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II. NONLINEAR OPTICAL LOOP MIRROR & NONLINEAR
AMPLIFYING LOOP MIRROR

The operation principles of nonlinear optical loop mirror
(NOLM) and nonlinear amplifying loop mirror (NALM)
have been studied by [3] and [4]. Here, we will briefly
discuss the basic operation of the structures. Both of the
structures are very similar to each other, however with an
additional gain element in NALM. Also, both of them are
operating based on the nonlinear phase shift induced by self
phase modulation (SPM). The schematic diagrams of the
NOLM and NALM are shown below, with x is the coupling
ratio of the coupler, L is the loop length and G is the gain of
the amplifying medium in NALM. The input signal, E;, is
split into two counter propagating fields, E3 and E4, which
return in coincidence to recombine at the coupler. The
optical path lengths experienced by the two propagating
fields are exactly the same, since they follow the same route
but in opposite directions.
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Fig. 1: a) Nonlinear optical loop mirror; b) nonlinear amplifying loop mirror

Under lossless condition, the input-output relationships of
a coupler with coupling ratio of xare [3]
Es = VhE; + ] (L-0)E; (1a)
E, = VkE, + j(1-0E; (1b)
with Ej, E;, E3 and E4 assignments shown in Fig. 1. After L
propagation, the output signals, E3 and E,; become as
follow with nonlinear phase shifts taken into account:

EaL = Es exp(j27n,|Es|’L/A) (2a)
EaL = Es exp(j27n2|E4|’L/A) (2b)
Where,

|Eaf®

= dEy|* + (1-0)|E2l” + j Y« (1- O] (Ex*E2— Eo*Ey)

:K1501|2 + (1-0)|Eoa|” - 2Y{x (1-8)] Eo1 Eoz Sin[(@-an)t]  (3a)
|Ea]

= KE,|* + (1-0|E4|* + jix (1-01(E2*E 1~ E1*E)

=i{Eoa|” + (1-8)|Eatl” + 2V{x (1-K)] Eo Eoz Sin[(wr-an)t] (3b)
with E; = Eo; exp(jent) and E; = Eqp exp(jat).

The last term of (3a) and (3b) is the interference pattern
between E; and E,. For simplicity, we assume the input is
injected into port 1, i.e. E; = 0, the resultant E3_ and E4_
become [3]:

Ea = VAE; exp(ja2m,|Eq|*LIA) (4a)
Ea = jU1-0E; exp(j (1-x)22n5|E;|L/2) (4b)
The outputs at port 1 and 2 are:

|Eor|* = |Exl*(24(1- k){1+cos[(1-2)27m,|Ea|*L/A1}) (5a)
|Eool” = |Ea*(1-24(1-){1+cos[(1-26)2mo|EoPL/AT})  (5b)

where N, is the nonlinear coefficient, L is the loop length, A
is the operating wavelength. When x = 0.5, all the injected
power at port 1 will be reflected back to port 1, and no
output will appear at port 2, acts on it names.

NALM is an improved exploitation of NOLM. For
NALM configuration, a gain medium with gain coefficient,
g is added to increase the asymmetric nonlinearity within
the loop. The amplifier is placed at one end of the loop,
closer to port 3 of the coupler, and is assumed short relative
to the total loop length. Hence, the nonlinear phase shift for
Es and E4 can be written as [4]:

G = kg27m,|E4|PLIA (6a)
O = (1-K)27m,|E4)2LIA (6b)
The outputs at port 1 and 2 are then:

|Eo1l* = g|Es|*(2&(L-k}{1+cos[(L-x-g)2m|Es'L/ATY)  (7a)

|Eoa|? = g|E1|A(1-2(1-){1+cos[(1-k-gx)2m,|E1|’LIA]}) (7b)

III. NOLM —NALM FIBER RING LASER

The configuration of NOLM-NALM fiber ring laser is
shown in Fig. 2. It is simply a coupled loop mirrors, with
NOLM (ABCEA) on one side and NALM (CDAEC) on the
other side of the laser, with a common path in the middle
section.
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Fig. 2: NOLM-NALM fiber ring laser

We numerically simulate the laser behavior by combining
the effects described in the previous section, and obtain the
bifurcation maps as shown in Fig. 3, with x; = 0.55 and x, =
0.65; L,, Ly and L are 20m, 100m and 20m respectively;
nonlinear coefficient of 3.2x102°m%W; gain coefficient of
0.4/m and operate at 1550nm. x; and &, are the coupling
ratio of couplers at point A and C respectively; L,, Ly and L
are the fiber length of left, mid and right arm of the leaser
cavity. The maps are obtained with 200 iterations.

As a matter of fact that the complex systems tend to
encounter bifurcations, which when amplified, can lead to
either order or to chaos. Small system perturbations can be
iterated to a size that will result in a bifurcation.
Bifurcations can be considered as critical points in system
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transitions. The points can be cascaded toward chaos,
through period doubling; or stabilized in a new behavior
through a series of feedback loops, so that the system is in
harmony with its environment again.

From the maps obtained, under this system configuration
setting, there are three operation regions within this NOLM-
NALM fiber ring laser. The first is the linear operation
region (0<P<6W), where there are single-value outputs, and
they increase with the input power. Period doubling effect
starts to appear when the input power reaches ~6W. This is
the second operation region (6<P<8W) of the laser, where
double-periodic and quasi-periodic signals can be found
here. When the input power goes beyond 8W, the laser will
enter into the chaotic state of the operation. The Poincare
map of the above system configuration with high pump
power is shown in Fig. 4. It shows the pattern of attractor of
the system when the laser is operating in the chaotic region.
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Fig. 3: Bifurcation maps for a) E;; and b) E, with &3 = 0.55 and x, = 0.65
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Fig. 4: Poincare map of the system with high pump power with x = 0.55
and = 0.65.

By setting x» = 0, the laser will behave like a NOLM.
With an input pulse to port 1 of coupler A and we observe
pulse compression at its port 2, as shown in Fig. 5. Fig. 6
presents the transmission capability of the setup at port 2 for
various xj values, when the input is injected to port 1 and x,
= 0. When x; = 0.5, we observe no transmission at port 2, as
the entire injected signal has been reflected back to port 1,
where the mirror effect takes place. By changing the
coupling ratio of x», we are able to change the zero
transmission point away from x; =0.50. Fig. 7 shows the
transmisivity of Output 1 and Output 2 for various sets of xy
and x», where Output 1 is the output port of coupler A, and
Output 2 is the output port of coupler C. The figure shows
the complex switching dynamics of the laser for different
sets of k3-k», also with the pulse compression capability.
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Fig. 5: Input and output pulse at portl and port 2 comparison with x, =
Oand (a) x1 = 0.41 and (b) &1 = 0.49 (solid line — input pulse, dotted line —
output pulse at port 1)
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Fig. 6: Output pulse behavior for various x; values, when x» = 0 for small

input power (Inset: top view of the pulse behavior)
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Fig. 7: Intensity plot of output 1 and output 2 for different 3 values. (y-axis
is intensity of the output pulse, x-axis is the values of &3)

IV. EXPERIMENTAL SETUP

A. Bidirectional Erbium Doped Fiber Ring Laser

We start with a simple erbium doped fiber ring laser; an
optical closed loop with EDFA and some fiber couplers. It
is used to study the bi-directional lightwave propagations
behavior of the laser. The EDFA is made of a 20m erbium
doped fiber (EDF), and dual pumped by 980 and 1480 nm
diode lasers, with saturation power of about 15dBm. No
isolator and filter is used in the setup to eliminate the
direction and spectra constraints. Two outputs are taken for
examinations, i.e. Output 1 in counter clockwise direction,
and Output 2 in clockwise direction.
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Fig. 8: Experimental setup for erbium doped fiber ring laser

B. NOLM-NALM Fiber Ring Laser

The experimental setup of the NOLM-NALM fiber ring
laser is shown in Fig. 9. It is simply a combination of
NOLM on one side and NALM on the other side of the
laser, with a common path in the middle section. The
principal element of the laser is an optical close loop with an
optical gain medium, two variable ratio couplers (VRC), an
optical bandpass filter (BPF), optical couplers and other
associated optics. The gain medium used in our fiber laser
system is the amplifier used in the preceding experiment.
The two VRCs, with coupling ratios ranging from 20% to
80% and insertion loss of about 0.2dB are added into the
cavity at positions shown in the figure to adjust the coupling
power within the laser. They are interconnected in such a
way that the output of one VRC is the input of the other one.
A tunable bandpass filter with 3dB bandwidth of 1 nm at
1555 nm is inserted into the cavity to select the operating
wavelength of the generated signal and to reduce the noise
in the system. One thing to note is that the lightwave is
traveling in both directions, as there is no isolator is used in
the laser. Outputl and Output2 as shown in the figure are

taken out and analyzed as the outputs of the laser.
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Fig. 9: Experimental setup for NOLM-NALM fiber ring laser

C. AM Modulated NOLM-NALM Fiber Ring Laser

The schematic of AM modulated NOLM-NALM fiber ring
laser is shown in Fig. 10. A few new photonic components
are added into the laser cavity. An asymmetric coplanar
traveling wave 10Gb/s, Ti:LiINbO; Mach-Zehnder
amplitude modulator is also used in the inner loop of the
cavity with half wave voltage, V,; of 5.3 V. The modulator is
DC biased near the quadrature point and not driven higher
than V. such that it operates on the linear region of its
characteristic curve and to ensure minimum chirp imposing
on the modulated lightwaves. It is driven by the sinusoidal
signal derived from an Anritsu 68347C Synthesizer Signal
Generator. The modulating depth is < 1 to avoid signal
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distortion. The modulator has an insertion loss of < 7dB.
Two polarization controllers are placed prior to the inputs of
the modulator in both directions to ensure proper
polarization alignment into the modulator. A wider
bandwidth tunable FP filter is used in this case to allow
more longitudinal modes within the laser for possible mode-
locking process.
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Fig. 10: Experimental setup for AM NOLM-NALM fiber laser
(VRC — variable ratio coupler, PC — polarization controller, MZM
— Mach Zehnder modulator)

V. RESULTS AND DISCUSSION

A. Bidirectional Erbium Doped Fiber Ring Laser

The ASE spectrum of the laser covers the range from
1530nm to 1570nm. By increasing both the 980nm and
1480nm pumping currents to their maximum allowable
values, we obtained bidirectional lasing, which is shown in
Fig. 11. The upper plot is the lightwave propagating in the
clock-wise direction while the other one in the opposite
direction. The lasings of the laser in both directions are not
very stable due to the disturbance from the opposite
propagating lightwave and the ASE noise contribution due
to the absence of filter. The Outputl is mainly contributed
by the back reflections from the fiber ends and connectors,
as well as some back-scattered noise.
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Fig. 11: Bidirectional lasing (upper trace: Output2; lower trace:
Outputl)

The optical bistable characteristics at a lasing wavelength
of about 1562.2nm for both outputs directions are shown in
Fig. 12. We obtained about 15dBm difference between the
two propagating lightwaves. We maintain 980nm pump
current at 100mA and adjust the 1480nm pump current
upwards and then downwards to examine the bistability
behavior of the laser. The bistable region obtained is about
30mA of 1480nm pump current at fixed 100mA 980nm

pump current. No lasing is observed in the counter
clockwise lightwave propagation.
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Fig. 12: Hysteresis loops obtained from the erbium-doped fiber ring laser
(CW — clockwise; CCW — counter clockwise)

B. NOLM-NALM Fiber Ring Laser

One interesting phenomenon observed before the
bandpass filter is inserted into the cavity is the wavelength
tunability. The lasing wavelength is tunable from 1530 to
1560 nm (the entire EDFA C-band), by changing the
coupling ratios of the VRCs. We believe this tunability is
due to the change in the traveling wave power, which leads
to the change in the dispersion relations of the cavity, hence
the lasing wavelength. Thus, the VRCs within the cavity not
only determine the directionality of the lightwave
propagation, but also the lasing wavelength.

A small hysteresis loop has also been observed when
changing the coupling ratio of one VRC while that of the
other one remains unchanged, as shown in Fig. 13.
Changing the coupling ratio of the VRC, is directly altering
the total power within the cavity, and hence modifying its
gain and absorption behavior. As a result, a small hysteresis
loop is observable even with a constant pump power. The
simulated optical bistabilty of the NOLM-NALM is shown
in Fig. 14.
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Fig. 13: Hysteresis observed while changing the coupling ratio of the VRC
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Fig. 14: Optical bistability observed in the NOLM-NALM laser

The power distribution of the Outputl and Output2 of the
NOLM-NALM fiber laser is depicted in Fig. 15. We are
able to obtain the switching between the Outputl and
Output2 by tuning the coupling ratios of VRC1 and VRC2.
The simulation results for various coupling ratios under
linear operation are shown in Fig. 16, since the available
pump power of our experiment setup is insufficient to create
high power within the cavity. Both the results have come to
some agreements, but not all, since the model developed is
simple and does not consider the polarization, dispersion
characteristics and etc. of the propagating lightwaves.
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Fig. 15: Output powers for Outputl (Opl) and Output2 (Op2) for various
coupling ratios (k1 — coupling ratio of VRCI, k2 — coupling ratio of VRC2)
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Fig. 16: Transmisivities of Outputl (solid line) and Output2 (dotted line)
for various coupling ratios of VRC1 and VRC2

C. AM Modulated NOLM-NALM Fiber Ring Laser

With the insertion of the AM modulator into the laser
cavity, we are able to obtain the pulse operation from the
laser, by means of active harmonic mode-locking technique.
Both propagation lightwaves are observed. By proper
adjustment of the modulation frequency, the polarization
controllers and the variable ratio couplers, unidirectional
pulse operation at modulating frequency is obtained.
However, it is highly sensitive to the environmental change.
The direction of the lightwave propagation of the laser can
be controlled by the VRCs. The unidirectional pulse train
propagations obtained experimentally and numerically are
shown in Fig. 17.
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Fig. 17: Unidirectional pulse operation in AM NOLM-NALM fiber
laser. (a) Experimental results; (b) simulation results

However, with slight deviations to the system parameters,
period doubling and quasi-periodic operations in the laser
are observed, as shown in Fig. 18. We believe that the effect
is due the interference between the bidirectional
propagations lightwaves, which have suffered nonlinear
phase shifts in each direction, since we are operating in the
saturation region of the EDFA. Another factor for this
formation is that the lightwave in one direction is the
feedback signal for another one. Furthermore the intensity
modulation of the optical modulator is not identical for co-
and counter- interactions between the lightwaves and the
traveling microwaves on the surface of the optical
waveguide. This would contribute to the mismatch of the
locking condition of the laser.
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Fig. 18: Quasi-periodic operation in AM NOLM-NALM fiber laser; (a)
photograph of the oscilloscope trace, (b) XY plot of Output 1 and 2, (c)
simulated XY plot, (d) simulated Poincare map
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VI. CONCLUSIONS

Bidirectional optical bistability in a dual-pumped erbium
doped fiber ring laser without isolator has been studied. A
~70mA 1480 nm pump current bistable region has also been
obtained. With this bidirectional bistability capability, we
experimentally constructed and numerically simulated a
NOLM-NALM fiber laser for switching operation. The
VRCs used in the setup not only control the lightwave
directionality, but also its lasing wavelength. Unidirectional
lightwave propagations, without isolator, were achieved in
both cw and pulse operations by tuning the coupling ratios
of the VRCs within the laser system. Bifurcation was also
obtained from the AM NOLM-NALM fiber laser. However,
chaotic operation was not obtained experimentally due to
the hardware limitation of our system, which required
higher gain coefficient and input power as predicted in our
simulation.

We foresee this NOLM-NALM fiber laser has potentials
in many applications, such as photonic flip-flops, optical
buffer loop, photonic pulse sampling devices, secured
optical communications etc.
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