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Serial and parallel arrangements of
NOLM and NALM loop mirrors
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We present the switching equations for the nonlinear optical loop mirror (NOLM), for two NOLM loops in
series, for two NOLM loops in parallel, for the nonlinear amplifying loop mirror (NALM), for two NALM
loops in series, and for two NALM loops in parallel. We investigate the switching behavior of arrangements
of two identical and two different NOLM loops in dependence of the length of the nonlinear Kerr fiber,
the effective fiber core area and the coupling constant. The same investigations are carried out with two
identical and two different NALM loops, where additional the dependence of the gain is considered. The

coupling constant « is kept fixed at 0.5.
OCIS codes: 060.0060, 060.4370.

Rare-earth doped optical fibers offer wide gain band-
widths and provide an ideal medium for the genera-
tion of ultrashort optical pulses. For example the Er3+-
doped optical fiber laser has a bandwidth of approxi-
mately 30 nm. Passive mode-locking has been demon-
strated in figure-eight lasers in the nonlinear optical loop
mirror (NOLM)[!! and nonlinear amplifying loop mir-
ror (NALM) configuration. Depending on the pumping
power different modes of pulse generation have been ob-
served. At low pumping powers the loop mirrors are
operating in ()-switching mode. As the pump power in-
creases, above a certain threshold, the laser operates in
mode-locking mode, and single pulses are observed per
cavity round-trip. At even higher pump powers multi-
ple pulses appear per cavity round-trip and the laser be-
comes unstable[?!. To overcome these problems, we inves-
tigate the switching behavior in different NOLM-NOLM
or NALM-NALM loop mirror configurations.

The NOLM was first proposed by Doran et all'l. Tt
is a fast optical switch. Its switching property is based
on the nonlinear phase induced by self-phase modulation
(SPM). The splitting ratio of the coupler is a # 0.5,
therefore the counter-propagating beams experience dif-
ferent phase shifts. In a NALM a short optical ampli-
fier, typically a rare-earth-doped fiber like Er®>t, Yb3t,
Er3t /Y3t Nd3F, Ho3t, TI*t, Pr3* is spliced into a
long fiber loop. The amplifier is positioned at one end of
the loop, close to the coupler. The coupler has a split-
ting ratio of @ = 0.5. Since the fiber amplifier is placed
at one end of the loop, at high optical input powers the
nonlinear refractive Kerr index leads to a change in the
optical path lengths for light propagating clockwise and
counterclockwise around the loop and to different phases
of the two counter-propagating fields. If no polarization
controllers are inserted, polarization rotation inside the
loop is responsible for a further intensity dependent phase
difference between the two paths(?!.

The NALM loop mirror is shown in Fig. 1. The
NOLM loop mirror is identical, except the Er3T-doped
fiber is absent, and the coupling ratio is not 50%. The

linear and nonlinear refractive index in the fiber loop is

na|E*L

n=mng+ —5—, where ng is the linear refractive in-

dex, |E|2 is the intensity, L is the length of the nonlinear
Kerr fiber in the loop, and Aeg is the effective fiber core
area. The phase of the two fields is & = kL = 2T’TnL,
where k is the wave number and A the wavelength. The
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linear refractive index is the same for all the fields and
cancels out. The phase shift acquired by a field E prop-
agating a distance L under the influence of self-phase

. . _ 2mne|E]’L _ Nu |E)L
modulation (SPM) is & = =25— = “—

Ny = 3.2 x 1072\ = 1.55 pm, Ny, = 2202,

As soon as the intensities in the gain medium become
high, much higher than the saturation intensity |Es|®, the
gain exponent becomes intensity dependent, decreases

90|Fs|?
\ES\Z‘H}‘finlz ’
|Eim|? is the incoming light power, and |Es|® the satura-
tion intensity, and it is the intensity at which the gain ex-
ponent g = go/ 2031, We have determined the small signal
gain exponent go = 0.705, and the saturation intensity
|Es)*= 0.606 mW. We use the simplest gain model which
mimics the Beer-Lambert law for absorption. The gain is
then G = exp(gLg;), L, is the length of the Er**-doped
fiber. Switching equation for a single loop is

| Bout|” = |Em]? G[1 —2a(1 — )

.<1+cos ([a—G(l — )] |Ein|2NLALeH>>] (1)

for the NOLM loop G = 1. In all our calculations we ig-
nore losses and the phase shifts in the connecting fibers.

Two NALM loop mirrors in series are shown in Fig. 2.
The NOLM loop mirrors are identical, except the Er3+-
doped fibers are absent, and the coupling ratio is not
50%. Switching equation for two NALM loops in series
is

|E0ut1|2 = |Ein|2 Gl [1 - 2041(]. — 041)
L
(1 + cos <(a1 - Gi(1-ay)) |Ein|2 NLA flf >>] , (2)
effl

, where

and approaches zero. g¢ (|Ein|2) = where

|Eout2|2 = |E0ut1|2 GQ
1-— 2a2(1 — OéQ)
(1+ cos (a2 = Go(1 = 42)) [ Bowur|* M2 ) ) (3)

Aerro

for the two NOLM loops G = 1.

Two NALM loop mirrors in parallel are shown in Fig.
3. The NOLM loop mirrors are identical, except the
Er®t-doped fibers are missing, and the coupling ratio is
not 50%. Switching equation for two NALM loops in
parallel is
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|-E0ut|2 = |-Ein|2
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—az(1l — as3) cos L

—(1 — az)as cos
+(1 — 042)(]. — 043)

Actf1

for the two NOLM loops G = 1. In all our calculations
we ignore losses and the phase shifts in the connecting
fibers. Reducing the wavelength has the same effect as
increasing the length of the Kerr fiber or reducing the ef-
fective fiber core area: the Kerr effect is bigger. However,
in our investigations we keep the wavelength A at 1.55
pum. L (Ly, Ly): Length of the highly nonlinear Kerr
fiber in a single (the first, second) NOLM or NALM loop;
a (a1, az): Radius of the effective fiber core in a single
(the first, second) NOLM or NALM loop; a (ai, as):
Coupling constant in a single (the first, second) NOLM
or NALM loop.

I Simulation results of a single NOLM loop

Figures 4(a)—(c) show the output power versus input
power, the ratio of output power/input power versus in-
put power, and the cosine function which is responsible
for the switching, respectively. Since we have no gain,
the output power is equal to the input power as seen in
Fig. 4(a). From Fig. 4(b) we see the modulation depth
is almost 100%, because the coupling constant o = 0.45.
Fig. 4(c) indicates that the output power has a maxi-
mum at cos = —1, and a minimum at cos = +1. If we
increase the length of the Kerr fiber, reduce the effective
fiber core or both, the switching frequency increases.

If we change the coupling constant to a = 0.15, the
switching frequency increases drastically, but the modu-
lation depth drops to 50% (see Fig. 5).

IT Simulation results of two NOLM loops in series

After the first NOLM loop the outputs are identical to
those for a single loop. After the second NOLM loop the
switching frequency of the first NOLM loop is modulated
onto the switching frequency of the second NOLM loop.
If we increase the length of the Kerr fiber or reduce the
effective area of the first loop, the switching frequency of
the first loop increases. If we increase the length of the
Kerr fiber or reduce the effective area of the second loop,
the modulation switching frequency of the second loop
increases (see Fig. 6).

We keep the same fiber parameters, but change the
coupling constants of the first and second NOLM loop.

If the coupling constants for both loops are the same,
a = 0.15, the switching frequency of the first NOLM
loop is modulated by the switching frequency of the sec-
ond loop, as shown in Fig. 7. The modulation depth
is 50%. The switching frequency is very much increased
compared to a = 0.45.

If the coupling constant of the first NOLM loop is 0.45,
and the coupling constant of the second loop is 0.15, we
get a different modulation pattern, as shown in Fig. 8.
The low switching frequency of the first NOLM loop is

Grasay (1 — 205(1 — ) (1 + cos (a1 (a2 = G1(1 - az)) | Eunl® Ny ))) + Gl —an)
(1 - ay) (1 —2a3(1 — a3) (1 + cos ((1 — ) (o3 — Go(1 = a)) | Bin|” Ny, 22 ))) _

G1a1(1 — 042) L1 _ (]. — 041)043 Lo

coSs ((G1a1(1 — OéQ)AI;:ﬂ — G2(1 — Oél)(l — a3)AIe‘f2f2) |Ein|2 NL)
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eff2
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modulated by the high switching frequency of the second
loop. The modulation depth is 50%.

If we reverse the coupling constants, 0.15 for the first
NOLM loop, and 0.45 for the second loop, we get again
a different modulation pattern, as shown in Fig. 9. The
high switching frequency of the first NOLM loop is mod-
ulated by the low switching frequency of the second loop.
The modulation depth is 100%.

IIT Simulation results of two NOLM loops in parallel

If we arrange two equal NOLM loops in parallel, then
the switching frequency is halved compared to single
loop, and the output power is reduced by a factor of
about 2.5.

If we increase in both NOLM loops the lengths of the
Kerr fibers or/and decrease the effective fiber core areas,
the switching frequency increases, but the output power
stays the same (see Fig. 10).

If we increase the length of the nonlinear Kerr fiber
and/or reduce the effective core area only of the second
loop, we find a modulated switching pattern as shown in
Fig. 11. The low switching frequency of the first NOLM
loop is modulated by the high switching frequency of the
second loop, with the output power slightly lower than
the input power. The modulation depth is between 100%
and 75%.

If we reverse the settings of the two loops and increase
the length of the nonlinear Kerr fiber and/or reduce
the effective core area of the first loop, we find a differ-
ent modulated switching pattern, as shown in Fig. 12.
The high switching frequency of the first NOLM loop is
modulated by the low switching frequency of the second
loop, with the output power slightly lower than the input
power. The modulation depth varies between 100% and
65%.

We investigate the coupling ratios of the two parallel
NOLM loops. Compared to a single loop, the switching
frequency is halved and the output power is reduced by
a factor of 2.5. The modulation depth is the same as for
a single loop 50%, as shown in Fig. 13.

If we choose for the first NOLM loop the coupling ra-
tio a = 0.45 and for the second loop a = 0.15, we get a
different modulation pattern, as shown in Fig. 14. The
low switching frequency of the first NOLM loop is mod-
ulated by the higher switching frequency of the second
loop. The output power is only slightly lower than the
input power, and the modulation depth varies between
100% and 80%.

If we reverse the coupling ratios and choose for the
first NOLM loop the coupling ratio & = 0.15 and for the
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Fig. 6. L1 = L =200 m, a1 = a2 = 2 pm, a1 = a2 = 0.45.
Loop 2.
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Fig. 7. L1 = L» =200 m, a1 = a2 = 2 pm, a1 = a2 = 0.15.
Loop 2.

second loop a = 0.45, we get a different modulation pat-
tern, as shown in Fig. 15. The high switching frequency
of the first NOLM loop is modulated by the lower switch-
ing frequency of the second loop. The output power stays
more or less the same. The modulation depth varies be-
tween 75% and 65%.

All in all a single NOLM loop appears to be better
than two NOLM loops in parallel, if one wants to reduce
the power and manipulate the modulation depth.
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0.15. Loop 2.
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Fig. 9. L1 = Ly =200 m, a1 = a2 = 2 pm, a1 = 0.15, a2 =
0.45. Loop 2.

IV Simulation results of a single NALM loop

In a NALM loop we have gain, therefore the length of
the nonlinear Kerr fiber can be much shorter and the ef-
fective fiber core area much larger. We keep the coupling

Input power (X 10* mW)

Input power (X 10* mW)

Fig. 14. L1 = L, =200 m, a1 = a2 = 2 pm, a1 = 0.45, a2 =
0.15. Double NOLM loop parallel.

constant fixed at « = 0.5, to insure 100% modulation
depth.

Figure 16(a) shows the output power versus the input
power. Because of the gain, the output power is much
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Fig. 16. (a) Output power versus input power (single loop);
(b) cosine switching. L = 35 m, a = 4 pm, Lg, = 16 m, go
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higher than the input power. Because of gain saturation
the switching stops already at low input powers. Figure
16(b) gives the cosine function which is responsible for
the switching. If we increase the length of the nonlin-
ear Kerr fiber, and/or the effective fiber core area, the
switching frequency increases. If we do not increase the
gain the output power stays the same. If we increase the
gain, both the switching frequency and the power output
increase.

V Simulation results of two NALM loops in series

Firstly we consider two equal NALM loops. In Fig. 17,
compared to a single NALM loop the switching pattern
is similar, but is shifted to higher input powers, in our
case to between 1 and 2.5 mW, compared to 0 and 0.35
mW. At the original position between 0 and 0.35 mW
some switching is observed. The output powers are the
same. In Fig. 18, if in both NALM loops the length
of the nonlinear Kerr fibers is increased and/or the ef-
fective areas of the fiber cores decreased, the switching
frequency increases, and a further shift to higher powers
is observed.

Secondly we consider two different NALM loops, as
shown in Figs. 19 and 20. Compared to two equal NALM
loops, the first NALM loop determines the shift to higher
powers, the second loop the switching frequency. Two
equal loops with the same dimensions as the first loop
share the same power shift, while two equal loops with
the same dimensions as the second loop share the same
switching frequency.

VI Simulation results of two NALM loops in parallel

Firstly we consider two equal NALM loops. In Fig. 21,
compared to a single loop, the switching frequency has
increased, however, the output power is slightly lower.
In Fig. 22, If the length of the nonlinear Kerr fiber is
increased and/or the effective area of the fiber core de-
creased, the switching frequency increases, and is higher
than for a single loop (see Figs. 23 and 24). To see
that the switching frequency in a parallel double loop
is higher, we zoom in.
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Fig. 20. L1 =35 m, Ly = 100 m, a; = 4 pym, a> = 3 pm.
Loop 2.

Secondly we consider two different NALM loops, as
shown in Figs. 25 and 26. If the length of the non-
linear Kerr fiber of the first loop is increased and/or the
effective area of the fiber core decreased, the switching
frequency increases.
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In conclusion, we have developed the switching equa-
tions for a single NOLM loop, as well as for two NOLM
loops in series and in parallel. We investigated the
switching behavior in dependence of the lengths of the
nonlinear Kerr fibers, the effective fiber core areas, and
the coupling constants.

Furthermore, we derived the switching equations for
a single NALM loop, as well as for two NALM loops
in series and in parallel. Here we studied the switching
behavior in dependence of the lengths of the nonlinear
Kerr fibers, the effective fiber core areas, and the gains.
We found that we can design the switching frequency
we want by selecting the corresponding configurations.
Especially, with two NOLM loops in series we find high
switching frequencies and 100% modulation depth by
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selecting for the two NOLM loops different coupling con-
stants. A single NALM loop becomes unstable at high
pump powers, by arranging multiple loops in parallel we
are able to keep the power in a single loop low, while the
total power output is high.
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