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This paper reports the periodic power variation of the pulse-train in a passively mode-locked soliton fiber ring

laser. It can obtain either the uniform or nonuniform pulse-train output by simply rotating the polarization controllers.

The experimental results show that the pulse-train nonuniformity is caused by the interaction between the nonuniform

polarization states of the soliton pulses and the passive polarizer in the cavity.
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1. Introduction

A passively mode-locked erbium-doped fiber laser
as an ideal ultra-short optical pulses source plays
an important role in the high capacity optical fiber
communication system and has been intensively
investigated.'=7 Soliton generation of a fiber laser
is one characteristic of the nonlinear pulse propaga-
tion under some suitable operation conditions in the
laser cavity. A soliton pulse propagates in the fiber
ring laser with undistorted pulse spectrum and shape
by balancing the anomalous group-velocity dispersion
and self-phase modulation (SPM). In a soliton fiber
laser, although the soliton pulses circulating in the
cavity periodically experience gain and loss, it is al-
ways deemed that the output pulses have the same
intensity and profile, which we called the average

8] The optical pulses propagated in a birefrin-

soliton.
gent fiber with a polarizer could result in the nonuni-
form intensity of pulses by utilizing an intensity-

9-1] Tn recent years,

dependent polarization rotation.|
Kim et all'?l analyzed that the intensity and polar-
ization of output pulse-train in a fiber laser could be

periodic fluctuations. They have shown that the pe-

riodic fluctuations relied on the birefringence of the
fiber and the passive polarizer in the cavity. Zhao et
al3] investigated the periodic intensity fluctuations
of output pulse-train experimentally and theoretically.
They obtained the output nonuniform pulses by ap-
propriately adjusting the pump power. They found
that it was difficult to suppress the pulse intensity
fluctuations by changing the linear cavity phase de-
lay. However, in our experiment we could obtain or
suppress the output nonuniform pulse-train by simply
rotating the polarization controllers which alters the
linear cavity phase delay. This means that the change
of the linear cavity phase delay disturbs the balance
of the pulse energy loss through the polarizer and re-
covered by the erbium-doped fiber.

Although we could obtain the pulse-train nonuni-
formity by either appropriately adjusting the pump
power or rotating the polarization controllers, in this
paper we concentrate on only an experimental study of
pulse-train intensity periodic fluctuations via changing
the linear cavity phase delay in an all-fiber ring laser.
Once the fiber laser operated in a mode-locking state,
it emitted uniform soliton pulses at first, then we ro-
tated the polarization controllers slightly, the fiber
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laser began to emit nonuniform soliton pulses. Fur-
thermore, an obvious change of soliton optical spec-
trum was the phenomenon that the subsideband ap-
peared. Our experimental results show that the peri-
odic intensity fluctuations in the output pulse-train is
a consequence of the interaction between an unstable
polarization state induced by the intensity-dependent
refractive index and passive polarizer in the cavity.

2. Experimental setup and re-

sults

The experimental setup is illustrated in figure 1.
The fiber laser has a ring cavity of about 18.3 m long
and its fundamental repetition is 11.02 MHz. A 5 m
long erbium-doped fiber with a dispersion parame-
ter of D ~ —15 ps/nm/km and about 13.3 m sin-
gle mode fiber with a dispersion parameter of D =
17 ps/nm/km comprise the ring cavity. Two polariza-
tion controllers are employed to adjust the polariza-
tion states of the pulses in the cavity. Unidirectional
operation and polarization selectivity are provided by
the polarization-dependent isolator. The passive po-
larizer in the isolator is regarded as an attenuator of
the soliton pulse circulating in the cavity. The attenu-
ation is decided by the offset between the polarization
state of soliton pulse and the orientation of polarizer.
To increase the nonlinear phase delay in a single cav-
ity round trip, a 1% output coupler is used. Since
any perturbation on a fiber could change the pulse
polarization state, all the fibers are fastened to the
optical table to prevent any movement. To study the
uniform/nonuniform output pulses and soliton pulse
spectrum, we set a radio frequency spectrum analyzer
(RFSA) and an optical spectrum analyzer (OSA) be-
hind the output coupler. An oscillograph is used to

PC  PD-ISO PC
e
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T

output
coupler

erbium)
fiber

Fig.1. Schematic diagram of the fiber ring laser cav-

ity. PC: polarization controller; PD-ISO: polarization-
dependent isolator; WDM: wavelength division multi-
plexer.

observe the pulse-train. We also measure the pulse
duration by using a commercial autocorrelator. The
soliton has a pulse duration of about 500 fs in our
laser.

The nonlinear polarization rotation technique was
used to achieve the self-started mode-locking state
of the fiber laser.
~40 mW in our fiber laser.

The mode-locking threshold was
The soliton pulse cir-
culating in the cavity periodically endures the gain
provided by erbium-doped fiber and output loss. Af-
ter each perturbation soliton pulses shed any excess
energy into the so-called dispersive waves. The gen-
eration of sideband is well known as the dispersive
waves which constructively interfere with the soliton
pulses when the pulses propagate in the laser ring cav-
ity. Although the spectral sidebands are symmetric in
theory, they are generally asymmetric in the exper-
imental observation due to the linear cavity loss of
the fiber laser.'¥ Increasing the pump power above
the mode-locking threshold, we adjusted the polar-
ization controllers properly such that the fiber laser
The mode-locked
pulses could be observed in the oscillograph. Keep-

achieved the mode-locking state.

ing the orientation of the polarization controllers, the
self-started mode-locking operation could be attained
again by simply increasing the pump power. We then
selected an appropriate pump power and fixed it. By
properly adjusting the orientation of the polarization
controllers, we could easily observe either the output
uniform or nonuniform soliton pulses. Correspond-
ingly, there are two forms of soliton spectrum on the
OSA: they are spectra with subsideband and without
subsideband. The subsideband emission owing to the
periodic power fluctuation has been demonstrated by
Matera et al previously.?)

Figure 2 shows the optical spectra measured un-
der the conditions of setting different orientation of the
polarization controllers. From figures 2(a) to 2(d), the
polarization controllers were slightly rotated towards
the unidirection, where A« is equal to 0° in figure 2(a),
4° in figure 2(b), 10° in figure 2(c) and 20° in figure
2(d), respectively. The A« is the rotational degrees
of one polarization controller from which the fiber
laser starts to output nonuniform pulse-train with all
other cavity parameters fixed. In figure 2(a) the opti-
cal spectrum without subsideband corresponds to the
output uniform soliton pulses, while the optical spec-
trum with subsideband generation corresponds to the
output nonuniform soliton pulses. The intensity of
CW presented in figures 2(a), 2(b), 2(c) and 2(d) in-
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creases slightly. It is also shown that the subsideband
intensity increases when the polarization controllers
were rotated. As can be clearly seen from figure 2(d),
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the central wavelength of subsideband shifted from the
sideband is 2.04 nm. However, the wavelength shifts
of subsidebands changed slightly in the experiment.
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Fig.2. Experimental observation of optical spectra measured under different orientations of polarization con-

trollers. From (a) to (d), Aa is equal to 0°, 4°, 10° and 20°, respectively.

Figure 3 illustrates the radio frequency (RF) spec-
tra of the fiber laser corresponding to the four spectral
states in figure 2. Figure 3(a) presents only the fun-
damental RF without any frequency sidebands on the
RFSA, which is equal to the fundamental repetition
frequency 11.02 MHz of the fiber laser. This indicates
that the output pulse-train was uniform and its po-
larization state was stable at a fixed point in the laser
cavity. With all other conditions fixed, we then did
nothing except tuning the orientation of the polariza-
tion controllers. As a result, the linear cavity phase
delay was changed. On the other hand, the polariza-
tion switching threshold changes which could lead to
the nonuniform polarization states of the propagating
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pulses at a fixed point in the cavity. Provided that the
polarization switching threshold is too low to support
the uniform pulse, the pulse polarization is not a con-
stant state at a fixed point in the laser cavity. If the
pulse polarization state is nonuniform when it just ar-
rives at the polarizer, the intensity of the soliton pulse
is modulated by the passive polarizer. Figures 3(b),
3(c) and 3(d) show the modulation frequency of the
pulse amplitude. The frequency sidebands were stable
and symmetric on both sides of the main peak. How-
ever, the pulse-train shown on the oscillograph was
unstable. It is mainly because the period of the power
variation was not exactly equal to the multiples of the
cavity round trips.

(b)

Intensity/(10 dB/div)
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Fig.3. Correspondence of output RF spectra to the four states of optical spectrum in figure 2.

We can see clearly from figure 3 that the inten-
sity of the main peak decreases when the frequency
sidebands appear on the RFSA. The intensity of the
main peak drops, this fact was due to the decreas-
ing transmission rate of soliton pulses as we rotated
the polarization controllers. We also found that the
frequency between the main peak and the sideband is
~2.7 MHz, this indicates that the soliton pulse period-
ically returns to its original intensity after about every
four round trips in the laser cavity. The modulation
frequency is invariable from figures 3(b) to 3(d), how-
ever, the modulation depth of pulse-train varies with
Aa. Figure 4 shows the modulation depth as a func-
tion of Aa. We can see from figure 4 that the modu-
lation depth increases monotonously with Aa. It also
shows that the modulation depth is directly propor-
tional to the intensity of subsideband. In the exper-
imental observation, when one polarization controller
was fixed, the rotational range (Ac«) of the other one
was wide and about 20° where the output pulses are
nonuniform. Provided that we go on rotating one po-
larization controller towards the same direction while
other cavity parameters are fixed, mode-locked pulse-
train vanishes
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Fig.4. Modulation depth as a function of Aa.

and the fiber laser is no longer mode locking. Nev-
ertheless, if the polarization controllers were appro-
priately adjusted, we could always obtain either the

output uniform or nonuniform pulse-train.

3. Analysis of pulse-train nonuni-

formity and discussion

The origin of the nonuniform polarization state
is the intensity-dependent refractive index. The non-
linear rotation of the pulse polarization state gener-
ated by the Kerr nonlinearity of the birefringent fiber
depends on the intensity of soliton pulse. Since the
intensity of the soliton pulse is sufficiently strong, the
nonlinear birefringence should be considered. The po-
larization of soliton pulses evolves nonlinearly because
of the SPM- and XPM-induced phase shifts imposed
on the orthogonally polarized components when they
propagate along the birefringent fiber. If the pulse po-
larization state is no longer uniform at a fixed point,
the amplitude of pulse is modulated by setting a po-
larizer behind the fixed point. It means that the inter-
action between the nonuniform polarization states of
the soliton pulses and the polarizer could lead to out-
put nonuniform pulse-train. Since the fiber laser has a
ring structure, the fiber laser could be described as a
length of birefringent fiber with two polarizers at both
ends. In order to better explain the physical mech-
anism of pulse-train nonuniformity, we introduced a
modell’? which is equivalent to fiber ring laser setup,
as shown in figure 5.

The two polarizers illustrated in figure 5 corre-
spond to the same passive polarizer in the laser cav-
ity. Provided that a soliton pulse is launched into the

system
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Fig.5. An equivalent setup for the fiber ring laser, which
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determines the intensity of pulse transmission in the laser
cavity.

shown in figure 5, the initial soliton polarization state
is forced into aligning with polarizer 1. Then the po-
larization state of pulse changes along the fiber from
linear to elliptical due to the fiber birefringence. The
angle between the fast axis (y) of the birefringent fiber
and polarizer 1 is §. The polarization state of the soli-
ton pulse evolves nonlinearly in the birefringent fiber
due to the cavity phase delay between the two orthog-
onal polarization components of the pulses. The total
cavity phase delay consists of linear cavity phase delay
and nonlinear cavity phase delay. The soliton pulse ar-
rives at the passive polarizer after a round trip and the
biased angle between the fast axis (y) of the birefrin-
gent fiber and the polarizer 2 is ¢. The two orthogonal
components of pulse interfere at the passive polarizer.
The transmission coefficient of passive polarizer is

I' = sin*(0) sin?(p) + cos?(0) cos?(p)
+% sin(26) sin(2¢) cos(Pyyn1), (1)

where the @ is the linear cavity phase delay and the
@, is the nonlinear cavity phase delay. Ideally, the
total cavity phase delay is multiples of 27. The pulse
polarization state aligns with the polarizer at all times
and the output pulse is uniform under this condition.
This demonstrates that the pulse has a maximal trans-
mission. Nevertheless, the output pulse-train can also
be uniform, when the pulse polarization does not al-
ways align with the polarizer but has a fixed bias angle
by balancing the pulse energy loss through the polar-
izer, this balance is recovered by the erbium-doped
fiber.
form too.

In this regime, the output pulse-train is uni-

In our experiment, we obtain the nonuniform
pulses by changing the linear phase delay. The trans-
mission coefficient has been changed. It disturbs the
balance of pulse energy loss through the polarizer, this
balance is recovered by the erbium-doped fiber. Since
the nonlinear phase delay depends on the pulse inten-
sity, the nonlinear phase delay has been changed when
it is gained by the propagating pulse in a round trip.
Of course, the pulse polarization state is not the orig-

inal state after one round trip when it arrives at the
polarizer. At the same time, the pulse polarization
is forced into aligning with the polarizer. Therefore,
the different polarization state when the pulse arrives
at the polarizer experiences a different loss. As can
be seen from equation (1), the transmission coeffi-
cient has a sinusoidal function of linear phase delay
and nonlinear phase delay in the laser cavity. In or-
der to more clearly explain the physical mechanism
of pulse modulation, we show a schematic diagram of
a pulse-train with 2.7 MHz modulation frequency in
figure 6. The modulation is described as a sinusoidal
function of nonlinear phase delay. The pulse-train has
a repetition rate of 11.02 MHz. Figure 6(a) exhibits
the pulses amplitude of different polarization states
modulated by the polarizer. Figure 6(b) shows the
frequency spectrum with sidebands due to the ampli-
tude modulation in figure 6(a), which is well consistent
with the experimental results.
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Fig.6. Schematic diagram of output nonuniform pulse-
train. (a) Pulse-train modulated by a polarizer in time
domain. (b) The frequency spectrum of (a) with frequency
sidebands besides the repetition frequency due to ampli-
tude modulation.

The process of pulse-train nonuniformity is dy-
namic. We assume that the laser emits uniform pulses
at first. However, we alter the linear cavity phase de-
lay via rotating the polarization controllers and the
polarization switching threshold becomes lower. As
a result, the pulse energy transmission through the
polarizer gets stronger. Note that the action of polar-
izer on the soliton pulses is discrete. The circulating
soliton pulse in the next round trip accumulates more
nonlinear phase delay. The pulse polarization state
changes when the pulse comes to the polarizer in the
next round trip. The bias angle between the pulse po-
larization state and the polarizer becomes larger than
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the offset of its original state. Then the pulse endures
more loss at the polarizer. It results in the decrease
of the pulse energy. In the next round trip, the pulse
accumulates less nonlinear phase delay and the energy
loss in the polarizer diminishes. This process contin-
ues until the polarization of the soliton pulse approx-
imately realigns with its original polarization state.
Then it repeats the process discussed above again and
again. Consequently, the laser outputs the periodi-
cally nonuniform pulse-train. Nevertheless, the uni-
form pulse-train could be obtained again by rotating

the polarization controllers in a contrary motion.

4. Conclusion

In conclusion, we have experimentally observed
the pulse-train nonuniformity in a passively mode-

locked fiber ring laser. The pulse-train nonuniformity
is caused by the interaction of nonuniform polarization
states caused by the intensity-dependent polarization
rotation and the passive polarizer in the fiber ring laser
cavity. The uniform or nonuniform pulse-train can be
obtained by properly adjusting the polarization con-
trollers. It is shown that a balance of gain and loss of
the soliton pulse, such as the gain provided by erbium-
doped fiber and loss at the polarizer, output coupler
and fiber connector, can generate uniform pulse-train.
We obtain nonuniform pulse-train by altering the lin-
ear phase delay which leads to the balance of gain
and loss in the cavity being disturbed. In addition,
the physical mechanism of pulse-train nonuniformity
has also been analyzed and discussed.
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