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Abstract: A 40AMx4WDM switching experiment has been carried out combining an innovative
integrated tunable OAM multiplexer based on 4-concentric omega-shaped silicon waveguides and

a refractive element-based OAM demultiplexer; operation is demonstrated up to 120Gb/s.
OCIS codes: (130.3120) Integrated optics devices; (130.4815) Optical switching devices

1. Introduction

The explosive growth of the Internet of Things requires a rapid increase of data center performance, which
presents several challenging technological issues in terms of scalability of the current electrical interconnection
networks [1]. Optical interconnection networks based on optical switching are regarded as an effective solution to
overcome these issues [2]. The simultaneous use of different multiplexing domains, e.g. space and frequency, has
been proposed for further enhancing the scalability and the total capacity [3]. Recently, we demonstrated the use of
the orbital angular momentum (OAM) of light as an additional switching domain for a two-layer OAM-wavelength
division multiplexing (WDM) interconnection network [4]. Not only OAM-based switching improves the
scalability, but also the performance of the multilayer interconnection networks. In fact, OAM generation,
multiplexing and demultiplexing can be carried out through compact and low power consuming devices. This makes
the OAM switching energy-efficient and practical to implement. The standard technique to impress OAM onto a
Gaussian beam is to use bulky passive devices such as spiral phase plates or active devices such as commercial
spatial light modulators (SLMs) [5]. A reconfigurable 2x2 optical switch has already been demonstrated based on
these devices[6]. However, integrated devices are more attractive for the small form factor, low-power consumption
and fast tunability (i.e. tens of mW and ps timescale with thermal tuning) [7]. Integrated devices such as microrings
with super-imposed grating structures8, circular grating couplers cascaded to star couplers [9] and hybrid 3D
integrated circuits [10] have been demonstrated at component level. Microrings with super-imposed gratings have
also been demonstrated in preliminary switching experiments where OAM and wavelength domains were not
independently tunable [4].

In this paper we propose a new OAM multiplexer architecture based on concentric omega (£2)-shaped
waveguides, which is technologically simple and allows to independently map several WDM channels on
multiplexed OAM beams. This device has been used in 40OAM x 4WDM switching experiments with 120Gb/s 16-
quadrature amplitude modulation (QAM) and on-off keying (OOK) pseudo-random traffic. The switch has been
implemented cascading a 4xQ-shaped waveguide device used as OAM multiplexer and a compact passive refractive
element-based device used as OAM demultiplexer [11]. This switch implementation represents a unique example of
flexible two layer (OAM and wavelength) switch based on compact and low-power technologies, merging

significant technological and system advances.
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Fig. 1: (a) Schematic of a single Q-shaped OAM beam emitter. (b) Optical microscope image of the four-layer Q-shaped tunable OAM
multiplexer (c) Packaged four-layer Q-shaped tunable OAM multiplexer
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Fig. 2: (a) Experimental setup for OAM switching characterization. TX: transmitter; PC: polarization controller; RX: receiver. Insets: near-field
intensity of the OAM mux, schematics of the two elements of the OAM demux, demux elongated spots.

The switch has been tested in all its critical configurations demonstrating penalty<IdB and a power
consumption/Gb/s <0.6mW. Crosstalk measurement prove the device robustness and reliability.

2. Omega(Q)-shaped tunable OAM multiplexer

Fig. 1 (a) illustrates the schematic of a single Q-shaped OAM emitter, which consists of a ring geometry with an
aperture o that enables the integration of multiple coaxial rings without any crossings between the bus waveguides.
Second-order Bragg gratings are patterned on the inner sidewall of the Q -shaped waveguide to scatter the confined
whispering gallery modes (WGMSs) to a vertically radiated OAM mode. The topological charge of the emitted OAM
mode is I=(2n-a)Rn/A-q, where n is the effective refractive index of the Q -shaped waveguide and q is the grating
number. The grating profile has been designed with an exponential increase along the waveguide propagation
direction to keep the vertical emission uniform along the azimuthal direction and to decrease the potential penalty on
the signal to noise ratio at the demultiplexer stage [12]. Fig. 1 (b) shows an optical microscope picture of the four-
layer Q-shaped OAM multiplexer. The four-layer Q-shaped waveguides with radius ranging from 21.96um to
43.92um and out-coupling efficiency ranging from 15% to 20% are patterned coaxially to generate multiplexed
OAM modes. The device is fabricated on a silicon-on-insulator (SOI) wafer with a 220nm-thick silicon core and a
2um-thick buried oxide). Metallic heaters are defined in close proximity to each Q-shaped waveguide to tune the
radiated OAM mode independently with an efficiency of approximately 18mW per OAM mode. Fig. 1 (c¢) shows the
silicon chip packaged in a ceramic chip carrier with bonded electric wires to tune the 4-concentric Q-shaped OAM
multiplexer and a pigtailed fiber array to couple the light into the OAM multiplexer. To demultiplex the OAM
beams, a compact refractive element-based OAM sorter is used, which consists of two diffractive elements that can
transform multiplexed OAM modes into a series of plane waves, each with a different phase tilt [11]. When focused
using a lens, the tilted plane waves can be coupled to single mode fibers (SMF) placed in the focal plane of the lens,
which enables an OAM demultiplexing process with high mode selectivity and low power consumption.

3. Experimental setup and results

A two-layer spatial switch based on the cascade of the integrated Q-shaped OAM multiplexer (OAM mux) and
the refractive element-based OAM demultiplexer (OAM demux) is built and tested according to the experimental
setup shown in Fig. 2. The packaged integrated OAM multiplexer is vertically mounted to direct the OAM beams to
the OAM demux, which spatially separates the incoming OAM beams depending on the OAM order. The
performance of the switch is evaluated as a function of the order of the switched OAM mode for different
wavelengths. A 16-QAM transmitter at 20 Gbaud generates a signal at wavelength 1549.9 and 1547.7nm fed into Q
4. The signal is switched by tuning the order of the emitted OAM mode from 1=-3 to 1=+1 by applying a proper
voltage to the Q4 control pad.

Fig. 3 shows the experimental results in terms of bit error rate (BER) versus the received optical signal to noise
ratio (OSNR) that derived from different configurations. Fig. 3(a) depicts the case in which a single Omega (Q4)
was fed with two different wavelength (first 1547nm, then 1549nm), and was tuned to emit different OAM orders
(1=-2,-1,0,+1 at 1547nm, and 1=-3,-2,-1,0 for 1549nm). Fig 3(b) presents the results of a 40AM x 4WDM switching
demonstration: Q4, Q3 and Q2 are fed with a 30 Gbaud 16QAM signal (120Gb/s) at 1555.7, 1548.5, and 1552.8nm,
respectively, and Q1 with a 30 Gbaud OOK signal at 1556.5nm, to evaluate the performance under mixed data
traffic. Finally, the system was characterized in terms of crosstalk between adjacent Q-shaped waveguides emitting
subsequent OAM beam orders, and results are reported in Fig. 3(c). In Fig. 3(a) all the switched OAM modes have
similar performance, i.e. OSNRs at BER 10-3 differ of <0.5dB. Since different wavelength channels can be
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Fig. 3: Experimental results. (a) BER vs switched OAM mode for single Q-shaped emitter (2 WDM channels - 16QAM). (b) BER vs switched
OAM mode for four Q-shaped emitters (4 WDM channels - 3x16QAM+OOK). (c) Crosstalk characterization of the four Q-shaped emitters
switched over the same set of OAM modes, the cascade of OAM mux and OAM demux can be exploited to
implement a two-layer switch, where OAM and wavelength can be used as independent switching domains. In the
mixed format (OOK and 16QAM) switching experiment, whose results are reported in Fig. 3(b), the chosen
wavelengths correspond to the emission of integer OAM modes at room temperature. The signals are decorrelated
by means of optical fiber spools. In a first switch configuration Q4, Q3, Q2 and Q1 emit an OAM beam of order 1=-
5, 1=-2, 1=-3 and 1=-4 respectively. Then Q4 and Q2 are switched to 1=-2, i.e. on the same OAM order of the beam
emitted by Q3. As shown in Fig. 3 (b), the performance is almost independent of the switching configuration, being
the OSNR variation on the signal emitted by Q3 negligible. The 16QAM penalty with respect to the back-to-back is
<1dB. The inset shows that a very low penalty <0.2dB at BER 10-9 is measured on the OOK signal. Considering a
maximum power consumption for each Q emitter of 70mW, the switch total power consumption/Gb/s is <0.6mW
for the tuning of the whole OAM multiplexer. In Fig. 3(c) the same 20Gbaud 16QAM signal at 1545.9nm was fed
into Q3 and Q2 waveguides to measure the crosstalk. Three different measurements were taken, corresponding to
the three BER curves depicted in Fig.3(c). In the first measurement the 1545.9nm signal was fed only in Q2, which
was tuned to emit 1=-1 (squares in Fig.3 (c)). Then signal at Q3 input was switched on and the waveguide was
thermally controlled to emit 1=0; BER was measured on the signal emitted by Q2 waveguide on mode 1=-1, showing
the results depicted in Fig.3(c) in circles; finally Q3 was set to emit mode I=1 and BER on mode 1=-1, emitted by
Q2, were collected and are shown in triangles in Fig.3(c). A crosstalk penalty <4dB was measured.

4. Conclusions

An innovative integrated silicon tunable OAM multiplexer is fabricated, packaged and tested. By cascading the
OAM multiplexer with a refractive element-based OAM demultiplexer, a two-layer switch is demonstrated
exploiting both OAM and wavelength domain. The switch can operate with coherent polarization-multiplexed and
amplitude-modulated traffic up to 30Gbaud with power consumption <0.6mW/Gb/s. Crosstalk measurements show
the robustness and reliability of the switching system.
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