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Abstract—Emerging 5G mobile networks and cloud computing
applications are driving the demand for an ever-increasing capac-
ity of short-reach optical communications. To meet this demand,
mode-division multiplexing (MDM) has been proposed to scale up
the bandwidth density by leveraging the spatial modes of an optical
waveguide for transmitting multiple optical signals. On the other
hand, the use of multi-level pulse amplitude modulation (PAM)
can also increase the transmission bandwidth. Therefore, on-chip
MDM in conjunction with PAM is an approach to enhance the
transmission capacity in a photonic integrated circuit. In this paper,
we report a silicon photonic integrated four-channel MDM circuit
for high data rate on-chip communications with a low channel
crosstalk and small insertion loss. To make the circuit have a small
size that supports broadband operation, a mode multiplexer and
demultiplexer are realized with the use of cascaded asymmetrical
directional couplers on rib waveguides. By incorporating the MDM
circuit in an optical communications system, the transmission of a
4 x 10 GBaud/s OOK and PAM-4 signal is experimentally demon-
strated. The performance in terms of eye diagrams and power
penalties is evaluated. The power penalties for the four-channel
OOK transmission are 4.31, 2.38, 1.44 and 3.5 dB at a BER of 10−9.
For the four-channel PAM-4 transmission, the power penalties are
7.98, 1.10, 0.66 and 5.14 dB. The required received optical power
at a BER (<3.8 × 10−3) of the 7% overhead-hard decision FEC is
−2.6 dBm. The key advantage of the approach is that high-capacity
on-chip communications is enabled by the photonic integrated
MDM circuit with a small footprint. Since the MDM circuit is
implemented on a silicon photonic platform, the system holds high
potential for full integration on a single chip.

Index Terms—Mode-division multiplexing, pulse amplitude
modulation, directional coupler, silicon photonics.

I. INTRODUCTION

THE amount of data generated in our daily life has
grown exponentially in the past few years, which drives

the need for an ever-increasing transmission capacity of
communications systems. To meet the needs for higher data rate
communications, novel transmission techniques including
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wavelength-division multiplexing (WDM), polarization-
division multiplexing (PDM), higher-order modulation formats,
and advanced digital signal processing techniques have been
proposed and employed [1]–[5].

More recently, mode-division multiplexing (MDM) technique
has been proposed and extensively studied since it offers an
additional dimension of freedom for multiplexing to increase
the bandwidth by leveraging the spatial modes of a waveguide to
carry multiple optical signals [6]–[18]. Thanks to its favorable
compatibility with WDM and PDM systems, the MDM tech-
nique provides an effective solution to scale up the bandwidth
density of an existing network [19]–[21]. To realize MDM,
a mode multiplexer and demultiplexer are required to multi-
plex and demultiplex effectively multiple signals with different
modes. A few techniques have been reported, including the use
of Y-branches [22], [23], asymmetrical directional couplers [24],
[25], multimode interference couplers [26], [27], Mach–Zehnder
interferometers [28], [29], and micro-ring resonators (MRRs)
[30], [31]. In particular, an on-chip MDM-WDM optical com-
munications system based on MRRs was experimentally demon-
strated [31], in which an aggregate data rate up to 4.35 Tbit/s with
5 spatial modes and 87 WDM channels were supported. Due to
the frequency selectivity nature of an MRR, the bandwidth is
inherently limited, restricting the capability in further increasing
the data rate of an MRR channel. On the contrary, mode multi-
plexers and demultiplexers implemented based on asymmetrical
directional couplers do not have such a limit. Its operation band-
width is much wider due to the nature of evanescent coupling
between waveguides. In addition, the fabrication tolerance is
much higher. Therefore, mode multiplexers and demultiplexers
based on asymmetrical directional couplers are highly preferred.
In the mode multiplexers and demultiplexers, mode converters
are key components, which realize mode conversion based on
three main physical mechanisms, including evanescent cou-
pling, mode evolution, and multimode interferometry. Mostly,
evanescent coupling is implemented by means of directional
couplers [24] and ring resonators [31], mode evolution employs
Y-junctions [32], and multimode interferometry is realized with
the use of multimode interference (MMI) couplers [33].

On the other hand, the data capacity can also be increased
by using higher-order modulation formats. For example, 4-level
pulse amplitude modulation (PAM-4) offers four amplitude lev-
els in one symbol and thus its bit rate is twice as high as on-off
keying (OOK) at a same baud rate. Recently, a transmission
system with an aggregate data rate of 192 Gbit/s based on
on-chip three-mode multiplexing in conjunction with PAM-4
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Fig. 1. (a) Schematic layout of the proposed silicon-based on-chip four-channel MDM circuit (Inset: zoom-in view of the waveguide configuration of the mode
multiplexer and demultiplexer); and (b) simulated mode field profiles at the cross-section of a multi-mode bus waveguide.

has been reported [34]. The main problem with the on-chip mode
multiplexer reported in [34] is the large footprint due to the use
of wire waveguides. Compared with a wire waveguide, a rib
waveguide has a much smaller propagation loss and stronger
coupling coefficient, which is of great benefit to making a mode
multiplexer and demultiplexer with a small footprint and low
insertion loss.

In this paper, we report the design, fabrication and evaluation
of a silicon photonic integrated four-channel MDM circuit and
its use to achieve mode-division multiplexing for on-chip data
transmission. The MDM circuit consists of a mode multiplexer
and demultiplexer connected by a bus waveguide. To make
the MDM circuit have a small size and support broadband
operation, the mode multiplexer and demultiplexer are realized
with the use of cascaded asymmetrical directional couplers on
rib waveguides. By incorporating the fabricated MDM circuit in
an optical communications system, high data rate on-chip data
transmission is demonstrated. In the experiment, the transmis-
sion of 4×10 GBaud/s on-chip MDM OOK and PAM-4 signals
is implemented. The performance of the system is evaluated by
measuring the eye diagrams and the power penalties. For OOK
transmission, the power penalties for the 4 channels are 4.31,
2.38, 1.44 and 3.5 dB at a BER of 10-9. For PAM-4 transmission,
the power penalties are 7.98, 1.10, 0.66 and 5.14 dB, and the
required received optical power at a bit error rate (BER< 3.8E-
3) of the 7% overhead-hard decision forward error correction
(FEC) is −2.6 dBm.

Note that a MDM was reported in 2018 by Dai et al. in
[35]. Compared with the MDM in [35], the device reported in
this paper is fabricated based on rib waveguides, which holds
key advantages including smaller size and lower loss since a
rib waveguide has a larger coupling coefficient and a smaller
propagation loss than a wire waveguide.

The key advantage of the proposed technique is that high data
capacity on-chip communications is enabled by the photonic

integrated MDM circuit which has a small footprint and low
insertion loss. Since the MDM circuit is implemented on a
silicon photonic platform, the demonstrated short-reach com-
munications system can be potentially integrated on a single
chip.

II. ON-CHIP MDM CIRCUIT

Fig. 1(a) shows the schematic of the proposed silicon-based
on-chip MDM circuit to support four TE-polarization-mode
multiplexed operation. In the chip, four input optical signals
are coupled into the chip via four input grating couplers (1∼4)
which are mode-multiplexed at a multiplexer consisting of three
cascaded asymmetrical directional couplers on rib waveguides.
After transmission over a bus waveguide, the four signals are
demultiplexed to four single-mode signals and obtained at four
output ports (5∼8). To minimize the chip footprint and reduce
the bending loss, a wire waveguide is mostly used to route an
input optical signal, while to enable a stronger optical coupling
and lower propagation loss in the cascaded directional couplers,
rib waveguides are mostly employed with a slab waveguide
height of 90 nm.

The inset in Fig. 1(a) gives a zoom-in view of the waveguide
configuration of a mode multiplexer and demultiplexer, in which
the multiplexer and demultiplexer have an identical design, but
are placed in a reverse geometry. Between the multiplexer and
demultiplexer, a four-mode bus waveguide with a length of
20 µm is used for data transmission. With a 3D finite-difference
time-domain simulation, in the mode multiplexer, a bus wave-
guide with a width of 1.35 µm and a length of 40 µm supporting
two modes and another bus waveguide with a width of 2.1 µm
and a length of 60 µm supporting four modes are connected with
an adiabatic taper for mode transition [36]. To couple an input
fundamental mode into a higher-order mode in a bus waveguide,
a narrow access waveguide is located close to the bus waveguide.
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Fig. 2. (a) Prototyepe of the silicon-based on-chip four-channel MDM circuit; (b) zoom-in view of the waveguide structure for the mode multiplexer and
demultiplexer; and (c)–(e) zoom-in views of the cascaded rib directional couplers.

To satisfy the phase-matching condition of evanescent coupling,
the widths of three access waveguides are chosen to be 0.62, 0.62,
and 0.42µm, and to achieve a high coupling strength, the optimal
coupling lengths for each mode are designed to be 34, 45, and
15 µm, with the identical coupling gap of 0.2 µm. In addition,
at the end of the access waveguide, a waveguide terminator is
used to radiate out the residual optical power. Fig. 1(b) shows the
mode profiles at the cross-section of a four-mode bus waveguide
in each mode channel. As can be seen, for the channel from port
1 to port 8, TE3 mode is supported, for the channel from port 2
to port 7, TE1 mode is supported, for the channel from port 3 to
port 6, TE0 mode is supported, and for the channel from port 4
to port 5, TE2 mode is supported.

The device is fabricated using a CMOS-compatible technol-
ogy with 193-nm deep ultraviolet lithography at IME, Singapore.
The fabricated device has a size of 794 µm in length and 96 µm
in width, giving a small footprint of 0.76 mm2. The core area of
the mode multiplexer and demultiplexer has a size of 340 µm in
length and 37µm in width, giving a small footprint of 0.13 mm2.

Fig. 2(a) is an image of the fabricated circuit captured by a
microscope camera, and Fig. 2(b) gives a zoom-in view of the
waveguide structure for the mode multiplexer and demultiplexer.
On top of each directional coupler, an independent metallic
micro-heater is placed for thermal tuning. Fig. 2(c)–(e) are
zoom-in views of the three cascaded directional couplers on
the rib waveguides in the mode multiplexer.

Then, the optical performance of the fabricated circuit is
evaluated. Fig. 3(a)–(d) shows the transmission spectra at the
four output ports (5∼8) when an input optical signal is launched
to the circuit via the four input ports (1∼4) one at a time.
The spectra are measured by an optical vector analyzer (LUNA
OVA CTe). The transmitted optical power shown in Fig. 3 is
normalized to the transmitted power at the wavelength of 1545
nm for the channel from port 1 to port 8. From the spectral
measurement, the channel crosstalks resulted from the spatial
mode multiplexing and demultiplexing are quantified. Table I
presents the insertion loss and crosstalk in the different channels
in Fig. 3 when an optical signal is launched into the chip
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Fig. 3. Measured transmission spectra at the four output ports (5∼8) when the input optical signal is launched at the input port (a) 1, (b) 2, (c) 3, and (d) 4.

TABLE I
PROPERTIES OF THE MODE CHANNEL

∗The insertion loss is measured at the incident wavelength of 1545 nm.

via different input port. The insertion losses for the different
channels are slightly different due to the different coupling losses
and mode propagation losses caused by the directional couplers
in the channels. Based on the channel crosstalk measurements,
the crosstalk for all channels are smaller than 19 dB, which
confirms the effectiveness of the device to support four-mode-
division multiplexing and demultiplexing operations. Note that
the channel from port 3 to port 6 has the smallest crosstalk.
This is because this channel guides the fundamental mode (TE0)
without a directional coupler. The channels from port 1 to port 8
and from port 4 to port 5 have relatively higher crosstalk, which
are caused due to the overlap of the coupling sections in the two
directional couplers. By optimizing the coupler position design,
the crosstalk between the two channels can be reduced.

III. ON-CHIP SIGNAL TRANSMISSION

An experiment to demonstrate the use of the fabricated circuit
for MDM signal transmission is performed. Fig. 4 shows the ex-
perimental setup. An optical carrier from a tunable laser source

(TLS, Anritsu MG9638A) is sent to an intensity modulator (IM,
Lucent 2623CSA), where a PRBS 213 signal with a data rate
of 10-GBaud/s from an arbitrary waveform generator (AWG,
Keysight M8195A) is applied to the IM to modulate the optical
carrier. After amplification by an erbium-doped fiber amplifier
(EDFA), the modulated optical signal is equally split into four
channels. In each channel, a single mode fiber with a different
fiber transmission length is used to ensure that the data are
decorrelated between the channels. Then, the optical signal in
each channel is launched via the corresponding input port to
the chip. Note that a polarization controller (PC) is used to
adjust the state of polarization of the input signal to minimize
the polarization dependent loss. At the outputs of the chip,
the demultiplexed signals are recovered one at a time with the
use of a photodetector (PD, LR-12-A-M) and monitored by a
sampling oscilloscope (Agilent 86116A) where the transmission
performance is evaluated.

A. OOK Signal Transmission

First, the transmission of a 10-GBaud/s OOK signal is per-
formed. The 10-GBaud/s OOK signal is generated by the AWG.
Fig. 5(a) shows the measured bit error rates (BERs) of the
OOK signal for back-to-back operation (B2B, without launching
into the fabricated MDM circuit chip), single channel operation
and four-mode MDM operation. For B2B, an optical power of
−9 dBm is needed to ensure a BER of 10-9. Compared with B2B,
to maintain an identical BER of 10-9, the optical powers needed
are −8.69 dBm, −8.87 dBm, −8.93 dBm, and −8.77 dBm for
single channel transmission from port 1 to port 8, port 2 to port
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Fig. 4. Experimental setup for performance evaluation including a laser source, Arbitrary Waveform Generation (AWG), Intensity Modulator (IM), Erbium-Doped
Fiber Amplifier (EDFA), Single-Mode Fiber (SMF), Tunable Optical Filter (TOF), Photodiode (PD-TIA), and Sampling oscilloscope (OSC).

Fig. 5. (a) BER measurements for the transmission of an OOK signal for B2B, single port and MDM transmission for all the four channels; and
(b) the eye diagrams for the four channels.

7, port 3 to port 6, and port 4 to port 5, with the corresponding
power penalties of 0.31 dB on port 1, 0.13 dB on port 2, 0.07 dB
on port 3 and 0.23 dB on port 4, respectively. For four-mode
MDM operation, the power penalties are 4.31 dB from port 1
to port 8, 2.38 dB from port 2 to port 7, 1.44 dB from port
3 to port 6, and 3.5 dB from port 4 to port 5. Note that the
B2B measurement is done by replacing the chip with a tunable

attenuator to have an optical loss of 9.4 dB, which is identical to
the insertion loss of the channel from port 3 to port 6. The higher
power penalties from port 1 to port 8, and port 4 to port 5 are due
to the stronger crosstalk, which leads to signal degradation in
the channels. Fig. 5(b) shows the eye diagrams for B2B, single
channel and four-mode MDM operation. Clear eye diagrams can
be observed for B2B, single channel and MDM transmission,
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Fig. 6. (a) BER measurements for the transmission of a PAM-4 signal for B2B, single port and MDM transmission for all the four channels; and
(b) the eye diagrams for the four channels.

which verifies the effectiveness of the system for MDM OOK
signal transmission using the fabricated MDM circuit. The eyes
for the channels from port 1 to port 8 and from port 4 to port 5 are
relatively less opened, which are caused due to higher channel
crosstalks.

B. PAM-4 Signal Transmission

Then, the transmission of a 10-GBaud/s PAM-4 signal is
performed. Fig. 6(a) shows the measured BERs for B2B, single
channel and the four-mode MDM operation. As can be seen, the
7% FEC threshold can be achieved when the received optical
power is −2.2 dBm for the four-mode MDM operation. As can
be seen, at a BER of 3.8 × 10-3, the power penalties are 7.98 dB
from port 1 to channel 8, 1.10 dB from port 2 to port 7, 0.66 dB
from port 3 to port 6, and 5.14 dB from port 4 to port 5 for the
MDM transmission compared with the received optical power
for the B2B transmission at an identical BER. Fig. 6(b) shows
that the eye diagrams. Again, clear eye diagrams can be observed
for B2B, single channel and four-mode MDM operation, which
confirms the effectiveness of the system for MDM PAM-4 signal
transmission using the fabricated MDM circuit. Again, the eyes
for the channels from port 1 to port 8 and from port 4 to port 5
are relatively less opened due to higher channel crosstalks.

Thanks to the broad bandwidth and high fabrication tolerance
provided by the directional couplers on the rib waveguides, the
fabricated MDM circuit can support much higher data rate.
The data rate demonstrated in the experiment is limited by

the IM and PD due to their limited bandwidths. This success-
ful demonstration of the on-chip MDM circuit paves the way
for the implementation of a silicon photonic mode-selective
lantern, which can find applications such as MDM enabled radio-
over-fiber transmission system based on few- or multi- mode
fiber [37], [38].

IV. CONCLUSION

A silicon photonic integrated four-channel MDM circuit was
designed, fabricated and evaluated, and its use for short-reach
optical communications was demonstrated. To make the circuit
have a small size and support broadband operation, the mode
multiplexer and demultiplexer were realized with the use of
cascaded asymmetrical directional couplers on rib waveguides.
By incorporating the fabricated MDM circuit in an optical
communications system, a 4× 10 GBaud/s on-chip MDM OOK
and PAM-4 signal transmission was experimentally demon-
strated. The performance of the transmission system using
the MDM circuit was evaluated experimentally by measur-
ing the eye diagrams and evaluating the power penalties. For
all the transmission channels, clear eye diagrams were observed.
The power penalties for four-channel OOK transmission were
4.31, 2.38, 1.44 and 3.5 dB at a BER of 10-9. For four-channel
PAM-4 transmission, the power penalties were 7.98, 1.10, 0.66
and 5.14 dB. The required received optical power at a BER of
the 7% overhead-hard decision FEC was −2.6 dBm. The use
of the MDM circuit makes the data capacity highly increased.
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Since the MDM circuit was implemented on a silicon photonic
platform, the system holds great potential for full integration on
a single chip.
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