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ABSTRACT

We report an efficient power tapping device working in near infra-red (800 nm) wavelength region based on UV-in-
scribed 45° tilted fiber grating (45°-TFQG) structure. Five 45°-TFGs were UV-inscribed in hydrogenated PS750 fiber
using a custom-designed phase mask with different grating lengths of 3 mm, 5 mm, 9 mm, 12 mm and 15 mm, showing
polarization dependent losses (PDLs) of 1 dB, 3 dB, 7 dB, 10 dB and 13 dB, respectively. The power side-tapping effi-
ciency is clearly depending on the grating strength. It has been identified that the power tapping efficiency increases
with the grating strength and deceases along the grating length. The side-tapped power profile has also been examined
in azimuthal direction, showing a near-Gaussian distribution. These experimental results clearly demonstrated that 45°-

TFGs may be used as in-fiber power tapping devices for applications requiring in-line signal monitoring.
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1. Introduction

The tilted fiber grating (TFG) structure was first demon-
strated by Meltz et al. in 1990 [1] and, in 1996, Erdogan
and Sipe have given a detailed theoretical analysis on
mode coupling mechanism for TFGs [2]. TFGs have
been applied widely in polarization-related applications,
such as polarization dependent loss (PDL) equalizer [3],
in-line polarimeter [4] and polarization filters [5]. Fiber
gratings with tilted structure are inherently capable of
coupling light from the core mode not just to cladding
but also to radiation modes in a controlled fashion, com-
pared with long period fiber gratings (LPGs), which only
couple the light to cladding modes. Hence, based on the
radiation mode coupling function, TFGs may be used for
power tapping applications. The first theoretical descrip-
tion of the power radiation property of TFG was reported
by Li et al. in 2001 [6], which were based on volume
current approach to explain the scattering of out-coupled
light from a TFG. Various applications of power tapping
have used fiber gratings with structure tilted at relatively
small angles, including wavelength locking of a DFB
laser and optical fiber communication network [7] and
wavelength de-multiplexer [8].
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However, there are two major drawbacks related to
side tapping using small angle TFG, which are its back-
ward-reflection and resonant feature on spectral response
due to cladding modes coupling.

These drawbacks may be overcome by choosing rela-
tively large angle TFGs and applying index matching gel
on the fiber surface, respectively. Another work using
small angle TFG reported by Rui et al. is to use a 10°-
TFG to tap the light out from the fiber side for a sensing
interrogation system [9]. However, due to total internal
reflection effect, the light cannot be tapped out directly,
but only after immersing the grating into oil with refrac-
tive index very close to the fiber cladding. To enhance
radiation power from side tapping, 45° tilted fiber grat-
ings (45°-TFGs) may be used, as such grating structures
act as an in-fiber polarizer, tapping the S-polarization
light out of and leaving the P-polarization travelling
along the fiber. We report in this paper the fabrication of
45°-TFGs at 800 nm wavelength range and demonstrate
their distinctive polarization property and power tapping
function.

2. Theory
The 45°-TFG structures exploit the principle of light
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coupling from the forward propagating core mode to the
radiation modes. The radiation direction of the light de-
pends on the wavelength of the light launched into the
fiber and only the light of which with the wave propa-
gating constant satisfying the phase matching condition
of the TFG will be tapped out of the fiber. The phase
matching condition which describes the resonance inter-
action between the radiation modes, core mode and grat-
ing structure is stated in Equation (1) and also shown in
Figure 1(a):

Ky=K,,.+Kj (1)

core

where K,, K . and K, are wave vectors of the radi-
ated light, the core mode and the grating respectively.

By specifying the right parameters during TFG fabri-
cation, direction of radiation and the wavelength of the
main beam can be identified by Equation (2):
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Figure 1. (a) Vector phase matching condition for a 45°-TFG;
Inset: microscopic image of a UV-inscribed 45°-TFG; (b)
simulated ratio of radiation power of S (solid line) and
P-polarization (dash line) for a45°-TFG.
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where € and o are the radiation angle and the tilt
angle of the grating structure. According to the total in-
ternal reflection (TIR) effect, the TFGs can be classified
into three different mode coupling regimes depending on
tilted angle:

1) 6 <23.1°—backward cladding mode coupling;

2) 23.1° <6 < 66.9°—radiation mode coupling;

3) 6 < 66.9°—forward cladding mode coupling.

From Equation (2), we can deduce that when ¢ = 45°
(for a 45°-TFQ), the radiated light will be tapped out at
90° direction to the fiber, which will be ideal for side-
tapped power detection. The tilt angle of the grating
plane and the index modulation strength will determine
the radiation coupling efficiency of the light that is tapp-
ed out. The tapping coefficient ¢ of a 45°-TFG can be
expressed as [10]:

(i)

2
)} do
3)
where k,=2m/4, is the wave vector of light in vacuum,
on and n are the modulated and original refractive in-
dices of the fiber core, a is the core radius and u# and w
are the waveguide parameters, Jy; and Ko, are the first
kind Bessel function and the second kind modified Bes-

sel function, respectively.
In Equation (3),

RJ,(a )J(aR) uJ(aR)J(
(o

1/2
R = (R[2 +kon’, sin @ + 2R kyn,, sin 6, x cos gp)/ ,

where 0, is the angle between the radiation beam and the
fiber axis, which satisfies R —nyk, +kon, cos6, =0, ¢
denotes the polarization of the core mode R, and R, are
wave vectors of the grating along the fiber axis and
across the fiber cross-section and are defined as R =
27r/Ag sind5 and R, = 27‘[/Ag cos45, where A, is the
period of grating.

Based on Equation (3), we have simulated the ratio of
radiated and input power strength for S- and P-polariza-
tion for 45°-TFGs with different modulation index changes
and the results are plotted in Figure 1(b). It can be clear-
ly seen from the figure that the tapping power efficiency
can be easily controlled by fabricating the 45°-TFGs with
appropriate index modulation strength.

3. Fabrication and Polarization Property of
45°-TFGs

The 45°-TFGs were UV-inscribed in standard PS750
fiber (from FiberCore). Before the UV-inscription, the
fiber was pre-hydrogen loaded at 80°C for 48 h to in-
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crease its photosensitivity. The 45°-TFG structure was
fabricated using a tilted phase mask and a 244 nm UV
source from a CW frequency doubled Ar' laser (Coher-
ent Sabre Fred). The phase mask pattern has a period of
922.46 nm and tilted at 33.7° with an effective area of 25
mm * 10 mm, designed to ensure the modulated index
fringes are at 45° inside of the fiber with the central
wavelength response at around 800 nm. The inset in Fig-
ure 1(a) shows the structure image of a fabricated 45°-
TFG in the fiber core captured with a microscope (Zeiss
Axioskop 2 Mot Plus) with 100 oil immersion objective
lens.

Five 45°-TFGs of different lengths (15 mm, 12 mm, 9
mm, 5 mm and 3 mm) were fabricated under the same
inscription condition (the same power level and scanning
speed of the UV beam). After the inscription, the PDL
property of the five 45°-TFGs were characterized by us-
ing a single wavelength laser at 802.3 nm and the method
reported in Ref. [11], showing PDL values of 13 dB, 10
dB, 7 dB, 3 dB and 1 dB, respectively. Figures 2(a) and
(b) display the PDL spectra of S- and P-polarized light at
802.3 nm and the polarization distribution figure of the
15 mm long 45°-TFG, respectively. This is a relatively
strong polarised grating, showing a polarization extinc-
tion ratio (PER) of ~13 dB.

4. Power Tapping Experiment

The side tapped out light from the 800 nm 45°-TFG was
easily observed when a white light (SuperK light source
from 450 nm to 2400 nm) and red light source at 633 nm
were passed through the grating, as we observed the dis-
persion (Figure 3(c)) and diffraction (Figure 3(d)) im-
ages, respectively, on a screen placed on the side of the
fiber.

Figure 3(a) shows the experiment setup to measure
the side-tapped and transmitted power from a 45°-TFG
fiber. For the measurement, the single wavelength light
source we used is a 802 nm laser diode from LUMICS.
An InGaA Samplified detector (700 nm - 1800 nm) from
Thorlabs connected to an oscilloscope was used to meas-
ure the power from the side of the 45°-TFG. The other
end of fiber was plugged into a power-meter to measure
the remaining light in the fiber core.

The side-tapped and transmitted powers of the five
45°-TFGs with different lengths were measured at the
grating start position and the results are plotted in Figure
3(b). It can be seen clearly from the figure that the short-
er (i.e. weaker) grating gives less side-tapped and more

transmitted power, while vice versa for the longer grating.

This agrees well with the simulation results shown in
Figure 1(b).

In the experiment, we also found that the side tapped-
out power by the 45°-TFG varies along the grating length.
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Figure 2. (a) The PDL measurement of S- and P-polarized
light from the 15 mm long 45°-TFG, showing a PDL of ~13
dB; (b) Polarization distribution figure: Red square dots
showing 0 dB PDL as measured from a virgin fiber; Black
circle dots showing a near-8 figure shape measured from
the 15 mm long 45°-TFG.

To quantitatively analyze the side-tapped power distribu-
tion along grating axial direction, the photodiode was
amounted on a translation stage. Choosing the 9 mm long
45°-TFG, by moving the translation stage in 1 mm step,
the power distribution over the entire grating length was
measured.

The result plotted in Figure 4(a) clearly shows that the
side-tapped out power is the highest at the start position
of the grating, but reduces as the photodiode scans along
the grating length, showing an exponentially decreasing
trend.

We further measured the distribution of side-tapped
power in azimuthal direction by moving the photodiode
in lateral dimension and the power profile showed a dis-
tributed near-Gaussian shape, as shown in Figures 4(b)
and (C).

5. Conclusion

We have successfully demonstrated power tapping de-
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Figure 3. (a) Experimental setup for power tapping measure-
ment; (b) The side-tapped (circle) and transmitted (squar €)
power from the fabricated five 45°-TFGs of different lengths;

(c) Images of side-tapped out light when launched with a
white (SuperK) and (d) Red light, respectively.
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Figure 4. (a) Measured side-tapped out power along the length
for the 9 mm 45°-TFG; (b) Measured power distribution in
azimuthal direction, showing a Gaussian profile; (c) Re-
plotted measured power distribution in azimuthal direction
in 3-D.

vices working at 800 nm based on 45°-TFGs. The 45°-
TFGs of different lengths (from 3 mm to 15 mm) were
UV-inscribed into hydrogenated PS750 fiber, showing dif-
ferent PDLs (from 1 dB to 13 dB) and revealing stronger
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(longer) grating tapping more light out from the fiber.
We also experimentally verified that the side-tapping ef-
ficiency deceases along the grating length, thus, for a real
power tapping device, a 45°-TFG of mm length may be
sufficient enough. The side-tapped power vs the strength
and length of 45°-TFG clearly shows that 45°-TFGs are
ideal power side-tapping devices and it should be possi-
ble to tap power as small as 1% out of the fiber, which
can be useful in optical communication and laser systems
for in-line monitoring.
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