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Abstract: This paper designs a 1 x 2 switchable dual-mode optical 90° hybrid device
on the silicon-on-insulator (SOI) platform for the mode division multiplexing hybridized
coherent transmission systems in optical communication. Our proposed hybrid uses various
2 x 2 multimode interference (MMI) couplers, symmetric Y-junctions, and thermo-optic
phase shifters. The suggested hybrid device working principle is proved on theoretical
analysis about the multimode interference and the transfer matrix relation. The optimization
of geometrical parameters and metallic micro-heaters is executed through the numerical
simulation method. The proposed hybrid coupler expresses lots of optical performance
advantages, with an insertion loss lower than 2.5 dB, a common-mode rejection ratio
(CMRR) better than —24 dB, and phase error smaller than 4° in the 50-nm wavelength
bandwidth of the third telecom window for both two TE modes. Besides, the device is proven
large geometrical tolerances in terms of width and height tolerances larger than +£50 nm and
+6 nm in the 1.5-dB variation limit of transmission, respectively. In addition, the proposed
device attains relatively low power consumption under 75 mW and an ultrafast switching
time below 10 us. Such advantages of good performances make the device a promising
potential for broadband and intra-chip MDM-hybridized coherent optical communication
systems and photonic integrated circuits.

Index Terms: Switchable, 90° optical hybrid coupler, mode division multiplexing, thermo-
optic phase shifters, numeric simulation, silicon-on-insulator (SOI).

1. Introduction

Today, one of the leading solutions widely applied in optical transmission systems is the coher-
ent transmission technique. Coherent transmission systems are often incorporative into some
advanced modulation techniques such as quadrature amplitude modulation (QAM) [1]-[3] and
quadrature phase-shift keying (QPSK) modulation for carrying high bitrate in optical transmission
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systems [4]. Such systems have been deployed in long-haul transmission systems to enhance the
spectral efficiency and transmission capacity of the next-generation networks. They must suffer a
hefty traffic load from wide-area information networks. Compared to other traditional transmission
systems, i.e., wavelength division multiplexing (WDM) systems, coherent transmission systems
considerably prevail in significant spectral efficiency and high sensitivity and high tolerance to am-
plified spontaneous emission (ASE) noise thanks to digital signal processing processes (DSP) at
both the transmitter and receiver. Also, the coherent optical transmission technique achieves better
qualities for both chromatic dispersion (CD) and polarization mode dispersion (PMD) because
of the negligible impact of the wavelength-dependent refractive index effect. Moreover, coherent
optical transmission systems also offer higher bitrates, greater flexibility, simpler photonic systems,
and better optical performance with more advanced modulation techniques in the next-generation
optical communication systems.

Optical hybrid couplers play the most prerequisite component in a coherent transmission system,
enabling hybridization in the complex-vector space between the phase-modulated signal and
multilevel-modulated signals, including amplitude-phase in the mixture with the reference signal
originated from a local oscillator (LO). The hybridized signals are lead to the arrayed balanced
detectors for the receiving and signal processing components. Such the receiver is capable of de-
tecting advanced phase-modulated and amplitude-modulated signals. According to various applied
purposes in optical communication systems, there are several forms of optical hybrid couplers have
been introduced and demonstrated in practice, such as 72° hybrid coupler for multilevel modula-
tion schemes [5], 120° hybrid coupler for polarization-division-multiplexed quadrature phase-shift
keying signals or pulse amplitude modulation schemes [6]-[8], and 180° hybrid coupler for M-ary
quadrature amplitude modulation (M-QAM) schemes [9]. Among different kinds of optical hybrid
couplers, the optical 90° hybrid coupler may be one of the most popular optical hybrid coupler to
detect the optical signal divided into in-phase and quadrature-phase planes, such as the quadrature
phase-shift keying (QPSK) signal. Currently, the 90° hybrid coupler is now being widely applied
in a variety of communication systems, for instance, microwave communication [10], radio over
fiber system [11], [12], optical fiber communication [13]. Several kinds of the 90° hybrid device
based on optical waveguides have been investigated and demonstrated on various structures,
such as Mach-Zehnder interferometers [13], star couplers [14], Bragg gratings [15], [16], arrayed
waveguide gratings (AWG) [17], multimode interference (MMI) couplers [18], photonic crystals [19]
or plasmonic waveguides [20]. MMI coupler-based hybrids are preferred to recognize an on-chip
integrated photonic device thanks to flexible configurations and significant fabrication tolerances
[21], [22]. Hence, plenty of material platforms are introduced for MMI couplers-based optical hybrids
including InP [23]-{25], LiNbO; [26] and silicon-on-insulator (SOI) [27]-[30], silicon nitride (SizN,)
[31]. Recently, SOI-based waveguides have become a favorite choice for photonic devices due
to their remarkable properties of high confinement of light, low-bending loss, compatibility to the
complementary metal-oxide-semiconductor (CMOS) technology.Thus, they lead to the reasonable
manufacturing cost [32].

Besides, to date, the mode division multiplexing technique is also an up-and-coming solution to
increase optical channel capacity, especially in MDM-hybridized WDM systems [33], [34]. Because,
in the MDM system, each spatial orthogonal guided wave mode behaves as a wavelength-
independent channel. Therefore, the MDM technique is especially preferable in on-chip photonic
communication and computation systems. Many functional components based on the SOl material
platform have been reported in numerous investigations, such as mode demultiplexer [35], [36],
and mode switch [37]-[39]. However, there is a significant lack of research on hybrid systems
between MDM and coherent optical communication. Optical 90° hybrid devices are typically
designed in a fixed configuration for only a specific wavelength range without supporting the
switching function [40]. Roland Ryf et al. [41] have experimentally demonstrated a six-mode optical
fiber communication system with a long-distance propagation up to 96 km using coherent 6 x
6 MIMO processing technique since 2012. A coherent few-mode multiplexer has recently been
experimentally constructed to coupe eight modes in a few-mode fiber (FMF) with a silicon photonic
chip allowing processing a total capacity of eight coherent optical channels [42].

Vol. 13, No. 1, February 2021 6601016



IEEE Photonics Journal 1 x 2 Switchable Dual-Mode Optical 90°

Output 1 Output 2

o
(@ % Quadrature In-phase Quadrature In-phase ¥
Q
= Port PortPortPort  Port Port PortPort &
5 1 2 3 4 5 6 7 8 3
[+] [+]
(3] o
T bl
s s
> >
i =
Q [}
o o
[=2] [=2]
[ Q
3 3
S &
S
]
T sio ®)
P | b
%y 220 nm
(&)
oy Yo
z, ® X
(0]
[ 2
O X

Fig. 1. Sketch diagram of the 1 x 2 switchable dual-mode silicon 90-degree optical hybrid coupler
based on the SOI channel waveguide driven by two controllable phase shifters: (a) side view, and (b)
Cross view.

This paper proposes a 1 x 2 switchable dual-mode optical 90° hybrid device based on the SOI
platform enabling the MDM-hybridized coherent transmission system. First, the device can operate
in a 1:1 mono-mode optical 90° hybrid coupler protection configuration for each guided mode.
Second, the device can operate as an exchangeable two-mode division demultiplexed optical 90°
coupler for two simultaneous modes. The switching states can be controlled under the impact of
the thermo-optic effect via the utilization of metallic heaters.

2. Working Principle and Optimization

A 1 x 2 switchable dual-mode silicon optical 90° (90-degree) hybrid device is constituted from two
major fundamental elements, including a mixture signal generator and two optical 90-degree hybrid
couplers, as shown in Fig. 1. The former is a dual-mode hybrid switching mechanism between two
input signals comprising a local oscillator (LO) signal and a phase-modulated information signal,
briefly denoted as Signal. In contrast, the latter plays the role of a coherent receiver. The proposed
device is designed to support the propagation of two waveguide modes of the transverse electric
(TE) polarization state in the third telecom window with the central wavelength A = 1550 nm.
The structure is constructed on the silicon-on-insulator material platform. Herein, the core layer is
made from the silicon (Si) crystal and is structured in the channel waveguide form with the 220-nm
thickness entirely covered by the silica layer (SiOs). Both input waveguides support the two lowest
modes of TE, and TE;, and therefore, the width of input waveguides W, is initially set up as 0.9 xm.

Based on two of these mentioned components, the MMI coupler becomes more vital. The
explanation is because the relationship between the amplitude and the phase angle are adaptively
configured. The phase relations between the inputs and outputs of the MMI coupler depend
on the placed locations and the multimode region length of L, due to the specific property
following the self-imaging theory when compared to the half-beat length of L,. According to the
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self-imaging principle, L, is defined as the beat length between two lowest-order modes, which
can be calculated as:

_AnW?

Ly
3\

(1)

In which W, = Wy + Z(n2—n2)~"/2 for TE polarization mode; where A is the operating wave-
length; n. is the effective refractive index of the silicon core layer; n. is the refractive index of
the cladding layer; Wy, and W, correspond the geometrical width and the effective width of the
MMI coupler, respectively. For each MMI coupler, the selected length of Ly depends on the
interference images needing to be reformed. We use five different kinds of 2 x 2 MMI couplers
belonging to the general interference (Gl) mechanism in this proposed design, as denoted in
Fig. 1(a). These couplers are utilized to realize the function of a two-mode mixture signal generator
and a coherent optical 90-degree hybrid coupler.

The two-mode mixture signal generator, briefly so-called the generator, is designed for simultane-
ously switching the LO signal and the phase-modulated information signal (Signal) in the switching
configuration of the 1 x 2 switch for two guided modes of TE, and TE;. This element includes
two dual-mode demultiplexers to carry out the demultiplexing mission for dedicated inputs of Signal
and LO. This element also uses a crossover coupler (X-coupler) by using a 2 x 2 multimode
interference coupler (MMI2) to be a bridge across dual branches in the switchable configuration.
The two-mode demultiplexer composes an asymmetric Y-junction coupler, a 2 x 2 multimode
interference coupler (MMI1) playing as a 3-dB coupler (50:50 power splitter), and a controllable
phase shifter as sketched in Fig. 1(a). It is well-known that the symmetric Y-junction operates as
a 3-dB mode-order divider, in which the fundamental mode of TE, at the stem is split into two
in-phase fundamental modes in two access arms at the output. In contrast, the first-order mode
of TE; at the stem is split into two counter-phase fundamental modes. Two sinusoidal waveguides
separate the Y-junction at two output branches with a reasonable bending radius to achieve a
negligible bending loss and an acceptable size. In this design, the sinusoidal waveguide has a gap
G in the horizontal direction of the x-coordinate and a length L in the propagation direction of the
z-coordinate. Before connecting to the MMI1 coupler, we place a controllable phase shifter with
a suitable phase-shift to perform a mode division demultiplexing function by combing the optical
fields from two access arms. The MMI1 coupler in this design has the length Lyy13 = L, /2 whose
the transfer matrix is defined by:

w504

Therefore, if the phase shifter has the phase difference A® = +x/2, the MMI1 coupler will
separate two order modes from the stem input into two individual fundamental modes at the outputs
of the MMI1 coupler.

Hardly can this device realize the mixture function of LO and the Signal without two 90° hybrid
couplers. Therefore, the device needs two 90° hybrid couplers so that each hybrid coupler is mainly
constructed from three various kinds of 2 x2 MMI couplers, as presented in Fig. 1(a). First, the 1 x
2 MMI3 coupler with the length of Lyy33 = L, /2 is placed on the left to connect to the Signal port.
Second, the symmetric 1 x 2 MMI4 coupler with the length of Lyys3 = L, /8 is put on the right side
to connect to the LO port. On the top of Fig. 2(a), we place two 2 x 2 MMI3 couplers with the length
Lumis3 = L, /2 playing roles of 3-dB couplers. Finally, the 2 x 2 MMI5 coupler is put in the middle
section to be responsible for a bridge over two individual branches. Therefore, the MMI5 coupler
length should be installed as Lyys3 = L, because the mirrored-imaging effect will be reproduced if
the multimode region length is equal to three times the half-beat length L, [43]. Transfer matrices
of different MMI couplers mentioned are calculated by following the interference theory [44]:
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Fig. 2. (a) Working diagram of the optical hybrid coupler based on 2 x 2 MMI couplers. (b) Transmission
characteristics of five kinds of MMI couplers on the wavelength response in the third telecom windows.
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We suppose that the total optical energy is not attenuated when passing through MMI couplers,
and the phase is attained in the ideal condition. From Exp. (1-3), we obtain the expressions for four
output ports of the coherent receiver as:

E, S jL

Eo | _ | )(§+ L)

E | = | =(s+1) (4)
E4 —j(§—1L)

where S and L indicate the amplitude of Signal and LO, respectively; E;1, E», Es, and E; denote the
complex amplitudes of electric fields at the output ports of the 90° hybrid coupler.
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Fig. 3. Simulated electromagnetic field distributions for two designed 90-degree hybrid couplers. (a-
d) for the first hybrid coupler, and (e-h) for the second hybrid coupler, respectively. The amplitude is
identical for Signal and LO.

By adjusting the phase angle at the outputs of the 90° hybrid coupler to achieve a pair of in-
phase and quadrature complicated signals, we need to use three additionally fixed phase shifters
behind the outputs with phase differences corresponding to —z/2, —, and —3x/2 (shown as Fig),
respectively. Besides, the optical attenuation is non-excludable, and therefore, the real transfer
matrix relationship of complex amplitudes can be rewritten as follows:

E's ©1 (S — jL)
E/2 _ K2 (S + ./L) (5)
E/3 o K3 (S + L)
E/4 K4 (S - L)

where x4 , k2, k3, and k4 are corresponding to transmission coefficients of four ports at the output
of the 90° hybrid; E'y, E'o, E'5 , and E'4 are realistically complex amplitudes of distributed electric
field patterns at four output ports of the suggested device. (5) shows that the proposed structures
are shown in Fig. 2(a) act as 90-deg hybrid optical couplers because of the complicated amplitude
relationship at the outputs, in each, a set of four outputs is reformed by a couple of in-phase
or quadrature. Note that, to realize the same result for the second 90° hybrid coupler when
compared to the first 90° hybrid coupler, we insert four fixed phase shifters with phase differences
corresponding to 37/2, &, 7, and x/2, respectively.

Fig. 3 shows the simulated electromagnetic field patterns of two optimally designed 90-degree
optical hybrid couplers in the appearance of Signal and LO with four-phase difference (A®) states.
As can be seen in subfigures of Fig. 3, when A® = 0 (rad) or = (rad), output intensity ratios for
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TABLE 1
Waveguide Geometric Dimension

Symbol Value Symbol Value
Wit 3.8 um Lmmia 9 um
Whmiz 3.8 um Lmmis 65 um
Wiz 2.6 um WPS 2 um
Wimia 3um Lps 300 pm
Whmis 2.9 um Hps 0.1 ym
Lt 56.8 um Wo 0.9 um
Lmmiz 114 ym Ls 130 pm
Lz 28 ym G 1.4 ym

each output channels are 0.5:0.5:0:1 and 0.5:0.5:1:0, respectively. Besides, output intensity ratios
for the first one and the second one of 90-degree hybrid couplers are 0.5:0.5:0:1 and 0:1:0.5:0.5,
respectively. This evidence corresponds to the working principle described in (5). Similar observa-
tions from Fig. 3 also demonstrate that the operation of optical fields is the accordance with the
theoretical analysis for both two proposed optical hybrid couplers.

For a material platform with a high contrast of refractive indices like SOI, an efficiently rigorous
numerical simulation method based on the three-dimensional finite-difference techniques is applied
to simulate and optimize the suggested device with efficient grid sizes Ax = Ay = Az =5 nm.
The geometrical parameters in this design optimized by using numerical simulations are listed on
Table 1. Fig. 2(a) shows the conceptual diagram of two 90° hybrid couplers consisting of various
2 x 2 MMI couplers, and Fig. 2(b) exhibits all transmission curves of the suggested MMI couplers
on the dependence of wavelength response in the range 1515-1565 nm. As can be seen, 3-dB
MMI couplers are nearly perfect because of negligible optical loss with a flat wavelength response
in a continuum wavelength band. Meanwhile, crossover MMI couplers are relatively low-loss with
variation loss smaller than 1-dB in broadband of 50-nm and optimal at the central wavelength
of 1550 nm. Besides, to improve the coupling efficiency, linear tapers are located to connect
between single-mode access waveguides and multimode interference regions. Using the numerical
simulation process, we find out geometrical parameters of the applied linear tapers corresponding
to their width and length as Wrp =1 um and L7p = 20 um, respectively.

Two controllable phase shifters play a pivotal role in realizing the switching states for the
proposed device. In this paper, controllable phase shifters are thermo-optic phase shifters using the
thermo-optic effect to control the phase angle of optical fields when propagating through metallic
microheaters. Micro heaters are constructed from a metallic Ti/W thin film whose thickness of Hpg,
longitude length of Lpg and horizontal width Wpg deposited on the top above the silicon waveguide
by a gap of hs;0e = 700 nm [45]. The function of the generator is switching and exchanging
mode. The higher-order mode is exchanged to the fundamental mode when passing through the
symmetric Y-junction and the MMI1 coupler under the controllable phase shifter impact while the
fundamental mode attains the order. An outer port of each MMI1 connects to the MMI2 coupler for
crossing the optical signal. With this designed generator, Signal and LO are switched to the right
side or the left side to take a pair. The phase shifter is controlled by heating the waveguide from a
thermal source to reach the critical phase difference of +7/2. The relationship between phase and
index change under the influence of the thermo-optic effect is determined by the following formula
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[46]:
A® = kAnLpg (6)

where Lpg is the heater length in the propagation direction and k = 2 /A is the wavelength number;
Anis the index changed determined in the relation with the thermal coefficient, dn/dT, and can be
calculated as:

an

An=_=AT (7)
Here, the thermal coefficient for silicon is dn/dT = 1.84 x 10~ K~ at room temperature. Fig. 4(a)
shows the general sketched diagram of two controllable phase shifters. Initially, we choose dn/dT
suitably geometrical parameters of the thermo-optic phase shifters (TOPS) as Lps = 300 um,
Wps = 2 um, and heater-thickness Hps = 100 nm. Two TO phase shifter, PS1, and PS2, are
used for tuning required phases to implement reconfigurable switching and exchanging modes. By
injecting the optical fields into input ports of Signal and LO for two modes of TE polarization states,
transmission responses at each output ports of the generator, measured by numerical simulation
data, are investigated as a bivariable function of temperature changes AT;, AT, corresponding to
controllable phase shifters PS1 and PS2. Results plotted in Fig. 4(b,c) show that the transmission
at the Output1 (the left branch of output ports of the MM1 coupler) is maximal when (AT;, AT,) =
(47.5 °K, 36 °K) and minimal when (AT;, ATz) = (105 °K, 79.5 °K) if the input mode is TE, and
vice versa if the input mode is TE;. This case is the switching state “OFF”. Results are contrary in
the situation at the Output2 (the right branch of output ports of the MMI1 coupler), corresponding
to the switching state “ON”. All waveguide geometric parameters that are selected or optimized by

simulation are listed on Table 1.

3. Device Characterization and Discussion

To investigate and evaluate optical performances of the proposed switchable silicon optical 90°
hybrid coupler, we apply the 3D-beam propagation method based on the finite-difference technique
as a rigorous and reliant method to simulate the working evolution, performance optimization, and
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Fig. 5. Propagation field distributions of the Poynting vector for the proposed device under the control
of two thermo-optic phase shifters at two switching states of "OFF" and "ON" for two TE modes
correspondingly shown to subfigures from (a) to (h), respectively.

characterization of the device. The propagation field distributions of the Poynting vector under the
control of two thermo-optic phase shifters at two switching states of “ON” and “OFF” for two TE
modes are calculated using the 3D-semivectorial BPM method and shown in Fig. 5. One can
visually perceive that two lowest order TE modes from the Signal port and the LO port can be
switched entirely and hybridized correctly to the corresponding output ports as analyzed by the
theory. Also, simulated propagation fields prove that if only a unique guided mode of TE, or TE;
is used for simultaneous generations of Signal and LO ports, the designed device will act as a 90°
hybrid switch in the 1:1 protection configuration. If both of the two guided modes of TE, and TE; are
injected, the proposed device will work as an exchangeable dual-mode 90° hybrid demultiplexer.

Some criteria parameters, including insertion loss, common-mode rejection ratio, imbalance fac-
tor, and phase error, have been investigated and characterized via numerical simulation methods.
Those are critical optical characteristics on the aspect of the physical property to validate the optical
performances of a hybrid optical device.

Insertion loss is defined as a subtraction between the output power of each output port and the
input power in the decibel unit described by the following formula:

IL = 10log1o <g),i=1,8 (8)
i

where P, is the normalized input power by a unit, P; is the desired power for each output port i-th.
The following formula calculates the common-mode rejection ratio:

) (©)
) (10)
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Fig. 6. Transmission response plots at the output ports of the device on the wavelength dependence

for two modes of Signal and LO and two switching states corresponding to subfigures from (a) to (h),
respectively.

Here, the quadrature and in-phase channels are represented as symbol “Q” and “I”; p and
n symbolize the positive and negative signs before algebra expressions for the 1Q channels,
respectively.

Imbalance factor is defined as the power of the positive ports subtracted by the power from the
negative ports as given in:

R

/) (11)

In

Imbalance;= 10/0g1¢ (

Pa

) (12)

Imbalanceq= 10/0g1¢ (
Qn

Fig. 6(a)—(h) show the transmission properties of individual insertion loss of two modes for Signal
and LO inputs dedicated to output ports, as wavelength-dependent functions corresponding to the
different states from the presented figures of Fig. 6(a)—(h). The dedicated insertion loss level for
each individually separated output port varies from —7.3 dB to —9.0 dB for the phase-modulated
signal and —7 dB to —9.5 dB for the local oscillator signal in the wavelength range from 1515
nm to 1565 nm. Importantly noted that the optical signal at each input port is always divided into
four output branches, as seen in Fig. 5(the splitting ratio of 4 is equivalent to the 6-dB attenuator).
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Fig. 7. Wavelength spectra of optical characteristic parameters for input ports of TEy and TE; corre-
sponding to (a-b) CMRR, (c-d) imbalance factor, and (e-f) phase error, respectively.

Therefore, the total propagation loss of optical fields in the proposed device is relatively low-loss,
not exceed 2.5 dB in 50-nm wavelength bandwidth for all cases. As a consequence, the 3-dB
wavelength bandwidth of the designed device is more extensive than 50-nm.

Assume that S and L are brief symbols for the Signal port and the LO port in the 1Q channels for
two modes. We continually survey CMRR based on wavelength dependency that its behavior is an
essential optical factor to estimate a distinguished level in the complex signal. The results of the
wavelength-dependent CMRR are plotted in Fig. 7 (a, b) for TE; and TE; modes. The CMRR factor
is less than —24 dB in the whole 50-nm bandwidth of the surveyed wavelength range. Besides, it
is expected that the device operates as an excellent coherent optical receiver, the power balance
between output ports of in-phase and quadrature channels should be negligibly small. Fig. 7(c,
d) show the computed values of imbalance factors for both TE, and TE; modes. The imbalance
factor of the output ports of TE; and TE; modes fluctuates relatively small variations from —0.4 dB
to 0.4 dB for both TE, and TE; modes, over 50 nm of the C-band spectral range. A little change of
studied imbalance factors is a critical characteristic for realizing good coherent optical receivers. In
addition, in a digital signal processing process of the complicated signal like an advanced phase-
modulated signal, the phase error may cause a considerable error on balanced photodiodes and
detectors. As presented in Fig. 7(e,f), the phase deviations over the surveyed 50-nm wavelength
band of the 1550 nm windows are less than |4°| for both two modes.

In order to recognize the correctness between theoretical analysis in the equation system of (5)
and the numerical simulation, we investigate the dependence of transmission characteristics of
optical power and phase angle of the output ports on the wavelength when separately transmitting
the phase-modulated carrier and the LO signal into the corresponding input ports of the TE,
mode. Simulation data for the phase diagrams of 1Q channels is plotted in the polar coordinate
system, as shown in Fig. 8. Herein, the radius coordinate presents the transmission of output
ports, while the phase angle coordinate shows the phase value corresponding to each value of
optical power at output ports following the wavelength response. Fig. 8(a) shows simulation results

Vol. 13, No. 1, February 2021 6601016



IEEE Photonics Journal 1 x 2 Switchable Dual-Mode Optical 90°

(a) (b)

90 920

120 10 60 120 10 60
8 8
150 6 30 150 6 30
4 4
2 +Port 1 2 *Port 1
Port 2 Port 2
180 8 0 0 poyz 180 == 0 w o
Port 4 Port 4
210 Signal 330 210 Lo 330
240 300 240 300
270 270
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the polar coordinate system for (a) phase modulated signal and (b) LO.

for the information signal modulated by the phase-shift keying launched into the left input port.
Fig. 8(b) exhibits simulation results for the LO signal injected into the right input port. It is visible to
the amplitudes as well as phase angles of the complex signals shown in Fig. 8 are suitable to (5)
for both | and Q channels. Intuitive images also exhibit a few deviations of the output powers (not
exceeded + 1 dB) and phase angles (not exceed 5°) at output ports in the wide range over 50-nm
bandwidth, thus proving the device is broadband.

Additionally, the deviation of three-dimensional geometrical parameters has a considerable effect
on optical performance in photonic integrated circuits. Most manufacturing processes of devices
always exist an inaccuracy of tolerances due to the imperfect fabrication process or the undesirable
SOl wafer quality. Besides, for the simulation-based design, the simulation model also plays an
important role, such as computational algorithm, grid sizes of the simulation method contributing to
the variation of tolerances. A waveguide width tolerance is investigated within Wy, £ Aw, in which
W, is the nominal width of the input waveguides as equal as 0.9 um, and Aw is the deviation
of the width caused by the manufacturing error. Fig. 9 shows the simulated insertion loss of
dedicated output ports as functions of the width tolerance for two modes and two switching states.
Results indicate that the total loss fluctuation is varied lower than 1-dB in the +50-nm tolerance
gap because variations only fluctuate about —7 dB to —8 dB. Also, Fig. 10 illustrates the height
tolerances for IL of the device. The results depict that IL slightly fluctuates from —7.1 dB to —8.5
dB in the silicon waveguide height tolerance of Ah = 4+ 6 nm (the height H of the silicon layer is
equal to 220 nm), for all cases of guided modes and switching states.

Under the thermo-optic effect impact, the phase tuning process can attain by a voltage-driven
metallic microheater. Furthermore, this mechanism can be utilized with a negligible optical loss by
placing the metallic microheater at a determined distance on the top side of the core waveguide.
However, the heater is typically located far from the waveguide by the micrometer scale, leading
to low-performance levels on aspects of high power consumption or low switching speed. It is
impressive that the shifted phase angle is not dependent on the heater length as well as the metallic
material of the heater, Lpg, but depends a lot on the electric power consumption [47]. Hence, the
induced phase shift is the same for a given power consumption regarding to the heater length.
Naturally, in a TOPS, we expect to obtain the optimal product of P,.t= H.AT, during the switching
operation process [45], [48]. Here, H stands for the heat capacity, A T, is the changing temperature
from a cold state to a hot state to attain the expected phase shift of 7, and t is the switching time
relating to the phase shifter temporal response and the cut-off frequency f.....g [49]. However, the
descent of the power consumption P, in the switching operation may cause a considerable quality
of the switching time. Also, smaller power consumption should be kept at an acceptable level.

Because when the gap between the metallic heater and the silicon core hgjo, is small (see in
Fig. 3(a)), the influence of the plasmonic effect on the lightwave propagation in terms of phase
difference and optical loss becomes more significant. For instance, if hgjo, is small enough in several
nanometers, the plasmonic effect will strongly hybridize photonic modes in the silicon core layer
with plasmonic modes near the metal-dielectric interface. Therefore, this hybridization can lead to
a high absorption loss for the photonic modes.
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Fig. 9. Transmission properties at the output ports of the device as a function of the width tolerance for
two modes of Signal and LO and two switching states: (a—d) for TE; mode, and (e—h) for TE; mode.

The switching consumption power is a specific parameter representing the electric power con-
sumption efficiency in a photonic device which is based on the thermo-optic effect. This parameter
can be determined by the utilization of a modified two-dimensional treatment of the heat flow on
the lateral spreading as follows [50]:

AKSi0, (,Z% + 088)
|2
aT
where kgip,= 1.4 W/(m.K) is the thermal conductivity of SiO,, A is the operation wavelength, and
Wps is the Ti-metal film width in the lateral direction. The switching time characterized by the TO

phase shifter response time directly relates to the cut-off frequency by t = ﬁ In which the
cut-off frequency directly relates to the switching power as follows [49]:

P, ‘ on
7 psio, Csio,A | 9T

P, =

(13)

fcut — off =

(14)

where psio,= 2.203 g/cm? is the density of silica, Csjo,= 0.703 J/(g.K) is specific heat capacity, and
A denotes the effectively heated cross-section area relating to the geometry parameters of the TO
phase shifter.
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Fig. 11. Characteristics as a function of the gap between the metallic micro-heater and the silicon core
layer: (a) power consumption, and (b) switching time.

Fig. 11 plots the required power to achieve a phase shift of 7-radian P, and the switching time
for several different switching temperatures, measured by numerical simulation data, as functions
to the gap of hgjp,. In general, simulated results show that the electric power consumption increases
following the variable hgjo, for different switching required temperatures. At the designated gap of
hsio,= 700 nm, the levels of P, are approximate to relatively small values of 25 mW, 32 mW, 55
mW, and 75 mW corresponding to different switching temperatures of 36 °K, 47.5 °K, 79.5 °K, and
105 °K, as seen in Fig. 11(a), respectively. Whereas, Fig. 11(b) shows that the sufficiently ultrafast
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switching times are in turns of 2.5 us, 3.2 us, 5 us, and 7.2 us for determining the switching
temperatures, respectively.

Finally, in comparison with related works proposed and demonstrated in several previous reports,
such as related investigations in Ref. [18], [28], [30], our device has the same operating bandwidth
as well as the same levels of optical performances. However, our proposed can be reconfigurable
for optical line protection switch, and more importantly, it can be applied in an MDM-hybridized
coherent optical communication system.

4. Conclusion

To summarize, we designed and optimized a 1 x 2 switchable dual-mode optical 90° hybrid
device based on the SOI platform via different kinds of compact 2 x 2 MMI couplers, symmet-
ric Y-junctions, and two metallic micro-heaters for controlling the switching states. The device
exhibited an insertion loss lower than 2.5 dB, a common-mode rejection ratio better than —24
dB, an imbalance factor less than 1 dB, and a phase deviation smaller than 4° over 50-nm
wavelength-bandwidth covered the C-band. The proposed hybrid coupler achieved width and
height tolerances as much as +50 nm, +£6 nm in 1.5 dB transmittance deviation. Besides, the
proposed had a low power consumption under 75 mW, and an ultrafast switching time did not
exceed 10-us. This hybrid can be widely applied in various very-large-scale photonic integrated
circuits, broadband optical phase modulators, and high-bitrate MDM-hybridized coherent optical
communication systems because of its good performance and compact size.
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