
Keio University, Japan 1

1

Analysis of four-port system for bistable
memory in silica toroid microcavity

Wataru Yoshiki & Takasumi Tanabe*
Department of Electronics and Electrical Engineering, 
Faculty of Science and Technology, Keio University

*takasumi@elec.keio.ac.jp

2012/12/04  ISPEC2012  W. Yoshiki



2

Keio University, Japan 2

Outline
 Background
 Various nonlinearities in an optical microcavity
 Optical bistability in a microcavity

 Motivation
 Model
 Two-port and four-port systems 
 Transmittance and coupling 
 CMT and FEM
 Platform for Kerr bistable memory

 Result
 Refractive index change 
 Kerr bistable memory in 2-port system 
 Kerr bistable memory in 4-port system 

 Summary
2012/12/04  ISPEC2012  W. Yoshiki



3

Keio University, Japan 3

Background
- Various nonlinearities in an optical microcavity -
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 Nonlinearities in microcavity

 TO effect:
 Large coefficient but slow (ms)
 Energy Wasted as heat

 Carrier plasma effect:
 Large coefficient and fast (ns)
 Suffers from free-carrier absorption

 Kerr effect:
 Small coefficient but very fast (fs)
 Small energy consumption

T. Uesugi, et al., Opt. Express 14, 377-386 (2006).

Various nonlinearities in Si
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Background
- Optical bistability in a microcavity -
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 Small volume and high Q makes bias power low.
 Bistability demonstrated using TO and carrier effects.
 Kerr bistability in side-coupled system demonstrated 

numerically:  Higher contrastܲୠ୧ୟୱ ൌ
߱݊ߝ଴ߝ
2݊ଶ

ୡܸୟ୴
ܳଶ

M. Notomi, et al., IET circuits, Devices & Systems 5, 84-93 (2011).

 Bias power required for 
memory in a cavity

M. Notomi, et al., Opt. Express 13, 2678-2687 (2005). M. Fatih et al., Appl. Phys. Lett. 83, 2739 (2003).

Cavity Waveguide

 Direct-coupled system

Cavity
Waveguide

 Side-coupled system
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Motivation
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 Reveal the nonlinear behavior of a side-couple ring 
cavity system when the material has Kerr and TO 
coefficients.

 Few demonstrations of bistability using Kerr effect

 Nonlinear behavior of  side coupled system unknown 
when Kerr and TO effects are present

Problems

Purpose of this study
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Model
- Two-port and four-port systems -
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 Two-port system

 Only ߬ୡ୭୳୮ is controllable
 Small ߬୲୭୲ is required for Kerr bistability

૚ିܘܝܗ܋࣎

߬୪୭ୱୱିଵ
߬ୟୠୱିଵ

߬୲୭୲ିଵ ൌ ߬ୟୠୱିଵ ൅ ߬୪୭ୱୱିଵ ൅ ૚ିܘܝܗ܋࣎

Absorption loss

Coupling loss
Scattering loss

W. Yoshiki and T. Tanabe, J. Opt. Soc. Amer. B 29, 3335-3343 (2012).

૚ି૚ܘܝܗ܋࣎

߬୪୭ୱୱିଵ ߬ୟୠୱିଵ

૛ି૚ܘܝܗ܋࣎

 Four-port system

Scattering loss
Absorption loss

Coupling loss

Coupling loss

 Photon lifetime
߬୲୭୲ିଵ ൌ ߬ୟୠୱିଵ ൅ ߬୪୭ୱୱିଵ ൅ ૚ି૚ܘܝܗ܋࣎ ൅ ૛ି૚ܘܝܗ܋࣎
 Photon lifetime

Strong coupling (short-  is (ܘܝܗ܋࣎
needed for achieving Kerr 
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Model
- Transmittance and coupling -
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 Transmittance of two-port system

 Over coupling is required for high speed (߬ୡ୭୳୮ ൌ
߬୧୬୲/100): Dip is shallow

 Transmittance of four-port system

୫ܶ୧୬ ൌ
߬୧୬୲ିଵ െ ߬ୡ୭୳୮ିଵ

߬୧୬୲ିଵ ൅ ߬ୡ୭୳୮ିଵ

ଶ

୫ܶ୧୬ ൌ
߬୧୬୲ିଵ െ ߬ୡ୭୳୮ଵିଵ ൅ ߬ୡ୭୳୮ଶିଵ

߬୧୬୲ିଵ ൅ ߬ୡ୭୳୮ଵିଵ ൅ ߬ୡ୭୳୮ଶିଵ

ଶ

 Critical coupling is obtained even at a high speed 
(߬ୡ୭୳୮ଵ ൌ ߬ୡ୭୳୮ଶ ൌ ߬୧୬୲/100): Dip is deep

୫ܶ୧୬ ൎ 1

୫ܶ୧୬ ൎ 0

߬୧୬୲ ≫ ߬ୡ୭୳୮

߬୧୬୲ ≫ ߬ୡ୭୳୮ଵ ൌ ߬ୡ୭୳୮ଶ
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Model
– CMT and FEM ‐
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 CMT in a  4 port system with a ring cavity


ୢ௔ ௧
ୢ௧

ൌ ݆߱଴ ઢ࢔ െ ଵ
ଶ
߬ୟୠୱିଵ ൅ ߬୪୭ୱୱିଵ ൅ ߬ୡ୭୳୮ଵିଵ ൅ ߬ୡ୭୳୮ଶିଵ ܽ ݐ

൅ ଵ
ఛౙ౥౫౦భ

exp ߠ݆ ୧୬ݏ ݐ

 ୭୳୲ଵݏ ݐ ൌ exp െ݆ߚଵ݀ ୧୬ݏ ݐ െ ଵ
ఛౙ౥౫౦భ

exp ߠ݆ ܽ ݐ

 Effective refractive index change ઢ࢔
Light energy ܘࢁ ൌ ࢇ ૛, Output power ܜܝܗࡼ૚ ൌ ૚ܜܝܗ࢙ ૛

Δ݊୏ୣ୰୰ ࢞, ࢟, ࢚ ൌ ଶ௡మ௖
௡బ

୮ݑ ࢞, ࢟, ࢠ
Δ݊୘୓ ࢞, ࢟, ࢚ ൌ ݊଴ܶߦ ࢞, ࢟, ࢚

ઢ࢔ ࢚ ൌ ∬ ୼௡ే౛౨౨ ௫,௬,௧ ା୼௡౐ో ௫,௬,௧ ூሚ ௫,௬ ୢ௫ୢ௬
∬ ூሚ ௫,௬ ୢ௫ୢ௬

FEM
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Model
‐ Platform for Kerr bistable memory ‐
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 Silica toroid microcavity

 Parameters & assumptions used for calculation
 ߬୧୬୲ ൌ 329	ns (corresponding to ܳ୧୬୲ ൌ 4 ൈ 10଼).
 Intrinsic  loss is dominated by the absorption (߬୧୬୲ ൎ ߬ୟୠୱ).
 Critical coupling condition ߬ୡ୭୳୮ଵ ൌ ߬୧୬୲ିଵ ൅ ߬ୡ୭୳୮ଶିଵ ିଵ

is satisfied.

 Has ultra-high quality factor (Qint = 4x108 [1]).
 Mainly composed of silica.

 Extremely low material loss (ߙ ൌ 0.2 dB/m).
 No carrier generation (no carrier effect).

 Can be fabricated on a chip.

Choose as a platform of Kerr bistable memory 

[1] T. Kippenberg, et al., Appl. Phys. Lett. 85, 6113-6115 (2004).
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Result
‐ Refractive index change dependent on  ୡ୭୳୮ଶ‐
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 Only the regime, where Δ݊୏ୣ୰୰ is flat and Δ݊୏ୣ୰୰
is larger than Δ݊୘୓, can be used for Kerr 
bistable memory.

(shown as “Kerr memory usable”)

 Δ݊୏ୣ୰୰ is larger than Δ݊୘୓ until 2.3 s is passed.
 Rising time of Δ݊୏ୣ୰୰ become shorter when 

߬ୡ୭୳୮ଶ become shorter.
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 Refractive index change caused by 
Kerr and TO effects in 4-port system.

 3 s-wide rectangular pulse inputted.

Short- ܘܝܗ܋࣎ is desirable for the effective use 
of “Kerr memory usable” regime.

W. Yoshiki and T. Tanabe, J. Opt. Soc. Amer. B 29, 3335-3343 (2012).
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Result
‐ Kerr bistable memory in 2‐port system ‐
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 In the both cases, ܷ୮ shows a bistable behavior.
 However, ୭ܲ୳୲ doesn’t show the bistability.
 Kerr bistable memory is not feasible in a 2-port system.

Memory operation Bistable operation
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Result
‐ Kerr bistable memory in 4‐port system ‐
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 In the both oeprations, ܷ୮ and ୭ܲ୳୲ଵ show a bistable behavior.
 Kerr bistable memory is feasible in a 4-port system.

 Memory holding time: 500 ns
 Drive power: 7.3 mW

Memory operation Bistable operation

W. Yoshiki and T. Tanabe, J. Opt. Soc. 
Amer. B 29, 3335-3343 (2012).
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Summary
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Described the behavior of a side-couple and a 
4-port WGM cavity systems by using CMT and 
FEM.

Reveled that optical Kerr bistable memory is 
feasible in a 4-port system (but it is difficult 
with a 2-port system) when TO effect is present
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