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1.  Introduction

The dispersion properties of optical fibers govern the behav-
ior of pulses propagating in a system. With the rise of mode-
locked fiber lasers generating pulse durations in the picosecond 

and femtosecond scale with an extended spectral bandwidth, 
the measurement of the dispersion behavior of optical comp
onents has created growing attention. One of the fundamental 
design challenges in pulsed light sources concerns the disper-
sion management [1]. The overall cavity round-trip disper-
sion dictates the pulse formation process setting the operation 
regime of ultrashort pulsed lasers [2–4]. In addition, tailored 
dispersion designs enable fibers to drive subsequent spec-
tral broadening and simultaneous pulse compression down 
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Abstract
The dispersion properties of fibers depict a key characteristic to model the propagation of 
ultra-short pulses in waveguides. In the following, a new method is presented to directly 
measure the dispersion properties of fibers and optical components in the time domain. The 
analysis is based on pulse shape variations along the tuning range of a theta cavity fiber laser 
(TCFL) depending on the adjusted repetition rate. The automated measurement procedure, 
evaluating pulse symmetry, achieves a temporal sensitivity below 5 ps surpassing the 
resolution of the acquisition electronics. Exemplarily, two samples of Nufern PM980-XP fiber 
are investigated with an Yb-doped tunable TCFL retrieving the mean dispersion parameter Dλ 
by comparative measurements. The obtained results are compared to a reference method based 
on spectral interferometry. With deviations in Dλ between either approach of 0.3% and 1.3%, 
respectively, the results agree well within the measurement errors of the TCFL, verifying 
the presented concept. Due to the pulse formation process extending over multiple round 
trips, this approach achieves an enhanced sensitivity compared to competing direct temporal 
methods. Together with an alignment free operation, the fiber-integrated TCFL depicts a 
simple and robust concept showing potential in specific measurement scenarios such as in 
quality management.
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to the single-cycle regime for enhanced peak powers [5, 6]. 
Harvesting the full potential of nonlinear interactions in wave-
guides, fiber-based supercontinuum generation is governed 
by the dispersion properties accessing multi-octave spanning 
emission bandwidths [7–9]. On the other side, specific fibers 
in telecommunication are designed with relatively low disper-
sion to suppress pulse broadening, limiting the bandwidth in 
data transition [10].

The propagation speed of a pulse is governed by the group 
velocity vgr given by

vgr =
dω
dβ

= c0

(
neff − λ

dneff

dλ

)−1

� (1)

with c0 as the speed of light in vacuum, ω  as the radial fre-
quency, λ as the wavelength and β(ω) as the dispersive propa-
gation constant of the fundamental mode in the waveguide 
with effective mode index neff (ω) = λβ(ω)/(2π). In order to 
model the propagation effects of pulsed signals with consid-
erable bandwidth, the spectral dependency in vgr needs to be 
considered. It is determined by the dispersion properties of the 
fiber (including the contribution of material dispersion as well 
as the waveguide dispersion). They are usually described by 
the dispersion parameter Dλ defined as

Dλ = − λ

c0

d2neff

dλ2 = −2πc0

λ2 β2� (2)

with β2 = d2β/dω2 depicting the group velocity dispersion 
(GVD). In an illustrative picture, Dλ denotes the dispersion-
caused temporal delay experienced by a traveling signal per 
spectral bandwidth and per propagation distance in a fiber. 
Depending on the sign, the system operates in the normal dis-
persion regime (Dλ < 0) or the anomalous dispersion regime 
(Dλ > 0) inducing fundamentally different effects in pulse 
formation.

Due to their significance for the design of pulsed light 
sources, experimental methods are required to measure the 
dispersion properties of fibers and characterize optical mod-
ules. Most concepts rely on an indirect interferometric meas-
urement [11–13], such as in white light interferometry [14] or 
spectral phase interferometry [15]. While they usually require 
only short lengths of fibers (<1 m) and operate over extended 
bandwidths, they employ elaborate analysis procedures to 
retrieve the fiber dispersion. Additionally, interferometric 
approaches are prone to environmental influences demanding 
protected lab conditions. On the other side, a direct temporal 
measurement is known based on the pulse delay technique 
[16]. The difference in propagation time through the fiber 
for pulses at various wavelengths is measured corresponding 
to the dispersion characteristics. This robust method enables 
quick and direct assessment of dispersion properties. Due to 
the small time scales, hundreds of meters or even kilometers 
of fiber length are required (temporal resolution in the range 
of 50 ps) [17].

In this paper, we present a novel temporal method to directly 
measure the dispersion properties of fibers and fiber modules. 
It relies on pulse shape variations observed in a tunable theta 
cavity fiber laser (TCFL) [18, 19] along its spectral opera-
tion window. Due to the pulse formation process over several 

round trips in the laser, this approach features an enhanced 
temporal sensitivity reducing the length of the required fiber 
samples. After the underlying concept of the tunable TCFL 
is introduced, the observed pulse shape variations are dis-
cussed, providing the foundation to analyze the total cavity 
dispersion of the laser. Accordingly, an automated procedure 
is developed to retrieve the dispersion properties of fiber sam-
ples by comparative measurements. As an example, two fibers 
under test (FUT) from different batches of the model Nufern 
PM980-XP are studied with this new concept. In order to pro-
vide an experimental reference, the obtained values for Dλ are 
compared to an alternative method characterizing the disper-
sion properties based on spectral interferometry.

2.  Concept of tunable theta cavity fiber laser (TCFL)

The tunable TCFL depicts a concept to discretely tune the 
emission wavelength of a pulsed fiber-integrated laser based 
on an FBG array as monolithic filter. It comprises N different 
FBGs at dissimilar feedback wavelengths λFBG,i, respectively, 
that are spaced with a spatial separation ∆z  along the fiber 
axis (see figure 1). The discrete sampling uniquely facilitates 
tailored spectral filter responses, enabling large tuning band-
widths as well as customized emission wavelengths. The theta 
layout fuses the distributed feedback from this filter structure 
with a constant pulse repetition rate along the tuning range of 
the laser. The principles of this tuning concept are elucidated 
in detail in [18]. A brief overview is given in the following.

The principle setup of the TCFL is sketched in figure 1. 
The theta resonator comprises an outer ring structure with 
the active fiber as gain element, a pump coupler to inject the 
pump light, an output coupler to extract the laser signal, and 
two circulators to ensure unidirectional operation as well as to 
couple the signal to a bidirectional middle branch. This part 
incorporates the FBG array as reflective spectral filter and an 
acousto-optic modulator (AOM) driven by an electrical pulse 
generator (in the experiment: Tektronix AWG3252C). It 
pulses the system as well as controls the emission wavelength 
λL via optical gating. Additionally, some delay fiber can be 
added, e.g. for investigating its dispersion properties (FUT) as 
discussed in this work.

The laser signal interacts twice per round trip with the FBG 
array (firstly when injected from circulator 1, secondly when 
injected from circulator 2) in a counter-propagating fashion 
balancing the wavelength dependent pulse delays induced by 
the distributed filter feedback. The tuning mechanism of the 
TCFL relies on optical gating with an AOM to lock laser oscil-
lations to a specific grating out of the ensemble provided by 
the FBG array, determining λL. During the second filter inter-
action, the AOM presets the time of flight of laser pulses in the 
FBG array by two consecutive optical transmission windows. 
Whereas the first window per round trip injects the signal to 
the filter section, the second window picks out the response 
from a specific grating i (i ∈ N, i � N). Operating as spec-
tral tuning parameter, the adjustable delay τ1−2 between both 
transmission gates determines the time of flight in the filter 
section  controlling its effective feedback wavelength λFBG,i. 
Applying the optical gating signal with a modulation period 

Laser Phys. Lett. 16 (2019) 025101



3

T Tiess et al

of TMP matching the pulse round trip time in the TCFL, laser 
pulses are generated over multiple round trips at λL = λFBG,i.

The experimental investigations in this work were con-
ducted with a polarization-maintaining (PM) TCFL layout. 
The FBG array comprises 11 FBGs with a reflectivity of 90%
–95% equidistantly covering the spectral range from 1047 nm 
to 1097 nm.

3.  Pulse shape variations along the tuning range

While the theta-ring layout with the two counter-propagating 
filter interactions ensures a constant physical resonator length 
L for each wavelength (despite the distributed filter feedback, 

assuming steady FBG characteristics), dispersion effects 
affect the group velocity vgr, inducing a marginal spectral 
dependency of the actual pulse round trip time over the tuning 
range. Its magnitude correlates with the total cavity dispersion 
of the TCFL.

Whereas the TCFL can be operated typically with a con-
stant modulation period neglecting the effects of dispersion, 
the detailed pulse shape depends on the mismatch ∆TMP 
between the modulation period TMP and the precise pulse 
round trip time, evolving along the tuning range. This effect 
is pictured in figures  2(a)–(c). Graph (a) plots three aver-
aged pulse shapes emitted by the PM TCFL locked to FBG 
11 (λL = 1047 nm) for slightly varying TMP. The green trace 
indicates a symmetric parabola-like pulse shape. In this case, 

Figure 1.  Principle experimental setup of the tunable Yb-doped TCFL. A discrete FBG array is used as reflective spectral filter. Optical 
gating for controlling the emission properties (e.g. emission wavelength λL) is realized with an AOM controlled by a LabVIEW driven 
electrical signal generator (AWG). The fiber-integrated setup is implemented in a polarization-maintaining (PM) layout. For the dispersion 
measurement concept, the FUT is spliced between circulator 2 and the AOM.

Figure 2.  Graph (a) plots pulse shapes emitted by the PM TCFL locked to FBG 11 (beginning of spectral tuning range). The three traces 
correspond to three different modulation periods TMP indicated by the detuning ∆TMP = TMP − TMP,0. The central modulation period 
TMP,0 at FBG 11 (λL = 1047 nm) ensures symmetric parabola-like pulses whereas detuning ∆TMP �= 0 ps causes steepening on either side. 
Graphs (b) and (c) show corresponding features measured at FBG 6 at λL = 1072 nm (center of tuning range) and FBG 1 at λL = 1097 nm 
(end of tuning range). With the changing emission wavelengths from graph (a)–(c), the central modulation period TMP,0 decreases by 156 
ps. Plot (d) compares three exemplary features to quantify the pulse shape variations with TMP computed for a measurement at λL = 1062 
nm (FBG 8). The blue trace tracks the normalized pulse amplitude, the red trace the normalized self-convolution and the green trace a 
combined value dividing the normalized self-convolution by the corresponding normalized pulse amplitude. The extrema in each curve 
coincide at TMP = TMP,0.
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the system is operated at the default modulation period TMP,0 
(∆TMP = 0 ps) matching the actual round trip time in the res-
onator. In contrast, detuned modulation periods (|∆TMP| > 0 
ps) induce asymmetric steepening to either side of the pulse. 
Due to repetitive pulse clipping over multiple round trips at 
the temporal AOM gate, the leading edge steepens in case of 
∆TMP > 0 ps (TMP > TMP,0, red trace). For the inverse case of 
∆TMP < 0 ps (blue trace), steepening is observed at the trail-
ing edge. Graphs (b) and (c) depict the same scenario meas-
ured at different emission wavelengths of the laser system 
along its tuning range. TMP,0, ensuring parabola-like pulses, is 
readjusted for each λL. The evolution in TMP,0 along the tuning 
range correlates with the dispersion properties of the cavity.

As graph (a)–(c) confirm, the pulse shape variations fea-
ture a temporal sensitivity in the lower picosecond range with 
respect to the adjusted TMP. Due to the pulse formation pro-
cess over multiple round trips in the laser, the sensitivity is 
superior to the applied acquisition electronics (bandwidth of 
oscilloscope: 6 GHz; bandwidth and photodiode: 5 GHz, joint 
temporal resolution  >100 ps) enabling the measurement of 
short fiber lengths.

For further analysis, a quantitative measure is required 
to evaluate the pulse shape variations and objectively track 
down TMP,0 along the tuning range of λL. Comparing the pulse 
characteristics in figures 2(a)–(c), two main features may be 
utilized: while detuning in TMP induces asymmetric steepen-
ing on either edge of the pulse, this effect also causes mildly 
increasing amplitudes due to pulse shortening. The symmetry 
in the pulse shape Pulse(t) is quantified by a normalized self-
convolution function IC(t) as defined by

IC(t) =

∫ +∞
−∞ Pulse(τ) · Pulse(t − τ)dτ
∫ +∞
−∞ Pulse(t) · Pulse(t)dt

.� (3)

Whereas the denominator depicts a normalization factor, the 
negative τ  for the second factor in the nominator reverses the 
pulse shape so that the integral is maximized for highest sym-
metry in Pulse(t). The integration borders are formally given 
by −∞ and +∞. In the experimental study, the function is 
limited by the length of the recorded trace in Pulse(t).

Figure 2(d) compares the different criteria to analyze the 
pulse shapes. For an exemplary λL of 1062 nm (FBG 8), the 
temporal emission behavior of the TCFL has been recorded 
along an incrementally scanned TMP (step size: 1 ps). As 
expected, IC(∆TMP) (red trace) peaks at ∆TMP = 0 ps indi-
cating maximized symmetry in the pulse shape at TMP,0. 
Correspondingly, the normalized pulse amplitude (blue trace) 
features a minimum. A third criterion has been evaluated by 
the green trace dividing the red trace (convolution criteria) by 
the blue trace (pulse amplitude criteria) showing enhanced 
sensitivity (steeper slopes). While all three criteria enable an 
automated acquisition of TMP,0 for a given emission wave-
length, only the normalized convolution criterion featured a 
monotonic behavior towards the extrema throughout the com-
plete study. Thus, despite the lower sensitivity, it is employed 
as robust criterion to quantify the pulse shape variations defin-
ing TMP,0 at its maximum.

Recording the maximum ÎC = IC(TMP,0) of IC(TMP) along 
the tuning range of the TCFL enables to track down the dis-
persion caused evolution of TMP,0. A LabVIEW driven control 
software has been implemented to automate the scan proce-
dure. A corresponding measurement along the 11 emission 
wavelengths of the TCFL is highlighted in figure 3. Along the 
tuning range δλL of 50 nm, the pulse round trip time decreases 
by ∆TMP,0 = −157 ps caused by the overall cavity disper-
sion. This value agrees well with the observed shift from 
figures  2(a)–(c) (∆TMP,0 = −156 ps). The trace in figure  3 
follows an almost linear relation. Only the value at λL = 1087 
nm (FBG 3) deviates caused by a measurement artifact due to 
a deviating FBG reflectivity. The corresponding grating fea-
tures a lower reflectivity by about 5% compared to the sur-
rounding FBGs slightly increasing the penetration depth [20]. 
Due to the comparative measurement procedure later on, this 
effect is balanced out.

From the retrieved value ∆TMP,0 = −157 ps , the average 
dispersion of the fibers in the cavity can be computed with the 
relation

Dλ =
∆TMP,0

L · δλL
.� (4)

The resonator length can be approximated from the pulse 
round trip time TMP ≈ 413 ns, giving L ≈ 85 m (neff ≈ 1.45 
for silica glass). Accordingly, the effective cavity dispersion 
for the fibers is estimated to Dλ = 37 ps (nm · km)−1, match-
ing well to typical dispersion values of step-index SM fibers at 
1 µm (Corning HI1060: Dλ = 38 ps (nm · km)−1 [21]). 
Accordingly, the shift in TMP,0 along the tuning range is driven 
by the dispersion properties of the fibers in the cavity.

4.  Measurement of dispersion properties

The high sensitivity of pulse shape variations regarding the 
actual TMP in the TCFL provides the foundation to deter-
mine the total cavity dispersion. By applying comparative 
measurements, this effect is exploited to retrieve the disper-
sion properties of optical fibers and components. The auto-
mated measurement procedure will be discussed based on the 

Figure 3.  The plot captures the drift in TMP,0 along the tuning range 
of the TCFL caused by the total cavity dispersion.

Laser Phys. Lett. 16 (2019) 025101
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investigation of two fibers under test FUT1 and FUT2. Both 
samples originate from different batches of the fiber model 
Nufern PM980-XP (core/cladding diameter: 5.5/125 µ
m, NA  =  0.12, Panda geometry), which is widely employed 
in low-power fiber lasers, telecommunications and sensing. 
They exhibit different lengths (FUT1: L = (37.54 ± 0.10) m; 

FUT2: L = (100.02 ± 0.10) m, measured with a fiber spool-
ing machine) to study the sensitivity of the concept.

To analyze the dispersion of a specific fiber under test (FUT) 
in the TCFL, two comparative experiments are conducted. In 
a first step, the plain TCFL is analyzed regarding its total cav-
ity dispersion (reference measurement). Subsequently, the 
FUT is spliced into the cavity (operating in the slow axis), 
for instance between circulator 2 and the AOM (see figure 1). 
This utilizes a double pass arrangement for higher sensitiv-
ity, requiring shorter fiber lengths. The expanded TCFL with 
the FUT is scanned again determining its overall dispersion 
properties. By subtracting the shifts in TMP,0 between both 
measurements, the net dispersive response from the FUT can 
be retrieved.

These measurements are depicted in figure  4. Graph (a) 
shows the measured TMP,0 for the reference cavity (plain 
TCFL without FUT, red trace) as well as the extended cavi-
ties with FUT1 (blue trace) and FUT2 (green trace). Due to 
the different resonator lengths of the three configurations, the 
traces are offset to each other. Whereas the shift of TMP,0 for 
the red trace is already highlighted in figure 3, two insets in 
figure 4(a) zoom in on the evolution of TMP,0 in the blue and 
green trace. Due to the longest fiber length of FUT2, the green 
trace shows the strongest dispersive response with a shift in 
TMP,0 of 534 ps.

By subtracting the red trace from the blue and the green 
trace, respectively, the net dispersive response from the differ-
ent FUT samples is extracted. This is shown in figure 4(b) plot-
ting the corresponding differences δTMP,0. Both traces are also 
corrected for a constant offset (δTMP,0 at λL = 1072 nm) to 
compare them in the same scale. In both cases, the pulse round 
trip time declines because of the normal dispersion of the fiber 

samples. Due to the longer length of FUT2, the sole dispersive 
response is stronger inducing a shift of ∆TMP,0 = (−377 ± 6) 
ps (FUT1: ∆TMP,0 = (−137 ± 4) ps). The error bars are esti-
mated from the convolution curves IC(TMP) by evaluating 
reproducibility and slope. For the red and blue curve, they 
match the sampling density of 1 ps in the scan of TMP. Based 
on (4) and the obtained values for ∆TMP,0 , the mean disper-
sion parameter for both FUT samples can be calculated along 
the tuning range by a linear approximation. The results are 
summarized in table 1. The effective fiber lengths L are dou-
bled due to the double-pass configuration of the FUT in the 
middle branch.

Whereas the analysis for FUT1 results in 
Dλ,exp. = (−36.3 ± 1.2) ps (nm · km)−1, FUT2 gives a 3.3% 
larger value of Dλ,exp. = (−37.5 ± 0.7) ps (nm · km)−1. 
Due to the longer sample length inducing a stronger disper-
sive response, the relative error of the latter measurement is 
smaller reaching 1.9% (FUT1: 3.3%). Even though the values 
for both FUT overlap with each other considering the error 
bars, the deviation was measured reproducibly. Additionally, 
the data sheets of both fiber samples record a different mode 
field diameter (MFD). While FUT1 is listed with a MFD value 
of 7.1 µm, FUT2 features a smaller MFD of 6.6 µm (both 

Figure 4.  The graphs analyze the evolution of TMP,0 over the tuning range for two FUT samples. Graph (a) shows the measured TMP,0 for 
the PM TCFL in the reference layout as well as with two FUT samples. Two inset graphs highlight the detailed trace for FUT1 (blue) and 
FUT2 (green). Plot (b) pictures the evaluated relative change δTMP,0 by subtracting FUT1 or FUT2 from the reference measurement. By 
also subtracting δTMP,0 (λL = 1072 nm) measured at FBG 6 (considers the mean change in TMP,0 due to the additional fiber length), the 
plain dispersion effect is isolated for FUT1 (∆TMP,0 = (−137 ± 4) ps) and FUT 2 (∆TMP,0 = (−377 ± 6) ps). The error bars are estimated 
from the convolution curves considering their slopes as well as reproducibility.

Table 1.  Experimental results of dispersion measurements with the 
TCFL (Dλ,exp.) including a comparison to an alternative method 
[13] (Dλ,exp.2). For the latter, error bars are estimated from the 
standard deviation of a polynomial fit (3rd order) to the obtained 
Dλ values.

Symbol FUT1 FUT2

L 2 · (37.54 ± 0.10) m 2 · (100.02 ± 0.10) m
δλL (50.27 ± 0.04) nm (50.27 ± 0.04) nm
∆TMP,0 (−137 ± 4) ps (−377 ± 6) ps

Dλ,exp. (−36.3 ± 1.2)  
ps (nm · km)−1

(−37.5 ± 0.7)  
ps (nm · km)−1

Error 3.3% 1.9%
Dλ,exp.2 (−36.4 ± 0.3)  

ps (nm · km)−1
(−37.0 ± 0.3)  
ps (nm · km)−1

Laser Phys. Lett. 16 (2019) 025101
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measured at 980 nm), which may cause a stronger waveguide 
dispersion contribution.

Because reference values are hardly found in literature, a 
reference method has been implemented based on spectral 
interferometry [13] to characterize both FUT samples and 
clarify the origin of the deviation between the obtained Dλ,exp. 
values. The free-space coupled approach in [13] has been 
adapted by using a supercontinuum light source and by real-
izing the setup in a PM layout at the wavelength band around 
1 µm including a fiber-pigtailed polarizer in the branch of the 
light source. Both FUT are measured with this approach using 
about 40 cm long samples. The retrieved values for Dλ(λ) are 
fitted with a 3rd order polynom to determine the mean Dλ,exp.2 
with respect to the spectral operation window of the TCFL. 
The measurement error is estimated by the standard deviation 
of the fit. The results for both FUT samples are attached in 
table 1. With deviations of 0.3% (FUT1) and 1.3% (FUT2), 
they agree very well with the results obtained with the TCFL, 
verifying the presented analysis concept. Relying on an indi-
rect measurement in the spectral domain, the reference method 
also indicates |Dλ| to be larger for FUT2, but the measurement 
accuracy does not allow for definite conclusions.

In the last step, the approach of the TCFL is investigated 
regarding the spectral resolvability in Dλ,exp.. Whereas simi-
lar results have been obtained for FUT2, figure 5 presents the 
investigation for FUT1. In principle, the implemented TCFL 
is tunable over 50 nm providing up to 11 emission lines λL 
to evaluate spectrally resolved data. In this case, (4) is evalu-
ated incrementally along the tuning range, analyzing ∆TMP,0  
over fractional spectral bands of width δλL. The results 
are illustrated in figure  5. While the red cross presents the 
mean Dλ,exp. over the full operation bandwidth as discussed 
before, the orange trace evaluates Dλ over spectral bands of 
δλL = 25 nm (i.e.: at FBG 1, 6 and 11), and the violet trace 
over δλL = 10 nm (i.e.: FBG 1, 3, 5, 7, 9, 11). The legends 
also list the corresponding measurement errors. Since the 
absolute errors do not change, the relative errors increase for 
smaller evaluation bandwidths in Dλ. The graph also plots the 
results obtained with the experimental reference method [13] 
(gray dots) including the polynomial fit (dark gray trace). For 
comparison, a numerical analysis has also been performed 
by a spectrally resolved modal analysis based on COMSOL 
Multiphysics® software assuming a plain step-index fiber 
model (green trace).

Whereas the numerical trace clearly deviates from the 
experimental results, indicating a oversimplified model (e.g.: 
ideal step-index profile) or deviating fiber specifications, 
the experimental traces agree well within the corresponding 
errors. However, due to the increasing measurement errors, 
detailed spectral conclusions cannot be drawn from the 
TCFL measurement. This is especially highlighted for the 
violet trace showing an unphysical zick-zack shape. Still 
the TCFL indicates the same deviation from the numerical 
model as the reference method in the dark gray trace. The 
limited spectral resolution could be partly overcome by 
also applying a polynomial fit assuming slowly evolving 
features.

5.  Conclusion

A new method has been presented for a direct measurement 
of dispersion properties of fibers and fiber modules in the time 
domain. The automated approach is based on evaluating pulse 
shape variations along the tuning range of a discretely tunable 
TCFL, revealing the cavity dispersion. The applicability of the 
concept has been demonstrated by studying two fiber samples 
FUT1 and FUT2 of the fiber model Nufern PM980-XP. 
The experiment delivered mean dispersion parameters 
of Dλ,exp. = (−36.3 ± 1.2) ps (nm · km)−1 (FUT1) and 
Dλ,exp. = (−37.5 ± 0.7) ps (nm · km)−1 (FUT2) that agree 
well with a reference method based on spectral interferome-
try, which deviated by 0.3% and 1.3%, respectively. The mea-
surement with the TCFL even indicates a deviation between 
the characteristics of FUT1 and FUT2, which may arise from 
deviating batch specifications. A measurement error as small 
as 1.9% has been achieved. With the excellent agreement 
between both experimental methods, the presented temporal 
measurement concept with the TCFL has been verified.

In any case, the elements under test (e.g. FUT) need to 
satisfy a few conditions to be suitable for this dispersion 
measurement approach. Most notably, they need to feature 
reasonable insertion losses to sustain laser operations in the 
TCFL. With round trip losses between 15 dB to 20 dB in the 
plain resonator, additional losses by the FUT in the same mag-
nitude could be tolerated. Also partly connected to the losses, 
the FUT needs to be available with reasonable length. Due 
to the direct temporal measurement with limited sensitivity 
(in the experiment: � 1 ps), the minimum detectable length 
is in the range of a few meters. Assuming an exemplary FUT 
with Dλ = 40 ps (nm · km)−1, a tuning range of δλL = 50 
nm and an effective delay due to the dispersive distortion of 
∆TMP,0 � 10 ps for a profound measurement, the minimum 
length for the FUT is about 5 m. Compared to the previously 
mentioned pulse delay technique [16] working with hundreds 

Figure 5.  The plot shows the measured dispersion parameter 
Dλ for different spectral resolutions (resol.) applying the TCFL 
and FUT1. An experimental reference is provided by the gray 
dots that are recorded with an alternative method based on 
spectral interferometry [13]. The dark gray trace represents the 
corresponding polynomial fit (3rd order). The graph also includes 
simulation results (green trace) based on the released specifications 
of the fiber Nufern PM980-XP obtained via a modal analysis 
with COMSOL Multiphysics®.
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of meters or even kilometers of FUT, this is a significantly 
shorter length of fiber to draw conclusions about the disper-
sive character with a direct measurement in the time domain. 
Absolute measurement accuracies in the picosecond scale are 
demonstrated in the experiment without using high-end detec-
tion electronics. The enhanced temporal sensitivity arises 
from the pulse formation process over multiple round trips in 
the laser.

Still, the plain temporal measurement with the TCFL may 
not outperform the spectral resolution and accessible bandwidth 
of common dispersion analysis concepts relying on spectral 
interferometry as well as broadband supercontinuum sources 
[22]. Nevertheless, this approach establishes a simple measure-
ment of pulse shape features to directly retrieve the dispersion 
properties for fiber modules and laser resonators. The fiber-
integrated setup ensures robust and reliable operation without 
alignment requirements. Hence, for spliceable components, the 
TCFL provides direct and easy access to the dispersion char-
acteristics. With a suitable setup, multiple components may be 
quickly investigated for their coarse dispersion characteristics, 
e.g. in quality management categorizing their performance. 
Even solely analyzing the temporal delays in the resonator 
(without retrieving Dλ) enables swift conclusions to be drawn 
about the dispersion regimes. Additionally, with the meas-
urement concept relying on laser operations, corresponding 
specialty fibers can be analyzed with reasonable lengths. For 
instance, PM components can be studied in their operating axis. 
Furthermore, the dispersion magnitude of active fibers can be 
evaluated within their gain regions, which is commonly absorb-
ing for passive methods. In conclusion, the dispersion meas-
urement with the TCFL could be of high interest for specific 
measurement scenarios, especially related to fiber lasers.
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