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We present and numerically demonstrate a novel
polarization insensitive (PI) 40-channels 100 GHz spacing
fold-back planar Echelle grating (PEG) multiplexers/
demultiplexers (Mux/Demux) to realize the compact 1x2
crossing-less photonic integrated wavelength selective
switch (PIC-WSS). The PI operation is achieved by a
polarization splitter to feed the TE mode and TM mode
into the PEG via two waveguides with different incidental
angles so that the diffracted optical signals (two different
modes) combine at the same PEG’s output waveguide. By
optimizing the design of the different inputs/outputs
angles combinations and sharing the same blazed angle, a
single compact PI PEG with fold-back configuration can
simultaneously work as twice Demuxes and twice Muxes.
The single fold-back PI PEG’s footprint including
input/output waveguides is only ~ 40 mm?2. The numerical
results show that 40-channels 100 GHz spaced PI fold-
back PEG owns < 2.4 dB insertion loss, <-60 dB cross-talk,
zero polarization dependent wavelength shift (PDWS), 0.3
dB polarization dependent loss (PDL), < 0.5 dB loss
variation and < 0.01 nm wavelength shift between Mux
and Demux. © 2022 Optica Publishing Group

Many advanced applications like 5G, edge cloud services and
internet of things steadily boost the growth of data traffic in metro
networks. Innovative programmable metro network sub-systems
arerequired to efficiently switch and route the large, heterogeneous,
and dynamic data traffics. PIC-WSSs are promising and efficient
solutions to implement a programmable network by routing
wavelengths from any inputs to any outputs without E/O/E
conversion [1,2]. The PIC-WSS has the potential to provide optical
switching with compact footprint, high stability, low cost, and low
power consumption. Reported 1xN PIC-WSSs have a configuration
consisting of integrated Mux/Demux for the wavelength
separation/combiner, broadcast splitters and many waveguide
crossings, and photonic switches/gates for wavelength
bypass/dropping/ blocking (see the configuration in Fig. 1 (a)) [3].
The conventional photonic integrated Mux/Demux in PIC-WSSs
employ arrayed waveguide grating (AWG) on different photonic

platforms. In [4], we have demonstrated a hybrid integrated WSS
consisting of InP semiconductor optical amplifiers (SOAs) as optical
gates with nanoseconds switching operation and two silicon AWGs
(one for Mux and the other for Demux), but limited to 12-channels
AWG and requires wavelength registration to match the central
wavelengths of the two AWGs. Another 40-channels 100 GHz
spaced PIC-WSS approach on silica platform [5] exploited a single
AWG in a fold-back configuration as both a Mux and a Demux to
eliminate the wavelength mismatch, but at the cost of larger chip
size (~11000 mm?) and higher losses/cross-talks due to numerous
waveguides crossing. Fold-back PEG is an alternative solution to the
fold-back AWG as the PEG can provide smaller footprint to
implement an ultra-compact PIC-WSS design by reusing the free
propagation region (FPR) and the grating facets for implementing
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Fig. 1. (a) schematic of conventional 1x2 M-channels WSS with
separate Mux/Demux. (b) schematic of 1x2 40-channels crossing-
less PI WSS employing single PI fold-back PEG, PBS, polarization
beam combiner (PBC) and optical gates (0Gs).
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Fig. 2. (a) structure of PI fold-back PEG (twice Demuxes and twice Muxes) combining PBS and PBC for 1x2 crossing-less WSS. (b) structure of 3-
um silicon slab waveguide. (c) blazed angle for two input/output combinations. (d) layout of the 1x40 PEG (grey part: area of light transmission).

simultaneously multiple Muxes/Demuxes within the same
photonic circuit. However, for a practical implementation of a PI
PIC-WSS, also the PEG should have PI operation. Several methods
were proposed to design PI PEG. In [6], the two polarization states
(TE and TM) were separated by the Bragg grating and
demultiplexed by two different PEGs to achieve polarization
insensitivity, but two PEGs could lead to wavelength mismatch and
thus high insertion losses. In [7], the PDWS is compensated with an
extra-etching in the FPR, but the second lithography step increases
fabrication complexity and brings extra insertion loss as well as the
edge channels’ high PDWS (0.15 nm).

In this paper, we present and numerically demonstrate, for the first
time to the best of our knowledge, a 40-channels 100 GHz spaced PI
PEG with fold-back configuration that can simultaneously work as
multiple Muxes/Demuxes for compact and crossing-less 1x2 PI
PIC-WSS design. By employing a 1x2 splitter to divide the input
WDM data and two polarization beam splitters (PBSs) to feed two
polarization states into different input waveguides with different
angles (see the configuration in Fig.1 (b) and Fig. 2 (a)), the single PI
PEG with folded configuration prevents waveguides crossing to
achieve low cross-talk and low insertion loss as well as negligible
PDL and PDWS. Numerical results show that for all PEG’s channels
of the two Muxes and two Demuxes the insertion losses are 1.5 dB
~ 2.1dBfor TE and 1.8 dB ~ 2.4 dB for TM, the cross-talk levels are
better than -60 dB, the PDL is less than 0.3 dB, the PDWS is zero at
central channel, 0.01 nm channel wavelength shift and < 0.5 dB loss
variation between Mux and Demux.

The schematic of the PI fold-back PEG is shown in Fig. 2 (a). The
operation principle of the PI fold-back PEG based 1x2 crossing-less
WSS is explained as follows. The optical power of the input WDM
channels with 100 GHz spacing s first splitby a 50:50 power splitter
to generate two copies of the input WDM channels. Each copy of the
input WDM channels is fed into a PBS to separate the TE and TM
modes. Then the TE mode and TM mode of the first copy (second
copy) are launched into the TE input and TM input of Demux 1
(inputs of Demux 2), respectively. The launching input angle of the
TE and TM modes and the PEG are designed so that the 40 TE and
TM channels diffracted by the PEG grating are demultiplexed and
then combined to the same 40 outputs waveguides of Demux 1
(outputs of Demux 2). The separated 40 channels are switched by

the optical PI switch array and then guided back to the 40 inputs of
Mux 1 (inputs of Mux 2). The switched channels are multiplexed to
the TE and TM output port of Mux 1 (outputs of Mux 2). The two
polarizations are combined by the PBC to the first (second) output
of the WSS. By programming the switch gates, any wavelength can
be switched /multi-casted to the two WSS output ports.
The detailed method for PI and fold-back design is described as
follows. The concaved PEG is the projection of the straight
diffraction grating on the waveguide plane. The input and output
waveguides are placed on the imaginary Rowland circle (RC) with
radius R. The multi-wavelengths beam, injected from the input
waveguides diverges in the FPR. Then the diffracted light beam,
reflected by the grating facets, focuses to the output waveguides on
the RC. Due to different refractive index and phase paths, different
wavelengths are separated to different output ports. The
relationship between the positions of incident light (input
waveguide) and diffracted light (output waveguide) are
determined by the diffraction equation [8,9]:
d(sin(@) + sin(Bpu)) = (MA/n (1)

where d s the grating facet period, i, is the incident angle of light,
Bousis the output angle of diffracted light,m is the diffraction
order, Ais the incident wavelength value in the free space, and nis
the effective refractive index of Ain the FPR. For the fixed input angle
and grating period, the output angle of TE and TM modes are:

6L, = arcsin (7= —sin(0w) ()

6™ = arcsin (— —sin(0)  B)
As TE and TM have different effective refractive indexes in the FPR,
the output angle is different for TE and TM, which leads to PDL and
PDWS. To achieve the PI operation, both TE and TM signals should
be directed to the same output wavegulde Therefore, we fix the
output waveguide position (Gout =01k = Oou), and design the
input waveguides for TE input and TM input at different incident
angles to diffract the two polarizations to the same output port. The
design strategy is first to fix the diffraction order m and central
wavelength 2, then choose the input/output angle of the TE mode
(67 andB,y,). The grating period is calculated by:

d= (mA)/ (nre(sin(@pe)+sin (67F))) (4



As the output angle of TM and TE should be the same, the input
angle for TM mode is calculated by:

O = arcsin (mA/(nrud) —sinBpr))  (5)

And the physical spacing between the input TE and input TM
waveguides is:

As = 4nR (O — 1M 6)
By setting the different input angles for TE and TM, the two modes

can be diffracted and reflected to the same output waveguides
without PDWS and PDL.

In our design, the 3-um thick silicon (waveguide core) on silica
(substrate) platform is employed as the slab waveguide for guiding
light (see Fig. 2 (b)) [10]. The grating facets are coated by gold for
reflection. The effective refractive index of TE and TM (nrg and
nry) at central wavelength of 1547.72 nm in the FPR are 3.4672
and 3.4664, respectively. The diffraction order mis set to 6 for both
TE and TM, which results in ~258 nm free spectrum range (FSR).
For TE mode, the input angle is set to 27° with output angle of 20°,
and the grating period d s calculated to 3.36 um. For TM mode, the
input angle is 27.01° which results in an output angle of 20° (same
as for TE). The physical distance of TE and TM input is ~ 3 pm.

To achieve maximum diffraction efficiency and minimum insertion
loss, the grating facet is designed with blazed angle (8p), which
ensures the direction of the reflected light to be the same as zeroth
diffraction’s [8][9]:

Op = (gin + gout)/ 2 7
If the different combinations of input and output angles satisfy the
same blazed angle condition (such as 6, +6L,0/2 = (6%, + 6%,
)/2 = 6p), namely, share the same blazed angle, the same blazed
grating can provide maximum diffraction efficiency for the different
light beams injected from different input angles (see Fig. 2 (c)). The
firstinput/output combination of TE mode (655 + 6751)) defines
the grating period (see equation (4)). Then the input angle of the
other combination is set to 655" following the rules in [9], and the
corresponding output angle is calculated by:

O4ut' = arcsin (mA)/(nrpd) —sin(6l7™)  (8)

In order to achieve the PI operatlon the output angle of TM mode is

set to the same value as QOut , and the input angle of TM (HEQM") is

calculated by equation (5). To reuse the single PEG four times for
twice multiplexing and twice demultiplexing, our fold-back PEG is
designed with four input/output angles combinations. The first

Table 1. Main design parameters of PI fold-back PEG

Gra.tmg 3.36 Grating length 8000 um
period um
Diffraction 6 . 7500 um
order Rowland radius
Central 1547.7 Distance of 3 pum
wavelength 2nm TE/TM input
40 Input/output 27°/20° (TE)
Channel angle of 27.01°/20° (TM)
number deMux1
23.5° 28.5°/18.59° (TE)
Input/output : s
Blazed angle angle of Mux1 28.51°/18.59° (TM)
100 Input/output 25.5°/21.44° (TE)
Channel GHz | angle of 25.51°/21.44° (TM)
spacing deMux2
FSR ~258 Input/output 24°/22.91°(TE)
nm angle of Mux2 24.01°/22.91° (TM)

input/output combination for TE mode is set to 27° and 20°,
resulting 23.5° blazed angle, and the other three combinations for
TE are 28.5°/18.59°, 25.5°/21.44° and 24°/22.91°. For TM mode,
the four combinations are 27.01°/20°, 2851°/18.59°
25.51°/21.44° and 24.01°/22.91°, respectively. Since the grating
period d is fixed and calculated by the first input/output
combination, the other combination has a slight deviation
compared with the blazed angle of 23.5°, which will result in extra
negligible loss. By reusing the same PEG and sharing the same
blazed angle, the fold-back configuration ensures zero wavelength
shift between different input/output groups. Benefiting from the
PEG’s bidirectionality, the input and output can be swapped, namely,
the light beams launched from the output waveguides can also be
diffracted and reflected to the input waveguide. For the 1x2 WSS
configuration, the single PEG works as twice Demux and twice Mux.
The Demux 1 uses angle combination of 27° TE mode input, 27.01°
TM mode input and 20° same output for two modes. The Mux 1
employs 18.59° same input for TE and TM, 28.5° TE output and
28.51° TM output. For Demux 2, the waveguide positions are set
with 25.5° TE input, 25.51° TM input and 21.44° same output. The
Mux 2 owns 22.91° input, 24° TE output and 24.01° TM output. The
main design parameters are summarized in Table 1. The single fold-
back PEG’s size including grating facets and area of light
transmission is only ~ 40 mm? (see the layout in Fig. 2 (d)), which
is much smaller than the AWGs in [4] and [5].

The software Epipprop is used as the simulator. The 100 GHz
spaced 40-channels simulated output spectra and magnified
spectra of Demux 1, Mux 1, Demux 2 and Mux 2 are illustrated in Fig.
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Fig. 3. Output spectra with TE mode (solid curve) and TM mode
(dashed curve) of deMux 1 (a), Mux 1 (c), deMux 2 (e) and Mux 2 (g);
magnified spectra at central channels of deMux 1 (b), Mux 1 (d),
deMux 2 (f) and Mux 2 (h).
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Fig. 4. Detailed output spectra at 1547.72 nm (a), 1531.90 nm (b)
and 1563.86 nm (c) of Demux 1 (blue curve), Mux 1 (black curve),
Demux 2 (green curve) and Mux 2 (red curve) with TE mode (solid
curve) and TM mode (dashed curve).

3 (a) to (h), respectively. Fig. 4 (a), (b) and (c) show the overlapped
detailed spectra of two Demuxes and two Muxes at central
wavelength (1547.72 nm) and C-band edge wavelengths (1531.90
nm and 1563.86 nm), respectively. The results show that from 1530
nm to 1565 nm for all Demuxes and Muxes, insertion losses range
from 1.5 dB to 2.1 dB for TM mode and from 1.8 dB to 2.4 dB for TE
mode. The PDWS at central channel is zero, and is 0.009 nm at edge
channel, which is smaller than [6] (~ 0.02 nm) and [7] (0.15 nm). All
channels have ~ 0.3 dB PDL, which is caused by polarization
dependent reflective coating and could be eliminated by removing
metal coating from the grating's nonreflecting facets [11]. The cross-
talk levels are around -60 dB in average for all 40 channels. The loss
variation of 0.04 dB to 0.5 dB between demultiplexing and
multiplexing is observed due to slight deviation from blazed angle.
The wavelength mismatching between Demux and Mux is zero at
central channel and 0.01 nm at edge channel. All simulated results
are summarized in Table 2. The effect of TE/TM input distance
variation on PI performance has also been studied by simulating TM
spectrum with distance variation till +200 nm with 50 nm step (see
Fig. 5). The variation of + 200 nm only result in 0.02 nm PDWS and
0.4 dB PDL. The fabrication tolerance could be further reduced by
increasing RC’ radius, namely, the distance of TE and TM input. The
typical refractive index variation after fabrication is in the order of
~ 1x107 that leads to ~ 0.005 nm central wavelength shift for both
TE mode and TM mode. When the variation of blazed angle is < 1°,
the increase of insertion loss is < 0.7 dB and the increase of cross-
talkis <5 dB.
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Fig. 5. Detailed output spectra of original TE/TM design, and TM
with distance variation of +50nm, +100nm, +150nm and +200nm.
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Table 2. Simulated results of the PI fold-back PEG

Demux 1 Mux 1 Demux 2 | Mux 2
Insertion losses 2.0~2.1 23~24 [ 19~20 | 1.8~1.9
(dB) (TE)
Insertion losses 1.7~ 1.8 20~2.1 1.6~17 | 1.5~1.6
(dB) (TM)
PDL (dB) ~0.3 ~0.3 ~0.3 ~0.3
Loss variation (dB) | 0.04~0.5 | PDWS (nm) 0~ 0.009
Wavelength 0~0.01 Cross-talk (dB) -60
mismatching (nm)

In summary, we designed and numerically demonstrated a novel PI
fold-back PEG serving simultaneously as twice the Demux and Mux
required in a PI PIC-WSS. The single PI fold-back PEG owns 40
channels and 100 GHz spacing for Mux/Demux with low insertion
lossof 1.5dB ~ 2.4 dB, 0 ~ 0.009 nm PDWS, ~ 0.3 dB PDL, low cross-
talk < -60 dB, 0.04 dB ~ 0.5 dB loss variation and 0 ~ 0.01 nm
wavelength mismatching between Muxes and Demuxes, and
compact footprint of ~ 40 mm?. The flat-top response of the PEG
can be achieved by placing an MMI in front of the input waveguide
[9], which will be considered in future work. The PI fold-back
concept can be in principle extended to PI N-use fold-back PEG for
larger port ultra-compact crossing-less PI PIC-WSS.
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