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Abstract—Dual-polarization (DP) arbitrary optical unitary pro-
cessor (OUP) is a critical device to realize an energy-efficient multi-
input-multi-output (MIMO) process of mode-division multiplexed
(MDM) systems in the optical domain. In this article , a 6-port OUP
with polarization-splitter-rotators is realized on a compact silicon
photonic chip based on the multi-plane light conversion (MPLC)
concept. All-optical MIMO demultiplexing of 300-Gbps 3-mode DP
quadrature phase-shift-keying (QPSK) signal is demonstrated at
1540, 1550, and 1560-nm wavelengths with an energy consumption
of around 1.5 pJ/bit. Since all-optical MIMO is transparent to the
signal format, the energy cost (J/bit) would decrease inversely as we
increase the baudrate, making it an attractive approach in reducing
the power consumption of the future ultra-high-capacity MDM
systems.

Index Terms—Mode demultiplexing, mode-division multi-
plexing (MDM), programmable photonics, silicon photonics.

1. INTRODUCTION

ODE-DIVISION multiplexing (MDM) is the key tech-
M nology that enables Peta-bit/s-class ultra-high-capacity
optical communication systems [1], [2]. In MDM systems using
multimode fibers (MMFs) or multi-core fibers (MCFs), modal
crosstalk occurs due to the inevitable inter-modal coupling dur-
ing the transmission. To compensate for this crosstalk, multi-
input-multi-output (MIMO) demultiplexing process is required
at the receiver to retrieve the original signals [3]. While this is
typically performed through the electronic digital signal pro-
cessing (DSP) after coherent detection [1], [2], [4], [5], [6], [7],
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[8], its complexity and power consumption scale super-linearly
as the number of modes increases [9].

To cope with this problem, all-optical MIMO demultiplexer
has been considered [10], [11], [12]. As shown in Fig. 1, an all-
optical MIMO circuit at the receiver can unscramble mixed mul-
timode optical signals with nominal power consumption, which
is transparent to the signal baudrate and the modulation format.
In particular, fully integrated all-optical MIMO devices are
attractive in terms of footprint and power consumption. To date,
several types of all-optical MIMO demultiplexers have been
demonstrated on compact silicon photonic platforms, based on
arrays of Mach-Zehnder interferometers [11] and tunable split-
ters [12]. These experimental demonstrations were, however,
limited to either a single-polarization operation without using
an actual MMF link [11] or with a single-output-channel device
that could only demultiplex multiple channels sequentially [12].

To this end, we have recently developed dual-polarization
(DP) arbitrary optical unitary processor (OUP) to demonstrate
simultaneous all-optical MIMO demultiplexing of DP 3-mode-
multiplexed signals [13]. The DP-OUP consists of polarization-
splitter-rotators (PSRs) attached at the three input ports, fol-
lowed by a 6-port arbitrary OUP circuit to unscramble both the
spatial and polarization modes in a reconfigurable manner. Using
the fabricated device, we have experimentally demonstrated de-
multiplexing of 3-mode 25-Gbaud DP quadrature-phase-shift-
keying (QPSK) signals (300 Gbps in total). In this article, we
provide detailed design procedures, numerical analyses, and
characterization of the PSR section, as well as additional ex-
perimental results on the wavelength dependence of all-optical
MIMO performance.

II. STRUCTURE AND PRINCIPLE OF DUAL-POLARIZATION
OPTICAL UNITARY PROCESSOR

The schematic of the 3-mode DP-OUP is shown in Fig. 2.
Three DP signals, which are connected from a fan-out device
(e.g., photonic lantern) as shown in Fig. 1, are polarization-
demultiplexed by an integrated PSR attached at each port. The
output ports of the PSRs are then guided to a 6-port OUP circuit
based on the multi-plane light conversion (MPLC) scheme [14],
[15], [16], [17], where appropriate linear transformation can be
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Fig. 1. Polarization-and mode-multiplexed transmission system using an all-
optical DP MIMO demultiplexer. Note that different colors in the arrows are
used for the ease of understanding and all channels are at the same wavelength.

Polarization
splitter and rotator
J

Polarization

splitter and rotator Phase shifter
L

MMI coupler

MPLC-based OUP

Fig. 2. Schematic of the all-optical DP-OUP chip demonstrated in this work.
It consists of a PSR array section and an OUP section. Each PSR is realized
by the adiabatic-polarization rotator and a mode-independent splitter. The OUP
section consists of cascaded phase-shifter arrays and MMI couplers based on
the MPLC concept.
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Fig. 3. (a) Schematic of the PSR based on the adiabatic mode converter and

a mode-independent Y-splitter. (b) Simulated light propagation for the TEq
and TE; input modes through the Y-splitter, which is designed using the PSO
algorithm (see Appendix A for details).

applied to compensate for the effects of coupling among the
spatial/polarization modes.

Fig. 3 shows the schematic of the integrated PSRs, which are
similar to those used in our previous work [18]. It consists of an
adiabatic mode converter based on the tapered rib waveguide
[19], [20], [21], followed by a mode-independent Y-splitter.
In the adiabatic mode-converting section, the width of the rib
waveguide is tapered gradually as shown in Fig. 3(a), so that the
0-th transverse-magnetic (TMg) mode is converted into the 1-st
transverse-electric (TE;) mode without loss.

The mode-independent Y-splitter is designed based on the
particle swarm optimization (PSO) algorithm [22]. The details
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of the design procedures are explained in Appendix A. Fig. 3(b)
shows the light propagation through the designed Y-splitter, sim-
ulated by the three-dimensional finite-difference time-domain
method (3D-FDTD). As a result, the input DP signal with
the complex amplitudes of arg, and arpg, is split to two
output ports with the amplitudes of 1/\/§(aT B, + arn,) and
1V2 (arE,— aTM,). We should note that unlike a typical PSR
[19], [20], [21], it is not necessary to split TEy and TM in our
device since any linear coupling can be removed anyway at the
OUP section.

The N x N OUP is based on the concept of MPLC, where
N-mode interferometers and phase shifter arrays are cascaded
in series [16], [23], [24], [25], [26], [27], [28]. Here, we use a
multimode interference (MMI) coupler as the N-mode interfer-
ometers [29], [30]. The transfer matrix U of an MPLC-based
OUP is written as

U=&, - T -®;_ ;- P, (1)

where L is the number of the cascaded stages, and T and ®; (i =
0,1,---, L) are the transfer matrices of a MMI coupler and a phase
shifter array, respectively. Each ®,; includes N phase shifters so
that N(L + 1) phase shifters in total are employed in this work.
We should note that in principle, only N — 1 phase shifters are
required except for the first stage (i = 0) [16]. Here, we integrate
N phase shifters in all stages for convenience, so that the optical
loss is balanced among different optical paths within the chip.
The phase shifter arrays function as tunable phase-manipulating
layers, while the MMI couplers provide fixed unitary trans-
formations. As a result, according to the principle of MPLC,
arbitrary unitary operation can be implemented when L > N
[14]. In this work, we set L = 8 and N = 6.

III. DEVICE CHARACTERIZATION
A. 3-Port DP-OUP Fabricated on Si

Fig. 4 shows the photograph and the scanning-electron mi-
croscope (SEM) images of the 3-port DP-OUP fabricated on a
silicon-on-insulator (SOI) platform with a 210-nm-thick silicon
and 3-pm buried oxide (BOX) layers. The entire circuit fits
within a footprint of 2.5 mm x 9.0 mm. The device consists of
PSR arrays, 9 stages of thermo-optic (TO) phase shifter arrays
with 200-um-long TiN heaters, and 8 stages of 6 x 6 MMI
couplers. The width and the length of an MMI coupler are set
to 15 um and 268 pm, respectively. The total number of phase
shifters is 54. While PSRs are not necessary at the output, they
are included in this work to reduce the number of ports that need
to the coupled to the output fiber array.

From preliminary measurements, we derive the coupling loss
between the fiber array and the chip to be 3.5 dB/facet, the
insertion loss of the 6 x 6 MMI coupler to be 1.5 dB, and the
propagation loss of the Si waveguide to be 2.7 dB/cm (TE) and
3.2 dB/cm (TM). The V of the phase shifter is around 3.1 V.

B. Characterization of Symmetric PSR

First, passive properties of a single PSR were characterized.
Fig. 5(a) shows the experimental setup. A continuous-wave light
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Fig. 5. Experimental setup for passive PSR characterization. TLS: tunable

laser source, PC: polarization controller, P: polarizer, H: half-wave plate (HWP),
PD: photodetector. (b) Measured transmittance of PSR as a function of the HWP
angle at 1550-nm wavelength and (c) its wavelength dependence when the HWP
angle is set to 20 deg for each wavelength.

from a tunable laser source (TLS) was launched to the device
after its polarization state was controlled by a polarizer, a half-
wave plate (HWP), and two fiber-based polarization controllers
(PCs). The first PC was used to align the input polarization to
the polarizer, while the second PC was adjusted to maximize
the output power at channel 1. This corresponds to the case
where the input light is split equally to TE; and TM; modes
and interfere constructively after transmitting through the mode-
converting section and the Y-splitter. By rotating the HWP, the
input polarization state was rotated to the orthogonal state along
a great circle on the Poincaré sphere [31].

Fig. 5(b) shows the transmittance of the PSR as a function
of the HWP angle at 1550-nm wavelength. We can confirm that
two orthogonal polarization states are split to the two output
channels of the PSR with the polarization extinction ratio (PER)
of 14.9 dB. Fig. 5(c) shows the transmittance as a function of
wavelength when the HWP is set to 20 deg for each wavelength,
corresponding to the case where the input light is split nearly
equally to the two output ports. The deviation of transmittance
in the C band is kept within 0.5 dB.
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(a) Microscope image. (b)—(d) The SEM images of (b) the entire PSR section, (c) enlarged Y-splitter, and (d) 6-port MMI coupler.
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Fig. 6. (a) Experimental setup for measuring the DP-OUP performance. By
sequentially changing the input port, the transmittance matrix of DP-OUP is
measured and used as a feedback signal to optimize the TO phase shifters through
the simulated annealing algorithm. TLS: tunable laser source, PC: polarization
controller, PBC/PBS: polarization beam combiner/splitter, PD: photodetector,
MC: microcontroller. (b)—(e) Measured transmittances from 6 input modes (3
spatial x 2 polarization) to 6 output modes (b) before optimization and (c)—(e)
after optimization. In all cases, the crosstalk is suppressed to be less than —11 dB.

C. Demonstration of 6-Mode DP-OUP

We then measured the performance of the DP-OUP. The
experimental setup is shown in Fig. 6(a). To test the DP op-
eration, polarization beam combiners and splitters (PBCs and
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(a) Experimental setup for all-optical MIMO demonstration with DP-QPSK signal. We generate the 25 Gbaud QPSK signal, and its signal is divided into

6 channels. After making each channel uncorrelated, polarization multiplexing using a polarization combiner and mode multiplexing using a photonic lantern are
applied, and then the channels are combined into an MMF. Sending through the MMF, the modes of propagated light are again separated using a photonic lantern,
and MIMO demultiplexing is performed using DP-OUP. VOA: variable optical attenuator, EDFA: erbium-doped fiber amplifier, OBPF: optical bandpass filter, PC:
polarization controller, DL: delay line, PBC/PBS: polarization beam combiner/splitter, PL: photonic lantern, CR: coherent receiver, DSP: digital-signal processing,
AWG: an arbitrary wave generator, LO: local oscillator. (b) Constellations of retrieved 50-Gbps QPSK signals after optical MIMO process and offline DSP.

PBSs) were inserted at the input and output ports. Similar to
our previous work [27], the transmittances from all input ports
to all output ports of DP-OUP were measured sequentially
by controlling the 1 x 6 micro-mechanical-electrical-system
(MEMS) switch. The phase shifters were then optimized through
the simulated annealing algorithm to minimize the error between
the target matrix and the measured matrix.

Fig. 6(b)—(d) show the measured transmission matrices at
1550 nm wavelength. While severe crosstalk is observed before
optimization [see Fig. 6(b)], arbitrary mode-sorting matrices are
obtained in a reconfigurable manner after adjusting the phase
shifters [see Fig. 6(c) and (d)]. In all cases, the crosstalk is
suppressed to be less than —11 dB.

IV. ALL-OPTICAL MIMO EXPERIMENTS USING DP-OUP

Finally, all-optical MIMO experiments were carried out using
the setup shown in Fig. 7(a). A LiNbOg in-phase and quadra-
ture (IQ) modulator was driven by a two-channel arbitrary
waveform generator (AWG) to generate a 25-Gbaud quadrature
phase-shift-keying (QPSK) signal. The signal was split into
six branches, decorrelated by fiber delay lines (DLs) to mimic
an actual MDM system with six independent IQ signals, and
combined by three PBCs and a photonic lantern (PL). For
the proof-of-concept demonstration, we employed a 1-m-long
3-mode MMF in this work. While the length of MMF was short,
MUX/DEMUX using PLs provided sufficient modal coupling
to mimic an actual MDM system with crosstalk. We should note
that the mode-dependent loss of the entire link was small enough
and the inter-modal coupling could be assumed to be a unitary

process. At the output of MMEF, the signal was split by another
PL and input to the DP-OUP. The optimization of DP-OUP
was achieved following the same procedure as described in
the previous section. In this experiment, the environmental drift
was sufficiently slow so that active tracking was not necessary
during the measurement. To be deployed in actual transmission
systems with larger drift, we could implement the real-time
mode/polarization tracking function by using similar techniques
as demonstrated previously [11], [32], [33].

The output signals from the chip were separated by PBSs to
receive each spatial/polarization mode by a coherent receiver
(CR). Through offline DSP, the measured signals were down-
sampled and then equalized by half-symbol-spaced adaptive
finite-impulse-response (FIR) filters. We employed the decision-
driven least-mean-square (DD-LMS) algorithm, which was the
same procedure as used in [34]. We should stress that the MIMO
processing for undoing the strong mixing among the spatial and
polarization modes was performed in the optical domain and
not by the DSP. As a result, we could substantially reduce the
DSP cost, which would otherwise increase super-linearly with
the number of spatial/polarization modes [9].

Fig. 7(b) shows the constellation diagrams of 50-Gbps QPSK
signals for all three spatial modes and both polarizations. In all
cases, we obtain BERs below the 20% soft-decision forward-
error-correction (SD-FEC) threshold. The residual penalty is
partially attributed to the imperfect mode demultiplexing in-
side the OUP section, as shown in Fig. 6. We thus expect it
could be reduced by improving the PRS design and by using a
more efficient optimization algorithm instead of the simulated
annealing.
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Fig. 8. Wavelength dependency of all-optical MIMO process. In all cases, the
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Fig. 8 compares the obtained BERs of 25-Gbaud DP-QPSK
signal after all-optical MIMO process at different wavelengths.
In all cases, BERs below the 20% SD-FEC limit are obtained.
This broadband property of the device owes to the symmetrical
and wavelength-independent MMI couplers as well as inherent
robustness of the MPLC-based OUP [35].

The total power consumed at 54 phase shifters is derived
to be around 450 mW. This corresponds to an energy cost of
around 1.5 pl/bit for the 300-Gbps signal demonstrated in this
work. As a unique advantage of the all-optical MIMO, the power
consumption is independent of the bitrate. This implies that the
energy cost (J/bit) would decrease inversely as we increase the
bitrate of the signal.

V. CONCLUSION

We have developed a silicon-photonic DP 3-mode OUP circuit
and experimentally demonstrated all-optical MIMO demulti-
plexing of space/polarization-multiplexed coherent signals. The
device consisted of adiabatic PSR arrays and an MPLC-based
6-port OUP circuit, integrated on a compact silicon chip with
a footprint of 2.5 mm X 9.0 mm. A 300-Gbps DP 3-mode-
multiplexed QPSK signal was demultiplexed successfully with
the BER below the 20% SD-FEC threshold for all channels.
Thanks to the inherent robustness of the MPLC-based OUP
and the broadband symmetric MMI couplers used in the cir-
cuit, wideband operation from 1540-nm to 1560-nm wavelength
range was confirmed. The energy consumption was derived to be
around 1.5 pJ/bit, which can be reduced further as we increase the
baudrate. The demonstrated device would thus pave the way for
realizing the future cost- and power-efficient MDM transmission
systems

APPENDIX

A. Design of Mode-Independent Y-Splitter

The mode-independent Y-splitter is designed based on the
PSO scheme [22]. We first define the design area of the Y-splitter
tobe 2 pm x 2.6 pm. This region is then divided into 13 sections
with an equal length of 200 nm. We define w = {wy, wo, - - -,
w13} to describe the width at the center of each section. The
actual geometry of the Y-splitter is represented by the spline
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Design mode-independent Y-splitter

: randomly generate the initial set of W={w,}, where each ele-
ment Wy is {wy,wp---,wi3} (n=1,---,5)

2: forg=1,2,--- ,Gdo
3: fors=1,2,---,Sdo
4: define the structure based on wy
S: calculates the propagation with TEq and TE-mode light
6: gets the transmittance at each output port.
7 calculate the cost function f
8: end for
9: update wy € W based on each value f; and the PSO algorithm
10: end for
11: save the best w as the optimized parameters
Fig. 9.  Procedure of optimizing mode-independent Y-splitter.
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Fig. 10.  Simulated wavelength dependence of the transmittance to each output

port for the optimally designed mode-independent Y-splitter.

TABLE I
OBTAINED W (1tM) OF THE Y-SPLITTER AFTER OPTIMIZATION

W, Wg Wy Wg Wy Wg Wg Wg W9 Wio Wi Wi Wi

0.85 095 1.05 1.15 1.2 1.3 133 1.44 141 135 134 14 13

interpolation of these 13 discrete points. The parameters w are
then optimized to achieve mode-independent splitting through
the PSO algorithm [22], which is one of the genetic algorithms.
The optimization procedure is given in Fig. 9. The parameters
G and S are the numbers of generations and seeds in each
generation, respectively. Here, we set G = 30 and S = 20. The
wave propagation is calculated by the 3D-FDTD method. We
define the cost function f;, as

fn = |Tporl1, TEq — Tport2, TE0| + |Tportl, TE; — Tport2, TE; |

(AT)
where Tpor¢1, 7R+ and T2, TR (I = 0, 1) denote the transmit-
tance of Y-splitter to each output port for the TE; modes. After
calculating S cost functions, w is updated according to the PSO
algorithm. This procedure is repeated G times to derive the final
optimized geometry. The derived w after convergence is listed
in Table I.

The simulated light propagation through the optimized struc-
ture is shown in Fig. 3(b). Fig. 10 shows the calculated wave-
length dependence of the transmittance to each output port. We
can confirm that nearly equal splitting is obtained for both TE,
and TE; modes over the entire C band.
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