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Reconfigurable and Scalable Multimode Silicon
Photonics Switch for Energy-Efficient
Mode-Division-Multiplexing Systems

Rubana Bahar Priti

Abstract—A novel integrated scalable multimode switch
(SMS) is experimentally demonstrated using tapered multimode-
interference-based couplers and Ti/W metal heater phase shifters
for mode-division-multiplexing (MDM) silicon photonics switch-
ing. The SMS allows path-reconfigurable switching of the first two
(TEO and TE1) or the first three (TEO, TE1, and TE2) transverse
electric (TE) modes using the same device achieving footprint effi-
ciency for higher bandwidth density. A proof-of-concept realiza-
tion of the two-mode switch demonstrates the (de)multiplexing
and switching of broadband optical signals over the TEO and
TE1 modes exhibiting —6.5 dB insertion loss (IL) in the bar state
and —7.3 dB IL in the cross state at 1550 nm with less than
—14 dB crosstalk. Simultaneous switching of two parallel TE modes
(TE0+TE1) exhibits less than —7.0 dB IL and —11.9 dB crosstalk
at 1550 nm. An aggregated bandwidth of 2 X 10 Gb/s is experi-
mentally achieved while switching between two non-return-to-zero
PRBS31 data signals with <9.8 us switching time and >17.7 dB
switching extinction ratio (ER) for individual-mode transmission,
and <7.6 us switching time and >12.0 dB switching ER for dual-
mode transmission. The SMS is scalable to switch higher order TE
modes with lower energy consumption (up to 63% less) than the
single-mode switches indicating its potential application in energy-
efficient MDM photonic networks.

Index Terms—Mode-division-multiplexing, optical intercon-
nects, photonics integrated circuits, silicon photonics, waveguide
switches.

1. INTRODUCTION

HE escalating demand of bandwidth density and com-
T putation speed in large-scale data centers and high-
performance computing (HPC) systems enforce ultra-dense in-
tegration of several thousands of massively parallel processors
in a single server. As the intra-data center IP traffic is rapidly
increasing up to the range of zettabyte [1], the growing num-
ber of network resources can be constrained by its large carbon
footprint. The compound annual growth rate of electricity con-
sumption in data centers is already double the global projection
rate, imposing an environmental concern [2]. Data center inter-
connects, consuming approximately 10% of the overall server
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power, will face inevitable challenges in power handling ca-
pacity due to the big data paradigm shift [3]. To overcome the
economic and environmental challenges in power handling ca-
pacity of on-chip and chip-to-chip communication, optical in-
terconnects are a viable alternative to the conventional electrical
interconnects [4].

Complementary metal oxide semiconductor (CMOS) com-
patible silicon-on-insulator (SOI) technology offers low cost,
low loss, low power and high bandwidth data communication
improving the energy per bit performance of data center inter-
connects [5]. The bandwidth density can be further increased by
introducing dense wavelength-division-multiplexing (DWDM)
enabling simultaneous transmission of multiple parallel data sig-
nals. Although a three wavelength-channel chip-to-chip WDM
link with <1.5 pJ/bit is reported in [6], using WDM in ultra-
dense short-reach interconnects (<5 cm) increases fabrication
cost and system complexities due to the control, tuning and rout-
ing of tens to hundreds of optical channels. As WDM needs in-
dividual optical source for each wavelength channel, the large
power requirement of the lasers significantly increases the over-
all power consumption diminishing the merit of DWDM [7]. To
exploit the energy advantage of silicon photonics integrated cir-
cuits (PICs), DWDM should be combined with advanced multi-
plexing schemes, such as mode-division-multiplexing (MDM).
In the SOI PICs, the large difference in the refractive indices
(A n ~ 2) between the silicon waveguide and the surrounding
oxide allows precise control and manipulation of optical eigen-
modes employing MDM as a WDM-compatible multiplexing
method [8], [9]. As individual data channels propagate over dif-
ferent orthogonal guided modes, one single laser can be used for
multiple data channels increasing energy efficiency.

MDM offers greater bandwidth density, higher aggregated
channel capacity, and better energy efficiency in chip scale
silicon photonics systems [10]. Sending multiple data sig-
nals through a single multimode waveguide structure signifi-
cantly reduces the device footprint leading to better scalability.
However, robust to process variation and low-loss photon-
ics devices are a key requirement in MDM systems, as they
are more susceptible to inter-modal crosstalk than single-
mode PICs [11]. Energy-efficient photonic switching can be
leveraged by using MDM based SOI switches enabling high
data throughput leading to better aggregated bandwidth [12].
MDM switches have been reported using micro-ring res-
onators (MRRs) [13], asymmetric directional couplers (ADCs)
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Schematic of the scalable multimode switch (SMS) with three multimode inputs denoted as TEO-in, TE1-in and TE2-in; and three single-mode outputs,

denoted as Outl, Out2 and Out3. The block diagrams of a 2-mode switch and a 3-mode switch are shown on top.

[14], Y-branches [15] and multimode interference (MMI)
couplers [16].

We recently demonstrate a novel reconfigurable and scal-
able multimode switch (SMS) using cascaded MMI couplers
and titanium/tungsten (Ti/W) metal heater phase shifters op-
erating in the C-band for TEO and TE1 modes [17]. We re-
cently also report on the experimental demonstration of the
SMS for reconfigurable switching of three modes [18]. This
work reports on an optimized design of the SMS with improved
switching performance, broadband operation and greater scal-
ability for 2-mode transmission. Simultaneous transmission of
two parallel data channels over two modes is also experimen-
tally demonstrated. A similar design is reported in [9] consist-
ing of cascaded MMIs and passive waveguide phase shifters
for WDM-MDM and WDM-PDM conversion without reconfig-
urable switching. The SMS offers path-reconfigurable switch-
ing of the first three quasi-transverse electric (quasi-TE) modes,
i.e., TEO, TE1, and TE2 modes, among three single-mode out-
put ports. As proof-of-concept demonstration, a 2-mode switch
for the fundamental and the first order quasi-transverse electric
(quasi-TE) modes is experimentally measured using the same
structure as the 3-mode switch. The quasi-TEO and quasi-TE1
modes are launched using only one C-band tunable laser (from
1520 nm to 1580 nm) improving the energy efficiency. The
2-mode SMS exhibits —6.5 dB insertion loss (IL) in bar state and
—7.3 dB IL in cross state with a worst-case switching extinction
ratio (ER) of 17.7 dB in individual-mode switching. Dynamic
switching between two 10 Gb/s nonreturn-to-zero (NRZ) data
packets confirms a switching time of less than 9.8 us with an
average heater power of 64.8 mW. Less than —7.0 dB IL and
greater than 12.0 dB ER are observed in dual-mode switching.
Clear and open eye diagrams are recorded at 10 Gb/s confirm-
ing distortion free data transmission with 2 x 10 Gb/s aggre-
gated bandwidth. The scalability analysis estimates a projected
—9.0 dB IL and an average 163.0 mW thermal tuning power
for a 5-mode switch (i.e. TEO, TE1, TE2, TE3 and TE4) sav-
ing up to 63% energy compared to a single-mode switch. The
proposed SMS can be potentially used in the high-throughput
energy-efficient photonics switching.

II. SMS DESIGN AND WORKING PRINCIPLE

The schematic of the proposed scalable multimode switch
(SMS) is shown in Fig. 1 with simplified block diagrams of

a 2-mode switch and a 3-mode switch. The 2-mode switch
can switch TEO-in and TEI-in input modes between Outl and
Out2 output ports. In the 3-mode switch, each of the first three
TE modes (i.e. TEO, TEl and TE2) can be switched among
three output ports: Outl, Out2 and Out3. The SMS consists of
three cascaded MMIs (MMI-A, MMI-B and MMI-C) and three
metal heater phase shifters (PS-1, PS2a and PS-2b). The wave-
guide widths for single-mode and multimode propagations are
optimized by eigenmode simulation using a commercial CAD
tool (Lumerical Mode solution). The widths for TEO, TE1 and
TE2 mode propagations are chosen to be 0.5 ym, 1.0 ym and
1.45 pm, respectively, optimized by finite difference eigenmode
(FDE) simulation. First three TE modes are multiplexed using
a broadband ADC based mode multiplexer, designed following
[17]. The multiplexed mixed-mode signal propagates through
the multimode waveguide and coupled to the input port of MMI-
A, which is a reconfigurable multimode demultiplexer/switch
(RMDS); designed using the mechanism of symmetric interfer-
ence. We proposed and tested this novel silicon photonics com-
ponent, consisting of a 72 ym long 1 x 3 MMI coupler, in [19]
for the (de)multiplexing of two parallel high-speed data channels
over two simultaneously transmitted TE modes (TEO+TE1). The
input port of the MMI-A has a 2.9 ym wide and 20 pm long ta-
per for the multimode transmission to adiabatically couple TEO,
TE1 and TE2 modes to the MMI-A. All I/O ports of the MMI-
B and MMI-C have 1.5 ym wide and 20 pm long linear tapers
for single-mode transmission. These tapers minimize the optical
return losses at each step. The widths of the MMIs are fixed at
6 pm. The lengths of MMI-B and MMI-C are optimized by a
fully vectorial and bi-directional eigenmode expansion model,
and are chosen to be 91 pm. MMI-B and MMI-C are identically
designed with equal widths and lengths, based on the principle
of 120° optical hybrid [20]. They form a Mach-Zehnder Inter-
ferometer (MZI) enabling reconfigurable switching among the
Outl, Out2 and Out3 single-mode output ports. As MZI based
integrated switches need precise control over the power coupling
ratios between the coupler’s output ports, fabrication tolerant and
broadband MMI couplers are a better choice than the ADC and
the Y-junction leading to higher extinction ratio (>25 dB) and
lower crosstalk [21]. The self-imaging principle of the MMI
coupler [22] allows conversion, tuning and low-loss propaga-
tion of multiple guided modes using a single set of photonic
components reducing footprint and power consumption. The de-
tail design methodology of the MMIs is reported in [16]. Each
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Fig. 2. Simulated electric fields of the MMI-A (left) and MMI-B (right) at
1550 nm. The top (a, b), middle (c, d) and bottom (e, f) images represent the
propagation of TEO, TE1 and TE2 modes, respectively.

metal heater phase shifteris 6 ym wide and 200 sm long consist-
ing of 200 nm thick thin film of Ti/W alloy, as shown in Fig. 4(e)
of the following section, of 4 ()/sq sheet resistance.

Fig. 2 shows the simulated electric fields in MMI-A and MMI-
B for three input modes. The input TEO mode (TE0-in) is mapped
onto the middle output port of MMI-A with a smaller mode field
diameter (MFD), as shown in Fig. 2(a), due to the smaller widths
of the taper and the waveguide at the output ports. To mitigate the
complexities of manipulating different mode orders in the same
structure, the higher order TE modes are decomposed to their
fundamental components before phase-tuning and propagating
through the device. The fundamental components of the TEI-in
input mode are mapped to the upper and the lower output ports
with a w-phase shift (Fig. 2(c)). The TE2 mode input (TE2-in)
is converted to the fundamental mode with a 66% conversion
efficiency, and then mapped to the middle output port of MMI-
A (Fig. 2(e)). The reason for the lower conversion efficiency is
explained by the odd/even mode-parity [23].Ina 1 x 3 symmet-
ric interference based MMI, like MMI-A, the input even modes
(i.e. TEO and TE2) reproduce themselves in the middle output
port with 100% theoretical efficiency. However, the odd modes
(i.e. TE1 and TE3) are converted into lower order modes and
equally divided in to the upper and the lower output ports [24],
[25]. Thus, the input TE/-in mode is divided into TEO compo-
nents, as shown in Fig. 2(c). As the input TE2-in mode is not
converted to its fundamental components in MMI-A’s middle
output port, phase-tuning of this higher order mode requires a
mode insensitive phase shifter which adds complexity to the de-
vice and increases the inter-modal crosstalk, hence this scheme
is avoided. An additional mode converter efficiently performs
the TE2— TEO conversion but, at the same time, filters out the
input TEO mode [26]. A longer device formed by cascaded MMIs
and passive phase shifters can potentially improve the conver-
sion efficiency, as proposed in [27], but it significantly increases
the device length. Moreover, this device is not capable of mode
(de)multiplexing. As a design trade-off, the length of the MMI-
A is optimized such that the odd/even parity is discontinued at
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Fig. 3. Simulated electric fields at 1550 nm (left) and calculated optical trans-
mission as a function of wavelength (right) in MMI-C. The top (a, b), middle
(c, d), and bottom (e, f) images represent optical transmissions in Outl, Out2
and Out3 output ports, respectively.
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the output end for the TE2-in input mode resulting in a lower
TE2—TEO conversion efficiency at the cost of an increased IL
in the switching output ports. A small phase-shift, applied by
the PS-1 phase shifter, is required for precise control of the de-
composed components of TEI-in and TE2-in input modes. The
fundamental components of TEO-in, TE1-in and TE2-in modes
are coupled to the input ports of MMI-B as shown in Fig. 2(b),
(d), and (f), respectively. MMI-B, being a 120° optical hybrid,
causes a 27 /3 phase difference between each output ports. The
incoming light is equally distributed among the output ports of
MMI-B for the TEO-in and the TE2-in modes. The imbalance
in power splitting observed in the TE/-in mode (Fig. 2(d)) is
compensated by the PS-2a and PS-2b phase shifters, which also
tune the relative phases of the MMI-B outputs before coupling
them onto MMI-C.

The simulated electric fields in MMI-C for switching among
Outl, Out2 and Out3 output ports are shown in Fig. 3(a), (c), and
(e), respectively. The corresponding calculated optical transmis-
sions as a function of wavelengths are shown in Fig. 3(b), (d),
and (f), respectively. A relative phase-shift of 27/3 is required
between the PS-2a and the PS-2b phase shifters to enable recon-
figurable switching. For the Out/ transmission, the phase-shifts
at PS-2a and PS-2b are set to 27 /3 and 0, respectively. When the
switching output appears at the Out2 port, Ps-2a = 27 /3 and Ps-
2b = —27/3. Finally, for the Out3 transmission, the phase-shifts
at PS-2a and PS-2b are 0 and 27 /3, respectively. The calculated
insertion losses (IL) range between —0.7 dB to —1.8 dB within
1500 nm to 1600 nm wavelength range for all three output ports.
The estimated crosstalk is less than —29.0 dB in all cases. The
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(a) Optical micrograph of the fabricated chip of the 2-mode SMS. (b) Experimental test bed of the DC measurement showing a vertically coupled 8-fiber

array (FA), a 15-pin multi-contact wedge (MCW) DC probe, and the silicon photonics SMS device under test (DUT). (¢) Schematic (top view) of the ADC based
2-mode multiplexer. (d) Normalized optical transmission of the 2-mode multiplexer as a function of wavelength. (¢) 3D schematic of the Ti/W metal heater phase

shifter. (f) Measured current-voltage characteristic curve of the phase shifter.

operation principle of the dual-mode (TEO+TE1-in) transmis-
sion is reported in [19].

III. SMS FABRICATION AND CHARACTERIZATION

The SMS is fabricated through Applied Nanotools Inc. using
a SOI wafer of 220 nm thick silicon device layer, 2.0 ;m buried-
oxide (BOX) layer, and 675 pm silicon handle layer [28]. The
device is patterned using a 100 keV electron-beam-lithography
(EBL), followed by an inductively coupled plasma-induced re-
active ion etching (ICP-RIE) process. Then, a 2.2 pm silicon
dioxide (SiO-) is deposited using chemical vapor deposition
(CVD) to protect and isolate the silicon device layer. On top of
this oxide layer, 200 nm thin film of Ti/W alloy is deposited
as high-resistance heater and 300 nm thin film of aluminum is
deposited for the electrical routing using electron-beam evap-
oration. After metallization, a 300 nm SiO- layer is deposited
as a protective layer for the heaters, which is etched away over
the aluminum pads for electrical probing. A subset of the pro-
posed SMS (Fig. 1) enabling reconfigurable switching of TEQ
and TE1 modes between two output channels is experimentally
measured. Simultaneous 2-mode switching between two parallel
high-speed optical signals is also demonstrated. The characteri-
zation results of the 3-mode switch (3MS) are reported in [18].

An optical micrograph of the fabricated chip for the 2-mode
switch is shown in Fig. 4(a). As the 2-mode switch needs only
two output ports, the middle output port of the 3-mode switch
(Out2 in Fig. 1) is tapered down, and the upper and the lower out-
put ports are denoted as Outl and Out2, respectively, as shown
in Fig. 4(a).

Fig. 4(b) is an image of the experimental test bed showing
a vertically coupled 8-fiber array (FA), a 15-port multi-contact
wedge (MCW) DC probe, and the SOI device under test (DUT).
The continuous wave (CW) optical input from a tunable C-
band laser is polarization controlled, and then coupled to the
DUT through surface grating couplers (GCs) of —6.5 dB fiber-
to-chip coupling loss per GC. Heater bias voltages are applied
from tunable DC power supplies, and the optical output power
is measured by a power meter. An ADC based 2-mode mul-
tiplexer, shown in Fig. 4(c), is used for multiplexing the TEO
and the TE1l modes. The CW response of the 2-mode multi-
plexer is first measured. The normalized optical transmission of
this mode-multiplexer as a function of wavelength is shown in
Fig. 4(d). The broadband mode-multiplexer exhibits —1.8 dB
IL and —22.0 dB crosstalk for the TEO mode, and —2.7 dB IL
and —30.8 dB crosstalk for the TE1 mode, respectively within
1520 nm to 1580 nm wavelength range. The lower propagation
constant (8 = 2mn.ss/A) of the TE1 mode due to the lower
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Fig. 5.

Experimental setup for the scalable multimode switch (SMS) measurement. The optical and electrical connections are shown as black and red lines,

respectively. PC: polarization controller, MZI: Mach-Zehnder interferometer, EDFA: Erbium doped fiber amplifier, DUT: device under test, BPF: band-pass filter,
PD: photodetector, RTO: real-time oscilloscope, DCA: digital communication analyzer, CLK: clock synthesizer, PPG: pulse pattern generator, NRZ: non-return-

to-zero data signal.

effective refractive index inside the channel waveguide is at-
tributed to the higher IL for the TE1 mode. The electrical resis-
tance of the phase shifter is measured on a200 pm x 6 pum heater
test structure (Fig. 4(e)), and shown in Fig. 4(f). The measured
resistance is 137.5 2 at room temperature.

For payload data transmission validation, the CW optical in-
put from the laser is modulated by a 10 Gb/s NRZ PRBS31
signal, generated by a pulse pattern generator (PPG), shown in
Fig. 5. The modulated and amplified signal is transmitted to the
device under test (DUT), and then detected by a 46 GHz off-
chip photoreceiver with a responsivity of 0.7 A/W after filtering
out any out-of-band noise. The switch responses are recorded in
real-time using a 350 MHz real-time oscilloscope (RTO) while
recording the eye diagrams using a digital communication ana-
lyzer (DCA), which is synchronously triggered with the PPG by
a20 GHz clock synthesizer (CLK). A 18.6 kHz electrical square
wave gating signal of 16 ns fall and rise time is applied to the
PS-2a phase shifter, with the PS-1 and PS-2b phase shifters bi-
ased at fixed voltages to achieve the lowest IL in the transmitting
channel.

A. Individual-Mode Switching Experiment

The normalized optical transmissions as a function of wave-
length are shown in Fig. 6(a) for the bar state and in Fig. 6(b)
for the cross state. In the bar state (Fig. 6(a)), the measured IL at
1550 nm are —2.8 dB for the TEQ input (TE0-in) and —6.5 dB
for the TE1 input (TE!-in). The crosstalks are —16.2 dB and
—14.0 dB for the TEO-in and the TE1-in inputs, respectively. In
the cross state (Fig. 6(b)), the ILs in TEO-in and TEI-in inputs
are —2.8 dB and —7.3 dB, respectively; and the crosstalks are
—19.2 dB and —19.3 dB, respectively. These values include the
IL and crosstalk of the 2-mode multiplexer, reported in Fig. 4(d).
As different waveguide modes have different effective indices,
and the thermo-optic phase-shift is a function of effective index
of the individual modes, the phase-tuning of each mode requires
different bias voltage in the heaters. The bias optimization of
the PS-2a and the PS-2b phase shifters at 1560 nm from 0 V to
3.5V are shown in Fig. 6(c) and (d) for the TEO-in input and in
Fig. 6(e) and (f) for the TE-in input, respectively. As the TEO-in
input is not affected by the PS-1 phase shifter, this bias is fixed at
0 V. However, a 2.2 V bias is required in the PS-1 phase shifter
for the phase matching of two fundamental components of the
TEI-in input mode. The minimum switching ER for the TEO-in
and the TE!-in inputs are 17.7 dB and 19.2 dB, respectively.

The switching responses for the TEO-in and TE1-in inputs are
shown in Fig. 7(a) and (b), respectively. The TEO-in transmis-
sion exhibits 9.5 us rise time and 7.4 ps fall time for the bar state
(TEO—Outl), and 9.8 us rise time and 9.6 us fall time for the
cross state (TEO— Out2). For the TE [ -in transmission (Fig. 8(b)),
the rise and fall times in the bar state (TE!—Out2) are 7.0 us
and 8.3 us, respectively. In the cross state (TE!—Outl), the
rise and fall times are 7.4 us and 9.6 us, respectively. Dynamic
switching responses with payload data transmissions are shown
next to each corresponding channel. The corresponding eye di-
agrams with measured electrical signal-to-noise ratios (SNRs)
are shown next to each switching response. Open eyes are ob-
served in all cases confirming the signal integrity with distortion
free high-speed data transmission.

B. Dual-Mode Switching Experiment

The operation principle and experimental demonstration of
simultaneous dual-mode transmission in an MMI based mode
(de)multiplexer is reported in [19]. For the reconfigurable
switching of two simultaneous TE modes (TEO+TE!-in), the
PS-1 phase shifter is optimized so that the combined light beam
of the TEI-in mode components always appear in the middle
output port of MMI-B (Fig. 2(d)), and the power divided light
beams from the TEO-in mode appear in the upper and the lower
input ports. As each output beam is 27/3 out-of-phase with each
other, by ensuring proper phase control using PS-2a and PS-2b
phase shifters, dual-mode switching is achieved in the output of
MMI-C. Although the ADC based mode multiplexer (Fig. 4(c))
can provide <—20 dB crosstalk over a large wavelength range
(1520 nm —1580 nm) for individual-mode switching, the operat-
ing range reduces below 12 nm for the dual-mode transmission
with a large (>—10 dB) crosstalk. However, the MMI based
mode multiplexer, as in [19], provides broadband response and
sufficient crosstalk for simultaneous 2-mode switching. For this
reason, the dual-mode (TEO+TEI-in) characterization is done
using a MMI based mode multiplexer followed by the SMS of
Fig. 1, with an additional 16.5 mW power consumption due to the
phase tuning in the mode multiplexer. As the switching section
i.e., SMS is the same in both structures, this modification does
not limit the functionality of the SMS for dual-mode switching.
Indeed, a design improvement is required for the ADC based
mode multiplexer to demonstrate broadband and low crosstalk
dual-mode transmission.



3856

TEO-in —22 —out1
a P W
@) TEL-in out?
)
&,
=
S
8
£
2
©
|_
=
N
®
£ {
o L . .
= 1520 1540 1560 1580
Wavelength [nm]

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 37, NO. 15, AUGUST 1, 2019

TEO-in —=55 Outt
(b) _ ><
TE1-in Out2

o

=

=

S

w

@2

€

w

=

&

'—

=)

@

N

T

5

Z 1520 1540 1560 1580

Wavelength [nm]

|-—-—TED—in—>Out1 ~0-= TEQ-in->Out2

--e-~ TE1-in—0ut2 —-—TE1—in-90ut1|

(c)  PS-2asweep for TEQ-in input
o PS-1=0V;P5-2b=0V
=
=)
S
a
£
5
=
=
3
5 T
E [—Teoins0ut1
= |-eTEo-insou -
% 05 1 15 2 25 3 35
PS-2a Bias Voltage [V]
(e) PS-2a sweep for TE1-in input
g PS-1=22V;PS-2b=0V
=
8
€
&
o
=
o
8
|- i
E | —TEtins0u S
2 |-e-TErinoou2) | 258
3% 05 1 15 2 25 3 35

P5-2a Bias Voltage [V]

Fig. 6.

(d)  PS-2b sweep for TEQ-in input
s PS-1=0V;P5-2a=0V
E‘ asan o s
=2
&
B -
£
2
8
(=
g
% S ——— .
E [——TEO-OuU
= |[e-TE0>Ou2| _ , _
05 1 15 2 25 3 35
PS-2b Bias Voltage [V]
() PS-2b sweep for TE1-in input
PS-1=22V;PS-2a=0V
=
i A
S 4t
8 -10 i ‘ -
5 1
g 20.7 dB 2188 q:g
= 9
E 20 b
m "
£ ——TE1-0ut1 ‘
= —=-TE1-0ut2
3005 25 3 35

1 15 2
PS-2b Bias Voltage [V]

Normalized individual-mode optical transmissions of the SMS for the TEO-in and the TE-in input modes in the (a) bar state and in the (b) cross state as

a function of wavelength; (c) and (d) are the normalized transmissions for the TEO-in input as a function of PS-2a and PS-2b bias voltages, respectively, from 0 V
to 3.5V when PS-1 = 0 V; (e) and (f) are the normalized transmissions for the TE7-in input as a function of PS-2a and PS-2b bias voltages, respectively, from 0 V

to 3.5 Vwhen PS-1 =22 V.

Normalized optical transmissions as a function of wavelength
from 1520 nm — 1580 nm in dual-mode (TEO+TE!-in) is shown
in Fig. 8(a) and (b) for Outl and Out2 output ports, respec-
tively. A —7.0 dB IL and —11.9 dB crosstalk are observed in
the Outl output port, and —6.9 dB IL and —17.5 dB crosstalk
are observer in the Our2 output port. The normalized transmis-
sions of TEO+TEI-in input mode as a function of bias volt-
ages of PS-2a and PS-2b phase shifters from 0 V to 4.0 V
at 1560 nm are shown in Fig. 8(c) and (d), respectively. The
lowest switching ER is 12.0 dB for the TEO+TEI-in—QOut2

transmission. The dual-mode switching performances, demon-
strating 2 x 10 Gb/s aggregated bandwidth, are shown in
Fig. 9(a) and (b) for the Outl and the Out2 output ports, respec-
tively. The slowest rise and fall times, in response to the 18.6 kHz
square wave gating signal, are 7.1 us and 7.6 us, respectively.
The eye height and the electrical SNR decrease than individual-
mode switching, which is attributed to the larger IL and crosstalk,
observed in Fig. 8(a) and (b). The dynamic switching is shown
next to the static switching results. The CW measurement results
are summarized in Table I and the switching performances are
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Fig. 7. Measured on-off-keying switching of the MSS for the (a) TEO-in, and
(b) TEI-in input modes at 1560 nm, showing the static (left) and the dynamic
(right) responses in individual-mode transmission. Insets of the static responses
show the measured eye diagrams with the electrical SNRs.

TABLE I
INSERTION LOSS (IL), CROSSTALK AND AVERAGE HEATER POWER
CONSUMPTION IN THE 2-MODE SMS WITHIN 1520 NM AND 1580 NM
WAVELENGTH RANGE

IL Crosstalk Heater Power

Input Output (-dB) (-dB) (mW)

TEO Bar 2.059.3 13.3<»30.7 48.3
Cross 1.7+12.3 9.2++26.3 0

TEI Bar 4.24510.5 7.5+19.6 84.9

Cross 5.6<+13.0 7.3+27.0 126.3

TEO+TE1 Outl 5.348.5 8.1+>20.6 98.2

Out2 3.829.7 8.9>19.8 134.7

summarized in Table II for TEO-in, TEI-in and TEO+TEI-in
input modes.

IV. DISCUSSION

The SMS can be scaled up to switch higher order TE modes
(e.g., TE3 and TE4) by carefully optimizing the width and the
length of the mode decomposer MMI (MMI-A) with additional
output ports followed by the necessary phase shifters. However,
the higher order modes will increase both the IL and the power
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TABLE II
SWITCHING PERFORMANCES FOR TEO, TE1 AND TEO+TE1 INPUT
MODES AT 1560 NM
Switching ER  Rise Time  Fall Time  Electrical

(dB) (18) (1) SNR

TEO—Outl 17.7 9.5 74 11.0
TEO—Out2 20.1 9.8 9.6 10.5
TE1—Outl 21.8 7.4 9.6 9.1
TE1—Out2 19.2 7.0 8.3 9.7
TEO+TE1—Outl 5.0 7.6 8.3 7.6
TEO0+TE1—Out2 7.1 5.1 8.3 6.3

consumption somewhat challenging its scalability. For example,
the estimated IL and power consumption for the TE3 input mode
in a similar 4-mode switch, calculated using numerical approx-
imation, is —8.2 dB and 128 mW, respectively. In the proposed
4-mode SMS, as shown in Fig. 10(a), a 1 x 3 mode separator
MMI of 7 pm width and 145.6 pm length reproduces the even
TEO and TE2 modes to its middle output port. The odd modes
(i.e. TEI and TE3) are divided into two lower order mode com-
ponents, and then mapped to the upper and the lower output
ports. The TE1 mode is decomposed to TEO components, and
the TE3 mode is decomposed to TE1 components [24]. These
decomposed mode components are phase-tuned and demulti-
plexed in the 2-mode (de)multiplexer [19]. The demultiplexed
modes are recombined in the 3 dB coupler stage followed by
a 4 x 4 switching stage consisting of a 4 x 4 MMI and four
phase shifters. There are eight phase shifters in this structure:
each 2-mode switch has two phase shifters and the switching
stage has four phase shifters. The electric fields in the mode
separator MMI for the first four TE mode inputs are shown in
Fig. 10(b), demonstrating the capability of simultaneous 4-mode
transmission.

To study the scalability of the SMS, the 2-mode switch is com-
pared with a mode selecting switch (MSS) allowing either the
TEO or TE1 mode transmission enabling a single-mode switch,
reported in [16]. As this MSS utilizes the same mode decom-
poser, cascaded MMI couplers and metal Ti/N phase shifter of
similar phase tuning efficiency, the comparison is consistent and
reasonable. The IL and power consumption of the proposed 3-
mode switch, as shown in Fig. 1, is also considered in the scala-
bility comparison. The measured average IL and average heater
power for the mode selecting single-mode switch are previously
reported to be —1.95 dB and 23.3 mW, respectively in [16]. The
experimentally mesured average IL and average heater power for
the 2-mode SMS for the individual-mode operation (i.e. TEI-
in and TEI-in) are —6.8 dB and 65.0 mW, respectively in an
ADC based SMS (see Table I). As the dual-mode switching us-
ing ADC based mode multiplexer requires further optimization,
this is not considered in the scalability study in Fig. 11(a) and (b).
Aninitial characterization of the 3-mode switch demonstrates an
average IL of —7.0 dB and an average heater power of 91.8 mW
for the individual-mode transmission. These values are plotted
in Fig. 11(a) and (b) as a function of the number of TE modes. In
a2 x 2 MMI based single-mode MZI switch matrix, the overall
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Fig. 9. Measured on-off-keying switching of the MSS for the TEO+TE1-in
input mode at 1560 nm, showing the static (left) and the dynamic (right) re-
sponses. Insets of the static responses show the measured eye diagrams with the
electrical SNRs.

IL from an input port to an output port can be estimated by sim-
ply adding up the ILs of each MMI along the I/O path, as each
MMl is identically designed exhibiting similar IL and crosstalk.
However, in a multimode SMS, the dimensions of the MMIs, and
the number of cascading stages change as the number of mode
increases. Thus simulating the IL of a single MMI and adding it
up for higher order mode switching is not an acceptable method.
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Fig. 10.  (a) Schematic block diagram of the 4-mode SMS for the switching of
first four TE modes, i.e. TEO, TE1, TE2 and TE3; the simulated electric fields
in the mode separator MMI are shown underneath for (b) TEO-in; (c) TEI-in;
(d) TE2-in; and (e) TE3-in input modes.

In Fig. 11(a), the IL of each MMI is estimated by EME simula-
tion, and the S-parameters are extracted to build a circuit model
in Lumerical’ s Interconnect [29]. The calculated ILs from this
circuit level simulation are plotted in Fig. 11(a) (blue dashed
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Fig. 11. Measured (green star), fitted (pink dotted line) and simulated (blue
dashed line) (a) insertion loss, and (b) average heater power in the SMS as a
function of number of propagating modes; (c) is the on-chip power fraction (%)
of lasers with respect to total on-chip power in the single-mode (blue line) and
the multimode (pink line) switches; the power consumption is calculated from
the extrapolated heater powers from (b).

line), along with the measured (green star) and fitted (pink dot-
ted line) values. The higher ILs in the measured and the fitted
plots than the simulated one is attributed to the higher scattering
loss and wavelength sensitivity in the fabricated device, an im-
pact of fabrication non-uniformity. The power consumption per
phase shifter is estimated through simulation, as reported in [30].
Based on the number of phase shifter used in the 2-mode and
the 3-mode switches, we estimate the number of phase shifter
required for higher order modes, and calculate the total heater
power from simulation. The calculated average heater powers
are plotted in Fig. 11(b), along with the fitted and measured val-
ues. The calculated and fitted powers are in good agreement. The
slight variation arises from the uniform power increment in the
calculated plot versus the change in heater power consumption
for different phase shifters in the fabricated device. A —9.0 dB
average IL and 163.0 mW average heater power is expected for
a multimode switch capable of switching five TE modes. The
heater power budget can be further improved by using resistive
type doped silicon phase shifter [31] of 21 mW/x-shift, calcu-
lated in [30] replacing the metal heater of 35.5 mW/m-shift, as
measured in [16]. Using this resistive phase shifter, we achieved
an on-chip energy efficiency of 1.55 pl/bit, including the laser
power, and a 2 x 10 Gb/s aggregated bandwidth in an RMDS
based MDM photonics link [19]. As the same RMDS (MMI-A)
can decompose TEO, TE1 and TE2 modes, a single device is
required for the 2-mode switch and the 3-mode switch without
increasing the footprint.

As most of the power consumption of an integrated photonic
switch is caused by the power of the laser [32], it is essential
to evaluate an integrated switch in term of the on-chip laser
power. The heater powers from Fig. 11(b) are used to calculate
the on-chip power fraction (%) of the laser for single-mode and
multimode switches of two to six switching channels, as shown
in Fig. 11(c). A2 x 2 MZI switch test structure with 2 x 2 MMI
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couplers and the same Ti/W metal heater phase shifter (as used
in the SMYS) is characterized as a single-mode 2-channel cross-
bar switch. The measured average switching power of this 2 x 2
MZI switch is 40 mW. In the total on-chip power consumption of
a switching channel, a 66 mW power of a 10 Gb/s directly mod-
ulated tunable on-chip VCSEL is included [33]. The on-chip
power of a hybrid-integrated 40 Gb/s photoreceiver including a
Ge-on-Si photodetector and a wire-bonded transimpedance am-
plifier (TTA) is reported to be 77 mW [34]. As the single-mode
switching requires individual laser per switching channel, the
ratio of laser power to the total on-chip power remains con-
stant (38.06%) regardless of the number of channels. On the
other hand, a 3-channel multimode switch, for example, needs
only one VCSEL providing equal optical power to each channel
(3 mW optical output power). The power consumption by the
laser for three-mode transmission is 79.7 mW including the 66
mW electrical driving power and 13.7 mW additional power to
account for the higher optical output [35]. The laser wall-plug
efficiency is not taken into account, as done in [32]. The receiver
power and the heater power remain the same as the 3-channel
single-mode switch. This estimates a laser power fraction of
19.8% in the 3-channel multimode switch, which is almost half
the laser power fraction of a 3-channel single-mode switch of
36.06%. This allows large reduction in total on-chip power con-
sumption in the multimode switch by saving approximately 27%
energy in 2-channel switch up to 63% energy in the 6-channel
switch compared to the corresponding single-mode switches.
Thus, the proposed SMS can be used in the deployment of
energy-efficient switch matrix in mode-division multiplexed in-
tegrated photonics systems. Indeed, the on-chip loss budget and
the photodetector sensitivity have to be considered in this esti-
mation, which needs detail investigation of power consumption
analysis.

V. CONCLUSION

To summarize, we demonstrate a novel scalable multimode
switch (SMS) using multimode interference couplers and Ti/W
metal heater phase shifters for reconfigurable MDM silicon
photonic systems. To the best of our knowledge, this is the
first demonstration of a SOI MDM switch that allows path-
reconfigurable switching between first two (TEO and TEI1) or
three (TEO, TE1 and TE2) TE modes using the same de-
vice, which can significantly improve the bandwidth density
and power consumption. The 2-mode SMS exhibits <—14 dB
crosstalk and <—7.3 dB IL in the individual-mode switching,
and <—11.9 dB crosstalk and <—7.0 dB IL in the simultaneous
dual-mode switching at 1550 nm. The measured switching ER is
greater than 19.2 dB and 12.0 dB for individual-mode and dual-
mode, respectively. Open and clear eye diagrams for all data
channels demonstrate distortion-free data transmission with an
aggregated bandwidth of 2 x 10 Gb/s. The slowest switching
times are <9.8 us for the TEO-in input, <9.7 us for the TEI-in
input, and <7.6 us for TEO+TEI-in input modes. The SMS can
be scaled up for higher order mode switching by engineering
the length and the width of the MMI couplers with more output
ports and phase shifter stages. The power consumption analysis
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demonstrates the higher energy efficiency of the SMS than a
single-mode MZI switch. The SMS can be a viable solution for
the deployment of high-throughput energy-efficient photonics
switching in silicon MDM interconnects.
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