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Fiber Dispersion Measurement With a
Swept-Wavelength Pulse Light Source

Siao-Shan Jyu, Shiou-Fong Liu, Wei-Wei Hsiang, and Yinchieh Lai

Abstract—A new fiber dispersion measurement method by
utilizing a periodically swept-wavelength pulse light source is
proposed and demonstrated. The periodic pulse timing variation
of the pulse train induced by wavelength sweeping can be directly
detected by a radio-frequency spectrum analyzer. Experiments
by using an asynchronous mode-locked fiber soliton laser as the
swept-wavelength pulse source have been successfully carried out
to demonstrate the feasibility.

Index Terms—Chromatic dispersion, group velocity dispersion,
mode-locked fiber laser, swept-wavelength light source.

1. INTRODUCTION

IBER dispersion originates from the combined effects of
fibermaterial/waveguidedispersion and can causethelinear
optical pulse broadening effects through the wavelength-depen-
dent group time delay. Fiber dispersion also plays an important
role in many applications of nonlinear fiber optics and ultrafast
fiber optics. In the literature, many dispersion measurement
methods have been demonstrated. They can be roughly classified
into two main categories: noninterferometric and interferometric.
The time of flight (TOF) technique and the modulation phase-shift
(MPS) technique are the most well-known noninterferometric
methods [1]. Some recent schemes using supercontinuum pulse
light sources for broadband measurement are also under this
category [2]. The interferometric category also includes many
subcategories. Temporal interferometry methods and various
spectral interferometry methods with continuous-wave (CW)
narrowband or broadband lights are the most well known ap-
proaches [1], [3]. Some special techniques based on the cavity
resonance effects like the self-seeding laser oscillation method
[4] can also be listed under this category. In general, the noninter-
ferometric methods will have the advantages of setup simplicity
and measurement stability, while the interferometric methods
have the main advantage of higher sensitivity.
Among the above-mentioned approaches, the standard MPS
technique is probably the most commonly used method due to
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its simplicity. However, since it will typically require the precise
phase measurement of the radio-frequency (RF) modulation sig-
nals through an expensive RF network analyzer, the equipment
cost is higher. In the present work, we propose and demon-
strate a new method of fiber dispersion measurement based on a
periodically swept-wavelength pulse light source. Only the RF
spectral measurement capability is required. The measurement
principles are based on two concepts: 1) Periodic wavelength
sweeping of a pulse train will induce periodic pulse timing vari-
ation; 2) the periodic pulse timing variation of a pulse train can
be directly measured by an RF spectrum analyzer. In this way,
we are able to construct an economic new noninterferometric
method for fiber dispersion measurement.

Inordertodemonstrate the feasibility of the proposal,a 10-GHz
asynchronously mode-locked (ASM) Er-fiber soliton laser we
previously developed has been utilized as the wavelength-swept
pulse source [S]-[7]. Such a mode-locked fiber laser system can
produce slow sinusoidal center wavelength sweeping with the
half peak-to-peak amplitude around 1 nm at the oscillating fre-
quency of several tens of kilohertz (kHz). Preliminary dispersion
measurements have been performed on two types of test fibers,
i.e., large-effective-area fiber (LEAF) and dispersion-compen-
sating fiber (DCF), and comparable results to commercial equip-
ment have been obtained. Directions for further improvement on
measurement sensitivity will also be given.

II. PRINCIPLE
Let us consider a delta function pulse train with slow periodic
timing and amplitude oscillation
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The Fourier transform of 7(¢) can be derived in the following
way. First, (1) can be rewritten as:
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Since the functions a(t) and s(t) are slow periodic functions
(with the fundamental frequency fy), the final two terms in the
integral can be expanded in Fourier series to obtain
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This proves that the Fourier spectrum of a pulse train with slow

periodic oscillation will exhibit subharmonic side-peaks. More-
over, the power ratio of the zeroth and first spectral side-peaks

can be written as
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Here the coefficients ¢o(f) and c¢;(f) are the zeroth- and first-
order Fourier coefficients of the function a(t) exp[—j2m fs(t)].

For the particular case when there is no amplitude oscillation,
a(t) = aop, and the slow timing oscillation is sinusoidal

s(t) = Ascos(2m fqt + 0) 3)

it is not difficult to show that the power ratio can be formulated
by using the Bessel functions
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From (6), the half peak-to-peak timing oscillation amplitude
As can be determined. For different implementation schemes
with more general swept-wavelength formats and/or nonflat am-
plitude responses, (4) can also to be used to compute the timing
oscillation amplitude. If the timing oscillation is induced by the
wavelength oscillation through dispersion, then As = DLA.
Thus the dispersion parameter DD can also be determined from
the measurement. Since the Bessel functions are oscillating func-

tions, for measuring large dispersion one may need to dynami-
cally reduce the wavelength sweeping amplitude.

(6)

III. EXPERIMENT

The above theory is correct for general swept-wavelength
pulse light sources. To demonstrate the idea experimentally, an
ASM Er-fiber soliton laser system with the center wavelength at
1560 nm has been used in the present work, with its schematic
setup illustrated in Fig. 1 [5]-[7]. The mode-locking principle
and lasing dynamics of this laser system have been studied
carefully in our previous works and will not be repeated here.
To summarize, we have shown that such a mode-locked fiber
laser system can produce 10-GHz sub-picosecond (sub-ps)
pulse trains with slow sinusoidal center wavelength sweeping.
The half peak-to-peak wavelength sweeping amplitude can be
as large as 1 nm at the oscillating frequency of several tens kHz.
However, one important point needs to be explained more here.
The pulse train from the ASM Er-fiber soliton laser will also
have a certain amount of slow pulse timing oscillation and such
original timing oscillation is exactly 90° out-of-phase with the
wavelength oscillation. This property will change the relation
between the timing and wavelength oscillation amplitudes to be

As = \/As2 + (DLAX)?. 7)
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Fig. 1. Experimental setup of the 10-GHz ASM Er-fiber soliton laser. BPF:
bandpass filter. PD: photodiode. LD: laser diode. WDM: wavelength-division-
multiplexing couplers. DSF: dispersion-shifted fiber. PZT: piezoelectric trans-
ducer.
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Fig. 2. Schematic setup of the dispersion measurement procedure.

Here ASj is the original timing oscillation amplitude and AS
is the timing oscillation amplitude after propagation. Form (7),
the fiber dispersion can then be calculated by

B VAs? — As?

(AAL) ®

We have actually utilized this mode-locked laser system to
measure the dispersion of two test fibers: LEAF and DCF fibers.
The whole measurement procedures are illustrated in Fig. 2. The
standard single-mode fiber (SMF) with known length is used to
calibrate A\ based on (7). With this information, the dispersion
of the test fibers can then be determined by (8) with measure-
ments before and after propagation.

IV. RESULT

The typical RF spectra of the pulse trains before and after
propagating are illustrated in Fig. 3. One can see that indeed
there are subharmonic side-peaks with frequency separation
around 19 kHz. Only the zero- and first-order peaks will be
utilized for measurement since the higher order peaks are
much smaller and may be more distorted by the ASM laser
dynamics and the noises [6]. The pulse energy of the ASM
fiber laser will also exhibit small slow periodic oscillation
which is not pure sinusoidal. This is why the higher order
side peaks do not obey the Bessel function formula. The
first-order side peaks are less affected but some measurement
uncertainties are expected. Fig. 4(a) shows the measured timing
oscillation as a function of the fiber length when the SMF
is used. One obtains the expected dependence predicted in
(7) and the wavelength variation can then be determined. It
should be emphasized that the wavelength variation is the only
fitting parameter here, which strongly validates our theoretical
analyses experimentally. Fig. 4(b) shows the measured power
ratios as a function of the fiber length when the SMF is used.
The values for the first (10 GHz) and second (20 GHz) main
harmonic components are plotted for illustration. The final
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Fig. 3. RF spectra of the pulse trains.
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Fig. 4. (a) Timing variation versus fiber length. The SMF is used here for cal-
ibration. (b) Power ratio versus fiber length.

TABLE 1
MEASUREMENT RESULTS
. Fiber
Fiber D|
1 AA As, (0s)
type e(‘rlng)th (om) A4S, A5 @) oomin)
LEAF 380 0.835 2.74 3.05 4.21
DCF 47 0.835 2.74 5.15 111

results of our dispersion measurement are listed in Table I.
The absolute values of the dispersion parameters for the LEAF
and DCF fibers are estimated to be 4.21 and 111 ps/nm/km,
respectively. The wavelength variation A\ is 0.835 nm and
the original timing variation is 2.74 ps. The timing variations
after the test fibers are 3.05 and 5.16 ps for the LEAF and DCF
fibers. Most importantly, the used fiber lengths are only 380
and 47 m for the two cases. The accuracy of these measurement
values has been checked by comparing with the data from a
commercial equipment (Advantest Q7760). The deviations for
the LEAF and DCF fibers are 9.2% and 6.0%, respectively.
This indicates that the proposed method indeed can measure
the fiber dispersion with good accuracy and sensitivity.

Further improvement on the measurement sensitivity can be
achieved either by further increasing the wavelength oscillation
A or by reducing the original timing oscillation Asg. As has
been analyzed in [6], the wavelength variation can be increased
by increasing the modulation depth. For the ASM fiber laser, we
have observed more than 1.0-nm wavelength variation and ex-
pect that several nanometers (nm) may be possible. The original
timing variation can be reduced by reducing the cavity disper-
sion and it may also be possible to reach the sub-ps level.

We have confirmed that the group time delay measurement
uncertainties of our present measurement is in the sub-ps level
(£0.2 ps), comparable to the commercial equipments based on
the MPS method. Since the wavelength variation is 0.835 nm,
this corresponds to the dispersion measurement uncertainty
of +£0.24 ps/nm. However, the wavelength resolution of the
present experiment will be less than that of the commercial
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equipments (typically around 0.1 nm) due to the larger optical
bandwidth of the ASM laser (2-3 nm). Amplitude variation
due to nonflat spectral responses of the tested devices may also
be taken into account with the general formula developed here.
Another limiting factor for measuring large dispersion is the
pulse overlapping effect. When the adjacent pulses are broad-
ened to strongly overlap, the measured RF harmonic signals
will also be strongly degraded. This effect can be reduced by
using longer ps pulses. On the other hand the minimum de-
tectable group delay is right now limited by the original timing
variation of the ASM laser to the ps level. From Fig. 4(a), the
minimum detectable dispersion-induced group delay is roughly
the group delay of a 100-m SMF with 0.8-nm wavelength
sweeping, which corresponds to the 2.0-ps/nm minimum
detectable dispersion. The value of the minimum detectable
dispersion should be approximately the same between the
tunable wavelength range (from 1545 to 1565 nm) of the ASM
laser, and this lower limit may be more easily overcome by
using different implementation schemes. For example, the pulse
train can be generated by a CW wavelength-scanning laser with
an electrooptic (EO) modulator. This kind of implementation
scheme may provide ways to reduce the setup complexity and
to measure the dispersion over a wide wavelength range.

V. CONCLUSION

We have proposed and demonstrated a new method of fiber
dispersion measurement based only on simple RF spectral mea-
surement with a swept-wavelength pulse light source. By mea-
suring the periodic pulse timing variation before and after the
test fiber with an RF spectrum analyzer, the fiber dispersion can
be determined. This new method should provide an economic
way for measuring fiber dispersion noninterferometrically and
should be potentially useful for fiber communication and ultra-
fast fiber optics applications.
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