COL 13(9), 091403(2015)

CHINESE OPTICS LETTERS

September 10, 2015

1 pm wavelength swept fiber laser based on
dispersion-tuning technique

Jiawei Mei (#{:11)*, Xiaosheng Xiao (4% %), and Changxi Yang (¥ &)

Department of Precision Instruments, Tsinghua University, Beijing 100084, China
*Corresponding author: mjw503@gmail.com
Received May 20, 2015; accepted June 30, 2015; posted online July 30, 2015

We report a wavelength swept fiber laser at the 1 pm region based on an actively mode-locked dispersion-tuning
technique. The ring-cavity laser uses a 70 cm ytterbium-doped fiber as a gain medium. Mode locking is achieved
by the direct modulation of the amplitude modulator, and a ~1000 m single-mode fiber is used to provide the
desired intracavity dispersion. By sine-modulating the modulation frequency, a wavelength swept laser with a
range of ~30 nm can be achieved at a sweeping rate of 50 Hz. The characteristics of the laser, such as its single-
wavelength tuning range, tuning sensitivity, static linewidth and sweeping rate, are also studied experimentally.

OCIS codes: 140.3510, 140.3600, 140.3615.
doi: 10.3788/COL201513.091403.

Wavelength swept lasers are versatile in sensing applica-
tions, such as fiber Bragg grating sensors?, absorption
spectroscopy measurements?, and optical coherence
tomography (OCT)2Z. In recent years, wavelength swept
lasers in the wavelength range around 1060 nm have at-
tracted more and more attention, and increasing interest
has been found for using them in in vivo OCT imaging due
to their special optical characteristics®¥. In the 1060 nm
range, the water absorption is considerably lower than in
the 1550 and 1300 nm bands. Besides, compared to the
800 nm band, 1060 nm laser radiation has weaker scatter-
ing and lower absorption by melanin in the retinal pig-
ment epithelium, which permits deeper penetration into
biological tissues2.

Many kinds of 1 pm wavelength swept lasers have been
proposed so far, and most of the schemes consist of
mechanical tunable filters, such as polygonal mirror
scanners, and piezo-tunable Fabry—Perot filters!2.
These filters generally have the disadvantages of high
cost, bulk volume, a nonlinear mechanical response,
and a limited sweep speed. Jayaraman et al. reported
another type of 1 pm wavelength swept laser based
on micro-electromechanical systems tunable vertical-
cavity surface-emitting laser (VCSEL) light source tech-
nology. By changing the cavity length of the VCSEL,
the output wavelength can be tuned. It has the advantages
of a narrow linewidth, continuous single-mode tuning, and
high-speed tuning capability’. However, its intricate fab-
rication process makes it a little expensive, and its output
parameters are not convenient to adjust once it has been
custom-made.

Recently, a novel wavelength tuning method was pro-
posed based on an actively mode-locked dispersion-
tuning technique. It is an actively mode-locked fiber laser
in a pulsed operation that gets rid of tunable filters.
The wavelength tuning method is achieved through the
change of the modulation frequency in the laser cavity
with large chromatic dispersion. The lasing wavelength
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is measured to be linearly in proportion to the modulation
frequency applied to the intracavity modulator. Since
this technique does not require any physical tunable fil-
ters, the laser can be operated at a wide tuning range
and a fast tuning speed™. Additionally, its output char-
acteristics can be adjusted in a more flexible way, by tun-
ing the intracavity parameters online?. By employing
this technique, Wang et al. reported a 1 pm static, tunable,
actively mode-locked fiber laser working in dissipative sol-
iton mode for the first time in 20122, But due to the small
intracavity dispersion, the linewidth is so wide (~9 nm)
that the coherent length is very short, which limits its
application in OCT2. Zhang et al. also demonstrated a
tunable fiber optical parametric oscillator operated at the
1 pm regime based on dispersion tuning in 20132, The
static tuning of the output wavelength can be achieved
by adjusting the pump wavelength in combination with
the time-dispersion-tuning technique via a mechanically
tunable optical delay line?. However, this optical-
delay-tuning method is not fit for achieving dynamic
wavelength sweeping. So far, to the best of our knowledge,
there is no report of 1 pm wavelength swept lasers based
on a dispersion-tuning technique.

In this Letter, a wavelength swept mode-locked fiber la-
ser based on a dispersion tuning technique at 1 pm region
is reported. By tuning the modulation frequency periodi-
cally, a wavelength swept laser with a range of ~30 nm
can be achieved at a sweeping rate of 50 Hz. We also study
the characteristics of the single-wavelength tuning range,
tuning sensitivity, static linewidth, and sweeping rate of
the laser experimentally.

The experimental setup of the proposed wavelength-
tunable, mode-locked fiber laser is shown in Fig. 1. It is
a fiber ring laser that is actively mode locked with a lith-
ium niobate (LiNbOj) amplitude modulator designed for
use in the 1 pm region. The modulator has an insertion loss
of about 4 dB and a bandwidth of 2.5 GHz. The active
mode locking is realized by modulating the modulator
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Fig. 1. Schematic diagram of the wavelength swept fiber laser
based on dispersion tuning. WDM: wavelength-division multi-
plexer, ISO: optical isolator, OC: optical coupler.

with a radio frequency (RF) signal from a RF synthesizer
(Agilent N5181A). A 70 cm ytterbium-doped fiber (YDF)
with an absorption efficiency of 250 dB/m is backward
pumped by a 980 nm laser diode with an output power
of 200 mW, which is used as the gain medium. A polari-
zation controller (PC) is used to optimize the polarization
of the input light to the modulator. A ~1000 m length
of commercial single-mode fiber (SMF) with a normal
dispersion of ~ —40 ps/nm/km at the 1 pm region and
an insertion loss of less than 2 dB is introduced to provide
large intracavity dispersion. An isolator ensures unidirec-
tional light propagation in the laser cavity. Finally, 20% of
the light in the laser cavity is output via a 20/80 coupler.
An optical spectrum analyzer (Agilent 86142B) with a
resolution of 0.06 nm and a digital oscilloscope (Agilent
DS080204B) combined with a 1 GHz photodetector
(Thorlabs D400FC) are used to simultaneously monitor
the output spectrum and pulse train, respectively. The
total cavity length is ~1030 m and the corresponding
fundamental frequency is ~197 kHz.

According to Ref. [16], in the dispersion-tuning regime,
the derivation of the wavelength with respect to modula-
tion frequency f,, can be written as

dA N
m = f2 DL’ (1)
m0

where [, is the central mode-locking frequency, D is the
average dispersion parameter of the whole cavity, N is the
harmonic mode-locking order, and L is the whole cavity
length. Equation (1) shows that the harmonic mode-
locking frequencies are all wavelength-dependent. Thus,
when the laser is modulated at one of the harmonics,
the emission wavelength can be tuned continuously by
changing the modulation frequency.

If the gain bandwidth is large enough, it is known
from Ref. [18] that the wavelength spacing between the
Nth and the (N + 1)th harmonic mode locking under
the modulation frequency f,, can be written as

1

Ady =|——
N\ faDL

, (2)

where Aldy represents the wavelength spacing of two
adjacent lasing channels. Therefore, if the wavelength
spacing Aly is larger than the gain bandwidth, the laser
will work in a single-wavelength operation. Assuming the
gain bandwidth of our laser is ~30 nm, according to
the gain profile of the YDF and the loss spectrum of the
cavity?, which can also be confirmed by the following
experiment, the critical modulation frequency f, to pro-
duce a single wavelength at the full gain bandwidth is
calculated to be ~1000 MHz.

According to the above theoretical analysis, we set f,, to
be around 200.050 MHz, and the harmonic mode-locking
order N is 1015. The wavelength spacing at this modula-
tion frequency is calculated to be about 125 nm according
to Eq. (2), much larger than the gain bandwidth. Figure 2
shows that the lasing wavelength shifts toward the longer
wavelength as f,, is changed manually from 200.033 to
200.078 MHz. A total tuning range of ~30 nm is obtained.
Figures 3(a) and 3(b) depict the waveform and frequency
spectrogram of the single-wavelength pulse train at a
modulation frequency of 200.053 MHz, respectively. An
optical signal-to-noise ratio (OSNR) greater than 50 dB
is achieved.

It should be noted that the current tuning range is
mainly limited by the gain bandwidth and can be further
expanded by using a wider gain bandwidth medium
instead of the YDF, such as a semiconductor optical

amplifier (SOA)Y or an optical parametric oscillator2,
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Fig. 2. Spectra of single-wavelength operation at six modulation
frequencies from 200.033 to 200.078 MHz.
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Fig. 3. (a) The pulse train of a single-wavelength operation at
the modulation frequency of 200.053 MHz. (b) The correspond-
ing frequency spectrogram of the pulse train.
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For the modulation frequency of ~200 MHz (N = 1015),
the relationship between the wavelength change and the
modulation frequency change is shown in Fig. 4. The
correlation coefficient is 0.99996, verifying a highly linear
dependence. The slope of the fitted line is 0.650 nm/kHz.
The average dispersion coefficient is derived to be
—37.4 ps/nm/km using Eq. (1), which agrees well with
the theoretical value.

We also measure the characteristics of the wavelength
tuning at the modulation frequencies of ~50 MHz (N =
254) and ~500 MHz (N = 2538), which are also shown
in Fig. 4. The corresponding slopes of the two fitted lines
are 2.622 and 0.261 nm/kHz, respectively. The correspond-
ing dispersion coefficients are calculated to be about —37.1
and —37.3 ps/nm/km. The results show that the tuning
sensitivity decreases with the increase of the mode-
locking order.

The linewidth of the static output spectrum is directly
related to the coherence length of the wavelength swept
laser, which determines the imaging depth in OCT appli-
cations?. So it is desirable to get a narrower static line-
width to achieve a larger imaging depth. According to
Ref. [18], the linewidth of the pulse in an actively mode-
locked dispersive cavity is related to the modulation fre-
quency (mode-locking order), modulation depth, the total
dispersion, and the cavity length. Among these parame-
ters, the mode-locking order is the only one that can be
easily changed in our cavity. In order to investigate the
relationship between the linewidth and the mode-locking
order, we measure the linewidth of seven wavelengths
between 1023 and 1041 nm at modulation frequencies
of ~50 MHz (N = 254), ~200 MHz (N = 1015), and
~500 MHz (N = 2538). The experimental results are
shown in Fig. 5. It can be concluded that a narrower line-
width can be obtained by increasing the mode-locking or-
der, which is also verified in SOA-based dispersion-tuned
lasers2!.

The pulse evolution in the cavity can be explained from
the view of time domain: an initial pulse without a chirp
produced by the modulator is broadened by the strong
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Fig. 4. The relationship between the output single wavelength
and the modulation frequency change at three different mode-

locking orders. The red lines are the linearly fitted lines of the
experimental data.
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Fig. 5. The static linewidth of seven wavelengths from 1023 to
1041 nm at three different mode-locking orders.

normal dispersion of a long SMF and then goes back to
the modulator again after one round trip. As the pulse
is broadened with a high chirp, the time-domain intensity
modulating has a significant clipping effect on the spectral
pulse wings2, similar to the dissipative soliton evolution
in all-normal-dispersion (ANDI) passive mode-locked fiber
lasers?. Therefore, the modulator just plays the combined
roles of nonlinear polarization evolution and spectral filter
in ANDi lasers22!. Finally a Gaussian pulse profile is
output with a large chirp from the laser, whose linewidth

is given by
F \ V2 (8rcM\ /4
Aw = |r=" 3
@ (”/1 L) 3)

where M is the modulation depth. Equation (3) means
that the linewidth can be narrower as f,, is smaller. How-
ever, from Eq. (1), smaller f,, increases the instability of
lasing wavelength and causes linewidth broadening?,
which is mostly the case in the experiments. These two
effects counteract each other, causing the observed trends
of the linewidth, which becomes narrower with the in-
crease of the modulation frequency from 50 to 500 MHz.

The lasing wavelength is swept by modulating the
mode-locking frequency. At the beginning, the modulation
frequency f,, is set to be 200.056 MHz for the purpose of
tuning the output static wavelength to be 1029.05 nm, set-
tling at the center of the gain bandwidth. Then, a sine
waveform signal is applied as a modulation signal to sweep
the modulation frequency sinusoidally for a range of
46 kHz, corresponding to the wavelength range of 30 nm
(10151045 nm). The optical spectra are measured using
the optical spectrum analyzer at the peak-hold mode.
Figure 6 shows the spectra obtained at different sweeping
rates of 50, 200, and 1000 Hz and a dynamic tuning range
of about 30 nm is achieved at 50 Hz. The ripples in the
peak-hold spectra at 50 Hz are mainly because of the un-
even gain spectra of the YDF. The temporal sweep wave-
form at a sweeping rate of 50 Hz is also measured and
shown in Fig. 7.

The intensity difference between the up-scan (towards
the longer wavelength) and the down-scan (towards the
shorter wavelength) is believed to originate from the
nonlinear effect of the long fiber™, which needs further
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Fig. 6. The wavelength swept peak-hold spectra at three differ-
ent sweeping rates of 50, 200, and 1000 Hz.

experimental investigation. It is observed that the intensity
of the peak-hold spectra decreases at some wavelength
range with the increase of the sweeping rate. This phenome-
non occurs due to the limited photon lifetime of the long
cavity, which is inversely proportional to the cavity length.
For example, when the laser is swept at the rate of 1000 Hz,
the laser output is suppressed at the two sides of the tuning
range, and the swept range shrinks accordingly. Addition-
ally, the ripples become more intense. Therefore, if a large
wavelength swept range is acquired at high sweeping rate,
the cavity should be designed to be shorter and of lower
loss. So a wideband chirped fiber Bragg grating® is recom-
mended to be used as the dispersive medium instead of a
single-mode fiber to reduce the cavity length.

In conclusion, we demonstrate a 1 pm wavelength swept
actively mode-locked fiber laser based on a dispersion-
tuning technique. By employing an electro-optic modula-
tor as an active mode-locking device and inserting a seg-
ment of SMF to increase the intracavity dispersion, the
tunable single-wavelength tuning range of ~30 nm is
achieved. The intensity modulator acts not only as a
temporal window, but also as a spectral filter for the
pulse evolution in the highly dispersive cavity. We also
obtain the same sweeping range at a sweeping rate of
50 Hz by sine-modulating the modulation frequency. The
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Fig. 7. The temporal sweep output at the sweeping rate of 50 Hz.
The blue line is the sinusoidal sweep signal.

single-wavelength tuning range, tuning sensitivity, and
static linewidth have been characterized experimentally.
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