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Compact Broadband Wavelength Selective
Switch based on In-fiber Diffraction Device

Qingguo Song, Yuze Dai, Xiangpeng Xiao, Haoshuo Chen, Chen Liu, Xuewen Shu, Qizhen Sun,
Kaiming Zhou, Lin Zhang, Zhujun Wan and Zhijun Yan

Abstract— In this study, a compact and broadband wavelength
selective switch (WSS) based on a radiated tiled fiber grating with
45 ° tilt angle (RTFG) is proposed and experimentally
demonstrated. The 45 °© RTFG is employed as both radiating and
receiving light, replacing the fiber arrays and bulky dispersion
element in the traditional WSS system. We have theoretically and
experimentally investigated the proposed WSS in terms of
operating wavelength range, spectral resolution and insertion loss.
In the experiment, a 1x2 compact WSS based on 45 ° RTFG and
LCoS is achieved, which has a wide operation range between
1520nm and 1597nm, covering the C+L bandwidth. The measured
spectral resolution and tuning accuracy are 0.4nm and 0.08nm,
respectively. The insertion loss of the WSS system is about 20 dB,
which is mainly caused by the aperture loss of 45 ° RTFG.
Moreover, we have also investigated the spectral filtering
performance of the proposed WSS, in which the filtered spectral
of the channel spacing of 300GHz, 200GHz and 100GHz are
realized. The proposed in-fiber 45° RTFG diffraction device based
‘WSS has a compact structure and C+L covered bandwidth, which
can be potentially used for optical fiber communication.

Index Terms—fiber gratings, wavelength selected switch

I. INTRODUCTION

ith the rapid development of the internet and artificial

intelligence, there is a growing demand for increasing
the optical communication network bandwidth. Different
optical signal processing technologies have been developed to
increase the capacity of optical communications such as optical
time-division multiplexing (OTDM) [1], polarization-division
multiplexing (PDM) [2] and dense wavelength division
multiplexing (DWDM) [3]. With the development of the high
speed and large capacity data transmission technology, signal
switching which is efficient and compact in all-optical networks
becomes more and more important. Reconfigurable Optical
Add/Drop Multiplexer (ROADM), which can achieve the
remote switching of wavelengths through the intersections of
DWDM networks, has been gradually used to replace the
traditional electric switches due to its high efficiency and
flexibility [4-8]. Wavelength selective switch (WSS) is the key
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component in ROADM systems, which can realize the signal
switching of any wavelength channel from a common port to
different output ports. So far, various types of technology for
WSS have been reported, including Microelectromechanical
Mirrors (MEMS) [9], Liquid Crystal (LC) [10] on glass and
Liquid Crystal on Silicon (LCoS) [11-12]. Among these
technologies, the LCoS phase array with millions of pixels that
can approximate steering mirrors through blazed phase gratings
support is more suitable for flexible grid WSS due to the high
port counts and high reliability. For common WSS, the end face
of the optical fiber is used as the element that emits and receives
spatial beams, and a bulk diffraction grating is used for
separating beams of different wavelengths in space [13]. The
complex system and large volume are the limitations of its
application in optical communication. To develop integrated
optical devices and systems, it is necessary to design
miniaturized. A multiple-stacked arrayed waveguide grating
(AWG) for LCoS-based WSS is proposed, which can be used
as a wavelength multiplex/demultiplexer replacing the bulk
diffraction grating [14]. The AWG-based WSS has a simpler
configuration with less bulky components, but the operation
spectral range is only ~25nm.

Recently, radiated tiled fiber grating (RTFG) has been used as an ideal
all-fiber polarizer and all-fiber diffraction device [15-16] due to its
unique polarization-dependent mode coupling characteristics. The
RTFG can radiate the core mode out of fiber with a wavelength-
dependent angle [17]. Based on its radiation and diffraction
characteristics, the RTFG can replace bulk diffraction grating in
spectral related applications [ 18], which has been applied to compact
linear polarization spectrometers [19], highly efficient spectrally
encoded imaging systems [20] and optical time stretching imaging
systems [21]. Recently, A highly efficient coupler to access remotely
placed optical fiber sensor based on 45 ° RTFG grating is proposed
[22], in which the 45 ° RTFG can transmit and receive light
simultaneously as a free-space fiber coupler.

In this paper, we proposed a compact WSS based on 45 ° RTFG which
supports broadband operation covering the C+L band. The proposed
WSS has a direct dispersion interface, in which the 45 ° RTFG is

employed as both the diffractive and beam coupling device, replacing
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the fiber arrays and bulky dispersion element in the traditional WSS
system. The RTFGs are inscribed in the single mode fiber (SMF) by
UV exposure and integrated into an array, in which every RTFG can
be used as input and output ports at the same time. Furthermore, the
bandwidth and resolution of the RTFG-based WSS have been
experimentally investigated. The compact structure and C+L covering
bandwidth of the proposed WSS make it potential for integrated
ROADM systems.

II. DEVICE PRINCIPLE AND THEORETICAL ANALYSIS

The 45 °© RTFG is an ideal in-fiber diffraction device. Fig.1(a)
illustrates the diffraction characteristics of 45 © RTFG, in which
the core mode of fiber will be radiated into free space with a
wavelength-dependent emission angle 0. The relationship
between the diffraction angle 6 and the wavelength A is
experimentally measured as shown in Fig.1(b), in which the
wavelength range is 1480~1640 nm and the angular dispersion
is 0.053 °/nm. Owing to the special inclined grating structure,
the emission light has a divergence azimuth ¢ at the x-direction,
as seen in Fig.1(c). In order to collect the energy of the
divergent beam, the microlens are used to collimate the beam.
The radiation energy dispersion of 45° RTFG is measured, in
which the distribution of the collimated beam is quasi-
Gaussian, as seen in Fig.1(d).
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Fig.1 (a) The diagram of the diffraction characteristics of 45 °RTFG. (b)The
angular dispersion of 45 ° RTFG; (c) Radiation beam divergence in the radial
direction. (d) The radiation energy distribution in the x-y plane.

The principle of the WSS based on RTFG is shown in Fig.2, in
which the axial direction of the optical fiber corresponds to the
z-direction and the direction of the emitted light corresponds to
the y-direction. In the horizontal direction (y-z plane), the
transmission light of fiber is diffracted into free space by the 45
° RTFQG, thereafter the diffracted light is focused by a horizontal
lens on a liquid crystal on silicon (LCoS). The focusing spots
of different wavelengths are separated spatially and correspond
to different pixels in LCoS. 45 ° RTFGs with the same
structural parameters are placed parallelly in the vertical
direction (x-z plane), and a cylindrical lens (CL) array is
employed to collimate or focus the beam. The focused beam
after a vertical lens is steered by the LCoS, and then recoupled
by other 45 ° RTFG ports.
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Fig.2 The principle of WSS based on 45° RTFG

The spectral distribution I,,;(1) of the output light can be
expressed as:

lowe (D) = Iin (1) - T)T' (DS(DAA) (M

Where [;;,(4) is the spectral distribution of input light. T (1)
and T'(A) are the radiating and recoupling efficiency between
the fiber core and free space respectively. S(A) is the
wavelength modulation function of LCoS. A(A) is the function
of operating range.
In our previous work, the radiating efficiency T'(4) has been
theoretically analyzed using a segmental method [23]. The
radiation of RTFG is a serial process, in which the transmission
light goes through each grating segment in sequence. By
contrast, the recoupling of RTFG is a parallel process, in which
the light is coupled by all grating segments simultaneously. The
T and T’ can be expressed as:
— m
1=~ aw) @
= mag

Where aj, is the coupling efficiency of a single grating segment,
and m is the number of segments. The ay is related to the
polarization state §, azimuth ¢ of the coupling light and
wavelength 4. The wavelength modulation function S(1) is
determined by the phase blazed grating loaded on the LCoS,
which can be the coding function of arbitrary distribution. By
converting the modulation function into the influence of
azimuth deflection on coupling efficiency. The first three items
of equation (1) can be expressed as:

TT'DSA) = mag(d ¢ — @s(D) -
[1-ar(ho—9;NI"  (3)

Where ¢¢(A) is the azimuth of deflection after the lens system
and LCoS, which is given by:

d—fv@Lcos(A
P (N) = fV?LC s 4)
M
Where d is the interval of the adjacent microlens, f3, is the focal
length of the microlens, fy, is the focal length of the vertical lens,

PLcos(A) = arcsin[ﬁ] is the deflection angle caused by

LCoS, in which d is the pixel size and M (1) is phase grating
period at corresponding wavelength.

The working bandwidth is determined by the grating length,
lens aperture and focal length of the lens. As shown in Fig.3(a),
the size of the radiated beam is the same as the length of the
grating. According to our previous research, the radiated beam
has an energy distribution that decays exponentially along the
axis. After the horizontal lens and LCoS, an apart energy will
be lost during the recoupling process due to the beam deflection.
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The beam with a larger diffraction angle has a larger beam
deflection, which limits the operating bandwidth of the WSS.
Although the position of another RTFG during recoupling can
be adjusted to change the working wavelength, the maximum
working bandwidth is fixed. The function of working
bandwidth can be expressed as:

2L—H(A)+D Bdz  BlaL—H()+D]

A == = (6))

f:e_“zdz e~l—1

Where L is grating length. D is the mismatch between the
radiating and recoupling RTFG at the horizontal direction.
H(X) is the maximum distance of the light deflection, which is
given by:

arcsm( ) o)

1 (6)

Where fy is the focal length of the horizontal lens. 8(4) is the
diffraction angle of different wavelengths, which can be
obtained by the phase matching condition.
According to equation (1-6), the working bandwidth of the
proposed LCoS can be theoretically analyzed, which is shown
in Fig.3(b), the wavelength range can be adjusted by changing
the mismatch D between the radiating and recoupling RTFG.
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Fig. 3 (a)The diagram of the radiating and recoupling process. (b)The
Simulation of operation bandwidth of WSS at different positions of recoupling
RTFG.

III. EXPERIMENTAL RESULTS AND DISCUSSION

For the traditional WSS system, a bulk diffraction grating is
used for the dispersion of light, which can be replaced by the
RTFG. A 1x2 WSS based on 45 ° RTFG is set, where the
schematic is shown in Fig.4(a), and the associated experimental
setup is given in Fig.4(b). The 45° RTFGs are inscribed in the
SMF using the UV-exposure method, which has a grating
period of 788 nm, corresponding to a broad radiation
wavelength range of 300nm [23]. The light from a broadband

light source is transmitted in the fiber core and radiated by a 45
° RTFG. The radiated light has a divergence angle in the
vertical direction, which is collimated by a cylindrical lens
array with a focal length of Imm. Then the collimated light is
focused by two orthogonal cylindrical lenses, and incident to an
LCoS (HAMAMATSU, X15223) which has a screen pixel of
1280x1024 and a pixel size of 12.5 um. The focal lengths of
CL1 and CL2 are 200 mm and 150 mm respectively. Spectral
switching and filtering can be realized by loading phase grating
on LCoS. The modulated light is recoupled by a 45 ° RTFG
array, which is fixed on a plate with V-groove, the V-groove
has the same pitch as the CL array of 300 pm. The filtered
spectrum is observed by an optical spectrum analyzer (OSA).
Especially, the radiated light from the RTFG has a single S-
polarization state, which corresponds to the response
polarization of the LCoS.

RTFG2
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RTFG3
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CL1 CL array
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Flg 4 (a)The schematic dlagram agram of the WSS based on 45 ° RTFG.
(b)Experimental setup. (c) The groove for the RTFG array

A broadband light source with a bandwidth of
1400nm~1700nm is incident to the input port (RTFG1). The
spectra of the input and output ports are measured. As shown in
Fig.5, the wavelength range of the output is 77 nm (1520~1597
nm), covering the C band and a part of the L band. The
unevenness of the spectra is mainly due to the original spectra
of the source. And the bandwidth of WSS is limited by the size
of LCoS (1280x12.5um=16mm), in which the linear dispersion
of the diffracted light is 0.185 mm/nm at the focal lengths of
200 mm, leading to a theoretical maximum wavelength range
of 86nm. The loss of the WSS is about 20dB, which is mainly
caused by the low recoupling efficiency of 45° RTFG. Table.1
shows the specific loss of the proposed WSS. The 45° RTFG
has a single polarization-dependent radiation property, and for
the broadband light, half of the energy will remain in the fiber
as transmitted light, which leads to a 3dB polarization coupling
loss. There is a loss caused by the fiber connector of 1dB, LCoS
and lens of 2dB, which can be optimized by changing the
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optical components. The recoupling of 45° RTFG leads to a loss
of 14dB, which is the main loss of the whole WSS system.
When the reflected light returns to the grating and recouples
into the fiber, the energy will distribute on various grating
cross-sections, leading to a low recoupling efficiency. The loss
of the WSS system can be reduced by exchanging the LCoS and
lens system with less optical loss. The recoupling efficiency of
45° RTFG can be improved by increasing the diameter of the
fiber core or increasing the refractive index modulation depth

of grating.
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Fig.5 The bandwidth of the RTFG-based WSS

Table.1 The Loss of the WSS based on 45° RTFG
Category Loss
Polarization coupling loss 3dB
Fiber connector 1dB
LCoS and Lens 2dB
recoupling loss 14dB
Total 20dB

The spectral tuning accuracy can be expressed as the optical
wavelength covered on a single pixel of the LCoS:
aa
R =dcos ay (7

Where d; o is the size of a single pixel of LCoS. % is the
reciprocal of the linear dispersion rate of 45°RTFG [16], which
is given by:

oA _ fun?A 1

P nA - '
9y (1+(cot0—35)2)A%sin 6 \/1+(1—n2)(c0t9—lgiﬁa)2

®)

By moving the pixel of the loaded phase grating of LCoS, the
spectral resolution and tuning accuracy of the WSS system can
be investigated. In this work, the channel spacing of the input
light is set to 100 Ghz. The width and period of loaded phase
grating are 8 pixels and 12 pixels respectively. As shown in
Fig.6, the 3dB bandwidth of the filtered signal is 0.4 nm and the
spectral tuning accuracy is 0.08 nm. Especially, the loss of WSS
will surge when the number of pixels is less than 8, which is
caused by the low recoupling efficiency of RTFG. And the
resolution can be improved by designing the structure of RTFG
with higher dispersion and recoupling efficiency.
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Fig.6 The resolution of the RTFG-based WSS

To evaluate the wavelength selective performance of the
proposed WSS based on the 45° RTFG, the periodic phase

gratings with different interleaved patterns are loaded on the
LCoS. Fig.6 gives a steering pattern on the LCoS, the intensity
of channel can be adjusted by changing the initial phase of
phase grating. Fig.7 gives pattens the output spectral with the
channel spacing of 300GHz, 200GHz and 100GHz. The
working bandwidth covers 1525 nm to 1595 nm. Especially,
when the channel spacing is 100GHz, there is a tendency to
overlap of some adjacent channels, which is caused by the
gentle roll-off of some channels. The roll-off can be steeped by
exchanging the LCoS with a smaller pixel size. The
experimental result shows that the WSS based on 45° RTFG
has an ideal wavelength selective performance within the C+L
band.
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Fig.7 Steering pattern on the LCoS



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 5

—_
=
~

-15
2204
_25 4
-304
_35 4
-40-

Intensity (dBm)

1550 1560 1570 1580 1590

Wavelength (nm)

1530 1540

—_
=
~

-15
2204
_25 4
301
35
404

Intensity (dBm)

1550 1560 1570 1580 1590

Wavelength (nm)

1530 1540

—_
i
~

1
—
0

Intensity (dBm)

1550 1560 1570 1580 1590

Wavelength (nm)

1530 1540

Fig.8 Output spectral with the channel spacing of (a) 300GHz, (b) 200GHz
and (c) 100GHz.

Due to the high polarization dependent radiation property of 45°
RTFG and the polarization sensitivity of LCoS, the proposed
WSS system is only working with S-polarization. For the
traditional WSS system, the polarization beam splitters and
waveplates could be employed to solve the polarization
dependent issue in [11]. In our recent work, we have used a
coated 45 ° RTFG and cascaded Faraday Rotator Mirror (FRM)
structure to realize the simultaneous radiation of the incident
light with different polarization states [24], in which the
emission RTFG is half-coated with a gold film, the S-
polarization light would be diffracted out from the fiber, and the
P-polarization light was transmitted through the grating and
reflected at the Faraday Rotator Mirror (FRM). The reflected
light would experience the polarization rotation effect and
become backwards-propagating S-polarization light, which will
be diffracted by the RTFG in another direction, finally reflected
by the gold film and emitted from the fiber with the forward-
propagating S-polarization light. By cascading an FRM, the
proposed WSS system could potentially reduce the polarization
dependent loss to a very low level.

IV. CONCLUSION

In conclusion, we have theoretically and experimentally
demonstrated an WSS based on an in-fiber 45° RTFG
diffraction device. The in-fiber transmission light is diffracted
out of the side of fiber by a 45° RTFG with a wavelength-
dependent emission angle. The operating wavelength range of
the proposed WSS is working at the wavelength range between
1520 nm and 1597 nm, which covers the C+L band. The

spectral resolution and tuning accuracy is measured of 0.4 nm
and 0.08 nm, respectively. The insertion loss of the WSS system
is about 20 dB, which is mainly caused by the aperture loss of
45 ° RTFG. Moreover, we have also investigated the spectral

filtering performance of the proposed WSS, in which the signal
spectra with channel spacing of 200GHz, 100GHz and 50GHz
are measured.
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