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Dispersion Measurement in Optical Fibers
Using Supercontinuum Pulses
Johan Hult, Rosalynne S. Watt, and Clemens F. Kaminski

Abstract—The chromatic dispersion of an optical fiber is measured using a time-of-flight technique, based on temporally and
spectrally resolving a dispersed broadband pulse, on which a
spectral fringe pattern has been imposed using an etalon. The technique employs broadband supercontinuum radiation, generated
by launching picosecond pulses from a fiber laser into a photoniccrystal fiber. It allows the dispersion of highly dispersive optical
fibers and components to be measured with a high spectral resolution over a wide wavelength region. The technique is demonstrated
by measuring the dispersion of a dispersion-compensating module
over its entire 400-nm transmission band with a subnanometer
spectral resolution.
Index Terms—Optical-fiber dispersion, optical-fiber measurements, supercontinuum radiation.

I. I NTRODUCTION

D

UE TO chromatic-dispersion effects, different wavelengths propagate with different group velocities, causing
short optical pulses to broaden temporally. The temporal
overlapping of adjacent pulses due to chromatic dispersion
thus limits the information-carrying capacity of an opticalcommunication system. To minimize this effect, dispersion
compensation is employed; however, efficient compensation
requires accurate measurements of the dispersive properties of
optical fibers over a wide wavelength region. This need for
broadband-dispersion measurements has been driven both by
the rapid expansion of wavelength-division-multiplexing systems, which utilize a wider wavelength region, and by the need
to determine higher order dispersion terms, which also requires
a precise determination of the dispersion curve over a wide
spectral region.
Furthermore, there are emerging applications in spectroscopy, where highly dispersive fibers are employed to transform
short broadband optical pulses into rapid wavelength scans
[1], [2]. To linearize the wavelength scale of such wavelength
sweeps, detailed knowledge of the dispersive properties of the
highly dispersive fibers employed is required.
Measurements of dispersion in optical fibers can be performed using a variety of time-of-flight, phase-shift, inter-
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ferometric [3], or degenerate-four-wave-mixing-based techniques [4].
In time-of-flight methods, the time delay between either
separate pulses of different wavelengths, or between different
wavelength components of a single short broadband pulse,
is directly detected. The resolution is limited by the shortest
time delay the detector is capable of resolving. The measured
time delays are then differentiated with respect to wavelength
to obtain the chromatic dispersion. For this method, a pulsed
light source covering a wide spectral region is required. Light
sources employed include arrays of discrete-wavelength laser
diodes [5] and broadband sources such as fiber Raman lasers
[6], supercontinuum-radiation sources [7], [8], or tunablesoliton sources [9]. The output of such broadband sources can
cover several hundred nanometers and have been spectrally filtered and scanned using a monochromator in previous studies,
to achieve a reasonable spectral resolution. Supercontinuum
light sources are of particular interest in this context, as they can
provide broadband pulses covering extremely wide wavelength
ranges [10]. The use of multiwavelength-fiber lasers that are
capable of covering 30-nm wide spectral regions for time-offlight dispersion measurements have also been reported [11].
Phase-shift methods employ an amplitude modulated, monochromatic, or spectrally filtered, continuous-wave light source.
The group delay, from which the dispersion can be calculated,
is determined from the phase shift between the transmitted
signal and a reference signal. The wavelength of the light source
needs to be scanned in order to determine the dispersion curve,
which makes the measurement time consuming. In interferometric methods, the fiber to be tested forms one arm of an
interferometer and a reference fiber or an air gap forms the
other arm, with detection taking place in either the time or the
frequency domain. From the measured cross-correlation signal,
the group delay can be determined as the group delay of the
reference arm is known. The drawback of such interferometric
techniques is that large demands are placed on mechanicalsystem stability. Mapping out a dispersion curve using this
method is, furthermore, time consuming, as it requires scanning
of either the length of the reference arm or the wavelength of
the light source employed. Supercontinuum light sources have
been successfully implemented into interferometric setups for
dispersion measurements over wide spectral ranges [8].
In this paper, a novel technique for accurately measuring
the dispersion of highly dispersive optical fibers, based on
a time-of-flight approach, is presented. It employs a pulsed
supercontinuum source and an etalon, which is used to impose
a spectral fringe pattern on the broadband radiation, before
launching it through the fiber to be tested. By both temporally
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Fig. 1. Experimental setup for the supercontinuum-based fiber-dispersion
measurement (L = lens, PCF = photonic-crystal fiber, PD = photo-diode,
Osc = oscilloscope, OSA = optical spectrum analyzer).

and spectrally resolving the dispersed etalon fringe pattern
of the pulse, the relative pulse delay can be measured, from
which the dispersion can be determined. This approach allows
fast measurements of the dispersion over a bandwidth of several
hundred nanometers, with a spectral resolution of 1 nm or
better. As the relative pulse delay is determined directly, there
is no need for a calibrated reference fiber, as required by some
previous techniques [6], [7]. Characterization of the dispersion
using this technique is fast, as the entire dispersion curve can
be determined from a single pair of temporally and spectrally
resolved etalon fringe traces without the need for scanning the
wavelength of the light source [9] or the detector [7]. Finally,
the experimental arrangement is straightforward to implement
and the instrumentation required is already available in many
photonic and spectroscopic research laboratories.
II. E XPERIMENTAL A PPARATUS
A broadband pulsed supercontinuum light source was employed for the time-of-flight dispersion measurements, using
the experimental setup illustrated in Fig. 1. The pump laser
(FemtoPower 1060, Fianium) is a mode-locked ytterbiumfiber laser emitting pulses of 5-ps duration at a wavelength
of 1065 nm. It features a built-in acoustooptic pulse-picker,
which allows the repetition rate to be varied between 0.3 and
21 MHz. For the experiments presented here, a repetition rate
of 1 MHz was employed to ensure that the individual pulses
remain temporally separated after being dispersed through the
test fiber. The supercontinuum radiation is generated in a 20-mlong photonic-crystal fiber (SC-5.0-1040, Crystal Fibre A/S),
which has a zero-dispersion wavelength of 1040 nm and a mode
field diameter of around 4 µm at the pump wavelength.
The output power of the supercontinuum radiation was
around 18 mW when pumped by an average power of 50 mW.
The spectral profile of the supercontinuum radiation generated
in the photonic-crystal fiber (PCF) is shown in Fig. 2. It exhibits
a relatively flat output in the spectral region stretching from
1300 to 1700 nm, which is the region of interest for characterization of the type of fibers described here. In this spectral
region, the average power is around 10 µW/nm for a laser
repetition rate of 1 MHz. Those average powers are sufficient
for characterizing fibers featuring total losses up to 25 dB using
the present detection scheme.
The supercontinuum radiation is first collimated and sent
through an etalon, the purpose of which is to imprint a regular
spectral pattern on the radiation. This etalon transmission

Fig. 2. Spectral profile of the supercontinuum radiation generated in the
photonic-crystal fiber.

pattern will later be used to identify corresponding features of
the optical pulse in both the time and wavelength domain. The
home-built etalon employed is air-spaced, and the length d can
be easily adjusted from about 100 µm to several millimeters,
which allows for the free spectral range (FSR) to be varied
according to
FSR = λ2 /2nd

(1)

where λ is the optical wavelength, and n is the index of
refraction of the etalon medium—in this case air. The FSR
employed determines the spectral resolution of the dispersion
measurement. The broadband mirrors (PR1-1550-80-1025,
CVI) employed in the etalon feature a peak reflectivity of 80%
at 1550 nm resulting in a low finesse (F < 13). The finesse
was chosen low enough to facilitate etalon alignment while
still generating easily identifiable peaks over a 400-nm-wide
bandwidth. A further advantage of employing a short lowfinesse air-spaced etalon is that it minimizes the dispersive
effect of the etalon, which is negligible compared to typical
values of fiber dispersion in this paper.
The light transmitted through the etalon is then launched
into the fiber to be tested. To demonstrate the technique, a
dispersion-compensating module (DCM), featuring a negative
dispersion of around 1.67 ns/nm at 1545 nm, was used (DC-C +
L-N1650-UW, Fujikura). Both the temporal and the spectral
characteristics of the dispersed optical pulse, which carries the
etalon fringe pattern, are then analyzed. The spectral analysis
is carried out using an optical spectrum analyzer (OSA), operating at a spectral resolution of around 0.015 nm (AQ6317C,
Yokogawa). In the time domain, the dispersed pulse is resolved
and recorded using a 10-GHz bandwidth-amplified photo-diode
(TIA-3000, Scitec Instruments) connected to an 8-GHz bandwidth real-time oscilloscope (TDS6804B, Tektronix).
III. R ESULTS AND D ISCUSSION
Dispersion measurements were carried out at both low
and high spectral resolution through employing two different
lengths of the etalon. The spectrally resolved etalon fringes
corresponding to the shortest etalon, transmitted through the
DCM and recorded by the OSA, are shown in Fig. 3(a). The
individual fringes are clearly visible, and their spacing is seen
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Fig. 4.

Fig. 3. Etalon fringe pattern transmitted through the test fiber. (a) and (c)
Spectrally resolved using an OSA. (b) and (d) Temporally resolved using a
high bandwidth photo-diode and a real-time oscilloscope. In (a) and (b), a
126-µm-long etalon was employed (FSR = 9 nm at 1500 nm). In (c) and (d),
a 2.03-mm-long etalon was employed (FSR = 0.55 nm at 1500 nm). Insets:
magnified views of the fringe patterns corresponding to the long etalon.

to increase from 6.5 nm at 1300 nm to 12 nm at 1700 nm, due
to the quadratic dependence of the FSR on wavelength. The
overall intensity envelope of the trace is determined by both
the spectral shape of the supercontinuum radiation, shown in
Fig. 2 and the DCM transmission band, shown in Fig. 4. The
finesse of the etalon was observed to decrease from around 13 at
1550 nm to around 3 at 1350 nm and is seen to vanish completely below 1270 nm. The rise of the baseline below 1400 nm
is due to the low finesse below this wavelength, due to reduced
mirror reflectivity. From the spectral locations of the etalon
fringes, the length of the etalon can be accurately determined
using (1). The length of the short etalon was determined to be
126 µm using this procedure.
The same etalon fringe pattern recorded in the time domain,
using the photo-diode and oscilloscope, is shown in Fig. 3(b).
The longer wavelength peaks now appear to the left, as the
DCM features a negative dispersion. It is clear that the difference in spacing between the longer wavelength peaks to the left
and the shorter wavelength peaks to the right are larger than in

Spectral transmission of the DCM.

Fig. 3(a). This indicates that the absolute value of the dispersion
inside the DCM increases with wavelength. The etalon trace
recorded by the oscilloscope carries a similar intensity envelope
to the one recorded by the OSA but is now also affected by
the spectral-response curve of the photo-diode, which decreases
rapidly above 1650 nm.
To evaluate the relative pulse delay as a function of wavelength, the spectral location of each peak in the oscilloscope
trace needs to be determined. First, an easily identifiable peak
was used as a reference peak (marked with an arrow in Fig. 3)
to establish a reference wavelength in the oscilloscope trace.
In the absence of suitable spectral features in the fiber, such
as the dip around 1380 nm in Fig. 4, molecular absorption
lines can be used to establish a reference wavelength in the
time-resolved etalon transmission trace. This is achieved, for
example, by insertion of a C2 H2 absorption cell at the position
of the etalon. The wavelengths of the peaks arriving before
and after the reference peak were then calculated by adding or
subtracting, respectively, the relevant number of etalon FSRs
from the wavelength of the reference peak. By fitting an Airy
function to each individual peak, the peak center positions
could be accurately determined in the time domain. In this
fashion, the relative pulse delay as a function of wavelength
was determined from the peak positions in the etalon trace
in Fig. 3(b).
The relative pulse delay can easily be determined with
higher spectral resolution by increasing the length of the etalon,
resulting in a decrease of the etalon FSR. In Fig. 3(c) and (d),
the etalon fringe patterns corresponding to an etalon length of
2.03 mm, recorded by the OSA and oscilloscope, respectively,
are shown. For this longer etalon, the FSR varies from 0.42 nm
at 1300 nm to 0.72 nm at 1700 nm, thus yielding a subnanometer resolution in the relative pulse-delay measurement
over the entire wavelength range covered. The individual peaks,
which are hardly visible in the overview traces due to the
small peak spacing, are clearly resolved on both detectors as
demonstrated by the magnified views shown in the insets of
Fig. 3(c) and (d). In total, the fringe pattern corresponding
to the long etalon comprises of 670 peaks. The identification
of an isolated reference peak with a well-known wavelength
on this otherwise congested oscilloscope trace was aided by
the relationship between delay time and wavelength already
established using the short etalon.
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1570 nm. The dispersion evaluated through direct differentiation of the delay is shown as circles, whereas the straight line
corresponds to dispersion evaluated through differentiation of
a polynomial fit to the delay data. The root-mean-square of the
difference between the two dispersion curves shown in Fig. 5(c)
is only 0.6%, which confirms the small scatter in the directly determined dispersion values. As only two spectra—one
recorded using an OSA and one recorded using an oscilloscope—are required to calculate the dispersion over the entire
bandwidth the measurement procedure allows for very fast
dispersion measurements.
IV. C ONCLUSION

Fig. 5. (a) Relative delay of the DCM evaluated from the etalon transmission
traces shown in Fig. 3. (b) Dispersion of DCM determined by direct differentiation of the relative delay data. In both figures, solid lines represent the
high-resolution measurements, performed using the 2.03-mm-long etalon, and
the circles represent the lower resolution measurements, performed using the
0.126-mm-long etalon. Reference values at 1545 and 1590 nm measured by
the DCM manufacturer are also indicated. (c) Magnified view of the measured
dispersion in the spectral region 1540–1595 nm, where circles correspond to
dispersion determined directly from the relative delay data, and the solid line
corresponds to dispersion determined from a polynomial fit to the relative
delay data.

In Fig. 5(a), the relative pulse delays τ determined from
the etalon traces, as shown in Fig. 3, are shown. From the
delay, the dispersion D was calculated by direct differentiation (D = dτ /dλ) and is shown in Fig. 5(b). From the short
etalon, the dispersion could be determined over a 400-nm-wide
transmission window of the DCM. The dispersion determined
using the two different etalon lengths are seen to correspond
well over the entire region covered, with the high-resolution
measurement featuring a subnanometer resolution in the dispersion curve. Furthermore, the measured dispersion is seen to
closely match independent-calibration measurements at 1545
and 1590 nm, performed by the DCM manufacturer [12]. Any
initial wavelength chirp on the supercontinuum pulses before
they enter the fiber to be tested will affect the accuracy of
the relative time-delay measurement and, thus, the dispersion
measurement. Based on the dispersion characteristics of the
PCF employed for supercontinuum generation, the chirp was
estimated to be smaller than 0.4 ns over the 400-nm-wide
measurement interval employed here, which leads to an associated error of less than 0.1% in the measured values of
dispersion.
The high resolution in the dispersion data is demonstrated in
Fig. 5(c), which shows the dispersion in a short interval around

In this paper, we have presented the application of a broadband supercontinuum light source for measuring the dispersion
curve in high-dispersion fibers by a time-of-flight technique. By
employing an etalon to impose a spectral fringe pattern on the
broadband pulse, the dispersion can be measured with a high
spectral resolution (< 1 nm) over a several-hundred-nanometerwide spectral region. The technique is simple to implement,
as supercontinuum light sources are becoming increasingly
common in research laboratories, and as standard spectrum
analyzers, photo-diodes and oscilloscopes can be employed
for detection.
The dispersion-measurement technique presented here cannot directly be implemented to characterize fibers, where the
zero-dispersion wavelength falls within the measurement range,
as multiple etalon peaks around this wavelength would arrive at
the same time at the detector. However, by inserting the fiber
to be tested after a previously characterized high-dispersion
fiber (e.g., the DCM employed in this paper), measurements
of dispersion should also be possible in fibers featuring a zerodispersion wavelength, albeit at slightly reduced accuracy. In
such a scheme, care must be taken to ensure that the sign and
magnitude of the dispersion of the high-dispersion fiber employed is chosen such that a high absolute value of dispersion
of the two combined fibers is maintained.
By improving the temporal resolution in the detection,
through the use of a higher bandwidth photo-diode and a sampling oscilloscope, in combination with an increased length of
the etalon, the technique could be extended to measure smaller
values of dispersion or to provide higher spectral resolution
in the dispersion measurement. However, the time-bandwidth
product of the observed etalon peaks sets a fundamental limit
to the maximum spectral resolution attainable: As the etalon is
made longer, the peak spacing will decrease, thus increasing
the spectral resolution of the measurements. The associated
spectral narrowing of the etalon peaks initially leads to a
corresponding narrowing of the peaks in the time domain. At
some point, however, the time-bandwidth product will limit
further decreases in the temporal width of the peaks. This
will lead to a gradual decrease in finesse in the time-resolved
etalon transmission trace. This apparent decrease in finesse will
eventually compromise the accuracy of the relative time-delay
measurement. In this paper, this effect imposes a limit on the
highest spectral resolution in the dispersion measurements of
about 0.1 nm.
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