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Wavelength control by the use of fiber Bragg grating (FBG) imprinted polarization maintaining fiber
(PMF) Sagnac loop mirror (SLM) is proposed and demonstrated through polarization and strain
tuning. The Bragg wavelengths of the FBG in the PMF along slow or fast axis show redshifts with
the increase in strain with sensitivities of 8.77 X 10™* and 9.11 X 10~* nm/ e, respectively, whereas
the interferometric peak wavelength of the SLM exhibits a blueshift with a sensitivity of 1.9437
X 1072 nm/ ue for the peak with an order number of 420. The opposite strain sensitivities and the
pronounced difference in the bandwidth of the FBG resonance peak and that of the SLM, together
with the controllability on the wavelength spacing of the SLM neighboring transmission maxima,
provide a variety of alternatives to realize wavelength tuning for many practical applications.
© 2009 American Institute of Physics. [DOI: 10.1063/1.3168435]

I. INTRODUCTION

Precise and stable wavelength control is one of the key
technologies to achieve the ultimate spectral efficiency and
maximize the system capacity for telecommunication net-
works, and to realize controllability and optimization of laser
frequencies in many test and measurement systems.l Ex-
amples include high-power wavelength stabilized semicon-
ductor pump lasers in erbium doped fiber amplifiers and Ra-
man fiber ampliﬁers,2 wavelength division multiplexers,3 and
multiwavelength fiber lasers.*” In many applications, spec-
tral filtering is a critical requirement, for which several tech-
niques have been reported, including optical thin film inter-
ference filters,® ultranarrow optical filtering based on fiber
Bragg gratings (FBGs),” and volume Bragg grating as a
spectral selective reflective element.® Notably FBGs have
been recognized as powerful wavelength-selective compo-
nents in fiber-optic systems. As a special case of spectral
filtering, wavelength locking by the use of a FBG to lock the
output from a semiconductor laser at a single wavelength has
been reported.z’9 However, the polarization properties of the
lasers are ignored in all these techniques.

Recently, a fiber Sagnac loop mirror (SLM) incorporat-
ing polarization maintaining fiber (PMF) has attracted con-
siderable attention as an optical comb filter due to its intrin-
sic merits such as low insertion loss, polarization
independence to input light, broad useful spectral bandwidth,
and high resistance to environmental changes.“’lo_13 Most of
the optical comb filters reported so far lack flexibility, except
that some of them are tunable in the absolute position of the
output or the channel space with the use of specialty fibers or
complicated conﬁgurations.“’lo’14 The comb filter can be
tuned by changing the operating temperature of the SLM
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using a pumped erbium-ytterbium codoped PMF,* high-
birefringence elliptical core side-hole fiber,'” PANDA PMF
from our recent Work,15 or additional active devices in the
fiber loop mirror.'® A SLM based on a polarization maintain-
ing photonic crystal fiber with reduced temperature sensitiv-
ity was also reported.12

In this letter, we propose and experimentally demon-
strate an approach to achieve wavelength control with a fiber
Bragg grating imprinted polarization maintaining fiber
(PMFBG) SLM through polarization and strain tuning. The
combination of a FBG and a fiber loop mirror realizes
switching of the transmission spectrum from a narrow PM-
FBG filter to a SLM comb filter. The opposite strain sensi-
tivities of the Bragg wavelengths of the FBG and the inter-
ferometric peaks of the loop mirror provide an opportunity to
achieve wavelength selectivity. In addition to the versatility
in the selections of the Bragg wavelength of a FBG and the
interferometric peaks of a loop mirror to satisfy specific ap-
plications, the realization of the technique on a standard
PANDA fiber provides an easy and low-cost approach, which
is compatible with the existing fiber-optic systems.

Il. EXPERIMENTAL DETAILS

The operation principle to realize wavelength control
with Bragg grating imprinted PMF is basically a SLM with a
broadband light source (EBS-7210, MPB Communications,
Inc.) and the detection of the interference signal using an
optical spectrum analyzer (OSA) (Ando AQ6315E). As
shown in Fig. 1, broadband light is launched into a single-
mode 50:50 fiber coupler and divided into two arms where
beams propagate either clockwise or counterclockwise. A
SLM is formed when a polarization controller (HP 11896A)
and a 10 cm FBG inscribed PMF (PANDA, Thorlabs) of 210
cm in length connect the two ends of the fiber coupler. De-
tails on the fabrication of the FBG can be found elsewhere.'’
The reflection spectrum of the FBG is detected by the OSA,
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FIG. 1. Schematic illustration of the experimental setup.

which shows the fast-axis Bragg resonance wavelength at
1546.073 nm with a reflection of 3.20 dB and the slow-axis
Bragg resonance wavelength at 1546.440 nm with a reflec-
tion of 4.59 dB (Fig. 2).

lll. RESULTS AND DISCUSSION

The FBG imprinted in the SLM serves as a reflector only
at the Bragg resonance wavelengths, which does not affect
the other wavelength regions where the Sagnac interference
forms in the fiber coupler. The optical intensity transmission
spectrum 7T(\) of the SLM can be calculated using the Jones

. . . 14,18
matrix method with an expression

T(A)—cos( iB)cos 0, (1)

where L, B, and \ are the length, the birefringence, and the
operation wavelength of the PMF, respectively. @ is the angle
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FIG. 2. Reflection spectrum of the PMFBG. The inset shows the cross
section of a PANDA fiber.
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FIG. 3. Simulated transmission spectra of the PMFBG in the SLM at dif-
ferent polarization states: (a) 90°, (b) 70°, and (c) 50°.

between the input light and the fast axis of the PMF.

When the polarization controller is set to produce input
light of different polarization states, the transmission spec-
trum of the PMFBG superimposed SLM will change accord-
ingly. The simulated transmission spectra of the PMFBG in
the SLM at different polarization states are shown in Fig. 3.
At 6=90°, the transmitted output of the filter is zero except
that the resonance peaks of the PMFBG appear in the spec-
trum, which is a narrow PMFBG filter. At #=50°, the inter-
ference intensity of the SLM increases and exceeds that of
the PMFBG, forming a comb filter. At #=70°, the PMFBG
resonance peaks are superimposed on the SLM interferomet-
ric pattern. Figure 4 shows the experimental observation of
the transmission spectrum changed from a narrow PMFBG
filter to a SLM comb filter by adjusting the polarization con-
troller. The experimental results are consistent with the the-
oretical analysis.

When the axial strain changes from an initial value of g,
to ¢ along a segment of the PMFBG with a length of /, a
second-order Taylor series expansion around g,=0 can be
derived from Eq. (1) as
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FIG. 4. (Color online) Transmission spectrum switching from a narrow
PMFBG filter to a SLM comb filter by adjusting the polarization controller.

T(\) = cosz[ (L =D+ 11 +e)] (B(O) + dB(S)s)]

A de
_ osz< ’7T(L+18)B(0)+ 7l(1+¢)e dl:lis))' 2)

From Eq. (2), the SLM peak wavelength requires

(L+1e)B(0) (l+le)edB
)\k = + .
k k de

3)

Thus the gradient of the SLM peak wavelength due to the
changes in the longitudinal strain and the corresponding
change in the birefringence is

dn, _ 1B(0) {zd_B l_d_B} +[2lsd_8

N 2le 1e2 dzB]
de k kde Kk de® k de ‘

e
(4)

The birefringence B of the PMF can be expressed as B=ng
—np, where ng and np are the effective refractive indices
corresponding to the slow axis and the fast axis of the PMF,
respectively. The parameter B of a PMF is given bylg

B:BG+BS()+BS’ (5)

where B is the geometrical component, By, is the self-stress
component, and By is the outer stress component. In the
PANDA fiber, the modal birefringence components B; and
By, are zero. Bg can be expressed as

_ ar(T- TS)”?(PII - Pp)(1+v) (ry—ry)
s (1= (ra+71y)

X{l —%(rz—rl)“}, (6)

where T is the environmental temperature around the fiber, r;
and r, are the corresponding inner and outer radii of the
stress-applying parts to the fiber core, b is the outer cladding
radius, and all the other parameters are constants. The inset
of Fig. 2 illustrates the cross section of a PANDA fiber where
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FIG. 5. (Color online) Transmission spectra from an axial strain of
100-900ue: (a) blueshifting spectra of the PMFBG imprinted fiber SLM
and (b) redshifting spectra of the PMFBG.

the diameter of the stress-applying part is denoted by d.

If the parameters of the stress-applying part, r;, r,, and
d, are assumed unchanged when the PMF is axially stretched
from [ to [+ Al the outer cladding radius will change from b
to b’ as

b’—b\/ ! —b\/1 (7)
- I+Al~ l+e&

Following Eq. (6), the birefringence B(e) of a PANDA PMF
in an environment of constant temperature can be written as

3d* 3(1 +&)%d*
sre1-35) 122527

=—co(l+&)*+¢y, (8)

where ¢ and ¢, are positive constants. For an environmental
temperature of 20 °C, ¢, and c; are calculated to be 9.57
X 107> and 4.64 X 107#, respectively.

Through adjusting the polarization controller, the PM-
FBG resonance peaks were superimposed on the SLM inter-
ferometric pattern. The axial strain on a length of 40 cm
PMF with the PMFBG in the center was changed from Oue
to 1000ue while the temperature was kept at room tempera-
ture of 20 °C. Figure 5 shows the transmission spectra of the
PMFBG SLM with the axial strain changing from 100ue to
900ue. When a grating is inscribed in a PMF, two Bragg
resonance wavelengths corresponding to the slow and fast
axes of the FBG, i.e., Ag and A, are dependent on the refrac-
tive index (ng or nyp) and the grating period (Appg) following
the relationship \ S,F=2nS,FAFBG.20 As shown in Fig. 5(b), the
slow-axis and fast-axis Bragg wavelengths of the FBG ex-
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FIG. 6. (Color online) Axial strain dependences of the PMFBG SLM. The
dots and the triangles stand for the Bragg resonance wavelengths of the slow
axis and the fast axis as functions of the axial strain, respectively. The
squares represent the interferometric peak wavelength of the fiber SLM as a
function of axial strain for k=420.

hibit redshifts from 1546.437 and 1546.071 nm to 1547.140
and 1546.802 nm, respectively. However, the difference in
their Bragg wavelengths decreases from 0.366 to 0.338 nm,
which is due to the decrease in the birefringence of the fiber
with the increasing axial strain as manifested in Eq. (8).
When the applied strain increases from 100ue to 900ue, the
SLM peak wavelength of 1549.400 nm, corresponding to the
order number k=420, blueshifts to 1533.850 nm with a
wavelength shift of 15.550 nm as shown in Fig. 5(a). Equa-
tion (4) can be rewritten with Eq. (8) as

d\, IB(0) 2cl IB(0) 2c,l
—"——()—ﬂ(1+4s+382)z—()—&

= ) 9
de k k k k ©)

where the birefringence of the PANDA fiber used in this
study, B(0), is calculated to be 3.68 X 107,

Since the higher order strain effect on the birefringence
can be neglected for an axial strain value of ~ 1073, the SLM
peak wavelength responds linearly to a small axial strain.
Furthermore, it is noted that the interference peak wave-
lengths of different mode numbers experience different
changes under the same change in the axial strain, whereas
the interference peak wavelength of a smaller mode number
possesses a larger wavelength gradient.

When the applied axial strain is changed from Oue to
1000ue, the Bragg resonance wavelengths of the PMFBG as
functions of the increasing axial strain are shown in Fig. 6.
The Bragg resonance wavelengths redshift linearly with the
increasing axial strain with the axial strain sensitivities of
8.77% 10 and 9.11 X 10 nm/ ue for the Bragg resonance
wavelengths along the slow and fast axes, respectively. The
SLM peak wavelength (k=420) as a function of the axial
strain is also shown in Fig. 6, which exhibits a blueshift with
an axial strain sensitivity of 1.9437 X 1072 nm/ ue.

When an axial strain is applied on a section of the PMF
including the PMFBG, the wavelength spacing between the
neighboring SLM interference peaks can be expressed from
Egs. (3) and (8) as
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LB(0) + le[B(0) — 2¢,]

A)\k(&‘) = )\k—l(s) - )\k(g) = K2

= AN(0) + AN (e)]. (10)

It is obvious from Eq. (10) that different interference orders
have different wavelength spacings. Both the length of the
strain-applying PMF and the interference order number de-
termine the wavelength spacing of the neighboring SLM in-
terference peaks. Therefore, the values of the fiber length or
the interference order, which are experimentally selectable,
can be used to change the output transmission properties, in
which the change in the fiber length is easier to achieve due
to the fact that a change in the interference order will result
in different operating wavelengths, which may result in the
change in light source. The value of §JAN(e)]
=(d?\/dedk)AeAk during a strain change of 1000ue for a
stress-applying fiber length of 40 cm is —4.0X 10713 m,
which indicates that the wavelength difference (0.4 pm) of
the neighboring maxima cannot be resolved by the OSA
(maximum wavelength resolution 50 pm); thus a comblike
transmission has been achieved, where the spectral charac-
teristics can be tuned as a whole without changing the wave-
length spacing between the neighboring transmission
maxima. On the other hand, a long fiber with a length longer
than 5.0 m in this case can be adopted to tune the spectral
characteristics as a whole while simultaneously changing the
wavelength spacing between the neighboring transmission
maxima during the strain change. The possibility in adjusting
the fiber length provides an opportunity to satisfy specific
applications.

IV. CONCLUSIONS

In summary, wavelength control by the use of PMFBG
SLM has been demonstrated through polarization and strain
tuning. First, the interferometric peak wavelengths of the
SLM exhibit blueshifts with the increasing strain in compari-
son with the redshifts for the Bragg resonance wavelengths
of the grating, which provides an opportunity to achieve
wavelength selectivity. Second, the pronounced difference in
the bandwidths of the resonance peaks of the FBG and that
of the interferometric peak of the SLM, as well as their tun-
ability, offer a possibility to achieve an easy switching from
a narrow PMFBG filter to a SLM comb filter realized by
polarization control. Third, the possible selectivity in the val-
ues of the fiber length and the interference order provides a
method to control the wavelength spacing of the comb filter.
Furthermore, in addition to the versatility in the selection of
the Bragg wavelength of a FBG and the interferometric
peaks of a loop mirror to satisfy specific applications, the
realization of the technique on a standard PANDA fiber pro-
vides a simple and low-cost approach, which is compatible
with the existing fiber-optic systems.
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