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We present detailed investigations of the spectral dependencies of the transmission of a fiber optical loop
mirror (FOLM) consisting of a coupler with output ports spliced at arbitrary angles to a high-birefringence
(Hi-Bi) fiber. The application for dual-wavelength lasers is discussed. For this aim, the spectral dependence
of the reflection is tuned by the temperature of the Hi-Bi fiber that allows a fine adjustment of the cavity
loss for generated wavelengths. The ratio between maximum and minimum reflection can be adjusted by
the twist angle of the fiber at the splices, which also provides useful possibilities for the adjustment
of cavity losses. We used the twist and temperature variation of the Hi-Bi fiber to change the operation
from single wavelength to stable dual-wavelength generation with either equal or unequal powers of

wavelengths. © 2011 Optical Society of America

OCIS codes:  060.3510, 260.1440, 060.2420.

1. Introduction

The fiber optical loop mirror (FOLM) with Hi-Bi fiber
in the loop has been widely used since its appearance
for the implementation of optical devices such as
wavelength division multiplexers [1,2], for tuning
fiber lasers [3,4], as a spectral filter for switching
of multiwavelength fiber lasers [5,6], and for gain
flattening and amplified spontaneous emission
(ASE) noise elimination in erbium-doped fiber
(EDF) amplifiers [7,8]. The FOLM presents consider-
able advantages, such as low cost, low insertion loss,
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easy construction. and independence on the input po-
larization [2,9]. This device consists of a directional
coupler with output ports connected to a birefringent
fiber. The spectral selectivity of the interferometer is
caused by birefringence that has to be introduced to
the loop. A lot of effort has been made to suggest and
investigate a variety of FOLM designs. Ma et al. [10]
demonstrated polarization independence of the Hi-Bi
FOLM. Mirza and Stewart [11] performed an-
alysis of the FOLM with a rotatable fiber wave retar-
der for multiwavelength laser application. Liu et al.
[12] reported a study of an optical filter consisting of
two concatenated Hi-Bi FOLMs. Lim e¢ al. [13] anal-
yzed the behavior of an FOLM with a fiber loop con-
sisting of two Hi-Bi fibers connected in series. The
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transmittance spectrum of the FOLM presents a per-
iodic behavior with maxima and minima depending
on the Hi-Bi fiber length and birefringence. The pos-
sibility to tune the wavelengths of maximum trans-
mittance has been reported using different methods,
such as the use of polarization controllers in the fiber
loop [3,10,13], the use of a small birefringence loop
(SBL) to change the orientation of birefringence axes
[11], and applying mechanical pressure on a Hi-Bi fi-
ber section [4]. A simple and practical method con-
sists in adjusting the twist of the fiber sections
where the low birefringence coupler port is spliced
with the Hi-Bi fiber [9,14]. Also, birefringence can be
changed through variation of temperature of the
Hi-Bi fiber [15], causing by this way a shift of the
maxima and minima of transmission. The depen-
dence of birefringence on temperature is approxi-
mately a linear dependence [16].

Multiple-wavelength lasers generated interest in
recent years because of their potential applications.
The generation of multiple wavelengths requires
careful adjustment of gain/loss. FOLM-based spec-
tral filters are useful devices for multiple-wavelength
fiber lasers due to their large bandwidth, the possi-
bility to control the transmittance spectrum, and
their simplicity. Switchable and multiwavelength
fiber lasers using an FOLM have been reported
[5,17,18]. The FOLM requires an adjustment of po-
larization in the loop. Usually, polarization control-
lers are used for this task, but the adjustment is not
straightforward. In Ref. [18], the FOLM with tem-
perature adjustment of the reflection spectrum was
considered for dual-wavelength laser application and
it was shown that this approach provides a straight-
forward and quantifiable way of adjustment for
dual-wavelength operation. However, the FOLM con-
sidered in Ref. [14] offers more properties useful for
dual-wavelength generation, which had not been dis-
cussed before. The twist of the fiber offers a simple
way to change the ratio between the maximum
and minimum of the reflection in the spectrum de-
pendence (contrast). For spectral filters, the contrast
usually has to be as high as possible; however, for
dual-wavelength lasers, a low contrast offers the ad-
vantage of smoother cavity loss adjustment for the
generated wavelengths.

In this paper, we examine numerically and experi-
mentally the variation of the transmission spectrum
of an FOLM with the twist of the fiber in the loop.
The reflection at the maxima of the spectral depen-
dence of an FOLM including a 3 dB coupler is always
1 (if lossless splices are assumed). The reflection at
the minima can be adjusted between 0 and 1 by the
twist of the splice segments. This technique provides
additional possibilities for applications. The possibi-
lity to adjust the contrast is not trivial because the
rotation of the splice causes changes of the linear
and circular birefringence, both for the coupler port
and the Hi-Bi fiber. We have found that residual bi-
refringence causes a shift of the maximum/minimum
in the reflection spectrum at the contrast adjust-
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ment. This effect is undesirable for dual-wavelength
laser applications. However, it was shown that the
appropriate choice of the angles of both ends of the
Hi-Bi fiber allows contrast variation over a wide
range without substantial wavelength shift of the
maxima/minima. The rotation of only one of the ex-
tremities does not yield the desired result. We de-
monstrate experimentally the application of the
FOLM for dual laser design and compare the laser
operation when low contrast and high contrast of
transmission spectrum of the FOLM is used. We de-
monstrate a significant increase of tolerance in dual-
wavelength operation with respect to temperature of
the Hi-Bi fiber when a low contrast FOLM is used,
making smoother the adjustment of losses within
the laser cavity. We consider this technique a useful
tool for dual-wavelength lasers.

2. Theory

The Hi-Bi FOLM shown in Fig. 1 consists of a fiber
coupler with a coupling ratio of «/1 — a, which is as-
sumed to be independent of wavelength. The output
ports (3 and 4) are fusion spliced to a Hi-Bi fiber with
arbitrary angles between the axes of the Hi-Bi fiber
and the axes of the coupler ports. The segments
where the Hi-Bi fiber is spliced to the coupler ports
are placed on rotation stages. The Hi-Bi fiber is
placed on a thermoelectric cooler to shift the wave-
length dependence of the filter transmission. A light
beam with electric field E; enters through port 1; the
transmitted beam with electric field E; exits from
port 2.

To calculate the transmission of the FOLM, we
used the approach developed by Mortimore [19].
For a single input field E;, a transmitted field Ep
is given by

_ ( (2a-1)J

(1-a)d,y, +ad,, E,,
-y, — (1-a)d,, ’

(1 - 2(1)Jxx Eiy
(1)

where the J matrix is calculated as the product of
matrices corresponding to all elements in the loop:

J=Uy-Cy-Uy-Cy-Us, ()

where matrices U; and Uj; represent the coupler
ports; the matrices C; and C, represent the coordi-
nate rotation accounting for the angles between
the axes of the Hi-Bi fiber and those of the coupler
ports at the splices; finally, and the matrix U4 repre-
sents the Hi-Bi fiber.

The matrices U, Uy, and Uj take into account lin-
ear birefringence of the fibers and the circular bire-
fringence caused by the fiber twist angle y. Each of
them takes the following form [20]:
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Fig. 1.
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where the subscript index 2 denotes the number of
the particular matrix to calculate, being 1 and 3
for the matrices of the coupler ports U; and Usj,
and 2 for the Hi-Bi fiber, Uy. The elements of the
matrices are defined by the following relations:

(6 sinny,
P, = - = 4
L = COST 1(2) w (4)
B Y_k sinnk
Q= <V/k + 2) —’lk ) (5)

where

N = \/(%)2 + (l//k +y2k)2- (6)

The linear retardance 5, and circular retardance v,

are defined as
2r Lk
o = (7) lT,k Ao, (7)

Op =8 W, (8)

where Ly, is the beat length of the respective fiber,
L, is the length of the fiber, and the angle v, is the
fiber twist. Coefficient g is equal to —0.16 for silica
fibers [21] and is the same for all Ug matrices. The
fiber twist is imposed by the rotation of the rotational
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Schematic of the FOLM with a birefringence fiber in the loop.

stages by the angles ¢; and ¢,. We take the rotation
with the positive sign in the clockwise direction,
viewing from the coupler into the loop. A positive
angle ¢, causes a positive twist for port 1; however,
it causes a negative twist for the Hi-Bi fiber. On the
other hand, a positive angle ¢ causes a positive twist
of port 2 and negative twist of the Hi-Bi fiber. Hence,
wo = —(P1 + ¢o) for the matrix U,, while, for matrices
U, and Us, y takes values of ¢; and ¢, respectively.

The matrices C; and C, transform the Jones
vectors from the Cartesian system related with the
axes of the port to that related with the axes of the
Hi-Bi fiber. They are given by [20]

__(cosf, -sinéd,
Cn = (sin 0, cosé, ) (9)

The subscript index n denotes the number of the par-
ticular matrix to calculate, being 1 and 2 for matrices
C; and Cy, respectively. It is important to note that
angles 6; and 6y in the matrices C; and Cy are un-
known in practice; however, they are not changed
by the adjustment process. The transmission spec-
trum is given by the ratio between output and input
intensities, which can be expressed as

T — Iout _ ‘IETL2 )
Iin |Ez|

(10)

It is known that the transmission spectrum of the Hi-
Bi FOLM is a periodic function whose period is given
by the following expression:

2
Ar=t

3L (11)
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where B is the fiber loop birefringence, L is the fiber
loop length, and 1 is the wavelength. The values of
the transmission minima are defined by the coupling
ratio a and are equal to (2a — 1)?, the transmission
maxima, however, depends on the rotation of the ro-
tational stages and can be adjusted in the range
between (2a-1)2 and 1 [14]. The adjustment of
the values of the transmission maxima can be useful
in particularl for dual-wavelength laser applications.
However, the rotation of the rotational stages also
moves the wavelengths of the maxima and minima.
We investigate in detail the properties of the FOLM
using Egs. (1)—(10).

Figure 2 is a three-dimensional representation
that shows the calculated transmission spectrum for
several values of angle ¢;. We used the coupler ports
with a length of 0.5 m and a beat length of 6 m. The
length of the Hi-Bi fiber is equal to 28 ¢cm with a beat
length of 3.6 x 10~3 m. The parameters used in calcu-
lations correspond to our experimental setup. The
angles 6; = 0.5z and 6, = 0.37 were taken arbitra-
rily. To obtain the transmission maximum equal to
1, an adjustment of the angles ¢; and ¢, has to be
done. For our case, an angle ¢, equal to —0.8x pro-
vides the required adjustment. We can see that the
transmission maximum depends on the angle ¢,
with a period equal to 1.087z. Figure 3 shows trans-
mission spectra for several values of the angle ¢; ta-
ken in the range between 0 and 1.087z. Here we can
see that the adjustment of the transmission maxi-
mum by changing the angle ¢; also causes a shift
of the wavelengths of the maxima.

The wavelength shift of the maximum depends on
the birefringence of the coupler ports. Figure 4 shows
the wavelength as the angle ¢ is varied for different
beat lengths of the coupler ports. Other parameters
are the same as for Figs. 2 and 3. As it can be noted,
there is a range of the angle ¢; approximately be-
tween 0.2z and 0.8z where the wavelength shift is
less than 1 nm. The wavelength shift is more pro-
nounced for larger birefringence of the coupler ports.
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Fig. 2. FOLM transmission as a function of the angle ¢; with
fixed (/)2.
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Fig. 3. FOLM transmission spectra as a function of angle ¢, with
fixed ¢,. (a) Rotation for ¢, from 0 to 0.5z, (b) rotation for ¢, from
0.6z to 1.087x.

3. Experimental Results

We investigated experimentally the Hi-Bi FOLM and
a dual-wavelength laser using the scheme shown in
Fig. 5. The linear laser cavity is formed by fiber
Bragg gratings FBG1 and FBG2 on one side, and
the Hi-Bi FOLM at the opposite side of the cavity.
The FBG1 has 55.4% maximum reflection at
1548 nm; this wavelength is referred to as A;. The
FBG2 has 59.75% maximum reflection at 1547 nm;
this wavelength is referred as A,. As an optical at-
tenuator (OA), we use six turns of the fiber wound
on a cylinder with 2.5 cm diameter. The number of
turns was found experimentally to equalize roughly
the cavity loss for the wavelengths corresponding to
the FBGs’ maxima. The Hi-Bi FOLM consists of a 50/
50 coupler with output ports spliced to a 28 ¢cm Hi-Bi
fiber with birefringence B = 4.22 x 10~%. The splices
were placed into rotation stages to adjust the trans-
mission of the FOLM. The Hi-Bi fiber temperature is
controlled by temperature controller with a precision
of 0.1 °C for the purpose of tuning the wavelength of
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Fig. 4. Dependence of the wavelength shift of the transmission

maximum on the angle ¢; for different beat lengths L.

the transmission spectra. Temperature can be ad-
justed in the range between 9 °C and 35 °C. For
pumping, we used a 980 nm laser diode with a max-
imum power of 60 mW. It pumps a 10 m EDF
through a 980/1550 wavelength division multiplexer
(WDM). The output radiation was launched to a
monochromator with a resolution of 0.1 nm, detected
by a photodetector, and monitored on an oscilloscope.
For measurement of the transmission spectra of the
Hi-Bi FOLM, the part of the cavity with the FBGs
and the OA was cut and the pump power was de-
creased below the threshold to avoid lasing (about
25 mW). In this case, the EDF was used as a broad-
band ASE source.

Figure 6 shows the output spectrum of the FOLM
using the EDF with a pump power of 25 mW without
FBGs. The measurement was performed at the Hi-Bi
fiber temperature of 22.7 °C. To make measure-
ments, we first adjusted the angles of the rotation
stages to obtain the transmission very close to 0
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Fig. 5. Schematic diagram of the dual-wavelength laser.
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for all wavelengths, the dependence of ¢; =0 in
Fig. 6(a). At this position, the angle ¢, is fixed and
the angle ¢; was referred as 0. Figure 6(a) shows
the transmission spectra of the FOLM for the angle
¢1 in the range between 0 and 105°; Fig. 6(b) shows
the transmission spectra of the FOLM for the angle
¢1 in the range between 120° and 210°. Another
minimum transmission spectrum was measured at
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Fig. 7. Dependence of wavelength shift of the transmission max-
imum and minimum on the angle ¢;. (a) ¢ = 55°, (b) ¢po = 120°, (c)
¢ = 150°.
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the angle ¢; equal to 1.17z (210°), a value slightly
higher than the period found in simulations. The
FOLM transmission presents a periodic wavelength
dependence with a period of 20.8 nm. It can be seen
that the position of the maximum is shifted when the
angle ¢, is changed. The maximum is connected by a
solid line in Figs. 6(a) and 6(b). However, the period
remains the same.
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Fig. 8. Laser output spectra at different temperatures. (a) The
FOLM spectrum was adjusted to have the highest contrast be-
tween the reflection maximum and minimum, ¢; = 120°. (b)
The FOLM spectrum was adjusted to have a low contrast,
¢ = 30°.



Figure 7 shows the wavelength shift of the maxi-
mum and the minimum of transmission due to the
variation of the ¢; angle for three different adjust-
ments of the angle ¢,. In all cases, the angle ¢; was
referred as 0 in the same manner as for Fig. 6(a). The
experimental dependences show a behavior similar
to that obtained in simulations; see Fig. 4. It can be
seen that there exists a range of the angle from about
60° to 180° where the dependence of the wavelength
shift is almost flat with variations of less than 0.5 nm
(corresponding to only a few percent of the transmis-
sion period).

We used the FOLM to adjust the loss of the cavity
for wavelengths 4; and 15 corresponding to the FBG1
and FBG2 to obtain dual-wavelength operation.
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Fig. 9. Power at wavelengths 1; and 1,. (a) Highest contrast
between reflection maxima and minima, (b) low contrast between
reflection maxima and minima.

The idea of the application of the FOLM for dual-
wavelength lasers was reported for the first time
in Ref. [18]. Here we show the usefulness of the ad-
justment of the values of the reflection maxima by
tuning the angles of the rotation stages. Figure 8 pre-
sents the laser spectrum for different temperatures
of the Hi-Bi fiber. The temperature of the Hi-Bi fiber
was chosen to have a maximum of reflection of the
FOLM close to the wavelengths of maximal reflection
of the FBGs. A change of the temperature moves
the maxima of FOLM transmission and so changes
the ratio between the reflections for 1; and 5. The
dependence of the wavelength shift on temperature
can be fitted by a linear dependence with a slope of
-1.71 nm/°C [18]. The results of Fig. 8(a) are ob-
tained with the FOLM at high contrast between
maxima and minima of reflection, while the results
of Fig. 8(b) are obtained with low contrast. The
change of contrast is achieved through a rotation of
the rotational stages, as shown in Fig. 6. In the last
case, the dependence of the reflection on the tem-
perature is slower. It can be seen that the range of
temperatures over which dual-wavelength genera-
tion is observed is larger for Fig. 8(b), providing
higher tolerance with respect to the temperature sta-
bility. Figure 9 shows the measured power of the two
laser lines for the same FOLM adjustment as for
Figs. 8(a) and 8(b). Insets in the figures show reflec-
tion of the FOLM used for each measurement. We
can see that the temperature tolerance of the dual-
wavelength operation for the case shown in Fig. 9(b)
is much higher than the temperature tolerance for
the case shown in Fig. 9(a).

4. Conclusions

We report the numerical and experimental analysis
of variation in transmission spectrum with a twist of
the fiber in the loop of a FOLM used as a spectral
filter in a dual-wavelength laser application. The
FOLM includes a Hi-Bi fiber spliced with the output
of a 50/50 coupler with arbitrary relative orientation
of the birefringence axes. The twist of the fiber offers
a simple way to change the ratio between the reflec-
tion maximum and minimum that provides a useful
and simple method for the FOLM contrast adjust-
ment. We found that this contrast adjustment causes
a shift of the maximum/minimum in the reflection
spectrum that is undesirable for dual-wavelength
laser applications. However, the appropriate choice
of the angles of both ends of the Hi-Bi fiber allows
areflection minimum between 0 and 0.9 without sub-
stantial wavelength shift. The reflection maximum is
always equal to 1. For dual-wavelength lasers, low
contrast offers the advantage of smoother cavity loss
adjustment for the generated wavelengths where
the principal mechanism of the adjustment of the
cavity loss is the shift of the wavelength of the reflec-
tion maxima of the FOLM. The wavelength shift
is achieved by the change of the temperature of
the Hi-Bi fiber. We were able to generate two
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wavelengths with a well-controlled ratio between
their powers.

B. Ibarra-Escamilla was supported by Consejo
Nacional de Ciencia y Tecnologia grant 104551.
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