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Abstract—Orbital angular momentum (OAM) modes have
low model interactions during fiber propagation at data center
distances, and thus are suitable for ultra-high capacity systems
at low digital signal processing. Generating OAM modes using
free-space setups is useful for proof-of-concept experiments, but
is not a scalable solution. We use an optical phased array (OPA)
with two-dimensional antennas for on-chip circularly polarized
OAM beam generation. Our previous work demonstrated an
OAM multiplexer for lower-order modes. In this work, we
demonstrate an OAM multiplexer that supports a record of 46
(23 per polarization) simultaneous spatial modes up to OAM
order 11. We also improve the crosstalk performance of our
multiplexer. We incorporate an intensity tuning capability that
substantially improves the OAM quality by enabling a uniform
power distribution across the antennas. The worst-case crosstalk
for the supported OAMS to OAM11 are found experimentally to
be better than -12 dB, with OAM10 achieving -17.2 dB.

Index Terms—Silicon photonics, orbital angular momentum,
space division multiplexing, wavelength-division multiplexing,
photonic integrated circuits.

I. INTRODUCTION

PACE division multiplexing (SDM) has been intensely
S investigated and discussed in the past decade. The SDM
technology can be exploited in parallel with multiplexing
techniques in the domain of time, frequency, polarization, and
quadrature to linearly scale the transmission capacity [1][2][3].
Each spatial mode in the SDM scheme is an independent data-
carrying channel.

Modal multiplexing in a few mode fiber (FMF) offers a high
information density for SDM, and can be combined with mul-
ticore fibers to further increase data capacity. Mode coupling
occurs within an FMF, so in practice, multi-input multi-output
(MIMO) processing is required to resolve this coupling on the
receiver side. At data center distances, using orbital angular
momentum (OAM) modes can avoid the complexity of MIMO
algorithms [4].

Due to a lack of mature integrated solutions, experimental
orbital angular momentum (OAM) mode excitation for fibers
has used free-space setups. They involve spatial light mod-
ulators [5], spiral phase plates [6] or g-plates [7] for beam
generation. They require many components for mode size
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conversion, and polarization management (half wave-plate and
quarter wave-plate). Scaling such free-space setups to support
a large number of modes is challenging, requiring precise
optical alignment, large size and high cost components.

Integrated devices based on ring-resonators [8][9], wave-
guide surface holographic gratings [10][11] and star cou-
plers [12][13] demonstrated compact OAM generation in non-
circular polarization. In [9], two bus waveguides and a ring
were used to multiplex four OAM modes. A design that
superposes holographic fork gratings [11] to multiplex two
linear polarization was experimentally demonstrated to support
four OAM modes. In [13] a star coupler based integrated
circuit and laser-written 3D waveguides were used to demon-
strate 15 multiplexed modes. The theory and performance of
these devices are reviewed in [14]. For the next generation
transmission systems, a larger number of modes and lower
crosstalk are required to accommodate ultra-large capacity.

Our previous work [15] demonstrated 14 OAM modes (7
per circular polarization) using an 17-antenna phased array. We
measured a relatively high crosstalk (-6 dB, worst-case) caused
by the non-uniform intensity distribution among antennas due
to fabrication errors. In this paper, we increase the antenna
number to 27 to support higher order OAM modes (up to
OAMI11) and demonstrate a record of 46 OAM modes (23
per circular polarization). The increased number of antennas
improves beam quality. The intensity tuning circuit provides
better phase resolution and uniform power distribution across
the antennas, substantially improving the OAM quality (worst-
case crosstalk -17.2 dB, lowest ever reported on a silicon chip).

We describe our chip design and fabrication in Section II.
We present our transfer matrix method based simulation model
in Section IIl. The experimental setups and measurement re-
sults for intensity and phase tuning are discussed separately in
Section IV and Section V. The verification of OAM generation
through interference pattern is in Section VI. We discuss our
current limitations in Section VII and we conclude our paper
in Section VIII.

II. SILICON PHOTONICS MULTIPLEXER
A. Principal of Operation in brief

A schematic of our device is presented in Fig. 1. Details
of the principal of operation can be found in [16], here we
provide a brief summary. A single mode fiber (SMF) array
inputs data signals to the fiber-to-chip couplers on the left
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Fig. 1: Schematic of the integrated phased array with n = 27
input couplers per polarization and m = 27 output antennas.

side of the OAM multiplexer circuit. Each fiber input with
data is mapped to a mode and polarization. The OAM modes
generated have either right or left circular polarization, ideal
for fiber propagation.

We use a star coupler for on-chip phase manipulation to
create OAM modes. We have two identical star couplers,
one for each circular polarization, left and right. Each 2x2
MMI has one input from each star coupler. The MMISs create
90-degree phase shifts that establish the orthogonality of
the polarizations. At the 2-dimensional (2D) antennas the
contributions of each MMI combine to produce circularly-
polarized beams. The 2D antennas are arranged in a circle
whose circumference can be adapted to facilitate coupling to
a given fiber.

The OAM modes have azimuthal phase dependency of
exp(jlP), where [ is the topological charge of the OAM mode.
In optical fibers, the electrical field of the OAM modes can
be expressed by [17]:

E(r,®,z,t) = E(r)el!®el @t =52) (1)

where E(r) is the radial mode profile, w is the angular
frequency and [ is the propagation constant. Fiber OAM
modes are circularly polarized. The integer ! represents the
OAM order. The sign of [ indicates the handedness of the
OAM beam.

B. Requirement for tuning

The star coupler design leads to inherent differences in
amplitude at each output. Fabrication errors in the MMIs and
2D antennas could also contribute to amplitude variations. In
addition, variations in both thickness and width for waveguide
paths could be on the order of 10 nm. This leads to phase error
as high as 27 radians for our centimeter scale circuits.

We use tuners to compensate for imperfections in com-
ponent design and in fabrication. In Fig. 1 we indicate the
phase shifters and variable on-chip attenuators (VOAs) that
are placed at each output of the star couplers. The phase and
amplitude of each output can be adjusted independently to
improve the quality of the OAM beams generated.

We have previously examined the impact of phase devia-
tions, and demonstrated the correction attainable with tunable
phase shifters [15]. However, the non-uniformity of the inten-
sity at outputs also limits system performance in two ways.

First it deforms the output OAM beam. Secondly, it diminishes
our ability to tune the phase as the phase errors are masked
by amplitude effects.

C. Fabricated chip

Our device was fabricated at Advanced Micro Foundry Inc
through CMC Microsystems. A top view of the fabricated
chip is shown in Fig. 2a. In the scanning electron microscope
(SEM) image (Fig. 2b), we see the array of 2D antennas
evenly-spaced with central axis pointing toward the center of
the circumference. Each 2D antenna is connected to a 2x2
MMI through Spm bents. The 2x2 MMI creates £90 degree
phase difference between two linear polarization inputs (quasi-
TE modes in our design), enabling on-chip circularly polarized
beam generation. A magnified view at 50° tilt of one 2D
antenna is shown in Fig. 2c, where the square around the
grating region is the shallow-etched silicon layer at 150um
thickness.

We generated up to OAM4 in our previous demonstration
with a 17 antenna array [15]. In this design, we increase the
antenna number to 27. The device should support up to OAM
order 13 but we were unable to verify experimentally. Thus we
demonstrate up to OAM of order 11 with our measured results.
The directional coupler in [15] is replaced with the 2x2 MMI
of the same functionality. The MMIs are more compact and
less sensitive to fabrication compare to directional couplers.

100um

Fig. 2: Photograph of (a) the fabricated device, and scanning
electron microscope images of (b) the antenna array, and
(c) one 2D antenna.
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III. MODELING AND TUNING

We use simulation to probe the impact of amplitude and
phase errors. Our previous simulations for phase tuning [16]
did not include star coupler imperfections that affect output
amplitude variations, hence we explain here the updated
simulation model. We describe simulation of the limitations
of our tuning feedback loop.

A. Updated simulation model

Details of our previous simulation model for on-chip signals
and the free-space output beam can be found in [16]. We
used the transfer matrix method to model the electrical fields
produced at each antenna output. We modeled the formation
of the OAM beam in the far field by propagating a Gaussian
beam from each antenna output using the electrical field found
from the transfer matrix method. Here we describe our original
transfer matrix and how it is updated to include amplitude
variations in the star coupler.

Let ¢ be an index for the input port (one index for a given
mode order and circular polarization orientation), and p be
an index for the output port, i.e., the 2D antennas. The total
transfer matrix (elements ¢, ,) for all on-chip components is
found by multiplying the transfer matrices in sequence. For
generation of left circular polarization we previously found

e“ﬂp,q

t — — 1 1 .e_iap
p,q = Mg A Jm

A similar result holds for right circular polarization.

The first term in (2) is from the fiber-to-chip coupler
efficiency, 7,. The directional coupler offers a 50/50 power
splitting ratio and £90° phase difference, contributing the next
term. The 2D antenna located at an angle of 6, contributes the
third term. The star coupler was idealized in the denominator
of the final term with an amplitude that does not depend on p
or q.

We now modify the transfer matrix contribution from the
star couplers to account for amplitude 7, , that varies, using
the model in [18]. We take €; to be the reference zero phase.
With this notation 7,,1)/2,4 Will see the highest amplitude,
while the smallest amplitude occurs at either 71,4 or 7, 4.
The amplitudes 7, , follow a Gaussian distribution in p. The
variance of the Gaussian shape is determined by the physical
geometry of the star coupler.

The updated transfer matrix term is

~ al . ei‘Pp,q
the=—1 .().e—%. (3)
pa 79 Mp,qT

2)

B. Fabrication errors and tuning

We incorporate into the simulation model a term to take
into effect fabrication errors. We also model the effect of
phase and amplitude corrections from tuning. Let Ay, , be
the cumulative phase error on path p,q introduced by all
fabrication errors.

We apply amplitude and phase correction only on the output
paths. Therefore correction terms are only indexed by p. For
path p, let o, be the attenuation and 5, the phase adjustment.

The transfer matrix accounting for fabrication errors and
tuning becomes
eitpp,q

P L) e T
p.q q 2\ \/W

IV. INTENSITY UNIFORMITY ACROSS ANTENNAS

. eiAWp,q cay ei‘ﬁp (4)

Several OAM generators use vertical emission in a phased
array with circular geometry. Uniformity of intensity across the
emission affects the purity of the generated OAM modes. In
[19] the omega shaped bus waveguide delivers monotonically
increasing intensities to the gratings emitters. In star couplers
the intensity non-uniformity is an artefact of the light splitting,
as well as fabrication uncertainties [13]. No compensation
measures have been demonstrated for circular phased arrays,
despite intensity non-uniformity limiting performance.

A. Simulation of performance impact of non-uniformity

For a multiplexer, the crosstalk is the most relevant per-
formance metric. Both phase error and non-uniform intensity
across emitters contribute to crosstalk. We model the phase
errors Ay, , as independent and identically distributed, with
a uniform distribution from zero to Aw,,,q... We consider 10°,
30°, and 50° for Apaz-

Let I, , be the intensity at antenna p when generating mode
with index q. The amplitude variation is captured by 7, in
our updated model. The spread of intensities for mode ¢ is

max [, —min I, R
N1 o — MWin (71,g, Mim,q)
AL = -2 e )
m;lX p 7777124»1’(1

For our design, 0.35 < A, < 0.45.

Now suppose that one mode is incident on the chip acting
as a demultiplexer. Let P; be the power on the output port
associated with input mode 4, and P, the power on another
output port, i.e., g7#i. The crosstalk between modes i and ¢ is
the ratio of these powers. Bit error rate performance for mode
7 is dominated by the worst case crosstalk among all crosstalk
contributions g#i.

The crosstalk varies with phase error (parameterized by
A@inae) and nonuniform intensity (parameterized by ATl). The
expected worst case crosstalk is

E(P)

XT(Aomas, Aly) = Itrzlisz @)

where the expectation E is taken over the uniformly dis-

tributed phase error. We estimate the expectation in Monte
Carlo simulations.

We excite one OAM mode with an ideal chip ( Ay, =0
and Al =0). We simulate ¢ = 0 corresponding to OAMO
in left circular polarization. We simulate a non-ideal chip
demultiplexing the ideal incident signal. In our simulations we
sweep AT to quantify the impact of intensity non-uniformity
for various star coupler designs. For our fabricated chip,
Al = 0.35 at OAMO.

We plot the expected worst case crosstalk in Fig. 3. The
ideal intensity uniformity is Al =0, where all curves find

(6)
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Fig. 3: Simulated worst case crosstalk at OAMO vs. intensity
non-uniformity, for three levels of phase error.

the smallest worst case crosstalk for a given phase error. As
expected, a larger phase error variance leads to larger worst
case crosstalk.

For our experimental setup, even when using heaters to tune
the phase correction, we expect the largest phase error to be
10°, corresponding to the green dotted line. Tuning from the
AT of our design to the ideal value of zero would lead to a
3 dB improvement in worst case crosstalk at that phase error.

Even at ideal intensity uniformity, residual phase error
can be devastating. Crosstalk degradation is over 15 dB for
the phase error cases simulated. There will always exist the
practical challenge to jointly optimize the intensity and phase
correction. Better intensity uniformity will allow us to better
reduce residual phase error, as crosstalk is lower and we have
better visibility to improve phase tuning.

B. Experimental setup to examine impact of non-uniformity

Our experimental setup for intensity tuning is shown in
Fig. 4. The shaded components are not used in this par-
ticular experiment. Their purpose will be explained in later
discussions as they become relevant. They are part of a free-
space cage system for alignment of components, therefore,
all elements in the cage system are included in each setup
description.

The chip is used in the multiplexer configuration. We send a
continuous wave signal on one fiber input to generate a single
OAM beam. For this measurement OAMO is generated. The
blue line traces the path of the OAM beam to a camera that
captures the intensity profile of the emitter array. For intensity
tuning, we use a 4-f system to provide five times magnification.
This improves the sensitivity of the camera to isolate power
from specific emitters. Lens L1 has a 10 mm focal length and
L2 a 50 mm focal length.

C. Results of tuning to correct non-uniformity

On the magnified images from the camera, we identify
regions for each antenna position. We integrate the power
across each region to estimate I,,. We identify the minimum
I, and tune the VOAs independently targeting this intensity
at each of the 26 other antennas. The maximum attenuation is
6 dB and the tuning steps are 0.2 dB. The response to tuning
is nonlinear and sensitive to small adjustments.

Figure 5a shows the measured intensity I, at antenna p
before tuning in blue solid line. The intensity is not smooth
due to process variations in the 2D antennas and MMIs. We fit
measured data to the Gaussian shape from our updated model.
The maximum intensity in the fitted curve is normalized to
one. The fitted curve has Al = 0.33, very close to the modeled
AT = 0.35. The raw measured intensity has Al = 0.41.

Ideal tuning would attenuate the paths to achieve I, = 0.65
for all antennas. While total emitted power is reduced, the
intensity would be uniform. Following the VOA tuning the
intensity we measure is the dashed red line in Fig. 5a. It is
observably more uniform, with Al = 0.28.

Our attenuation is highly nonlinear with applied voltage. For
example, see the behavior at antenna 15. An additional voltage
change equivalent to 0.2 dB attenuation resulted in complete
extinction of the antenna output. We see that antennas 5, 16
and 24 show no attenuation and we suspect the wire bonding

BSP: Non-polarizing
beamsplitter
L1: 10mm focus lens
L.2: 50mm focus lens
FA: fiber array

BSH
- camera
A G.
FA L 2
intensity
- tuning

Fig. 4: Experimental setup for intensity tuning based on the
near-field chip output in free-space.

——— before tuning ~ ---r-ereee- after tuning fitted
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Al =0.41
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Fig. 5: Normalized intensity per antenna for OAMO mode
a) measured and (b) simulated. Before tuning in solid blue
curves, after tuning in dashed red curves, fitted distribution in
solid gray curve.
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is broken on these paths.

We calculate statistics of the tuned intensity profile vis-
a-vis the desired constant value of minI,, both bias and
variance. In simulation, the intensity tuning error is modeled
as a Gaussian error with the experimental bias and variance.
The three data points with broken wire bonds were excluded
in our calculation of tuning error statistics.

Figure 5b shows the simulated intensity [, at antenna p in
blue solid line, with maximum intensity normalized to one.
It has a Gaussian shape that for OAMO yields Al = 0.35.
The curve in red shows typical intensity after tuning assuming
a tuning error parameterized by what we experienced exper-
imentally. The intensity excursion is again clearly reduced.
When simulating over le5 tuning error realizations, we calcu-
lated an average intensity spread of Al = 0.26.

Despite challenges in our tuning apparatus, we are able to
reduce the intensity non-uniformity. Consulting the crosstalk
behaviour simulation in Fig. 3, the initial Al = 0.41 has a
spread of 9.4 dB between red and green curves, while the
final AI = 0.28 has a spread of 11.4 dB. This will aid in
phase tuning while observing crosstalk. Also, the worst case
error is improved by 2 dB when phase is tuned to only 10°
error. We will see in later sections that we achieved a 3.3 dB
improvement in worst case crosstalk experimentally.

V. PHASE TUNING WITH MORE UNIFORM INTENSITY

We conduct phase tuning with and without the optimized
intensity profile described in the previous section. The chip
demultiplexes an OAM mode generated off chip with a vortex
plate. We correct phase error to minimize the measured
crosstalk.

A. Experimental setup for phase tuning

We use the cage system to couple light onto our chip and
observe power of the output array of SMF antennas, i.e., a
demultiplexer configuration. As seen in Fig. 6, a Gaussian
free-space beam (red dashed) with circular polarization passes
from the collimator to a vortex plate. The vortex plate has half-
wave retardance to create an anti-aligned (AA) OAM of order
l. The free-space beam is coupled onto the fabricated chip.
The OAM mode is then de-multiplexed by our device into 27
OAM modes (-13 to 13 order), each converted to fundamental
mode and output to a power meter. The power that goes to the
OAM order [ (anti-aligned) is intended. The power to other
modes creates crosstalk.

For phase tuning, we generate left circular OAMI10 and
monitor power at each of the 27 power meters for outputs
of left circular OAM modes. We continuously monitor power
while applying phase tuning to minimize the worst-case
crosstalk. We use a gradient descent algorithm to find the
optimum tuning. The metal heaters, 750 nm above the routing
waveguides, increase the local temperature when tuned, chang-
ing the effective index and phase. The routing waveguides are
65 pm apart so the thermal crosstalk is negligible.

As we sweep the tuning signal, the phase in the tuning
path change continuously, while the phase in all other paths
is not influenced. The power at the output fibers (determined

by the interference of all paths) follows a sinusoidal trend
as the tuning signal is swept. We can tune over a 27 phase
change. Details of the phase tuning procedure are provided in
the appendix A.

B. Phase tuning results

We assess performance via histograms for the crosstalk (XT)
on OAMI10 from the 26 non-target output ports we monitored.
For each histogram we note the average crosstalk, as well as
the worst case crosstalk (the right-most crosstalk level in the
histogram). In Fig. 7a we show the histogram of crosstalk in
dB with no tuning (neither amplitude nor phase). In Fig. 7b
we show the histogram when tuning only phase, and in Fig. 7¢
when tuning both amplitude and phase.

The average crosstalk is as high as -3.9 dB for the bare chip,
with no tuning to correct errors. The worst case crosstalk is
2.4 dB, with some modes having more power than the target
mode. When correcting phase alone, we are able to suppress
unwanted modes. The histogram in Fig. 7b is shifted left,
with worst case crosstalk improved to -13.9 dB. When tuning
both amplitude and phase the average crosstalk in Fig. 7c is
-20.3 dB. The worst case crosstalk of -17.2 dB is the lowest
crosstalk ever demonstrated with SOI based OAM multiplexer.

Clearly tuning is essential. The phase variations are the most
critical, with the greatest improvement coming from phase
correction. The combination of amplitude and phase tuning
gives another 3 dB performance enhancement. The crosstalk
is low enough for use in spatial demultiplexing systems.

In Fig. 7d we show the crosstalk on OAM 10 for each
mode once the tuning is optimized. This is the data that was
used to create the histogram in Fig. 7c. We see that there is
no discernible trend in the crosstalk with particular modes.
Neither neighboring modes or much lower order modes show
any particular crosstalk behavior.

C. Crosstalk matrix with optimal tuning

The previous section examined the performance for
OAMI10, the same mode that was used for tuning. Next we
examine the performance of other modes, while leaving the
tuning signals unchanged. We note that higher order modes
are more likely to be exploited in spatial division multiplexing
[4], as they offer lower crosstalk and more stability. We replace

Pol con
Pol con : polarization controller
Col : collimater Col
VP : vortex plate
PMs : power meters o —
BSF—=
1
1
L1

phase
= tuning ®/®'

Fig. 6: Experimental setup for phase tuning and crosstalk
measurement, device working as demultiplexer.
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Fig. 7: Histograms of crosstalk per mode for target mode
OAMI10: (a) without tuning, (b) with only phase tuning,
(c) with intensity and phase tuning, and (d) crosstalk per mode
at the optimal tuning.
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Fig. 8: Measured crosstalk matrix for SAA to 11AA.

the vortex plate in the setup, examining in turn orders [ =5 to
11.

For each anti-aligned mode as it is generated, we measure
the crosstalk at the power meters at the output ports. The mea-
surement of each OAM mode (each vortex plate) contributes
to one row in the crosstalk matrix Fig. 8. The crosstalk are
normalized per row, so that all diagonal elements are 0 dB.

We measured lower crosstalk with high order modes. The
crosstalk for low order modes (SAA, 6AA and 7AA) is higher;

LP : linear polarizer
QWP : quarter wave plate

Col LR SP

—%ﬂ- (P= [« =L =|= > [EINEIE]
A

3 QWP -
= tuning

10:90

Fig. 9: Experimental setup for interferogram measurement.

the worst case crosstalk for these modes is around -12 dB.
The discrepancy in performance over modes is due to the
variations in size of the beam projected on the chip. Each
OAM mode exhibits divergence with a rate that varies with
mode order. Our system is optimized for OAM10, and high
order modes have similar divergence. Therefore these modes
have better mode matching with the antenna array. We expect
uniform performance in appropriate OAM fiber coupling. Such
coupling would involve short free-space propagation length
and negligible divergence.

VI. OAM SPIRAL INTERFERENCE PATTERNS

We performed the tuning optimization described in the
previous section at 1540 nm. With the tuning fixed at this
optimized setting, we next examine the bandwidth of our
multiplexer. We turn to interference spirals as a means of
confirming good OAM generation.

A. Experimental setup for interference pattern

An interferogram between an OAM beam and a refer-
ence Gaussian of the same polarization will yield a spiral
intensity patter. The number of nested spirals indicates the
order of the OAM mode. In Fig. 9 we present our setup
for interferogram measurements. The beam generated by our
device is collimated by L1. A reference Gaussian is circularly
polarized after passing through a polarizer and a quarter
waveplate. The generated beam and the reference Gaussian
propagate co-linearly on the right side of the beam splitter.
The interferogram is captured on the camera (dashed green
line).

In the appendix we provide interferograms of many modes
at 1540 nm. Given the constraints of our experimental setup
(Ienses, spot sizes, divergence, etc.), the clearest interfero-
grams are produced for OAM-5. Therefore, we focus on the
OAM-5 interferograms as we sweep the laser wavelength over
C-band to demonstrate bandwidth.

B. Results of interferogram measured at multiple wavelengths

Interference patterns for OAM-5 measured from 1530 nm
to 1565 nm are presented in Fig. 10. The origins of the
spirals have high power and appear dark red in the center
of the image. The arms follow, in number equal to the OAM
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1530nm

1545nm

1550nm 1560nm 1565nm

Fig. 10: Interferogram for OAM-5 over C-band. Five clear spirals appear from 1535 nm to 1555 nm.

topological charge. The figures are annotated to identify the
five spiral arms.

For wavelengths from 1535 nm to 1555 nm the spiral
arms are easily distinguishable and occur in similar positions.
For wavelength below 1535 nm and above 1555 nm, the
spiral arms deteriorate to only four being distinguishable.
We demonstrated in [20] that we can retune the phase and
amplitude correction to achieve good performance for any
wavelength in the C-band. However, the bandwidth of the
multiplexer for one tuning of the amplitude and phase is about
20 nm.

VII. DISCUSSION

The limiting factor of our tuning process is the system un-
certainty, mostly the setup uncertainty against thermal effects.
For the calibration of one circular polarization, the 27 VOAs
consume about 2W of power; sweeping the 27 phase shifters
requires another 1W. The tuning efficiency can be improved by
using suspended silicon waveguide structure [21]. We prepared
a robust heat sink for our packaged assembly. We integrated
a temperature sensor to monitor the chip temperature while
tuning. During the phase calibration, as we sweep the voltage
on the phase shifter, the temperature of the tuned waveguide
can change up to 40°C and is constantly varying.

We use a Peltier cooler to drain heat toward the heat sink
when the temperature rises, and stabilize the chip around room
temperature. Nevertheless, a local temperature change, not
necessarily large enough to cause detectable chip temperature
rise, can cause beam shifts that lead to misalignment. A pack-
aging plan with improved heat dissipation, or with OAM fiber
coupling at the antenna array, can reduce system uncertainty
and accommodate better calibration accuracy.

Our device generates circularly polarized OAM beams that
can steadily propagate in OAM fiber, yet mode size conversion
is still needed to match OAM fiber geometry [4]. The core
of the OAM fibers is of 10 um scale, while the diameter
of our antenna array is 170 pym. With a silicon nitride-on-
silicon platform, a multi-layer antenna array can be designed
to shrink the size of the generated OAM modes [22]. Photonic
wire bonds could also be used to close the gap between mode
sizes through packaging [23]. The possibility of designing non-
vertical emission antennas to favor the coupling to OAM fiber
can also be investigated.

VIII. CONCLUSION

We design and characterize an optical phased array on a
SOI platform that directly generates and multiplexes circularly
polarized OAM modes with a very large channel number. The

device benefits from an intensity tuning circuit and achieves
record low worst-case crosstalk (-17.2 dB) on a single OAM
mode (OAM10). We measured -12 dB worst-case crosstalk
from OAMS to OAM11. The device supports 46 data channels
(23 in each circular polarization), significantly extending the
capacity of previous WDM-compatible silicon-based OAM
multiplexers. The device provides a scalable, integrated so-
lution for OAM generation and multiplexing in ultra-high
capacity SDM systems.

APPENDIX A
OPTIMIZATION FLOWCHART

The flow chart of the alignment and optimization cycle is
summarized in Fig. 11. We first set the wavelength-under-test
on the laser. For amplitude tuning, we generate OAMO mode
with our device and record the camera image following path
in Fig. 4. We perform intensity tuning based on the camera
observations. The intensity profile appears as 27 individual
spots. We integrate the power in each spot and identify the
minimum power across the spots. We apply attenuation at
each spot to achieve the minimum power. The tuning signal
for attenuation is calculated based on the target attenuation in
that path and the characterized response of the corresponding
VOA. We iterated 30 times to achieve the reported intensity

distribution.
Set 4
Intensity tuning

Beam positioning

Wavelength of OAM modes
Tuning based on
camera data

Align the centre of the OAM
and the antenna array

Phase, initial 40° per steps, 2 iterations

if X10,,.>-8dB
' ~ Worst cast XT > -8dB

implies bad position

Measure
10
X e

Fine tune based on X,

l 10° per steps, 3 iterations

if X0, .<previou
Measure Repeat until best position is
hxaone
we found

Measure X, for other

supported OAM modes

Fig. 11: Flow chart of optimization procedure in chip charac-
terization.

For phase tuning, we switch to DEMUX configuration seen
in Fig. 6. We generate OAMI10 via a vortex plate and align
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it with our antenna array. The device demultiplexes OAM10
and we monitor 27 OAM mode output channels. If the phase
of the device is well calibrated, we expect to see very little
power on outputs other than the OAM10 output port.

In each iteration, we sweep the 27 phase tuning signals in
sequence to improve the worst-case crosstalk on OAMI0, i.e.,
X 10 The power in any output port see contributions from
all 27 paths. Sweeping one phase tuning signal will create a
sinusoidal response in all output ports. We find the voltage that
minimizes the worst-case crosstalk during one sweep, and we
update the optimized tuning signal before the sweep of the next
path. The optimized worst-case crosstalk after a two-iteration
tuning gives a measure of the alignment quality between free-
space optics and chip. If worst-case crosstalk is greater than
-8 dB after the second iteration, realignment is needed. We
chose a 40° tuning resolution during this coarse alignment for
reasonable completion time.

Another three iterations performed for precise alignment
before finally measuring crosstalk. The phase tuning resolu-
tion is reduced to 10° for precise alignment. We observed
good convergence to an optimum set of tuning signals after
the phase tuning with fine resolution. The time it takes to
conduct phase tuning for one alignment condition is eight
hours and is mainly consumed by the data communication
among instruments. As the response time of the thermal phase
shifter is in micro seconds, the phase tuning time in principle
can be suppressed to less than a minute. We continue to
make adjustments on the alignment until the optimal worst-
case crosstalk is acquired for OAM10. We measured the
performance for OAMS to OAMI11 at 1540 nm wavelength
to build the crosstalk matrix in Fig. 8.

APPENDIX B
INTERFERENCE PATTERN FOR SUPPORTED OAM MODES

We show the interference patterns from -8 to +8 measured
at 1540 nm in Fig. 12. The origin of the spiral is closer to
the center at lower order OAM, just as we expect from our
simulations. The diameter of the generated beam grows as
the topological charge of the OAM mode increases, while the
size of the reference Gaussian remains the same. This makes
the spiral arms for high order modes like OAM=8 less distin-
guishable; there is less overlap between the generated beam
and reference Gaussian. For this reason we did not capture
interferograms of OAMY9 and beyond. The backgrounds for

4 5 6 7 8
Fig. 12: Measured interference pattern for OAM-8 to OAM+8, number of spirals indicate topological charge.

OAM-1 and OAM+6 are more blue; we suspect the fiber-to-
chip couplers involved in their generation are more lossy.
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