A highly efficient free-space fiber coupler with
45° tilted fiber grating to access remotely
placed optical fiber sensor
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Abstract: In this work, a 45 tilted fiber grating (TFG) is used as a waveguide coupler for the
development of a portable interrogation system to access remotely placed optical fiber
sensors. The TFG is directly connected to a remote fiber sensor and serves as a highly
efficient light coupler between the portable interrogation unit and the sensor. Variation of
strain and temperatures are measured with a standard fiber Bragg grating (FBG) sensor,
which serves as a remotely placed optical sensor. A light beam from the interrogation unit is
coupled into the TFG by a system of lenses, mirrors and optical collimator and acted as the
input of the FBG. Reflected light from the FBG sensor is coupled back to the interrogation
unit via the same TFG. The TFG is being used as a receiver and transmitter of light and
constituent the key part of the system to connect “light source to the optical sensor” and
“optical sensor to detector”. A successful demonstration of the developed system for strain
and temperature sensing applications have been presented and discussed. Signal to noise ratio
of the reflected light from the sensors was greater than ~ 40 dB.

1. Introduction

Fiber-based components have made revolutionized progress in the application areas of a
diverse field of engineering and instrumentation. Optical fibers-based components are
considered to be a better choice for designing and fabrication of optical devices than bulk
optical waveguides due to lower optical attenuation, ease of fabrication and lightweight. In
particular, fiber Bragg grating (FBG) is a dominated sensor for the application of strain,
temperature, pressure, accelerometer, and force sensing [1, 2]. It has also been widely used as
highly sensitive sensors for biological applications [1-3]. In the case of FBG, forward
propagating core mode is coupled with backward propagating core modes and a particular
wavelength that satisfies the Bragg condition is reflected back to the input end [3]. Bragg
wavelength (reflected light) is being governed by the effective index of the core mode and
period of the grating structure [3]. In the case of tiled FBG (TFBG) with a slight tilt in the
grating plane, the forward propagating core mode can be coupled to backward propagating
cladding modes and higher-order radiation mode [1, 4]. It was demonstrated that with a
higher index of modulation, the forward propagating core mode can be coupled effectively
with higher-order symmetric cladding modes [5]. TFBG has been used in different fields of
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applications due to inherent unique optical properties of TFBG. TFBG sensors are being
widely used as chemical and biological sensors [1, 6-8], TFBG was also used for the
detection of lateral force [9], 3D shape sensors [10] and force measurement applications [11].
A successful fiber optic viscometer was demonstrated with a superlattice modulated structure
[12]. A tilted fiber grating (TFG) with a larger tilted angle between 23.1° and 66.9° to the
perpendicular direction of the propagation plane of core mode can radiate the light out of
fiber core with very strong polarization correlation [13]. A TFG has been used as in-line
polarizer [14], in-fiber spectrometer [15], interrogator [16,17], fiber ring laser [18], In
particular, a 45" TFG can tap ‘S-polarized’ light out from the fiber core while making the
transmission part as ‘P-polarized’ light. 45" TFGs have been used as an efficient in-fiber
polarizer [19-22] over the years. Very recently, a 45° TFG has been used successfully inline
fiber diffraction grating with high efficiency for spectrally encoded imaging system [23],
optical time stretching imaging [24], and full-duplex indoor optical communication [25].

In this work, it has been demonstrated for the first time that an FBG sensor can be accessed
remotely (without direct connection to a source or detector via fiber) with the help of a 45°
TFG, which is used as a highly efficient free-space coupler for reception and transmission of
light. The signal from the FBG sensor can be read out clearly in an optical spectrum analyzer
(OSA). Coupling strength of forward propagating and backward propagating core and
cladding mode decreases rapidly with an enhancement of tilt angle of the plane of grating
whereas the coupling of radiation mode with forward propagating core mode is being
enhanced significantly. These radiation modes can be used as a source of free space light at a
tilt angle near ~ 45°. In this paper, it has been presented that with a system of plano-convex
cylindrical and spherical lenses, mirrors and collimators, light can be guided from source to
TFG and also efficiently in the reverse path. An FBG sensor is connected with the 45° TFG
and the signal from FBG can be observed with a high signal to noise ratio (SNR) to the
detector, which is not connected with FBG. The reflected light of FBG was coupled to a
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remotely placed detector via
Fig. 1. Schematic diagram of coupling of polarization-dependent light to radiation mode in 45° TFG

the same TFG. The TFG is acting as receiver and transmitter of light simultaneously to
connect the remotely placed FBG sensor to its light source and detector. As a demonstration
of the concept, an FBG sensor was placed to measure the variation of temperature and strain
as per the standard measurement principle of FBG [3, 26, 27]. The effective index of core
mode gets changed with a change in temperature and strain as per thermo-optic and elasto
optic coefficient of the glass the and as an immediate effect, a shift in the Bragg wavelength
can be observed in the reflected spectrum [3, 27]. This FBG sensor will be accessed through a
TFG fiber coupler and the signature of the FBG will be observed in the detector without
direct connection of FBG to either with source and detector. This report shows proof of the
principle of remotely access sensors by using 45° TFG as a waveguide coupler. In this paper,
a narrow linewidth laser is being used as a source to access FBG sensor. In future, with



proper optimization of TFG coupler characteristics along with meticulously designed free-
space optical components other optical sensors like long-period fiber grating [28], distributed
Bragg reflector based laser sensors [29], fiber optic surface plasmon sensors [30], fiber
interferometric sensors [31], LPFG sensors in reflection mode [32] can be accessed with the
TFG coupler though the alignment process will be critical. This concept of remotely access
sensors will be useful in many important engineering applications like an automated sensing
platform where the light source needs to be connected occasionally with the optical sensors as
per demand. This scheme of sensing is unique as it can access and characterize optical sensors
irrespective of their packaging and working principles.

2. Operating Principle

A TFG with a tilt angle of 45° can tap the s-polarized light out of the fiber core and p-
polarized light can be guided by the fiber. A 45° TFG was used successfully as an ideal inline
fiber polarizer and integrated polarizer [13, 19-22]. Fig. 1 represents the schematic diagram of
the working principle of 45° TFG, a detailed theoretical and experimental analysis of the
radiation mode coupling was reported in earlier work [33,34]. The basic coupled-mode
equations of the fiber Bragg grating are given as [4, 35]
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where 4°° and B “° represents the amplitudes of forward and backward propagating core
modes respectively. The term ‘m’ is induced modulation. Bgfv is the amplitude of the
backward propagating cladding modes of the order V. k;; ;] is the self-coupling coefficient
between forward propagating core and backward propagating core mode. kgf;f;;l are the cross-
coupling coefficients between forward propagating core mode ( LF, ) and backward
propagating cladding modes (LE,). &< and & are the detuning parameters.
The intensity of the radiation pattern of TFG can be expressed as [36]:
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where n, is the refractive index of the fiber core, on is the modulated refractive index
induced by ultraviolet light exposure, ‘@’ is the radius of fiber core, ky=27/ is the wave
vector of the incident light, E, is the intensity of the electric field, S is the propagation
constant, 7 is the radius of the fiber core, 4=4-K,, K,=2mcost/A, and K,=2msin6/A represent
the longitudinal and transverse wavenumbers of the grating respectively, where A is the

period of grating and @ is the tilted angle, K, = \/k;n, —(f—K,)* is the projection of the
wave vector of emergent light in transverse direction, J and ¢ are the polarization and

azimuthal angle of the radiated light, respectively, K =\/k,2 +K’ =2k K, sin(¢) is the



mismatching among the wave vectors of grating, incident light, and emergent light, and u is
the waveguide parameter of fiber and J is the Bessel function. A detailed volume current
mode based theoretical study was accomplished recently followed by a detailed experimental
study [29]. It was proved that the radiation mode of 45° TFG is highly polarized and the
polarization-dependent suppression ratio can be as high as ~ 25 dB [13].

FBG sensor is being characterized by the developed system, FBG is being accessed with a
source from a remote location. The reflected spectrum of FBG is governed by the Bragg
reflection equation [3]
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change in temperature and strain, the shift in Bragg wavelength is governed by the equation
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Now with a change in temperature and strain, the effective index of the core mode varies as
per the strain optic and thermo-optic coefficient of the fiber. The governing equation is as

follows [3,26,27]:

Where A is the period of the grating and =, is the effective index of core mode. With a
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p.is elasto optics coefficient and is known as thermo optic coefficient of the glass

materials. 07 represents the variation in temperature and O€ is the change of applied strain to
the fiber.

3. Experiment and Discussion

FBG and 45° TFG are fabricated with standard inscription techniques. A 45° TFG was
written into a Ge-doped typical telecom single-mode photosensitive fiber (SMF-28, Corning)
using the standard scanning phase mask technique with continuous-wave UV laser light at
244 nm. The phase mask was rotated by 33.3° to achieve the required 45° slanted grating
fringes in
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Fig. 2(a). The measured transmission spectrum of 45° TFG with SLED source, P1, P2-polarization states 1 and 2
respectively. Fig. 2(b). The measured power intensity of laser through TFG with two different states of polarization



the fiber core. The length of TFG was ~ 24 mm. The length of FBG ~ 20 mm. The central
Bragg wavelength was ~ 1550 nm. In the beginning, to endure the amount of radiated light
from the TFG, polarization-dependent loss (PDL) was measured with two distinct
polarization states.
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Fig. 3(a). Schematic bench-top diagram for measurement of received light by TFG. Fig. 3(b). Transmitted light by
TFG initial alignment purpose, PC-polarization controller; Cyl1-Cylindrical lens 1, Cyl2-Cylindrical lens 2, SP1-
Spherical lens 1, M1-Mirror 1, M2-Mirror 2, Col-Collimator, OSA-Optical Spectrum Analyzer.

Almost ~ 13 dB PDL has been found, PDL depends strongly on the length of the grating and
modulation index of the core refractive index. It has been shown earlier that higher the
modulation indexes the respective PDL is also more significant [19]. Fig. 2(a). shows the
transmission spectrum of the TFG with SLED source (HOYATEK/HYSLED 1550), the
SLED source is not polarized so a polarizer was used to achieve better performance. Fig. 2(b)
shows the same with a laser source (Real photon/TSL-C). A strong polarization-dependent
loss is being observed for both of the cases of the sources. The transmission loss spectrum of
TFG shows a broadband loss spectrum near the C+L telecommunication band. That means
quite a significant amount of light is being radiated out from the fiber. The optical alignment
is the key part of the designing, in the beginning, the polarized light was launched into one
end of TFG and coupled to the detector through lenses, mirrors, and collimator in a path



which can be defined as (TFG-free space-collimator). ‘S’ polarized light which is radiated out
from the side face of the fiber core was successfully coupled to the detector through different
arrangements of lens and mirrors. After successful alignment, for real-time measurement of
the variation of strain and temperature with FBG sensor, the input light was launched in the
port ‘1’ of the circulator as is being shown in Fig. 3(a). The light emerges from the source and
passes through a collimator (circulator port ‘2”), mirrors, and system of lenses and then
reaches to the surface of TFG. The schematic representation of the experimental setup has
been depicted in Fig. 3(a). The amount of received light in the distal end of TFG from the
source was measured in OSA. The optical path can be defined as (Source-Collimator-Free
space-TFG-OSA). A laser source is being used for the experiment. The recorded amount of
light in OSA in the arrangement of Fig. 3(a) is being termed as ‘received light’ by TFG and is
acting as an input for the FBG sensor for the rest of the experiments. In the following
experiment, the FBG is connected with TFG, and laser light is launched as a source from
circulator port ‘1°. The collimator is placed at port 2’ of the circular and OSA is located at
circular port ‘3’ to measure the reflected light from FBG through lenses and mirrors after
being radiated out from TFG. The schematic representation of the experimental set-up is
being shown in Fig.3b. Reflected light from FBG can be detected in OSA (Fig. 3(b)) and it
can be termed as ‘transmitted light’ through TFG. The light path is demarcated as (FBG-
TFG-Free Space-Collimator-Circulator-OSA). The received and transmitted light of TFG was
measured and it is shown in Fig. 4. the coupling loss from fiber to free space is near ~ 11 dB.
It is to be noted that the radiated light from TFG is a highly

=20 4
=304
40 | ——received light

—— transmitted light
=50 4
=60 -

=70 -

Intensity (dBm)

-80 -

90 -

15649.6 1549.8 1550.0 1550.2 1550.4 1550.6

Wavelength (nm)
Fig.4. The measured spectrum in OSA with a) collimator-free space-TFG-OSA named as received light by TFG and
FBG-TFG-free space-collimator-OSA (transmitted light).

diffracted beam in nature so the alignment needs to be done very accurately for successful
reception of light in a detector. The TFG was mounted in fiber rotators (HFR007/Thorlabs)
which are placed in two 3-axis stages (MAX312D /Thorlabs). The fiber is placed in a straight
manner without any bend or stress and the rotators provide a degree of freedom for rotation.
The TFG was rotated and placed over the 3-axis stage in such a way that the emergent beam
is parallel to the optical table which was determined by the UV-laser card (VRC2/ Thorlabs)
and visible IR alignment disk (VRC2D1/Thorlabs). A short focal length cylindrical lens
(LJ1874L2C, Plano-convex cylindrical lens/focal length ~ 7.7 mm/ Thorlabs) was used for
the collimation purpose after ensuring the horizontal emergent of the beam from TFG surface
through fiber rotators the radiation beam is highly divergent. The cylindrical lens
(LJ1328L2/C, plano-convex cylindrical lens/ focal length ~ 20 mm) was used after the short
focal cylindrical lens to reduce the diffraction further. A plano-convex spherical lens
(LA1951C, focal length ~ 25.4 mm) was used to focus the cylindrical beam on a spherical
spot of light to the mirror. A telescopic mirror arrangement (BB1-E04/Thor labs, broadband



dielectric mirror, 1280 nm-1600 nm) is employed before the collimator which seems to be
very useful for efficient alignment of light between the lens and collimator. Mirrors were
mounted on (KM100/Thor labs) mirror clamp which can provide two effective additional
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degrees of freedom for the alignment purpose. It is to be mentioned that the quality of
collimator is also played an important role in alignment, the best alignment was observed
with (F230 APC Collimator/ focal length was ~ 4.61 mm and NA ~ 0.54). The output light of
the collimator was measured in an

Fig. 5. The schematic diagram for the experimental set-up to access FBG with TFG.

optical spectrum analyzer (OSA, YOKOGAWA/AQ6370D) which is placed at port ‘3’ of the
circulator. The response of FBG was characterized by a change in temperature and strain.
FBG was placed in a temperature bath and the temperature was changed in a step of 10

degrees from room temperature and the reflected output from FBG was detected in OSA.
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Fig. 6(a). The recorded spectrum of FBG at five different temperatures 25° C, 35° C, 45° C, 55° C, and 65° C,
respectively Fig. 6(b). Measured Bragg wavelength shift with the variation of temperature.



In the case of reflection, the light follows the path (FBG-TFG-Free Space Arrangements-
Collimator-Circulator-OSA) and the spectrum was recorded in OSA. The temperature of the
bath was measured with a standard thermocouple for a proper reference. It has been ensured
that there is no additional loading or bending over the FBG during the entire time of
temperature measurement. The recorded spectrum of FBG for different temperatures is being
shown in Fig. 6(a), the shift in resonance Bragg wavelength with the change in temperature is
given in Fig. 6(b). The temperature sensitivity of the FBG was found to be ~ 11 pm/degree
centigrade change in temperature which is similar to the other reported literature work [3]. In
the case of measurement of strain, two 3- axis stages (MAX312D /Thorlabs) were used to
produce some change in the tensile strain of FBG as mentioned in other reported work [37].

/
The applied change in strain has been found from the very basic definition of (A& =7 ).

The applied strain was varied from 0 to 400 pe, and the measured Bragg reflected spectrum
with different applied strain has been depicted in Fig. 7(a). The recorded shift of the Bragg
wavelength with a change in applied strain is shown in Fig. 7(b). The shift is ~ 1.3pm/ change
in pe which is also quite similar to the previously measured value of strain sensitivity of FBG.
In this paper, we demonstrate that the TFG can act as successful waveguide coupler for
launching and reception purpose of light simultaneously to measure the wavelength shift of
the reflected light from a remotely placed sensors which is not directly connected to any
source or detector. As proof of the concept experiment, the total length of the free-space
optical path was ~ 1.75 meters (including an intermediate distance of fibers, lenses, mirrors,
and collimator). The coupling loss between free space to fiber and vice-versa path is almost ~
11 dB.
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Fig. 7(a). The measured spectrum of FBG based sensors during a change of strain, 0 pe, 100 pe, 200 pe, 300 pe, and
400 pe, respectively Fig.7(b). measured Bragg wavelength shift of FBG for different values of tensile strain

4. Conclusion

In this work, an initial experimental setup towards the development of a portable system to
access remotely placed optical sensors is being demonstrated. 45° tilted fiber grating is being
used as a waveguide coupler to characterize an FBG sensor for strain and temperature
measurement. This research is a step towards the development of a hand-holding portable
system to characterize any optical sensors as this TFG fiber coupler can be packaged easily
with any optical sensors, (optical sensors + TFG coupler) can be work as a unit. The concept
of portable sensors characterization systems will be helpful in the case of structural health
monitoring, aeronautical engineering, and biomedical instrumentation. It will reduce the
effort and cost of maintenance of the system. An automated platform can be developed where
the software can select a particular sensor for the inspection purpose. In this report, we have



shown that an FBG can be characterized without direct connection neither with the source nor
with the detector. The response of FBG with a change in physical parameters is analyzed with
OSA and a narrow linewidth laser source is employed for the experiment. It has been
understood the characteristics of TFG in terms of polarization-dependent loss and insertion
loss are important to assess the domain of the light source for the system. A large and broad
PDL spectrum of TFG is required for an applications where broadband source (BBS) will be
used. In practice, we need to use BBS in different applications so the characteristics of TFG
are very crucial. This TFG coupler may extend its application in sensors like long-period fiber
grating, fiber laser sensors, fiber SPR sensors and fiber interferometric based application. In
future work, the photodiode will be used to make the system more compact and portable. The
SNR of the measurand signal is quite high and is around ~ 40 dB. It has been apparent that
the properties and position of the lenses and mirrors play the most crucial role in the case of
alignment. A distinct set of lenses is being used for proper alignment but the process of
alignment is not easy. Properties of TFG can be tailored to achieve the best coupling
performance from free space to the fiber sensor. Besides, the parameters of the collimator also
need to be chosen critically as per the designing aim and scope of the applications. Collimator
with a higher numerical aperture (NA) can be useful for more coupling of light from free
space to fiber. The coupling efficiency of TFG can be improved further by using a rod lens
and an oil-immersion objective lens, which can be studied in future work. In the future,
commercial modules can be developed as a handheld system for the characterization of
optical sensors for different engineering applications.
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