profiles could not be calculated 
for the DCF on account of missing refractive index profiles. 
Nevertheless, with the sech2-shaped input spectrum and an 
averaged wavelength-independent splice loss in the simula-
tions, a good agreement between simulation and experiment 
concerning the relative changes of the spectral bandwidth in 
the last three fiber segments was observed.

The pulse compression down to the bandwidth-limited 
pulse duration indicates a high spectral coherence. To quan-
tify the spectral coherence, 100 output spectra Ã(𝜔) were 
simulated independently with random noise distributions 
and an ensemble average was calculated to obtain the first-
order coherence according to Ref. [45]. The calculations 
reveal a coherence of unity over the whole spectral band-
width and, therefore, a compressibility of the output spec-
trum to the bandwidth-limited pulse duration.

To investigate the stability of the output pulses of the 
DAF with regard to the input energy, spectra and autocor-
relation traces for different input pulse energies were meas-
ured. The output pulse duration decreased and the output 
spectral bandwidth increased with increasing input pulse 
energy. Changes of ±5% of the input pulse energy led to 
less than ±3% changes in the output pulse duration and less 
than ±2% changes in the output spectral bandwidth (full 
width at −30 dB level). The robustness against input pulse 
energy fluctuations increases with the number of segments 
of the DAF as the last segments provide only small increase 
in spectral bandwidth. The measurements agreed with 
numerical simulations with varying input energies showing 
the robustness against input pulse energy fluctuations. In 
contrast, the fiber length at which compression occurs during 
soliton-effect pulse compression decreases with increasing 
input pulse energies. This could lead to compressed output 
pulses which are sensitive to energy fluctuations of the input 
pulses or noise [37].

Another advantage of the demonstrated NLPC scheme is 
the robustness against the fiber length of the normally and 
anomalously dispersive fiber segments. Numerical simu-
lations with different segment lengths revealed that if the 
pulses propagate repeatedly through normally dispersive and 
subsequent anomalously dispersive sections, whose lengths 
are not matched, only a small residual chirp results from the 
effective overall dispersion of the DAF. On the one hand, 
this chirp reduces the SPM-mediated bandwidth generation 
due to the reduced peak power, but can be compensated 
within the next fiber segments. On the other hand, a residual 
chirp can be beneficial in order to pre-compensate for the 
group velocity dispersion of optical components in the beam 

path, e.g., before the sample in a nonlinear microscope. For 
this purpose, a normally or anomalously dispersive piece 
of fiber can be added at the end of the DAF to achieve a 
residual down- or up-chirp, respectively.

To investigate the presented concept for different input 
pulse durations, simulations with an input energy of 1 nJ 
were performed in varying DAFs. For every simulation, the 
lengths of the six fiber segments were adjusted to optimize 
the bandwidth generation in the normally dispersive segment 
and the temporal recompression in the anomalously disper-
sive segment, respectively. A splice loss of −0.97 dB was 
assumed for the simulations. The input pulse duration was 
varied between 40 and 10 ps, limited by the computational 
effort required for longer pulse durations. With increasing 
duration, the length of the first normally dispersive fiber 
segment could be increased on account of the weaker impact 
of dispersion due to the narrower bandwidth. Accordingly, 
the length of the first anomalously dispersive fiber segment 
had to be increased to compensate for the accumulated dis-
persion related to the acquired bandwidth. Exemplarily, the 
fiber length of each segment is denoted in Table 2 for an 
input pulse duration of 10 ps. The compressed output pulse 
duration is plotted as blue crosses in Fig. 5. The errors of 
the output pulse duration were estimated conservatively 
from deviations of the fiber length of each of the six fiber 
segments. For all input pulse durations the compressed out-
put pulse duration was shorter than 120 fs and decreased 
with reducing input pulse duration. The corresponding 
compression factor, shown as red circles in Fig. 5, reached 
a factor of about 83 for an input pulse duration of 10 ps, 
however, decreased for shorter input pulses. The lower com-
pression factors for shorter pulse durations are a result of 
the stronger influence of the dispersion due to the broader 
bandwidth. The faster temporal broadening by dispersion 
limits the bandwidth generation by SPM, necessary for the 
pulse compression. Nevertheless, due to the compensation 
of HOD in these DAF, the compression factors exceed (by a 
factor of approx. 3.5) those in a standard DAF, with which 

Table 2  Length and transmission of each fiber segment of the simu-
lated dispersion-alternating fiber chain for an input pulse duration of 
10 ps

Segment Fiber type Length (cm) Trans-
mission 
(dB)

1 DCF 1200 −

2 SMF28 9700 −0.97

3 DCF 2 −0.97

4 SMF28 14.4 −0.97

5 DCF 2 −0.97

6 SMF28 14.4 −0.97

Total 10932.8 −4.85
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compression factors of 19 for 7.2 ps input pulse duration [7] 
were achieved, under the limitation of HOD impact. The 
simulations prove that the here-presented NLPC scheme is 
transferable to longer input pulse durations.

5  Conclusion

In summary, nonlinear pulse compression in a dispersion-
alternating fiber with matched dispersion profiles of the 
involved fibers in terms of dispersion magnitude as well 
as slope was demonstrated. Pulse compression from 80 fs 
down to the few-cycle regime with output pulse dura-
tion of 25 fs was achieved, corresponding to a compres-
sion factor of 3.2. Due to the use of a specific DCF, which 
matches the SMF28 dispersion in terms of magnitude and 
slope, the influence of HOD could be minimized, leading to 
bandwidth-limited pulse durations. The overall DAF trans-
mission, which amounts to −6.94 dB , limited mainly from 
splice losses, can be improved, e.g., by an advanced fiber 
design or tapering to better match the mode fields of the 
involved fibers. Furthermore, the overall transmission can be 
improved by reducing the number of segments, which will 
consequently increase the compressed pulse duration of the 
output pulses. Nevertheless, a compression by a factor of 
2.2 was already achieved with two segments; increasing the 
number of segments will then lead to higher compression 
factors. The robustness of the DAF concept in respect of 
changes or fluctuations of the input pulse energy and chirp, 
as well as the fiber segment lengths provides an easy-to-
implement platform for nonlinear pulse compression down 
to the few-cycle regime. Numerical simulations predict that 
this concept is transferable to longer pulse durations of up to 
10 ps with resulting compression factors of up to 83.

In contrast to standard pulse compression schemes, the 
presented concept does not rely on high pulse energies or 
free-space compressors making it a versatile and simple 
device for many applications where all-fiber pulse compres-
sion is favorable.
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