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A Grating Coupler Design for Optical Vortex Mode
Generation in Rectangular Waveguides

Denis M. Fatkhiev
Ruslan V. Kutluyarov

Abstract—We propose and numerically verify a design approach
to a grating coupler (GC) for in-plane generation and propagation
of quasi-TE vortex modes with azimuthal order 4-1 within photonic
integrated circuits (PICs). In the considered GC design example,
silicon nitride waveguides with silica substrate and cladding are
used. The shallowly etched grating is illuminated by the incident
optical beam from a standard single-mode fiber. We optimize the
GC design parameters to maximize the purity of orbital angular
momentum (OAM) mode first for the case of a theoretical ideally
fabricated grating, and then consider a more practical case of
GC design, when the etching resolution is limited. The numerical
modeling results show possibility of the vortex mode generation
with >96% purity of the target OAM state £1 at the wavelength
1550 nm. The proposed design, compatible with the standard
nanofabrication process, provides a simple, compact and robust
solution for various potential PIC-based applications of OAM
beams.

Index Terms—Optical waveguides, orbital angular momentum,
silicon nitride, vortex beam, waveguide gratings.

1. INTRODUCTION

PTICAL vortex beams, i.e., the light beams with a helical
O phase front, are known to carry an orbital angular momen-
tum (OAM) of (A per photon, where integer / is the topological
charge of vortex beam and 7/ is the Planck constant [1]. Optical
vortices, carrying distinct OAM, form a theoretically unlimited
basis of orthogonal functions. These remarkable properties of
vortex beams make their employment beneficial for a number
of existing and envisioned applications, such as high data rate
classical optical communications over optical fiber [2], [3] and
free-space links [4]-[6], optical tweezers and spanners [7]-[9],
imaging and microscopy [10]-[12], quantum entanglement [ 13],
[14], remote sensing [15], etc. The growing number of tasks that
can be solved using optical vortices require more advanced and
efficient methods for their generation and transmission.
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Typically, vortex beams can be generated and detected us-
ing discrete optical devices including diffractive optical ele-
ments [16], cylindrical lens mode converters [17], spiral phase
plates [18], and holograms programmed on spatial light modula-
tors [19]. However, in recent years, solutions based on photonic
integrated circuits (PICs) have attracted the greatest interest due
to their energy efficiency, compactness, high radiation perfor-
mance, and repeatability in mass fabrication due to available
technological processes.

The PIC-based solutions for optical vortices generation can
be divided into two groups: out-of-plane solutions, and in-plane
solutions. The out-of-plane approach implies the principles of
scattered field generation based on microring resonators with
angular gratings [20], [21], free-form metasurfaces [22], micro
spiral phase plates placed at the output port of a vertical-cavity
surface-emitting laser [23], annular grating [24], [25], or two-
dimensional fiber-gratings [26]. This approach has shown ro-
bustness and high purity of the generated OAM states, allowing
OAM-multiplexed data transmission [27], [28]. However, in this
case, the vortex beam is generated in free space, and to couple it
into a fiber or another PIC generally a lens is needed. The need
for free-space components affects the reliability, functionality,
and size of the final device.

In turn, the in-plane solutions provide the vortex mode gen-
eration and propagation inside the dielectric waveguide, bring-
ing the advantageous possibility to implement a vortex emitter
as part of more complex integrated devices for processing or
(de)multiplexing OAM-carrying optical signals on a chip. Addi-
tionally, the in-plane design opens a possibility to couple the out-
put beam to the fiber using an effective edge-coupling scheme.

There are several theoretical design proposals for the inte-
grated devices intended for in-plane vortex mode generation in
the waveguides. In [29] a rectangular waveguide based on a
Silicon-On-Insulator (SOI) platform with a single longitudinal
trench is used to split the mode degeneracy and excite two
orthogonal LP-like eigenmodes with different propagation con-
stants for further synthesis of a vortex beam. Another idea is to
use hybrid plasmonic waveguides, e.g. in [30] the copper layer is
located on top of the silicon nanowire with silica spacer between
them; in [31] L-shaped asymmetric copper strip is located on
the right top of the square silicon core; a scheme in [32] applies
graphene hybrid waveguide for a quasi-linear mode conversion
into a quasi-circular mode in a dynamic tuning manner. It
should be noted that in the last three cases the OAM beam is
represented by the longitudinal component of the electric field,
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which complicates its application. Another technique utilizes a
metasurface for coupling incident radiation into an integrated
waveguide [33]. The metasurface is represented by a silicon
antenna array placed on the surface of the SisN4 waveguide. To
summarize, the devices based on hybrid plasmon waveguides
and metasurfaces are very compact but are not straightforwardly
compatible with the commercially available PIC technologi-
cal platforms. Such compatibility is provided by the design
proposed in [34]: radiation is injected into two waveguides
using edge-couplers to form TE;y and TEp; modes, which
are subsequently combined with a 7/2 or —m/2 phase shift.
However, to obtain a vortex beam, the TEqy and TMyy modes
are required to be simultaneously introduced via edge-couplers,
which represents certain technological inconveniences.

In this paper, we propose a very simple and compact structure
for in-plane generation of quasi-TE vortex mode with azimuthal
order ¢ = £1, compatible with the standard nanofabrication pro-
cess and existing photonic integration platforms. In our scheme,
the vortex mode is generated in the waveguide directly from
the beam incident to the grating coupler (GC) from a standard
single-mode fiber (SMF). The paper is organized as follows:
in Section II, we describe the general design concept of the
proposed integrated device and its operation principle, and also
formulate the problem of the device parameters optimization; in
Section III, based on the numerical modeling results, we define
the design parameters for an exemplary device based on silicon
nitride PIC platform, and theoretically analyze the performance
of the considered device; and in Section IV we discuss the results
and make conclusions.

II. DESIGN CONCEPT AND OPERATION PRINCIPLE

As we have shown in [35], in dielectric rectangular waveg-
uides quasi-degenerate vortex modes with azimuthal order £/
can be supported as the following superpositions of quasi-TE or
quasi-TM eigenmodes:

¢
E:l:f <x7 Y, Z) = _ie Z(ii)jE.f’fﬁj ($7 y)exp(_jﬁj,f*jZL

j=0

ey
where the subscripted spatial indices 1 and v of the eigenmode
electric field vector E,,,, denote the number of phase inversions
in the dominant electric field component over x and y axes,
respectively. However, the phase-matching condition between
the constituent eigenmodes providing a stable helical phase front
over the waveguide can be achieved only for the case £ = +1.
In this case, for equation (1) we have:

Ei = —iEy £ Eqo. ()

Therefore, the generation of the vortex mode in a waveguide
directly from a single incident beam can be reached by simul-
taneous generation of the waveguide eigenmode fields Eq; and
Eqo with equal intensities and an appropriate phase shift. In
that way, the proposed GC design essentially is formed as a
superposition of two sub-gratings, each of which is intended
for excitation of the waveguide eigenmode fields Eg; and E;,
respectively. Here we focus on quasi-TE waveguide modes due
to their efficient coupling via GCs, typically lower insertion
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losses in waveguides and other passive components, and the
variety of building blocks optimized for a quasi-TE mode in
the existing PIC platforms. To keep the GC possibly simple to
fabricate and compatible with the standard integration process,
the GC is supposed to have one etching depth. Therefore, the
sub-gratings are superimposed with the following rule: in each
point at the GC surface, if at least one of the sub-gratings has a
groove, then the resulting GC should also have a groove with the
standard etching depth; and if neither of the sub-gratings has a
groove, then the resulting GC should not be etched in that point
(see Fig. 1).

As a target waveguide enabling the vortex mode generation
and transmition, we consider the symmetric (surrounded by
silica) silicon nitride waveguide, the geometry of which is opti-
mized in [35] for the propagation of quasi-degenerate quasi-TE
vortex mode with azimuthal order ¢ = =1. In this case, the
target waveguide has a size of 1370 x 1250 nm?, and both
constituent eigenmodes TE;y and TEg; have effective indices
of around 1.6887. Fig. 2 shows the layout sketch of the device
under consideration composed of the GC irradiated by the SMF,
the target waveguide, and a linear taper for adiabatic coupling
between them. According to the planar technology, all sections
of this device should have the same height dictated by the target
waveguide, the heigth of which equals 1250 nm in order to
support the TEqy; eigenmode.

First, we model and preliminarily optimize the sub-gratings
for the generation of the TE;( and TEq; eigenmodes separately.
The first one consists of two semi-gratings longitudinally shifted
relative to each other for a half-period (see Fig. 1). This structure
is intended to support the 7 phase shift between two lobes of the
dominant electric field component F,, of the TE;( eigenmode.
For the second one, we use the typical grating structure with
the period providing the phase-matching condition for the TE;
eigenmode. The etching depth for both sub-gratings is set to
30%, which is a typical value for shallowly etched gratings (for
the waveguide height of 1250 nm, this equals 375 nm).

For optimization of sub-gratings, we consider the purity of the
target eigenmodes as the main objective function, and the overall
coupling efficiency as a secondary one. Ansys Lumerical FDTD
Solver has been used for all calculations of the electromagnetic
(EM) fields. The calculations were carried out on a various two-
processor nodes of the USATU (Ufa State Aviation Technical
University) computing cluster mainly using Intel Xeon Gold
6126, 5222 and 6226 processors. The computation time required
to complete the optimization of GC from scratch is about 40
hours.

The FDTD calculation area is 40x7.625 x 24 pym? with the
non-uniform grid with the maximum mesh size 50x 20 x 50 nm?,
minimum mesh step 0.25 nm, and time step 0.057 fs. The SMF
has a mode field diameter of 10.4 pum at 1550 nm, and its facet
is placed at the height of 200 nm over the silica cladding.

To assess the purity of generated eigenmodes, the expansion
coefficients of the output electric field vector E(r) over the basis
of the waveguide eigenmode electric field vectors E,,,, (r) were
determined using Python as follows:

Qpy = /A? E;‘w(r)E(r)er, 3)
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Fig. 1. Schematic representation of the GC formation by superimposing the sub-gratings.
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Fig. 2. Sketch of the device layout and the target waveguide cross-section; dimensions are shown in pm; * denotes the minimum GC length, because the actual

value is defined by the integer number of periods in the sub-gratings and the longitudinal shift between them.
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Fig.3.  Amplitude of the modal decomposition coefficients for the target eigen-
mode and the next highest parasitic eigenmode at the output of the sub-gratings
generating eigenmodes TE1g (a) and TEg; (b) vs. the sub-grating period;
overall coupling efficiency for the sub-gratings generating eigenmodes TE1q
(c) and TEq; (d) vs. the sub-gratings period.

where r = (z,y) is the radius vector, and integration is per-
formed over the cross-section of 40 x 5 yum? within the calcu-
lated FDTD area.

Fig. 3 shows the resulting modal decomposition coefficients
and the overall coupling efficiency after the sub-gratings gener-
ating TE;p and TE(; eigenmodes, depending on the sub-grating
period. Here and in the following calculations, we assume the

radiation wavelength is 1550 nm. Both sub-gratings have a filling
factor (i.e., the fraction of the remaining full-height waveguide
length within the period) I' = 0.5, which is supposed to provide
maximum coupling efficiency. The simulation results confirm
that the generation of a pure TE;( eigenmode is less effective
compared to TEq;. This is caused by the parasitic generation
of TE;; eigenmode, which prevents using the range of peri-
ods providing the highest coupling efficiency. TE;{; mode is
inevitably supported by the waveguide of the considered height,
and its generation is allowed by the geometry of the sub-grating
intended for TE;y mode generation. However, the coupling of
the other eigenmodes supported by the waveguide is prohibited
by this sub-grating, so they have a negligible impact on the
output modal content. Therefore, due to the lower performance,
this sub-grating is set determinative for optimizing the fiber
tilt angle. Considering together the TE;y mode purity and the
overall coupling efficiency (see Fig. 3 [a],[c]), the fiber tilt angle
of 10° to the surface normal was chosen. To achieve the highest
purity of the target eigenmodes, the periods A of the sub-gratings
generating modes TE, and TE; have been determined around
860 nm and 1000 nm, respectively.

As the coupling efficiencies of the sub-gratings are consid-
erably different, to match them according to (2), the filling
factor can be varied. For the sub-grating generating TE;g
eigenmode, which has lower performance, we set the filling
factor I'rg,, = 0.5 and the period Atg,, = 860 nm to keep
as much as possible its coupling efficiency and mode purity.
For the sub-grating generating TE; eigenmode, we increase
the filling factor and fine-tune the period to adjust its coupling
efficiency and minimize the generation of unwanted modes. To
achieve the required phase shift of +-7 /2 between the constituent
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Fig. 4. Coupling imbalance (a) and phase mismatch between the TE;g and
TEp1 eigenmodes (b), parasitic coupling efficiency (c), and useful coupling
efficiency (d) of the GC vs. the period Arg,, vs. the filling factor I'rg,
of the sub-grating generating eigenmode TEq; for the GC with ideal etching
resolution, designed for the target OAM state +1. The longitudinal shift AT,
is fixed to + 235 nm.
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Fig. 5. Numerically calculated absolute amplitude distribution (a) and phase
distribution (b) of the E,, field component in the target waveguide for the GC
with ideal etching resolution, designed for OAM state +1. White circumference
shows the area considered for OAM spectrum calculation.

TABLE I
OPTIMIZED GC DESIGN PARAMETERS
Target Etching
A ,nm | T ,nm | A , nm
OAM state | resolution TEot TEot TEor

+1 unlimited 991 0.68 -235

+1 100 nm 987 0.64 -275

-1 100 nm 991 0.65 +225

eigenmodes, we longitudinally shift the sub-gratings relative to
each other.

Therefore, there is a set of three geometric parameters of
the sub-grating generating TE(; mode: period Arg,,, filling
factor I'rg,,, and longitudinal shift Arg,,, which define the
performance of the resulting GC in respect to OAM mode
generation. From the physical point of view, we assume that
these parameters influence the GC operation mainly as follows:

1) period Atg,, determines the coupling efficiency and the

mode purity of the TE; eigenmode;

2) filling factor I'tg,, determines the coupling efficiency of

the TE(; eigenmode;

3) longitudinal shift Arg,, determines the relative phase

shift between the TEy; and TE; eigenmodes.
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Fig. 6. Coupling imbalance (a) and phase mismatch between the TE;o and
TEp1 eigenmodes (b), parasitic coupling efficiency (c), and useful coupling
efficiency (d) vs. the period A, vs. the filling factor I'rg,,, of the sub-grating
generating eigenmode TEO1 for the GC with the limited resolution, designed for
the target OAM state +1. The longitudinal shift Ag,, hereis fixed to-275 nm.

However, these parameters also influence the effective indices
neyfy of both the TE; o and TEg; eigenmodes propagating in
the GC. As the optimal values of these parameters ourselves
intrinsically depend on the effective indices of eigenmodes, only
simultaneous optimization of these parameters is possible.

Therefore, these parameters form a 3-dimensional space of
input vectors, over which we define a set of four objective
functions, characterizing the GC performance in terms of the
1% order OAM mode generation:

1) coupling imbalance between the TE;y and TE; eigen-
modes, i.e., an absolute difference of the coupling effi-
ciencies for the TE o and TE(; eigenmodes in the target
waveguide:

“

Ndift = |1MTE,, — NTEe, | — min,

2) phase mismatch between the TE;y and TE(; eigenmodes,
i.e., an absolute value of the deviation of the phase differ-
ence between E, components of TE;y and TE; eigen-
modes at the input of the target waveguide from =+ /2:

Ay = |arg(Eytr,,) — arg(EyrE,,) £ 7/2| = min,
5
3) the parasitic coupling efficiency of the GC, i.e., the total
coupling efficiency except for TE;y and TE(; eigen-
modes:
(6)

npar = (77 —NTE,p — 77TE01) — min,

4) the useful coupling efficiency of the GC, i.e., the sum of
coupling efficiencies for TE;y and TE(; eigenmodes at
the input of the target waveguide:

@)

Nsum = (nTElo + 77TE01) — max,

Here these optimization criteria are put in an order of descend-
ing priority. This order defines our preference for the solutions
to this optimization problem.
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TABLE II
CALCULATED GC PERFORMANCE CHARACTERISTICS AT THE TARGET WAVELENGTH 1550 NM
Target Etchin Normalized Normalized OAM power distribution of
OAM .g output the output fields component Ex
resolution

state power -3 -2 -1 0 +1 +2 +3

+1 unlimited 0.0235 0.00131 | 0.00116 | 0.00006 | 0.00372 | 0.97379 | 0.00321 | 0.00006

+1 100 nm 0.0226 0.00129 | 0.00280 | 0.00016 | 0.00394 | 0.96748 | 0.00338 | 0.00012

-1 100 nm 0.0228 0.00010 | 0.00461 | 0.96583 | 0.00542 | 0.00008 | 0.00174 | 0.00132

III. NUMERICAL SIMULATION RESULTS 070 300 070 4.0

A. Optimization of the GC With Ideal Etching Resolution

First, let us consider the idealized case when the minimum
size of the grating features is not limited. To find the optimal
values of Arg,,, I'rg,,, and Arg,,, we calculate the EM field
at the output of GC illuminated by the field from SMF using
Lumerical FDTD, and decompose it according to (3).

During GC optimization, we assume adiabatic operation of
the taper, i.e., mode coupling in the taper is neglected. We model
the taper operation over TEy and TE(; eigenmodes by a2 x 2
diagonal complex scattering matrix. To find this S-matrix, we
calculate the EM field at the taper output when it is excited by
TE;o and TE(; eigenmodes separately with equal normalized
intensity and make modal decomposition of the resulting fields.
Then this S-matrix is applied to the complex vector of modal
coefficients (arg,,, aTg,, )’ calculated for the EM field at the
GC output according to (3), and the resulting vector is used to
determine the values of 74ift, 7Jsum, and Agp.

To coarsely find the regions of values for period Arg,,,
filling factor I'rg,, , and longitudinal shift Ay, , we run several
iterations of GC simulation gradually improving the set of these
GC parameters towards their optimized values. Then, for fine
adjustment of the GC parameters, we run 2-dimensional sweeps
of period Atg,, and filling factor I'rg,, around their course
values at fixed values of longitudinal shift Arg,, . Fig. 4 shows
the resulting contour plots of the objective functions for the case
{=+1.

According to our preference, we chose the following op-
timized parameters of GC: Arg,, = 991 nm, I'tg,, = 0.68,
Arg,, = —235 nm (see Table I). The period and filling factor
for the sub-grating generating eigenmode TE;( have been pre-
viously defined as Arg,, = 860 nm and I'rg,, = 0.5. Fig. 5
shows the amplitude and phase distributions of the dominant
electric field component F, of the resulting EM field in the
target waveguide.

To quantitatively estimate the distribution of OAM states
carried by the calculated quasi-degenerate mode in the target
waveguide, we expand its dominant electric field component
E, over the basis of angular harmonics [36] using MATLAB:

+m )
Py = / E(p)e " dep. (8)

s
For the expansion calculation, we consider the circular area,
centered at the central point of the waveguide cross-section and
confined by the radius, at which the amplitude of E, falls to
1/e of its maximum value (see Fig. 5). The resulting normalized
power distributions of OAM states are summarized in Table II
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Fig. 7. Coupling imbalance (a) and phase mismatch between the TEo and
TEg; eigenmodes (b), parasitic coupling efficiency (c), and useful coupling
efficiency (d) vs. the period A1), vs. the filling factor 't of the sub-grating
generating eigenmode TEO1 for the GC with the limited resolution, designed
for the target OAM state —1. The longitudinal shift ATg,, here is fixed to
+225 nm.

(for brevity, we show the values for the target OAM state +1
and the next largest values, corresponding to the OAM states
from -3 to —3). As can be seen, the generated mode carries the
target OAM state +1 to an extent >97% by power with high
purity. For the case of target OAM state ¢ = —1, the GC can be
optimized similarly.

B. Optimization of the GC With Limited Etching Resolution

As the optimal values of the GC parameters are interrelated
via effective indices of the TE;g and TE(; eigenmodes, and the
effective indices depend on the GC layout, for any specific value
of etching resolution the optimization procedure is required, as
described in Section III-A.

Noteworthy, in the proposed GC design, the minimum size of
features to be etched is defined as (1 —I'rg,,) -ATg,,, i.e., itis
about the typical feature size of grating couplers. Therefore, we
assume that all the etched areas in the GC design are supported
by the technological process. However, the remaining ridges
of the full waveguide height in the GC design may have an
arbitrarily small size. Therefore, in course of fabrication, the size
of these GC areas may be affected by the technological process
limitations, e.g., the lithography resolution or/and photoresist
properties. As an example, let us consider the minimum feature
size for the remaining waveguide ridges to be 100 nm. Therefore,
at each iteration during GC optimization, in the corresponding
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Fig. 8. Numerically calculated absolute amplitude distributions (a, ¢) and
phase distributions (b, d) of the E, field component in the target waveguide
for the GC with the limited resolution, designed for the target OAM states +1
(a, b) and —1 (c, d). White circumference shows the area considered for OAM
spectrum calculation.

GC design, all the ridges thinner than this given minimum feature
size are removed.

Figs. 6 and 7 show the resulting contour plots for the objective
functions (4)—(7) for the cases ¢ = £1, respectively. As can be
seen, the limited minimum feature size may lead to nonmono-
tonic dependence of the objective functions on the input GC
parameters within certain regions. This is caused by the sharp
changes in the effective indices of eigenmodes when removing
from the GC design the grating ridges thinner than the minimum
supported feature size. As a result, the optimization process
may become more complicated, and obviously, with increasing
the minimum supported feature size, the optimization of GC
parameters will become less effective.

For the considered minimum feature size of 100 nm, we
choose as optimal the GCs parameters based on the simulation
results and our preference, which are summarized in Table I. The
corresponding calculated transverse electric field distributions in
the target waveguide are shown in Fig. 8. Table II summarizes
the corresponding normalized OAM power distributions for the
target OAM states -1 and the next highest OAM components, as
well as the total output power in the target waveguide normalized
to the input power from SMF (overall coupling efficiency).

C. Optical Bandwidth Analysis

To estimate the optical broadbandness of the designed inte-
grated devices, we calculated the output EM field in the target
waveguide at the wavelengths 5 nm and +10 nm to the target
wavelength, the corresponding OAM spectra, and the coupled
output power. Fig. 9 shows the resulting graphs for the target
OAM state purity and the normalized total output power for the
devices generating vortex modes with azimuthal order ¢ = +1,
described in Section III-B.
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As can be seen, the target OAM state purity decreases rela-
tively fast as the wavelength deviates from the target value of
1550 nm. Nevertheless, within the =5 nm wavelength region, the
normalized power of OAM state +1 is still >0.9. However, with
the further wavelength deviation, the OAM spectrum degrades
dramatically, and at the wavelength deviation of +10 nm the
normalized power of vortex modes with target OAM states drops
down to about 0.5 with the prominent increase of conjugate
vortex modes (i.e., with azimuthal order opposite to the target
one).

IV. DISCUSSION AND CONCLUSIONS

As modeling results have shown, the proposed design of the
integrated device can provide in-plane generation of the vortex
mode with azimuthal order / = +1 in rectangular dielectric
waveguides compatible with the standard planar nanofabrication
technology. Here we consider the symmetric silica-cladded sili-
con nitride waveguides with shallowly etched gratings; however,
by correspondingly adjusting the GC parameters, the proposed
design can be applied to various PIC technological platforms.

Compared to the other previously proposed schemes of inte-
grated devices for vortex beam generation, the proposed design
is characterized by the following: i) the output vortex mode is a
pure phase vortex of quasi-TE polarization (not a vector vortex
beam), where the helical phase front is carried by the dominant
transverse electric field component; ii) excitation of the device
is provided by a single standard SMF, which can be coupled in
a technologically convenient in-line way using fiber array with
angled facet; iii) no external electrical control or adjustment is
needed for proper device operation, i.e., it can be implemented
as a passive PIC.

Numerical modeling has shown that the generated vortex
modes have normalized power coefficients of target OAM states
=+1 higher than 0.96, which is sufficient for most applications.
At the same time, the calculated coupling efficiency of the
proposed GC design (about 2%) is relatively low compared to
the typical values of the conventional GCs for fundamental TE
mode excitation. This is mainly a consequence of relatively
low coupling efficiency to the TE;q eigenmode, especially if
we target the possibly highest OAM state purity, and thus the
parasitic excitation of other higher-order modes needs to be
supressed (see Fig. 3 a,c).

However, here the GC parameters have been optimized ap-
proximately in a manual way, and probably the use of modern
optimization algorithms can provide the precise global optimal
values for the set of objective functions (4)—(7). Therefore, both
OAM state purity and the coupling efficiency for the output
waveguide mode could be further increased. Additionally, etch-
ing depth is a free GC parameter, which can also be varied to
optimize the GC performance.

Moreover, the coupling efficiency can be further optimized
using apodization for matching the GC scattering profile to
the mode field distribution in SMF [26], [37], as well as by
utilizing a bottom reflector based on a grating [38] or distributed
Bragg reflector [39]. According to our theoretical predictions,
proper 2-dimensional apodization for our GC design can provide
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about two times improvement in coupling efficiency. Using the
bottom reflector, according to the results shown in [38], [39], can
increase the coupling efficiency by up to 1.8 times. Therefore,
applying these means to the proposed GC design is supposed
to provide approximately 8% (i.e., about —11 dB) coupling
efficiency without a reduction of the output OAM state purity.

From the fabrication point of view, the periods and relative
shift of the sub-gratings in the GC can be set precisely, whereas
the etching depth and filling factor of the fabricated devices may
deviate from the designed values, depending on the conditions
of a technological process. Therefore, the proper device design
with the optimized set of GC parameters can be implemented via
a two-run fabrication cycle: at the 1% run the test GCs with swept
parameters would be fabricated to analyze the real geometry of
the etched features, and at the 2" run the GC parameters could
be accordingly adjusted in order to get the fabricated devices
with the designed geometry.
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