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Abstract—Unlike linearly polarized modes in fiber, modes
exploiting orbital angular momentum (OAM) are circularly
polarized when propagating in fiber. The use of OAM modes for
spatial multiplexing requires efficient, low cost mode generators
and multiplexers. We propose such a device based on the
standard 220-nm silicon-on-insulator platform, taking multiple
single-mode data-modulated signals, and imprinting these signals
on right- and left-circularly polarized OAM channels on a single,
multiplexed output. The device is designed to easily couple to
an OAM fiber with a ring shaped core. This approach treating
circular polarization within the multiplexer allows us to avoid
the losses associated with filtering out unwanted polarization
to create a single polarization. Designing the device to have
an output matched to the OAM fiber mode profile also avoids
mode size conversion. We describe our design methodology
and optimization techniques using a transfer-matrix model and
the finite-difference time-domain method. A candidate design is
simulated and modal crosstalk is examined, showing that low-
crosstalk OAM multiplexing can be achieved through direct fiber-
to-chip coupling.

Index Terms—Silicon photonics, circular polarization, orbital
angular momentum, space division multiplexing, fiber-to-chip
coupling, WDM compatible, integrated photonic circuits.

I. INTRODUCTION

PACE division multiplexing (SDM) in optical fiber can
increase transmission capacity while reducing the cost
per bit; it can be combined with quadrature modulation and
multiplexing in time, frequency, and polarization. SDM can be
applied to multicore and few mode fibers, or hybrids where
each core carries a few modes [1]. Most few mode fiber
(FMF) SDM systems exploit linearly polarized (LP) modes
as they are well-studied and easy-to-generate. LP modes are
linear combinations of fiber eigenmodes; LP modes with
eigenmodes in common see significant crosstalk, hence these
SDM systems commonly employ multi-input multi-output
(MIMO) processing at the receiver [2][3]. Scaling such SDM
systems to higher numbers of modes requires large monolithic
receivers and complex MIMO processing. Orbital angular
momentum (OAM) modes are an alternate modal basis for
SDM [4]. Unlike LP modes, OAM modes are formed from
only two eigenmodes, with the same propagation constant, and
among OAM modes there are no shared (i.e., no common)
eigenmodes. The coupling between OAM modes is low, at
least for short distances (data center or local access). With
low crosstalk, MIMO processing could be greatly reduced, a
monolithic receiver is not required, and system complexity and
power consumption could be reduced.
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The OAM mode phasor is exp(jl®), where [ is the topo-
logical charge; the sign of the topological charge indicates
the direction of phase evolution [5]. In the laboratory, OAM
modes can be easily generated in free space using spatial light
modulators (SLM) [6][7][8]. Fundamental, Gaussian shaped
light is projected on an SLM programmed to generate the de-
sired OAM topological charge. Free-space OAM multiplexers
combine data-modulated OAM modes through lenses before
coupling into OAM fibers. Such free-space OAM setups are
very bulky, cumbersome, and vulnerable to even tiny changes
in alignment. These challenges are quickly magnified as the
number of OAM modes increases.

The silicon on insulator (SOI) platform offers robustness,
compactness and tunability; it has produced OAM generators
and multiplexers. Ultra-compact OAM generaters can be im-
plemented using micro-ring resonators [9], which, however,
are not WDM-compatible since the OAM order depends on
the resonant wavelength. In [10], the optical signal passes
through a series of concentric 1D grating couplers, leading to a
beam amplitude mimicking that of an OAM beam. Next a bus
waveguide assigns the proper phase characteristics for OAM
generation. In [11], the phase assignment is accomplished by
a star coupler instead of a bus waveguide, and a 3D waveguide
is used to convert the phase and amplitude distribution at
the output. OAM modes are generated in free space in these
devices, and encounter two challenges when coupling the
output into an OAM fiber. Firstly, the beams generated by these
devices have azimuthal or radial polarization, while fiber OAM
modes must be circularly polarized. As a result, these OAM
generators cannot directly create (left and right) polarization
multiplexed signals. Two devices would be required and their
outputs filtered (to isolate one circular polarization) and then
two outputs combined. In either case, single polarization or
polarization multiplexed, there is an associated 3 dB loss in
output power. Secondly, the mode sizes of the previous SOI
device are at least one magnitude higher than fiber OAM
modes; lens are required to shrink mode sizes, resulting in
extra loss and higher system complexity.

In this paper, we present the design and optimization
methodology of a SOI based circular-polarized OAM gen-
erator and multiplexer targeting direct fiber coupling. The
sizes of the generated OAM modes are designed to match the
waveguide in ring core OAM fiber [12]; only minimal free-
space optics are needed for OAM fiber coupling. In Section
II, our design principle and simulation model are introduced.
Simulation results are presented and discussed in Section III.
Concluding remarks are made in Section IV.
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Fig. 1: Schematic of the SOI OAM generator and
multiplexer; in this example the number of 2D grating
couplers is m=5.

II. PRINCIPLE AND MODEL
A. Principle of Operation

A block diagram of our OAM generator and multiplexer
is shown in Fig. 1. It serves as the bridge between multiple
SMF inputs carrying modulated data, and the single, ring-
core OAM fiber to carry the spatially multiplexed signals. The
SOI-based, integrated circuit encodes each input SMF onto a
distinct OAM mode and polarization supported by the OAM
fiber. The input channels (far left, Fig. 1) map to unique OAM
states, distinguished by their polarization, topological charge
and direction of rotation of the phase front. The topological
charge is an integer, the direction of rotation is the sign of the
topological charge.

As seen in Fig. 1, the inputs are separated into two sections
based on the handedness of the intended polarization state at
the output. The star coupler marked SC|, transforms signals
destined for left circular polarization, while star coupler SCr
handles signals for right circular polarization. Each star cou-
pler performs the same task of transforming the topological
charge and rotating the phase front of its inputs appropriately.
After that, light from the star couplers is sent to different
ports of a directional coupler array to achieve the appropriate
polarization. Finally, the 2D grating couplers (2D-GCs) are
properly designed and placed so that the dimensions of the
output OAM modes match with the mode sizes in ring-core
OAM fiber [12]. The chip function and operation is entirely
symmetrical from input to output. It could be used as a
demultiplexer as well by reversing the propagation direction
of the light. In the following, our analysis focuses on the
multiplexer function. We use the transfer matrix method to
find the electric fields as light propagates through the device.
We assume fundamental TE mode operation in all the on-chip
waveguides in our simulations.

B. Transfer Matrix Model

The fiber-to-chip couplers in Fig. 1 are the optical inputs to
the device. The transfer matrix for each section of the fiber-
to-chip couplers is an identity matrix multiplied by 7., where

7. is the coupling efficiency of the fiber-to-chip coupler. Each
input is mapped to a unique OAM state. The number of fiber-
to-chip couplers should match the maximum number of OAM
states supported by the target OAM fiber. We let n be the
number of input channels for each polarization state.

The two star couplers in Fig. 1 split light from the fiber-to-
chip couplers, and imprint each input with the proper phase
for OAM generation. The upper star coupler is dedicated to
left circular polarization (LCP), the lower one to right circular
polarization (RCP). As mentioned earlier, the star couplers
are named for the intended polarization states, but the star
couplers themselves only manage the phase not polarization.
In wavelength division multiplexing applications, star couplers
are used in pairs to separate different wavelength channels
[13]. In our case, we instead exploit the free propagation
region of the star coupler to create the phase differences
needed for OAM.

Star coupler input and output ports are arranged in a
Rowland circle geometry targeting even splitting of light. As
light from the input ports diverges within the free propagation
region, the output port amplitudes tend to vary. This can be
balanced through on-chip variable optical attenuators (VOAS).
The influence of this amplitude non-uniformity on crosstalk
performance is discussed in section B of the appendix. For
the analysis in the main body of the paper we assume uniform
amplitude.

Assuming no loss, the amplitude at each output would
be 1/y/m when there are m outputs. As for the phase, by
carefully designing the position of the input and output ports
as well as the length of the free propagation region, the phase
difference between adjacent output ports (due to differences
in the optical path) would be a multiple of 27/m. Thus, the
transfer matrix for the star coupler, Mgc, would be a m X n
matrix, where m is the number of 2D-GCs used in the grating
coupler ring. We have

S1,n

)

S1,1

)

Mgc = )

Sp,q

Sm,1 Sm,n

in which )
e“Pp,q

Spa = m
where ¢, , represents the phase assigned to the p" output port
from the ¢ input port. Supposing that the intended OAM
topological charge at ¢™ input port is I, and the intended
polarization is LCP, we have

_2n(l+1)(p—1)

Pp,g = m 3

and if the intended polarization is RCP, then

2n(l—1)(p—1
ppg = 201D W

The outputs of SCy, are routed to the upper ports of each
directional coupler in the directional coupler array while the
outputs of SCp are routed to the lower ports. Intersecting
(or crossing) waveguides are inevitable in this architecture,
as illustrated in Fig. 1. The waveguide crossing on the SOI
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platform has demonstrated loss below 0.03 dB, and crosstalk
below -37 dB at both O-band and C-band [14]. Thus, it is
reasonable to neglect the effect of waveguide crossing in the
current model. However, as we scale up the number of output
ports, this assumption may no longer hold; these effects may
well be included in our future simulations.

The directional coupler consists of two parallel waveguides.
It is commonly used in splitting or combining light in photonic
circuits. A design with a 50-50 splitting ratio is assumed,
where light passing through the directional coupler via the
upper port is evenly split between the two output ports, with a
90 degree phase shift. Light entering via the lower input port
will also be evenly split, but with a negative 90 degree phase
shift. The net effect creates an integrated version of a quarter
waveplate. The transfer matrix for a single directional coupler

is as follows
\/§ el
[eig 1 } . &)

Mpc = 5

The 2D grating coupler ring is the optical output of this
device, consisting of m individual 2D-GCs. The 2D-GCs are
attractive for on-chip polarization diversity [15][16]. While
most components on the SOI platform have TE orientation,
2D-GC are designed to deal with polarization uncertainty.
For instance, they can be used to couple light with arbitrary
polarization following fiber transmission. The 2D-GC can be
viewed as two identical 1D grating couplers whose grating
regions overlap at a 90 degree angle. Light with arbitrary
linear polarization is thereby split into two orthogonal linear
polarizations. Manipulating the amplitudes and phases of the
two linearly polarized components, any linear polarization can
be obtained. In our case, combining the two linearly polarized
components as inputs to the 2D-GC with equal amplitude, a
positive 90 degree phase shift generates LCP emission, while
a negative phase shift gives RCP. The transfer matrix of a
single 2D-GC is 1 x 2, since the light from two input arms
is combined after emission. For the p 2D-GC in the grating
coupler ring, its contribution in polarization can be expressed
as

MGC,p = [Marml,p MarmZ,p] (6)
in which
_ (—sinf,\ _ (—cosb,
Ma'r‘ml,p — < coS gp ) ) Marm2,p - (—sinﬁp) (7)

where M,y is the local linear polarization of arm %, and
6, indicates the position of the 2D-GC in the ring and is given
by

6, = 2(p—1)/m. ®)

The total transfer matrix for all on-chip components is found
by multiplying the transfer matrices in sequence
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Fig. 2: Illustration of coupling scenario (inset) and free-space
propagation simulation for near and far field.
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where left hand (1) and right hand (fl) circular polarization
are the result of the directional couplers and 2D-GCs, e~ 0p
and €7 come from the 2D-GC, and e*#»a /\/m reflects the
influence of the star couplers on amplitude and phase.

C. Free-space Propagation at Output

We are designing a multiplexer to be used with ring core
fibers supporting OAM modes. In the inset of Fig. 2 we
illustrate a typical coupling scenario where ring core fiber, here
with 3.6 pum outer radius, is at a target 1 pm from the ring of m
2D-GCs. We must examine the properties of our multiplexed
signal as it leaves the chip and propagates short distances in
free space towards the ring core fiber input. The efficiency
of coupling will vary with the separation between chip and
fiber; we wish to evaluate this variation. We therefore include
free-space transmission in our model, examining the electrical
field throughout a hemisphere beginning at the output plane of
the 2D-GCs, as seen in Fig. 2. The near field simulations will
allow us to validate the phase profile achieved, and to calculate
coupling efficiency as a function of spacing. The far field is
used to validate the generated beams are indeed OAM modes;
that distance allows production of classic OAM interferometric
intensity spirals. The boundary for near field and far field is
2D?% /) [17], where D is the diameter of the antenna, so for
Gaussian beam waist of wy = 1.5 pum, near field goes up to
11.6 pm.

We have two simulators: 1) MATLAB™ for results in the
main body of this paper, and 2) a numerical finite-difference
time-domain (FDTD) solver for results in section A of the
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appendix. Transfer matrix calculations (described previously),
and the free space propagation (described in this section)
are executed in MATLAB™. The FDTD simulator is used
to validate assumptions made in free-space simulations. In
particular, we validate numerically the assumption of 2D-
GC output waves with a Gaussian intensity distribution and
circular polarization.

Light emitted from 1D-GC is always optimized to produce
a Gaussian beam [18]. Thus in our 2D-GC, two overlapping
Gaussian beams, each with its own polarization state, combine
to form the output beam. As we are not aware of any
demonstrations assuring the Gaussian nature of the combined
beams, we validate this assumption for free-space propagation
before proceeding with our MATLAB™ simulations. Section
A of the appendix shows FDTD simulations of the free-
space OAM beams. They closely resemble beams with a
Gaussian distributed intensity, with less than 1.5 dB deviation
at distances around 1 pum. Note that this deviation could be
improved using techniques from [19] for the 2D-GC design.
Specifically, imperfections due to evanescent field in the
cladding could be reduced by introducing a linear chirp in
the grating period and adding end reflectors at the back of
the grating. Therefore our MATLAB™ simulations are most
accurate when the strong evanescent field outside of the grating
region is minimized.

We assume that light emitted by the 2D-GC propagates in
the +z direction. We define

7'("11]02

R =y (12)

Proceeding with the Gaussian assumption for a single 2D-GC
output with beam waist wy, and letting z be the axial distance
from the beam waist in a local coordinate system for that 2D-
GC, the beam axial distribution is

w(z) = w(0)y/1+ (;)2 (13)
We define
R(3) =2 [1 n (z:)z] . (14)

The output of the field of a single 2D-GC (in phasor form) is

E(r, %) = Eoé

w(i)ew(;??ei(kﬂk”g;w(g)) (as)

w(Zz
where FEj is the electric field at the center of the 2D-GC, ¢
represents the circular polarization state of the beam (either
LCP or RCP), ¢ is the imaginary unit, 7 is the radial distance
from a z axis centered at that particular 2D-GC [20].

The field at an arbitrary point in the output free-space
hemisphere is the result of interference among all 2D-GCs
fields or, in other words, the sum of the collection of Gaussian
beams. The radius of the grating coupler ring is R, = 3.2 um,
and its center is the origin of our coordinate system, with the z-
axis pointing out from the 2D-GC ring. For a fixed z, due to the
circular symmetry of our design, the constructive interference
occurs in donut shapes with intensity maxima appearing at a
radial distance related to the topological charge of the targeted
OAM modes. For example, if the intended topological charge

is 0, the fields at the centers of the Gaussian beams are in
phase, meaning that the constructive interference occurs on the
z-axis (r = 0) . As the intended topological charge increases,
the strongest constructive interference shifts outward radially,
thus transforming into a donut shape. Since all the electric
fields at the Gaussian beam centers have phase eir.a the
phase distribution on any z plane is helical.

ITII. SIMULATION AND ANALYSIS

Our design creates a helical wave front by adjusting the
phase at each 2D-GC. Near field simulations validate phase
profile and find coupling efficiency as a function of spacing.
Far field simulations produce interferometric intensity profiles.

A. Validating OAM Generation

To validate OAM generation we examine the phase profile
at near field. Due to the finite number of 2D-GCs, the phase
profile is discrete in nature, while true OAM phase profiles
are continuous. We therefore also examine the OAM beams
asymptotically, that is, in the far field. Via simulation, we
propagate for longer distances and examine the interference
of a reference Gaussian beam with the discrete-phase output
beam at far field; we observe the expected spiral intensity
pattern of true OAM beams.

The geometry of our simulation is as given in Fig. 2, with a
small observation window in near field, and a larger one in far
field. The radius R, in our simulations is 3.2 yum. A waist of
wo =1.5 pm was used for each Gaussian beam. We examined
a total of m = 5 2D-GCs. Note that the dimensions studied
are feasible for fabrication, that is, a ring of radius 3.2 pum
can accommodate five beams of waist 1.5 pym.

In the first two rows of Fig. 3 we present simulation results
in the near field. The intensity and phase were observed at a
near field where z = 1 nm, over an observation window 10 ym
x 10 pum. Results are for exciting one fiber input for LCP at a
time with a continuous wave. Each column in Fig. 3 shows the
corresponding profiles, intensity in row 1 and phase in row 2,
with the heading of the column indicating which order OAM
mode was excited for the associated fiber input. In the first row
we see the five Gaussian intensity distributions arranged in a
ring. In the second row we see a discretized phase profile: zero
phase for order zero, a single 27 phase distribution for orders
plus/minus one, and two sweeps of 27 for orders plus/minus
two.

In the bottom two rows of Fig. 3 we present simulation
results in the far field. At a distance of z =150 pum, we beat
the 2D-GC ring output with a reference Gaussian beam, either
right or left circularly polarized. We observe the interference
pattern generated across a 60 pum x 60 pm window. A clear
spiral for order one can be seen on the third row of Fig. 3. In
that case the OAM modes and the reference Gaussian beam
share the same polarization. Since order two is the theoretical
limit for m = 5 2D-GCs, the phase of the generated beam
is nevertheless discrete, thus the arm of the spiral cannot be
continuous; the spiral shape is clearly visible. In the fourth
row, as polarization states are orthogonal (RCP vs. LCP),
spirals do not appear, confirming our polarization state is
correct.
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B. Efficiency of Coupling into Fiber

In this section we fix the separation between the 2D-GC
ring and the ring core fiber (RCF), and calculate the efficiency
with which the targeted OAM mode is excited. We simulate a
ring-core fiber supporting OAM modes to order two. This fiber
was designed, fabricated and characterized as reported in [12].
We consider three multiplexer designs (m = 5, m = 9 and
m = 13) to explore the impact of 2D-GC number on coupling
efficiency. A companion analysis can be found in [21] that
focuses on the purity of the excited OAM mode rather than
the coupling efficiency.

The field profiles of the eigenmodes (EH and HE) supported
by RCF4 in [12] can be found numerically from the fiber
dimensions and refractive indices. The OAM fields are found
from the eigenmodes per the following relationships [22]

OAMY, | = HEff 1 + jHE (16)
OAMT, | = EH{*} , + jEHPY, (17)

where the OAM superscript indicates the polarization state (+
for RCP, - for LCP), the eigenmode superscript indicates its
symmetry, the subscript [ is the topological charge, or OAM
order, and the second subscript is one as the OAM modes we
target exhibit a single intensity ring.

We define the two dimensional integral of the fiber OAM
mode electrical field, Eg, to be

where * indicates complex conjugate.

Three parameters determine the electrical field of the OAM
beam that exits the 2D-GC ring and propagates in free-space
to the fiber input: R., wp and the free-space separation zj
between the fiber and the 2D-GC ring. We define the two
dimensional integral of that electrical field, Egc, to be

Acc = // EGc - Eccdzdy

(18)

19)

The coupling loss is given by the overlap integral at z = z;
of the two electrical fields (fiber and free-space from 2D-GC),
normalized appropriately, that is,

ff E}} . Egcd.%‘dy
VI B} Epdady [[ By, Egodady

We choose the distance zy = 1 um to assure the beam has not
begun to diverge; its physical size is then well adapted to the
ring shaped waveguide in the fiber. Clearly the overlap integral
(20) will vary with OAM mode order number. Our figure of
merit is the worst case coupling loss across all modes, I L, -
We sweep R, from 3 um to 8.5 ym and wg from 1.5 um to
7 pm and find IL,,,, for each case. Results are plotted in
Fig. 4 for different values of m. The color bar shows the loss
in dB. The same method could be used to study other figures
of merit such as loss, crosstalk, mode purity, etc.

(20)

m=5, ILmax m=9, ILmax m=13,ILmax

Rc(um)

wO(um) wO(um) wO(um)

Fig. 4: Maximum coupling loss (dB) among all supported
modes for three values of m

Our first observation is that IL,,,, appears insensitive
to m; the color maps are virtually identical for all three
plots in Fig. 4. However, we must take into account that all
combinations of R. and wq are physically realizable, and that
the realizable regions varies greatly with m. If the beam waist
is too large, there is no room to place m 2D-GCs around a
circle of radius R.. Assuming a separation of 1 ym between
2D-GCs gives

27 R. > m(2wp + 1 pm) 21

Grating-based nano-antennas can be as small as 3 ym in length
with only five grating teeth [23], thus we assume 1.5 pm as
the minimum value for wy with sufficient efficiency. The red
lines in Fig. 4 represent the boundary according to (21) for
this wg. Combinations below this line are not realizable. We
can see that as the number of grating couplers grows (reading
plots left to right in Fig. 4) the feasible combinations becomes
less available. While larger m leads to less discretization and
greater modal purity [21], it also forces us to regions of higher
coupling loss.

For m = 5 the minimum IL,,,, = 1.16 dB is achieved
at R, = 3.2 pym, wo = 1.5 pm in the realizable region. At
m =9 the minimum [ L,,,, = 7.96 dB is at R. = 5.86 um,
wo = 1.5 pm. The reduction in IL,,,, is expected. While
having more 2D-GCs in the ring improves phase and amplitude
fidelity vis-a-vis OAM generation, it also leads to large R.
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(minimum of 5.86 um for wy = 1.5 um). For m = 13, I L, 45
grows to 18.3 dB at R. = 8.4 ym, wo = 1.5 pym, making it a
marginal component. Note that I L,,,, increases very quickly
with R., and thus performance would be more vulnerable to
fabrication errors in R..

C. Multiplexer crosstalk for target design

Given discussions in the previous section, we selected a
target design with lowest IL,,,,, and in this section we
examine crosstalk performance for this choice. The optimal
point falls on the lowest point of the red line in the m = 5
plot of Fig. 4, ie., R. = 3.2 pym, wy = 1.5 pm. The
crosstalk between modes ¢ and j is defined as outputting mode
1 from the multiplexer and forming the ratio of the fiber-
coupled power of targeted mode ¢ to the fiber-coupled power
of unintended mode j. Results are displayed in matrix form
in Fig. 5 with the color map giving crosstalk in dB.

On the diagonal, the generated mode is coupled to the corre-
sponding fiber OAM mode, giving us the coupling loss (maxi-
mum is —1.16 dB). Off-diagonal entries are the crosstalk. The
highest crosstalk in Fig. 5 is -20 dB and is observed between
mode pairs LH2 & RHO, RH-2 & LHO, LH-2 & RH2, and
LH2 & RH-2. Note that the crosstalk between mode pairs LH-
2 & RH2 and LH2 & RH-2 are due to the overlap of fiber
mode profiles. That is, in these cases the multiplexer correctly
generates the OAM mode, but the mode profiles in the fiber
cause the crosstalk at coupling.

Modal Crosstalk

in dB
—0

. B

RHO LHO RH1 LH-1 RH2 LH-2

RH-2 LH2

Fig. 5: Multiplexer crosstalk in dB for design with m =5,
R, =32 pm, wg = 1.5 pym

D. Tolerance analysis of loss

While we have addressed the coupling efficiency of the
optical input and output in section III.B., we must also take
into account losses from the star coupler. The influence of
the amplitude non-uniformity in star coupler is discussed in
section B of the appendix. In this section we assume uniform
amplitude. For uniform amplitude, we found in the previous

section the star coupler design that gives lowest IL,,,,. This
design has loss from the star coupler amounting to around
7 dB; the IL,,,, itself is 1.16 dB. Taking into account
coupling loss of about 3 dB at input and at output, the overall
loss is less than 15 dB for this design. This estimation is
pretty conservative. The loss from the star coupler could be
reduced through better waveguide taper designs. 2D grating
couplers with fiber-coupling loss lower than 2 dB have been
demonstrated.[24]

These nominal loss values are subject to deterioration in
practical systems due to misalignment, whether during fabrica-
tion or packaging/use. We examine the impact of misalignment
of the chip with the OAM fiber, which will occur during
packaging or during testing of the chip. Alignment deviation
results in extra coupling loss and extra crosstalk. We present
in Fig. 6 the influence of alignment deviation on these crit-
ical parameters. As the impact of misalignment varies with
OAM mode order (topological charge), we examine each one
separately.
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Fig. 6: The effect of misalignment for three orders of OAM
modes: (a) extra loss vs. misalignment and (b) crosstalk vs.
misalignment

Due to the circular symmetry of our design, the misalign-
ment is quantified by the radial distance (i.e., distance from
the origin or center of the 2D-GC ring). The second order
OAM mode has the highest extra loss against misalignment,
followed by the first order, then the 0" order. The rate of
loss increases with misalignment. For a misalignment up to
1 pm, the extra loss, Fig. 6(a), for any supported OAM mode
is below 1 dB.

In Fig. 6(b), we consider the worst-case crosstalk, across a
row of the modal crosstalk matrix. That is, for a first order
OAM mode we consider the worst case crosstalk of that mode
with the zero and second order modes, etc. In this case, the
crosstalk deteriorates rapidly within the first 200 nm for the
first and second order OAM modes. The zero order OAM
mode (the fundamental mode) shows almost no change in
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crosstalk with misalignment, even at 400 nm. This is most
likely due to the zero order mode having uniform phase at
every 2D-GC, while other modes have a non-uniform phase
distribution across 2D-GCs. The first order OAM mode is most
vulnerable. For a misalignment up to 400 nm, the crosstalk for
the first and second order OAM modes are at the -10 dB level.
Packaging will help in reducing misalignment and avoiding
these effects.

The center deviation is a common problem in 2D grating
coupler designs. The generation of circular polarization in
our design relies on perfect overlapping of beams from both
arms of the 2D-GC. A deviation between the centers of these
arms could lead to deviations in the local polarization. For the
target design where the waist of the beam is w0 =1.5 um,
we simulated a deviation of up to 1.5 um along their own
propagation axis for both arms of the 2D-GC, and in both
(forward and backward) directions. A maximum of 2 dB extra
loss is observed at 1.5 pm deviation, confirming that care is
required in designing the 2D-GCs.

IV. CONCLUSION

We have presented the design and optimization methodol-
ogy of a SOI based OAM generator and multiplexer that is able
to generate OAM in a target circular polarization, be it right
or left. The OAM generator and multiplexer demonstrated is
targeting at direct OAM fiber coupling. Since no free-space
optics are needed for polarization controlling or mode size
conversion before coupling to OAM fiber, the loss and system
complexity are definitely reduced.

The proposed structure provides a scalable multiplexing
solution. Firstly, the design parameters are flexible and can
be customized for different OAM fibers. Although we have
focused our discussion on the transmitter side, considering
the proposed device as an OAM emitter and multiplexer in our
model, it should be noted that the device can also be used as an
OAM demultiplexer. In addition, all the components involved
in this scheme are broadband, making it WDM compatible.

Future work includes experimental demonstration and ex-
amination of performance tolerance to fabrication errors.
Tuning mechanisms (e.g., using on-chip VOAs and micro-
heaters) are likely needed to compensate for magnitude and
phase errors due to design and fabrication imperfections.
Furthermore, since all the essential components (such as the
2D-GCs, DCs, and SCs) were designed for fabrication using
the standard 220-nm SOI process, the proposed multiplexer
can be readily integrated with other photonic devices, such
as WDM filters [25], high-speed CMOS-photonics modulators
[26] and Ge photo detectors [27], on the same platform for
on-chip integrated WDM-OAM transmitters and receivers for
ultra-high-capacity optical transmission systems.

V. APPENDIX

A. Field distribution and polarization state at 2D-GC output

We simulate a single 2D-GC with 3D FDTD to 1) compare
its field with a Gaussian beam and 2) observe the output
polarization. The simulation model is shown in Fig. 7.

Input_arm2

o

Fig. 7: 2D-GC FDTD simulation model

Two Gaussian sources are placed at the input waveguides
with a 90 degree phase shift. The 500 nm wide input waveg-
uides are broadened to 4 pm through tapers. The period in the
grating region is 560 nm and the filling factor is 0.5. There
are 5 periods in both direction which gives a grating region
of roughly 3 um x 3 um; this offers the most flexibility in
increasing the number of couplers in the 2D-GC ring and
a good compromise in loss. We calculate numerically the
electrical field Fop-g¢ for each axial distance z. We set an
observation window in the simulator of 30 pym X 30 pm.
The overlap integral is found between the 2D-GC field and
Gaussian field along the z axis
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The results are presented in Fig. 8.
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Fig. 8: Overlapping integral along z axis

A perfect Gaussian beam would give 0 dB overlap, as shown
with the blue line. The red line is the case with our 2D-GC
field. Due to evanescent field in the cladding, the loss when
coupled to Gaussian is as high as —4.5 dB at z = 0 ym. As
the 2D-GC beam propagates, the influence of the evanescent
field decays. At z = 1 um, where the coupling to OAM fiber
happens, the loss is reduced to —1.5 dB. As z increases the
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influence of the evanescent field diminishes, and at z = 40 pm,
the loss is as low as —0.3 dB.

Although not presented here, we used these FDTD simu-
lations to verify the polarization state was indeed circular. In
particular, the electrical field along the z axis was observed.
The polarization state changed with z displacement, tracing a
circular path.

B. Influence of amplitude non-uniformity in star coupler

Light from the input ports of the star coupler diverges within
the free propagation region. At the output ports, the amplitude
varies with position. We performed FDTD simulations on the
m = 5 case, geometry shown in Fig. 9, to assess the variation.

Outputs

Fig. 9: Star coupler FDTD simulation model

The length of the free propagation region is chosen to be
36 um to ensure a small footprint; the corresponding separa-
tion between the output ports at the end of the free propagation
region is 3 pm. We found the 5 x 5 star coupler having
a maximum amplitude non-uniformity of around 25%. The
modal crosstalk in dB with this non-uniformity is calculated
numerically. Results are presented in matrix form in Fig. 10.
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Fig. 10: Multiplexer crosstalk in dB for design with m =5,
R. = 3.2 pum, wyp = 1.5 pm taking into account non-uniform
amplitude at star coupler output

The influence of the amplitude non-uniformity on coupling
loss (the diagonal of the matrix) is negligible. However, the
crosstalk (off diagonal) performance is much worse than that

of Fig. 5, where uniform amplitude was assumed. Coupling
between RH1 & LHO, LH-1 & LHO, RH2 & RHO, LH-2 &
LH-1, RH-2 & RH2, and LH2 & LH-2 are on a -10 dB level.

Increasing the length of the free propagation region could
potentially reduce the amplitude non-uniformity since the
lateral separation could be reduced in achieving the optical
path difference. However, with only 5 output ports, the amount
of light that is not collected will be considerable i.e., the loss
would be much higher. The trade off between the footprint,
loss and amplitude non-uniformity should be better balanced
in our future design.
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