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Research on Polarization Dependent Loss of Micro Ring Resonator
Based Optical Switches
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(Key Lab of Optical Fiber Sensing and Communication , University of Electronic Science and
Technology of China, Chengdu 611731, China)

Abstract; A design method of micro-ring resonator based optical switches capable of simultaneously
providing the transmission of transverse electric and transverse magnetic modes was presented, which can
be applied to the buildup of polarization-independent switch chips operating in a given wavelength plane.
In order to realize polarization-independent transmission, transverse electric mode and transverse
magnetic mode should both work at the same resonant peak and the group refractive index of these two
modes are equal to each other in this resonant wavelength. The silicon-on-insulator based micro-ring
parameters were optimized with MODE Solutions, the chip simulation model was then set up by
Interconnect to investigate transmission and transfer characteristics of the optical switch chip. By
optimum design, the resulting micro-ring resonator based optical switching chip had a very low
polarization dependent loss of 0. 13 dB, while the transmission delay was 42. 5 ps. Simulation shows that
the length variation of the micro-ring resonator should be smaller than about 10nm for the polarization
dependent loss of 1 dB, in which the thermo-optic effect can be used to compensate for the fabrication
error with the perimeter change of 2. 2 nm/K.
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0 Introduction

More and more photonic integration technologies
can be utilized to integrate many optical components,

such as lasers, optical modulators, photoelectric diodes

and optical switches, into a single chip, so-called
Photonic Integrated Chip ( PIC ). Now, the
development of PIC-based optical information

processing devices has become one of the most popular
researches in the fields of optical communications and
interconnects™®. Among several material platforms
used for PICs"", Silicon-On-Insulator (SOI) structure
has a promising application potential due to its unique
advantages, such as that of compatibility with the
Complementary Metal Oxide Semiconductor (CMOS)
process ",

For the SOIl-based PICs,

difference between the silicon core and the cladding

the refractive index

layer should be large enough to restrict the guided

optical waves. But, this will bring about the
birefringence phenomenon or large polarization
dependency™ . In this case, the Transverse Electric

(TE) and Transverse Magnetic ( TM) modes have

different effective refractive indices and group

velocities'”!, In addition, the combination of SOI and
resonant cavities such as Micro-Ring Resonator (SOI-
MRR) can be

switches"

used to fabricate the optical

1157 " and the on/off function is implemented
through the transition between resonant and non-
resonant states at the drop-off or throughout ports of
the Micro-Ring Resonator ( MRR) by use of the

L4165l However, the

thermal or carrier dispersion effects
polarization dependency of the SOI waveguides will
usually result in the separation of the resonant peaks or
wavelengths of the TE and TM modes, and then
degrade the switching performance.

In practice, polarization-independent transmission
is realized by use of two identical polarization dependent
PICs on a common substrate or different substrates, i.
e. , the input optical signal is divided into the TE and
TM modes by a polarization beam splitter before
launched into two PICs respectively, and then the
optical modes output from the PICs are recombined

together as the output optical signal. In this process

the mode conversion is maybe needed”™. But, this
scheme is hardly applied to the optical switching nodes
composed of SOI-MRR with

numbers of driver circuits since the driver circuits lack

switch chips large

consistency, especially in synchronous switching,
unless a more complicated control algorithm is
available.

In this paper, we put forward a new design of

MRR capable of providing the polarization-independent

transmission of optical signals, in which the TE and
TM modes have the same resonant peaks by optimizing
the waveguide structure and the radius of the MRRs.
The optimized MRR is mainly used in the construction
of polarization independent optical switch systems, in
this case, the number of the driver circuits required by
the MRR switches can be reduced by 50%. The
resulting  MRR

wavelength plane,

can operate In a given

desirable for the

switches
which is

conventional buildup of switching nodes''*’.

1 Design principle of MRR-based
optical switches

The SOI-MRR optical switches based on the
carrier dispersion effect are suitable for high-speed
switching. The variation of the refractive index or
absorption coefficient of the SOI waveguides depends
on the carrier concentration in silicon material under

control of the p-i-n electrodes™®”

. The characteristics of
the MRR-based optical switches are closely related to
the resonant condition in terms of the resonant
wavelength A as follows""”

2nR ¢ ngy=mA [@D)
where n, is the effective refractive index for the mode
number m and R is the MRR's radius. Obviously, the
change of the effective refractive index will cause the
drift of the resonant peaks or wavelengths.

In order to transmit the optical pulse signals in the
on/off way, an optical MRR switch should satisfy the
two conditions as follows:

i) The bandwidth of an optical signal By is not
greater than the net passband bandwidth of the MRR
switch, that is

Br=Bs+ AB (2)
where By is the passband bandwidth of MRR and AB is
the spectral drift resulting from the drive circuits or
chip temperature.

ii) The Free Spectral Range (FSR) of the optical
MRR switch is not less than the sum of By and Bg

FSR>By + Bs (3)
where the MRR' s FSR is defined as the difference
between two adjacent resonant wavelengths,

AZ

FSR=anL (4)
in which n, is the group index, L=2xR is the MRR's
perimeter. Our experiments have showed that ABi <<
0.2 nm. According to Egs. (2) and (3), when the
3 dB-bandwidth of the optical signal at 1.55 pm is
50 GHz (0.4 nm), the MRR’'s passband bandwidth
By=0.6 nm and FSR=1 nm. From Egs. (1) and (4),
for a given resonant wavelength, the MRR's radius and
FSR are dependent on the mode number.

In a single micro-ring, it is also possible that the
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TE and TM components of an optical pulse signal
operate at the same resonant wavelengths for optical
switching. From Eq. (1), the effective refractive
indices of TE and TM modes, nf and n&}', should
satisfy:

na /i = mg /Mo 5
where my and mpy are the TE and TM mode numbers.
On the other hand, at the operating wavelength the
free spectral ranges (or group refractive indices) for
the TE and TM modes should be extremely close as
possible for the realization of the polarization-
independent switching.

For SOI rib waveguides, the thicker the rest of the
silicon layer is after etching, the smaller are the group
indices for the two modes (especially for the TE
mode). In addition, the variation of the height or width
of the ridge mainly affect the group refractive index for
TM or TE mode, while another one remains about the

same.

2 Optimization of MRR-based optical
switches

According to the design principle of the MRR-
based optical switched, now a specific design case is
illustrated. It should be pointed out that the following
particular example is used to show the whole design
process, the specific parameters can be adjusted
according to the processing technology and the design
principle mentioned above. The operating wavelength
of the optical switch is 1. 55 pym and the design 3 dB
bandwidth is 0. 6 pm which has included the spectral
drift resulting from the drive circuits or chip
temperature. The design process contains three basic
steps; 1) The should be

determined based on the requirement of dispersion,

waveguide structure
group index or mode characteristics, then, the radius
of MRR is calculated according to the effective index
corresponding to the TE/TM mode. 2) The coupling
gap is confirmed due to the consideration of 3 dB
bandwidth. 3) Numerical solution is used to investigate
the performance of the optimized MRR structure.
2.1 Waveguide structure and micro-ring parameters
The cross section of the designed MRR waveguide
is approximately rectangular for the transmission of
both fundamental TE and TM modes, in the absence of
higher-order modes. The structure parameters of the
SOI-MRR used here are as follows: the width and
height of the SOI ridge are respectively 0.44 um and
0.511 pm, and the etching depth is 0. 421 pum, as
shown in Fig. 1. In the case, the group refractive
indices of the TE and TM modes are basically identical
with n, = 4. 1055 and the corresponding effective

refractive indices are respectively calculated to be nlf =

2. 8507 and n&Y' = 2. 9135 by the effective index
method.

Distribution of TE  Distribution of TM “Waveguiidé parameters.
mode mode

Fig. 1 The waveguide parameters of the simulated SOI-MRR
structure with the fundamental TE and TM modes
Thus, at the operating wavelength of 1. 55 pm,
the MRR's radius can be determined as 7. 875 pm with
mye =091 and mpy =93.
2.2 Design of the coupling gap
The gap between the straight waveguide and a

single micro-ring can be deduced as follows*

_FSR ¥
LS 1—F
where By is the 3 dB bandwidth of the optical MRR

switch and £ is the coupling coefficient between the

By (6)

straight waveguide and the micro-ring.

When By is 0.6 nm, £ is 0.381 1. Unfortunately,
for a given gap, the TE and TM modes have different
coupling coefficients, as shown in Fig. 2. Thus, the
gap width should be determined by the TE mode with
lower coupling coefficient to satisfy the demand of the
3 dB bandwidth of 0.6 nm, that is, the gap width is
0.065 pm, corresponding to the 3 dB bandwidth of
1.718 9 nm for the TM mode.
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Gap between the straight waveguide and the micro-ring/um

Fig. 2 The gap-dependent coupling coefficients between the
straight waveguide and the micro-ring for the TE and
TM modes
2.3 Simulate verification of polarization independent
MRR-based optical switches
Then, the transmitted spectra of the two modes at

the drop-off port can be calculated according to the

0713002~ 3



P/ R S 4

transfer matrix method™ *!, as shown in Fig. 3. It is

known from Fig. 3 that the TE and TM modes have the
same resonance peak at the wavelength of 1. 55 ym and
the FSR is about 12 nm, which satisfy the design

requirements above-mentioned.

«»TM mode == TE mode
(theoretical)

==TM mode==TE mode
(simulation)
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Fig.3 The transmitted spectra of the TE and TM modes
at the drop-off port

3 Simulation of MRR-based optical
switch chip

According to the design parameters of the optical
MRR switch, the corresponding simulation model of
the SOI-MRR switch chip can be built up, in which the

Optical oscilloscope

In port  Through porte ;
— —) H Q B Q
’ 8 o
T a— T T —

guided optical modes propagating in the MRR can be
the the

transmission of the fundamental TE and TM modes, as

calculated by simulation software for
plotted in Fig. 1. It should be pointed out that some
simulation parameters may have a slight difference
from the theoretical results, which is dependent on the
detailed model of the MRR switch chip. Fig. 3 shows
the transmitted spectra from the drop-off port when the
MRR's radius is 7. 83 pym, and the simulation results
approach to the theoretical designs.

Then, the transmission characteristics of optical
pulses, such as time delay and PDL, are investigated
by software on condition that the S matrices of the TE
and TM modes are derived from MODE Solutions,
including the simulation results in time and frequency
domains™. According to the operating mechanism of
Interconnect, the TE and TM modes associated with
two S matrix units (with 12X 4 ports) are separately
in Fig. 4.

Therefore, the polarization beam splitter and combiner

simulated in substance, as illustrated
are used in the Interconnect simulation model of the
MRR switch chip. The Interconnect simulation results
are observed from optical or electrical spectrum and

time-domain analyzers.
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Fig. 4 The simulation model of the MRR switch chip

Fig. 5 shows the input and output (drop-off port)
waveforms of the optical pulse signals at different
polarization azimuths of incident linearly polarized
light. The simulation results show that, the MRR

switch gives rise to the time delay of 42. 5 ps for the

optical pulse sequence, the flatness of the pulse top
means that the walk-off effect between the TE and TM
pulses is negligible, and the fall time of the output
increases with the

optical pulses TE component,

corresponding to the decrease of polarization azimuth.
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Fig. 5 The influence of polarization azimuth on the output
optical pulse signal for the incident linearly polarized
light
The polarization dependency of the optical pulse
amplitude output from the MRR-based optical switch
can be measured by the polarization dependent loss,
which is defined as the peak power ratio of the TE to
TM mode pulse components output from the MRR
switch at the same input power. Then the PDL is
obtained through the simulation and the calculation.
Fig. 6 shows that the simulation results fit well
with the theoretical results which derive from matrix
transmission method, in addition, under the optimized
condition, the MRR-based optical switch has a minimal
PDL of 0. 13 dB. However, just as shown in Fig. 6,
the PDL is very sensitive to the MRR's perimeter, and
the length deviation from the optimal perimeter should
be limited to —4~6 nm (the tolerance limit of 10 nm)
for the PDL of less than 1 dB.
10 T T

PDL/dB

2t ¢ Simulation
== Theory

L n L L

0
-0.13-0.10 -0.05 0 0.05 0.10 0.13
Length deviation from the optimal perimeter/um

Fig. 6 The sensitivity of the PDL to the MRR's perimeter
for simulation and theory

In principle, the tolerance limit may be achieved
by means of the thermo-optic effect, the resonant peak

drift AX due to the thermo-optic effect should satisfy

A= A o Ang 7
n

P
where n, is the group index and An; is the refractive
index change quantity of material because of the
thermo-optic effect. Assume length deviation of the
ring perimeter due to processing technology is AL, in
order to maintain the design requirement that the

resonant peak locate at the desire position, the

temperature variation AT in the thermo-optic effect
should satisfy

AL:TTI:-S—Z}-AT (8)
According to the group index of the predetermined
structure and the radius of the micro-ring, a scheme is
putting forward that fabrication error of every 2. 2 nm
can be compensated with the temperature change of 1 K
for the thermo-optic coefficient of 1. 86X 107" /K",

On the other hand, the higher and higher precision
of chip fabrication process will also help to develop the
polarization-independent MRR switch chips™*.

Finally, it should be pointed out that, the
tolerance limit of the MRR's perimeter can be improved
by appropriately adjusting the gap between the straight
waveguide and the micro ring, at the same time, the
MRR's 3 dB bandwidth is increased and the extinction
ratio for optical switching is degraded. In this paper,
different coupling coefficient is adopted to analyze the
relationship between coupling coefficient and PDL.
Fig. 7 shows that when the coupling coefficient of TE
mode is changing from 0. 381 1 to 0.424 7, the PDL is
decreasing, but the extinction ratio degrades from 13.5

dB to 11 dB.

10
8
% 6
-
a
~ 4
2 —t— . =0.3811 |
e =0.4247
0 L I 1
-0.13-0.10 -0.05 0 0.05 0.10 0.13
Length deviation from the optimal perimeter/um
Fig. 7 The influence of the PDL to the MRR's perimeter

for the different coupling coefficient
Clearly, we have to compromise by designing the
MRR-based optical switch chips for the minimal PDL.

4 Conclusion

A design method of micro-ring resonator (MRR)-
based optical switches is described, which are capable
of simultaneously providing the transmission of TE and
TM modes. The SOI waveguide structure is optimized
by considering the parameters such as resonant
wavelength, FSR and optical bandwidth. An MRR-
based optical switch model is established and the
transmission of optical pulses through the optical
switch is also simulated by means of MODE Solutions
and Interconnect. Calculations show that the PDL of
the MRR-based optical switch presented here is very
low as 0. 13 dB. The deviation from the optimal
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perimeter should be limited to about 10nm for the PDL

of 1 dB. It is feasible to make up the fabrication error

through thermo-optic effect, with the perimeter change
of 2.2 nm/K for the thermo-optic coefficient of 1. 86 X

107" /K.
References
[1] MILLER S E. Integrated optics: an introduction[]J]. Bell

[2]

(3]

[4]

(6]

[7]

[8]

9]

[10]

[11]

System Technical Journal, 1969, 48(7) . 2059-2068.
YU Jin-zhong. Si-based
development of optical networks[J]. Physics, 2003, 32(12);
810-815.

BAEHR-JONES T, HOCHBERG M, WALKER C, et al.
High-Q ring thin silicon-on-insulator [ ] 7.
Applied Physics Letters, 2004, 85(16) . 3346-3347.
GROVER R, VAN V, IBRAHIM T A,
cascaded semiconductor microring resonators for high-order
and wide-FSR filters[J]. Journal of Lightwave Technology .
2002, 20(5): 900-905.

RABIEI P, STEIER W H. Tunable polymer double micro-ring
filters[J]. IEEE Photonics Technology Letters, 2003, 15(9) ;
1255-1257.

KOOS C, VORREAU P, VALLAITIS T, et al. All-optical
high-speed signal processing with silicon - organic hybrid slot
waveguides[ J]. Nature Photonics, 2009, 3(4): 216-219.
TSANG H K, WONG C S, LANG T K, et al.

dispersion, two-photon absorption and self-phase modulation

optoelectronic  technology for

resonators in

et al. Parallel-

Optical

in silicon waveguides at 1. 5 pm wavelength[J]. Applied
Physics Letters, 2002, 80(3): 416-418.

DAVID J L, LORENTZO P. Silicon photonics| M]. London:
Springer., 2010.

YANG Di, CHEN Xiao, QU Dao-kuan.
dispersion in SOI photonic wires[J]. Journal of the Central
University for Nationalities, 2009, 18(1): 47-52.

ZHENG Chuan-tao, LUO Qian-gian, SUN Chang-lun, et al.

Polymer electro-optic switch using cross-coupling five-serial-

Group velocity

coupled microring resonator with ultra-low crosstalk[J]. Acta
Photonica Sinica, 2014, 43(3): 0313001.

YAN Xin, MA Chun-sheng, CHEN Hong-qi, et al.
Switching characteristics of a 1 X N electro-optic polymer

microring resonator switch array[J]. Acta Photonica Sinica .

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

0713002~ 6

2009, 38(8): 1914-1919.
DENG Wen-yuan, E Shu-lin. MA Chun-sheng,

Multiple-channels access wavelength-selctive switch based on

et al.

microring resonators[ J|. Acta Photonica Sinica, 2008, 37
(12): 2396-2403.

YAN Xin, MA Chun-sheng, ZHENG Chuan-tao,
Simulation and optimization of polymer electro-optic double
series-coupled microrings switches [ ] ]. Acta
Photonica Sinica, 2009, 38(7). 1687-1691.

COCORULLO G, IODICE M, RENDINA 1. All-silicon
Fabry-Perot modulator based on the thermo-optic effect[ ] ].
Optics Letters, 1994, 19(6) . 420-422.

COCORULLO G, RENDING I. Thermo-optical modulation
at 1. 5(m in silicon etalon[J]. Electronics Letters,1992, 28
(1): 83-85.

WILLANFER M. Carrier dependent parameters in a silicon
optical waveguide[ J]. Jowrnal of Applied Physics, 1983,
54(8): 4660-4663.

BARWICZ T, WATTS M, POPPVIC M, etal. Polarization-
transparent microphotonic devices in the strong confinement
limit[J]. Nature Photonics, 2007, 1 57-60.

DONG P, LIAO S R, LIANG H. et al. High-speed and
broadband electro-optic with
switching power[ C]. OFC, 2011, OWZ4.
PAVESI L, GUILLOT G. Optical interconnects: the silicon
approach[ M]. Berlin: Springer-Verlag, 2006.

et al.

resonator

silicon switch submilliwatt

HE Sai-ling, DAI Dao-xin. Micro-nano photonic integration
[M]. Beijing: Science Press, 2006.

YAN Xin, MA Chun-sheng, XU Yuan-zhe, et al.
Theoretical analysis of M X N microring resonator array on
silicon[J]. Chinese Journal of Semiconductors,2005, 26(1) ;
2223-2229.
ZHANG Xiao-bei,

Transfer

HUANG De-xiu.,

method  for

HONG Wei, et al.
matrix analyzing  transmission
characteristics of microring resonator arrays[ J|. Acta Optics
Sinica, 2007, 27(9): 1585-1592.

HAMMER M, HIREMATH K R, STOFFER R.
Microresonators as building blocks for VLSI photonics[ C].
AIP Conference, 2003, 709(1). 48-66.

YU Jin-zhong. Silicon photonics] M. Beijing: Science Press,

2011.





