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THURSDAY, 19.05.2016
19.00–22.00 Welcome reception

11.00–13.00
ECIO+OWTNM SESSION | SIMULATIONS/MODELLING  4.04 + 4.05

CHAIR: Andrea MELLONI, Politecnico di Milano, Italy

11.00–11.15 ECIO|O-43| Mariangela Gioannini, Analysis of Quantum Dot Single Section FP Lasers 
for Comb spectra generation

11.15–11.30 ECIO|O-44| Daan Lenstra, Rate-Equation Analysis for an Integrated Coupled- Cavity Laser with MMI 
Anti-Phase Coupler

FRIDAY, 20.05.2016
08.00–09.00 Coffee

09.00–10.30
ECIO+OWTNM PLENARY JOINT SESSION  1.01 + 2.01

CHAIR: Trevor M. BENSON, University of Nottingham, UK

09.00–09.30  ECIO|I-25| INVITED TALK | Andrea Melloni, Tunable integrated photonics toolbox: from realistic 
models to control algorithms

09.30–10.00    ECIO|I-26| INVITED TALK | Philippe Lalanne, Light interaction with resonance

10.00–10.30    OWTNM|I-01| INVITED TALK | Wim Bogaerts, Challenges for Designing Large-scale 
Integrated Photonics

10.30–11.00 Coffee break

11.30–11.45 ECIO|O-45| Giannis Poulopoulos, Angled 3D Glass-to-SiPh adiabatic coupler

11.45–12.00 ECIO|O-46| Wim Bogaerts, Optimization of Silicon Photonic Components using Multi-Fidelity 
Simulations and Co-Kriging

12.00–12.15 ECIO|O-47| Perry van Schaijk, Feedback-Insensitive Integrated Laser

12.15–12.30 OWTNM|O-01| Alonso Millan Mejia, Design of an Optical Nanoantenna with Focusing Sub-wavelength 
Grating Couplers and Metallic Reflector

12.30–12.45 OWTNM|O-02| Vipul Rastogi, Effect of Dielectric Nanoparticles on Efficiency of Organic Solar Cell

12.45–13.00 OWTNM|O-03| Gregory V. Morozov, Band Structure Analysis of a 1D Photonic Crystal with 
a Sawtooth Refractive Index

13.00–14.30 Lunch

14.30–16.00
OWTNM SESSION #1 | OPTICAL ARRAYS, GRATINGS AND VIAS  4.04 + 4.05

CHAIR: Gregory MOROZOV, University of the West of Scotland, UK

14.30–15.00 OWTNM|I-02| INVITED TALK | Anatole Lupu, Local Parity-Time-symmetry Grating Devices for Integrated Optics

15.00–15.15 OWTNM|O-04| Trevor M. Benson, Time-Modulated Gain and Loss Parity-Time Symmetric Resonators

15.15–15.30 OWTNM|O-05| Ya Yan Lu, Plane Wave Diffraction by Periodic Arrays of Nonlinear Cylinders

15.30–15.45 OWTNM|O-06| Nadège Rassem, On the Thin Spectral Width of Cavity-resonator-integrated grating filters

15.45–16.00 OWTNM|O-07| Ripalta Stabile, Design of an Optical Via for Large Scale Monolithic Multilayer PICs



16.00–16.45 POSTER SESSION  4th floor, hall

OWTNM|p-01| Anna Piotrowska, Strain Detection in Two- and Three-Dimensional Periodic Structures 
with the Low Index Contrast by Monitoring their Optical Response

OWTNM|p-02| Anne-Laure Fehrembach, Electromagnetic modelling of large subwavelength-patterned highly 
resonant structures

OWTNM|p-03| Jan Fiala, On the Origin of the Wood’s anomalies in the Extraordinary Transmission through 
One-dimensional Sub-wavelength Periodic Arrays

OWTNM|p-04| Olga Kuryzheva, Resonances Excited by an Airy Pulse in a Dielectric Laye

OWTNM|p-05| Nadiia Stognii, Transient Plasmons Dynamics in Metallic Structures

OWTNM|p-06| Tomek Kaczmarek, Dispersion and loss managed soliton communication system with use 
of new type of step-index optical fiber

OWTNM|p-07| Beata Derkowska-Zielińska, Third Order Nonlinear Optical Properties of DCM

OWTNM|p-08| Hanna Stawska, The Numerical Prediction of the Characteristics of Directional Multimodal 
Couplers for Two-Photon Endoscopy

OWTNM|p-09| Lukasz Pajewski, Ray Tracing Methods in Numerical Analysis of Double-clad Microstructured
Optical Fibre Coupler

OWTNM|p-10| Eliza Miśkiewicz, Analysis of the Absorption and Refraction Spectra of Photorefractive GaAs 
– AlGaAs Heterostructures for Dynamic Diffractive Elements

OWTNM|p-11| Vladimir Burdin, Model for a Few-Mode Nonlinear Propagation of Optical Pulse 
in Multimode Optical Fiber

SATURDAY, 21.05.2016
08.00–09.00 Coffee

09.00–10.30
SESSION #3 | WAVEGUIDE BASED DESIGN  4.04 + 4.05

CHAIR: Anne-Laure FEHREMBACH, Aix-Marseille Université, CNRS, France

09.00–09.15 OWTNM|O-14| Manfred Hammer, Hybrid Coupled Mode Modelling

09.15–09.30 OWTNM|O-15| Hannes Lüder, Coupled-Mode Theory for Complex-Index, Corrugated Multilayer Stacks

09.30–09.45 OWTNM|O-16| Igor Lyubchanskii, Optical Properties of a Four-Layer Waveguiding Nanocomposite Structure 
in the Near-IR Regime

09.45–10.00 OWTNM|O-17| Christoph Wächter, Low Loss Estimation in Thin Film Configurations by Means of Leaky Wave
Resonances

10.00–10.15 OWTNM|O-18| Yufei Xing, Backscatter Model for Nanoscale Silicon Waveguides

10.15–10.30 OWTNM|O-19| Jon Ø. Kjellman, Design of Dual Layer, Dual Width Waveguides for Giant Group 
Velocity Dispersion

16.45–18.15
OWTNM SESSION #2 | PLASMONICS  4.04 + 4.05

CHAIR: Manfred HAMMER, University of Paderborn, Germany

16.45–17.00 OWTNM|O-08| Pavel Kwiecien, Simulations of sensing capabilities of propagating modes supported 
by a sparse array of metal nanoparticles

17.00–17.15 OWTNM|O-09| Gilles Rosolen, Doping and connecting graphene dimers for a tunable absorption spectrum 

17.15–17.30 OWTNM|O-10| Thomas Christopoulos, Optical Bistability and Self-Pulsation with Long-Range Hybrid 
Plasmonic Disk Resonators

17.30–17.45 OWTNM|O-11| Gilles Renversez, Improved nonlinear plasmonic waveguides: modal spatial transitions 
and loss reduction

17.45–18.00 OWTNM|O-12| Hung-chun Chang, Leaky and Bound Modes on Stripe Plasmonic Waveguide Related Structures

18.00–18.15 OWTNM|O-13| T. V. Raziman, Detecting weak modes in plasmonic systems using complex polarisation charge

19.30–24.00 Grill dinner  LOLEK PUB (Pole Mokotowskie), ul. Rokitnicka 20



10.30–11.00 Coffee break

11.00–13.00
SESSION #4 | PHOTONIC DESIGN  4.04 + 4.05

CHAIR: Christoph WÄCHTER, Fraunhofer Institute for Applied Optics and Precision Engineering, Jena, Germany

11.00–11.15 OWTNM|O-20| Lukasz Sójka, Numerical Investigation of Mid-infrared Laser Action in Pr3+ Doped Chalcogenide 
Fibre Laser

11.15–11.30 OWTNM|O-21| Ľ. Scholtz, Numerical Investigation of All-Optical Switching in Nonlinear Chalcogenide 
Fibre Bragg Gratings due to Cross-Phase and Self-Phase Modulation

11.30–11.45 OWTNM|O-22| Marian Marciniak, Analysis of Single-Frequency Radiation from Fiber Laser with Bragg 
Reflectors: Numerical Simulation by the Method of Single Expression

11.45–12.00 OWTNM|O-23| Anton Bourdine, Design of Silica Few-Mode Optical Fibers with Enlarged Core Diameter

12.00–12.15 OWTNM|O-24| Vipul Rastogi, Six-mode-group Fiber Amplifier for SDM System

12.15–12.30 OWTNM|O-25| Libor Ladányi, Numerical Simulation of the Dispersion-Managed Soliton Pulse Propagation

12.30–12.45 OWTNM|O-26| Siergei Mingaleev, VPImodeDesigner: An Integrated Framework for Modeling Optical 
Waveguides and Fibers

12.45–13.00 OWTNM|O-27| Alberto Parini, Design Space Exploration of Functional Blocks  for On-chip Mode 
Division Multiplexing

13.00–14.00 Lunch  gound floor, hall

14.00–15.30
SESSION #5 | ANALYSIS, THEORY AND MODELLING  4.04 + 4.05

CHAIR: Marian MARCINIAK, National Institute of Telecommunications, Poland

14.00–14.30 OWTNM|I-03| INVITED TALK | Daryl Beggs, Polarisation singularities in disordered photonic crystal waveguides 
for on-chip spin-photon entanglement

14.30–14.45 OWTNM|O-28| Alberto Parini, Two-mode Waveguide with Nonlinear Ring Resonator

14.45–15.00 OWTNM|O-29| Martina Gerken, Simulation Methods for Multiperiodic and Aperiodic Nanostructured 
Dielectric Waveguides

15.00–15.15 OWTNM|O-30| Eugene Sokolov, High-Order Split-Step Time-Domain Modelling of Optoelectronic Devices 
with Distributed Feedback

15.15–15.30 OWTNM|O-31| Hendrik Kleene, An Assessment of Polynomial Approximations for the Time-Domain 
Beam Propagator

15.30–16.00 Closing remarks  4.04 + 4.05
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Tunable photonic integrated toolbox: from realistic 
models to control algorithm 

Andrea MELLONI*, Daniele MELATI, Stefano GRILLANDA, Andrea ANNONI, Nicola 
PESERICO1 and Francesco MORICHETTI 

Dipartimento di Elettronics, Informazione e Bioingegneria, Politecnico di Milano,  
via Ponzio 34/5, 20133 Milano, Italy 

* andrea.melloni@polimi.it 

The evolution towards complex photonic circuits integrating many building blocks and 
functionalities poses major issues on the design as well as on the control of the 
functionality in real operation conditions. Optical and thermal interactions between 
single devices, spurious effects, drifts, non-idealities and fabrication uncertainties can 
prevent the realized circuits to work as expected. As a consequence, advanced photonic 
devices must be considered as a system to control with feedback loops and algorithms, 
and the above non-idealities must be taken into account also during the early design   
stages to evaluate their impact on the circuit behavior and perform robust 
optimizations towards the parameters of interest. 
Here, the estimation of the impact of the tolerances on a tunable delay line and a robust 
optimization of a filter, are reported. Further, the tools needed to monitor and control a 
complex circuit are described and an example discussed. 

 
Fig. 1. (a) Group delay of a Mach-Zehnder filter as function of the current fed into the 
controller of the tunable couplers and (b) histogram at 25 mA. (c) Probability density 

function of the 3-dB bandwidth of a five-ring-resonator filter for nominal (black curve) 
and optimized design (red curve). (d) Circuit yield increment for the optimized design. 

 
Circuit simulators enriched by advanced Process Design Kits and complex models are 
emerging as the right tools to perform this kind of analyses [1,2]. As an example, 
Fig.1 (a) shows the Monte-Carlo analysis of the group delay of a tunable delay line 
based on unbalanced Mach-Zehnder Interferometer (MZI) with tunable couplers 
(realized with two balanced MMI-based MZIs) when exposed to fabrication 
uncertainties. Group delay is reported as function of the current fed to the thermal 
actuators used to change the splitting ratio of the two couplers. Simulations were 
performed with the commercial circuit simulator Aspic [3]. Red curve shows the 
designed group delay that is expected to drop of about 15 ps applying a current of 40 
mA. In order to describe realistic “grand challenge” and a major obstacle to the advent 
of large-scale photonic integrated systems. The possibility to control the PIC is a key 
requirement for different reasons and in many applications: i) reconfigurability of 
circuits to provide the required functionality such as in routers, cross-connects, tunable 
bandwidth filters, reconfigurable add-drop multiplexers, etc.; ii) adaptive circuits that 
modify their behavior depending on the state of the system such as signal polarization 
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state, signal to noise ratio, crosstalk, eye aperture, BER, etc.; iii) locking or stabilization 
of the circuit in a well-defined state independently of the temperature, electrical 
fluctuations, drifts, stress, aging, etc; iv) compensation of fabrication tolerances and 
technological non-uniformities. All these requirements become even more critical when 
dealing with wavelength selective devices, such as microrings resonators, high bit rate 
signals operating in coherent domain, dense WDM systems and densely integrated PICs 
realised on semiconductor platforms, such as silicon and indium phosphide InP. Local 
and global feedback control tools and strategies will soon become the ordinary way to 
operate even for simple circuits. 

 
Fig. 2.  (from left to right) An 8x8 Silicon Photonic Router with heathers and CLIPPs, 

mounted on a PCB with two CMOS ASICs for the control and readout and a detail of a ring 
resonator with feedback control loop. 

In order to realize a feedback control loop, light monitors and actuators are required, in 
addition to an electronic control unit and control strategies. Monitoring approaches 
based on conventional photodetectors are not effectively scalable to large-scale PICs 
due to the need for multi-point light tapping. In this work, we report on our recent 
achievements on the development of an in-line transparent integrated detector, named 
ContactLess Integrated Photonic Probe (CLIPP) [5,6,7], that can monitor the light 
intensity in semiconductor waveguides without introducing any photon absorption in 
excess to the waveguide propagation loss and on the control strategies for PICs. Results 
shown in this work demonstrate the effectiveness of the non-invasive CLIPP technology 
for the feedback-control tuning, switching, and locking of silicon PICs. As an example, 
Fig. 2 shows an 8x8 Silicon Photonic Router with heathers and CLIPPs, mounted on a 
PCB with two CMOS ASICs for the 
control and readout and a detail of a 
ring resonator with feedback control 
loop. The CLIPPs permits to monitor 
the circuit in every desired point and 
control the working points of the 
various elements individually.  
 
Also, when multiple optical signals 
are simultaneously injected at 
different input ports of a circuit, like a 
switch fabric, CLIPP detectors can be 
used to identify channels coming from 
specific input ports regardless of the 
presence of other concurrent 
channels injected at the other input 
ports if these are labelled with a tone 
with an intensity modulation 

 

Fig. 3. CLIPP assisted lightpath tracking using 
on-chip labelling with pilot tones: scheme and 

CLIPPs signal after the stage B and stage C. 
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amplitude of a few percent and a frequency in the order of some kilohertz. Fig. 3 shows 
the CLIPP assisted lightpath tracking of concurrent signals distinguished by using on-
chip labelling through pilot tones. 
In conclusion, we have shown the software tools for the design and analysis of circuits 
in presence of tolerances, non-perturbative probes for monitoring and feedback 
algorithms and for locking and control of complex PIC. This toolbox is strategic for a 
fully exploitation of the capabilities of photonic circuits. 

References 

[1] D. Melati,et al., Statistical Process Design Kits: analysis of fabrication tolerances in integrated 
photonic circuits, Proceedings IPR, IT4A–5, OSA, 2015 

[2] T. Weng, et al., Uncertainty quantification of silicon photonic devices with correlated and non- 
Gaussian random parameters, Optics express 23, 4242–4254 (2015) 

[3] Aspic, http://www.aspicdesign.com, Phoenix bv, http://www.phoenixbv.com 
[4] T. Weng, et al., Stochastic Simulation and Robust Design Optimization of Integrated Photonic 

Filters, submitted to Nanophotonics 
[5] F. Morichetti et al., “Non-invasive on-chip light observation by contactless waveguide 

conductivity monitoring,” IEEE J. Sel. Top. Quantum Electron. 20, 1–10, 2014 
[6] S. Grillanda et al., "Non-invasive monitoring and control in silicon photonics using 

CMOS integrated electronics," Optica 1, 129-136, 2014 
[7] D. Melati et al., “Contactless integrated photonic probe for light monitoring in InP-based 

devices. IET Opt. 9, 2015 
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Light interaction with resonance 

Philippe LALANNE, Rémi FAGGIANI and Jianji YANG 
LP2N,  CNRS, Institut d’Optique, IOGS - Univ. Bordeaux, 33400 Talence, France 

* philippe.lalanne@institutoptique.fr 

Thanks to  an efficient and intuitive quasi-normal mode formalism valid for micro and 
nanoresonators made of dielectric as well as lossy and dispersive materials, we shine 
new light on the physics and modelling of light interaction with electromagnetic 
resonances [1]. In particular in the present context, we will discuss the role of 
quenching for light emission in metallic nanogap devices and will revisit the 
perturbation theory of electromagnetic resonance. 

Simply because they enhance the electromagnetic field, micro/nano resonators play an 
important role in modern photonics. Perhaps they are as important as waveguides. A 
resonance mode is a solution of Maxwell’s equations without source with a complex 
frequency, and the resonance quality factor Q equals the ratio between the real and 
imaginary parts of the frequency. 

However, the maturity level of the theory and computation of resonances is ridiculously 
small compared to that reached for waveguides (see, e.g., the books by Marcuse, Snyder 
and Love, Vassalo …). As a matter of fact, very few scientists in nanophotonics and 
optics would be able to calculate and properly normalize the resonance modes with a 
complex frequencies. 

As the frequency is complex, the resonance field exponentially diverges as the distance 
r to the resonator increases, exp(ikr) →∞ since k=w/c is complex, making a mode 
normalization difficult. We have recently challenged the longstanding normalization 
issue of resonance modes, and have been able to define (properly?) the “famous” mode 
volume [1]. 

Thanks to this theoretical upstream work, we explain why an emitter placed in a 
metallic nanogap (thickness < 10 nm) does not quench much despite the small distance 
to the metal, and the consequences for nanogap antenna [2] and revisit perturbation 
theory of resonator [3]. 

 
References 

[1] C. Sauvan, J. P. Hugonin, I. S. Maksymov, and P. Lalanne, Theory of the Spontaneous Optical 

Emission of Nanosize Photonic and Plasmon Resonators, Phys. Rev. Lett. 110, pp. 237401, 2013 
[2] R. Faggiani, J. Yang, P. Lalanne, Quenching, Plasmonic, and Radiative Decays in Nanogap 
Emitting Devices, ACS Photonics 2 (12), pp 1739-1744, 2015 
[3] J. Yang, H. Giessen, P. Lalanne, Simple Analytical Expression for the Peak-Frequency Shifts of 

Plasmonic Resonances for Sensing, Nano Lett.  15 (5), pp 3439-3444, 2015 
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Challenges for Designing  
Large-scale Integrated Photonics 

Wim BOGAERTS1,2* 
1Ghent University – IMEC, 9000 Ghent, Belgium 

2Luceda Photonics, 9200 Dendermonde, Belgium 
* wim.bogaerts@ugent.be 

With the growing adoption of silicon photonics in data- and telecommunication as well 
as sensing and spectroscopy, the difficulties of designing larger circuits in this 
technology have become more prominent. Silicon photonic waveguides have submicron 
dimensions, and can therefore be integrated in large numbers on a chip. But these same 
submicron dimensions give rise to extreme sensitivity of the waveguide response to 
small variations in geometry, temperature, stress etc. Multiply this with thousands of 
functional building blocks and even more interconnects, and it is clear that it becomes 
very challenging to guarantee the correct functionality of a photonic integrated circuit. 
Even if the circuit is nominally correct, compound variability can still dramatically 
lower the yield. 

When designing silicon photonic chips, it is important to start from a workflow which 
has the largest chance of transferring the intent of the designer to a working chip layout 
for fabrication. Such a workflow is known in electronic design automation (EDA). It 
makes sense to reuse this model from electronics because photonic circuits are ever 
more tightly integrated with electronics, both technologies make use of similar planar 
manufacturing processes, design frameworks exist and there is a large community of 
expertise. An EDA workflow starts from a schematic circuit that can be optimized for 
the desired functionality. As electronics and photonics use different physics, it is 
challenge is to combine the two circuit models into a single design flow. The circuit 
description can then be implemented in a chip layout manually or with assistance of a 
schematic driven layout tool. Again, photonics imposes different constraints on layout 
than electronics. The resulting layout should then be verified against design rules 
(design rule check) and the functionality is checked against the original specifications 
(layout-vs-schematic). Here as well, photonics imposes challenges in extracting the 
connectivity and verifying the curved geometries. 

While the similarities in design flows already enable photonic designers to a large 
extent, the challenges in each step, combined with the inherent variability of the 
process and operational conditions, make it very hard to accurately predict the yield of 
larger circuits. Design-for-Manufacturability (DfM) techniques that are used for 
electronics cannot necessarily be applied for photonics. We will discuss the different 
challenges in detail and also present some of the solutions that are emerging. 

References 

[1] W. Bogaerts, M. Fiers, P. Dumon,, Design Challenges in Silicon Photonics, J. Sel. Top. Quantum 
Electron., vol. 20, no. 4, 1-8, 2014 

[2] L. Alloatti, M. Wade, V. Stojanovic, M. Popovic and R. J. Ram, Photonics design tool for 
advanced CMOS nodes,  in IET Optoelectronics, vol. 9, no. 4, pp. 163-167, 8 2015. 

[3] M. Heins, et al. Design Flow Automation for Silicon Photonics: Challenges, Collaboration, and 
Standardization, Silicon Photonics III. Springer Berlin Heidelberg, 2016. 99-156. 
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Analysis of Quantum Dot Single Section FP Lasers  
for Comb Spectra Generation 

Mariangela GIOANNINI*, Paolo BARDELLA, Ivo MONTOSSET 
Dipartimento di Elettronica e Telecomunicazioni, Politecnico di Torino, Torino, Italy  

* mariangela.gioannini@polito.it 

There is an increasing interest on Quantum Dot lasers as light source in silicon photonic 
integrated circuit; one promising application is the use of a QD comb laser as compact 
WDM source that could replace a DFB array more difficult to integrate with the Si 
PIC[1]. Many experiments on single section Fabry Perot QD lasers have demonstrated 
the possibility of generating wide optical comb spectra at telecom wavelengths but 
there is still a lack of modelling work for providing  physical explanations on the 
capability of the QD lasers of generating phase locked optical modes. We present a Time 
Domain Travelling Wave model we have recently developed to move the first step in 
this direction [2]. We discuss here the role of some key QD material parameters such as 
the large gain compression factor (ε-parameter), the inhomogeneous gain broadening 
due to QD self-assembled growth process, the homogeneous gain broadening due to 
polarization dephasing time  and the carrier relaxation time. 

Numerical Model  The spatio-temporal evolution of the optical electric field is 
described by the slowly varying forward/backward components of the electric field 
coupled with the slowly varying components of the macroscopic polarization which is 
the sum of the polarizations of each QD sub-group (ie: QDs with almost the same size) 
of the inhomogeneous ensemble. The polarization equations are coupled with electron 
and hole multi-population rate equations and the whole system is then solved with a 
finite difference scheme [2].  

Simulation results and discussion We consider a 500 µm FP laser with 10 QD layers. 
We analyse the role of the QD material parameters on the phase locking of the 
longitudinal modes and on the stability of the intensity of the optical lines. The phase 
locking is evaluated by the possibility of generating narrow pulses after including the 
numerical group delay dispersion (GDD) compensation of the FP laser output field. If 
the modes are in a stable phase relation one respect to the other, the  GDD 
compensation corrects the non-linear phase variation and allows the pulse formation . 
The intensity stability of each longitudinal mode is analysed by calculating the RIN of 
each single line compared to the RIN of the total power [3]. The numerical results are 
summarized in the following figures. Fig. 1(a) plots the output power vs time after a 
current step of 500mA at t=0s and Fig. 1(b) is the optical spectrum showing a -10dB 
bandwidth of 10nm. Fig. 1(c) reports the intensity vs time of each optical line showing 
that only few modes initially turns on at t=0s. These seed modes start transferring the 
power to the other adjacent modes thanks to the quite large gain compression of the 
QDs (ε=1.5 10-16 cm3) . This transient concludes at about 250ns with a rather broad 
optical spectrum. From this time instant, applying the GDD compensation we can obtain  
pulses as depicted in Fig. 1(d) and (e).    
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Fig. 2 reports the calculated RIN of the output power and of the individual spectral 
lines. In good agreement with the experiments [3] the total RIN is much smaller than 
the RIN of each single line indicating that the intensity fluctuations of the optical lines 
are coupled and compensate each other. The comparison of Fig. 2a and 2b evidences 
that a large ε-parameter increases the RIN because of the stronger coupling among the 
modes. In Fig. 3 we compare the role of the homogeneous broadening (Fig. 3a), of the 
inhomogeneous broadening (Fig. 3b)  and of the carrier relaxation time from the QD 
excited state to the ground state (Fig. 3c) on the pulse formation and therefore on the 
number of phase locked modes of the spectrum. From the comparison we conclude that 
a very homogeneous material (large homogeneous broadening and small 
inhomogeneous broadening) is the best case for narrow pulses and therefore for 
increasing the number of locked modes in the spectrum. A slower relaxation time and a 
slower gain recovery (respect to the cavity round trip) also inhibit multiple pulse 
formation and improve pulse stability. 

 

 

 
 

 

 

 

 

 
Fig. 2 Calculated RIN of each 
optical line (green) and total 
power (black). 

Fig. 3 Autocorrelation of ouput 
pulses after GDD compensation 
for different  homogeneous 

broadening (a); inhomogeneous 
broadening (b) and carrier 
relaxation time (c).  

References 
[1] C. Schulien , PIC International Conf., Brussels, 1-2 March 2016  
[2] M. Gioannini et al. IEEE J. Select. Top. Quantum Electron., vol. 
21, no. 6, 2015         
[3] Y .M’Sallem et al. Phot. Tech. Lett., vol. 23, no. 7, 2011 

Fig. 1. (a) Power versus time, (b) optical spectrum, (c) mode intensity versus time, (d) 
pulses after GDD compensation and (e) corresponding autocorrelation. 

(a) 

(b) 

(c) 

(e) (d) 

(a) ε=1.510-15 cm3 

 

(b) ε=1.510-16 cm3 

 

(a) (b) 

(c) 
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Rate-Equation Analysis for an Integrated Coupled- 
Cavity Laser with MMI Anti-Phase Coupler 

Daan LENSTRA 
Eindhoven University of Technology, P.O.Box 513, 5600MB , The Netherlands 

* d.lenstra@tue.nl 

In this paper a dynamical theory is reported for the coupled-cavity laser (CCL) with a 
multi-mode interference (MMI) coupler, which provides an excellent description of the 
locking and other operational aspects of the laser realized by D’Agostino et al. in 2015 
[1].  The revived interest in CCLs as widely tuneable lasers for sensing and other 
applications is due to the specially designed MMI anti-phase coupler as described in [1]. 
The theory explains if, why and how the two individual isolated constituent modes 
combine to one single “super mode”, a situation referred to as locked state. A 
comprehensive formulation of the model and derivation of the rate equations for the 
CCL with quantum-well active material can be found in [2]. 

We consider two Fabry-Pérot (FP) lasers that are very similar except they differ 5–10 
% in length and couple by a reflective MMI coupler. The amplitudes indicated (Fig.1) 
are evaluated at the point where each laser touches the MMI-coupler. Note that the 
coupling parameters have been designed in such a way that Cbar and Cx are 180 degrees 
out of phase and the sum of their absolute values equals unity. This is a property of the 
3x3 reflective coupler in which only the two outer ports are used [1,2].  The ideal 
theoretical values for the coupling coefficients are Cbar=0.79 and Cx=-0.21 [1,2]. This 
implies that if the amplitudes E1 and E2 are equal and opposite, the coupler behaves as a 
100% reflector for both lasers. Due to small deviations from growth specifications the 
ideal values for the coupling coefficients can very well be somewhat different. In fact, 
we found that best agreement with experimental data was achieved by taking smaller 
values for Cbar, i.e. 0.75 instead of 0.79, and for |Cx|, i.e. 0.18 instead of 0.21.  

 

Fig. 1. Sketch of two FP-lasers coupled by a reflective MMI coupler with designed coupling 
parameters Cbar and Cx . The slowly-varying amplitudes are relative to the exponential time 

factor as indicated, where �� is the locked frequency. ��	, ��	are the frequencies of the 
isolated lasers, i.e. when Cx=0. 
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Fig. 2. Left: Intensity I1 versus p1, at fixed p2 = {0.67, 1.22, 1.78, 2.33, 2.89, 3.44, 4., 4.65}. 
Right: intensity I1 versus p2, with fixed p1 = {same values}; 	optimized detuning assumed. 
The shapes of the curves hardly depend on the precise value of	�	. The values for Cbar and 

Cx as in table 1 were taken so as to optimize the qualitative and quantitative 
proportionality agreement with the measured curves in [1]. 

 

 
Fig. 3. Intensity ��	
 ����
 and operation frequency shift ���	
 �����
 versus detuning 

��� ≡ �� ��� within the locking range. The pump strengths are p1=4, p2=2. 

Fig. 2 left shows the output-intensity curves of laser 1 versus its pump strength for 

various values of the pump strength of laser 2; Fig. 2 right shows the output intensities 
versus the pump strength of laser 2 with the pump strength of laser 1 as parameter. 
Here we define for j=1,2 the pump strengths as	�� ≡ ∆��/����,� where	Δ��  is the injection 

current w.r.t. the threshold current	����,�  (i.e. when each laser stands on its own, that is, 

without any coupling. The shapes of the curves agree well with the measured curves in 
[1]. Fig. 3 shows numerical results for the output intensity of laser 1 and the operation 

frequency within the locking range.  
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Concept Despite the promise of Silicon Photonics (SiPh) towards next-generation 
deployments seamlessly combining the on-chip advanced optical functionality with 
efficient E/O and O/E conversion, their wide penetration across all communication 
layers is currently hindered by the lack of efficient and scalable optical input-outputs 
(I/O) that can be realized using standard low-cost assembly equipment. To this end, 
diffraction-based structures, such as grating couplers, have been lately superseded by 
in-place coupling solutions employing inverse tapers [1] or metamaterial waveguides 
[2] in order to achieve coupling to SMFs through spot-size conversion. Nevertheless, 
those structures suffer from either increased fabrication complexity, including material 
engineering and undercut waveguide sections, or considerable losses due to poor mode 
matching. Recently, a very interesting concept was presented by Soganci et al. [3], 
proposing a compliant polymer interface between SMFs and nanophotonic waveguides, 
relying on adiabatic coupling. The first experimental demonstration of the interface [4] 
revealed the necessity of a well-defined, angled adhesive gap so as contain the 
scattering loss at the chip edge that is degrading the performance. However, 
considering the coefficient of thermal expansion (CTE) mismatch between the polymer 
and the SiPh chip, such an accurate control over the adhesive gap will significantly 
increase the intricacy of the assembly process. 

In the current manuscript we propose and simulate, an adiabatic coupling scheme 
between a 2 degrees angled 3D glass waveguide and a SiPh platform, as shown in Fig. 1. 
The concept relies on the simultaneous and reverse tapering of the two waveguide 
cores, that increases the coupling performance and reduces the coupling length, while it 
alleviates the edge chip scattering loss thanks to the angled approach. The 3D glass 
waveguide exhibits a mode diameter of about 7um and it relies on the 3D waveguide 
inscription technology developed by Optoscribe.  

 

Fig. 1. (a) Angled 3D glass waveguide, (b) SiPh chip, (c) 3D sketch and (d) Sideview of the 
assembled 3D Glass-to-SiPh coupler. 
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Access to the glass waveguide, prior the assembly, can be achieved by regular polishing 
(Fig. 1a). The SiPh chip employs 220nm top-Si strip waveguide configuration, with 
450nm nominal waveguide width and 520nm LTO cladding (Fig. 1b), whereas a 
500nm-thick adhesive gap, separating the two platforms, is also considered. A 3D 
sketch and a sideview of the assembled structure are shown in Figs. 1c and 1d. 

Simulations Coupler’s design relies on the calculation of the optimum taper shape that 
will allow for maximum power coupling within the coupling length that is firmly 
specified by the angle of the glass waveguide. The ends of the tapering sections of both 
waveguides are aligned (marker A, Fig 1d) and the assembled structure is backwards 
divided into fixed-length segments. For each segment, the width of the silicon 
waveguide is varied and the excited supermodes are calculated, employing Lumerical’s 
Finite Difference Eigenmode solver (FDE). The optimum silicon width is chosen based 
on the simultaneous fulfillment of the two following criteria: (i) the overlap integral 
between the fundamental TE supermode of the current and the previous segment 
should lay within 0.9975 and 0.9999, (ii) the supermode’s effective index should be 
equal or higher than the effective index of the glass mode so to avoid leaky mode 
excitation. The resulting taper shape is shown in Fig.2a revealing a rather slow slope 
from 170nm to 240nm and fast transitions before and after that. The minimum silicon 
width was 150nm so as to enable standard photolithography and avoid e-beam. 

 

Fig. 2. (a) Silicon taper shape, (b), Sideview of the EME TE propagating field, and effect of 
the (c) y-axis and (d) x-axis lateral assembly misalignments on the coupling efficiency. 

The coupler design was then imported into a 3D Eigenmode Expansion (EME) 
propagation simulation environment under the assumption the 2 degrees angle of the 
propagating field can be ignored. The overall TE glass-to-silicon coupling efficiency was 
found to be 98% while the coupling length was as low as 120um. A sideview impression 
of the TE propagating field is shown in Fig. 2b. The effect of the lateral assembly 
misalignments on the coupling efficiency was also briefly investigated using the EME 
solver. The results shown in Fig. 2c and 2d indicate adequate tolerance to lateral 
misalignments both along the y- and the x-axis, enabling the use of low-cost passive 
alignment assembly equipment. 
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Silicon photonic devices can be very compact because of the high refractive index 
contrast. But this also makes them very sensitive to geometry variations, and hard to 
model [1]. Typically, a fully vectorial, 3D solution of Maxwell’s equations is the only 
reliable simulation technique, be it with eigenmode expansion (EME) or finite-difference-
time-domain (FDTD). Finding an optimum geometry of a parametric component is 
therefore computationally very expensive, and it is important to keep the number of 
these ‘expensive’ simulation as small as possible. Efficient global optimization (EGO) 
uses Kriging to reduce the number of simulations by adaptively selecting the simulation 
point with the largest likelyhood of producing a better component. However, individual 
simulations are still expensive. 

In this work, we combine expensive, high-precision 3D-FDTD simulations with much 
cheaper, lower-precision 2D EME simulations to accelerate the optimization. This Co-
Kriging technique uses the cheap simulations to learn the trends of the component 
behavior, which are calibrated with the expensive simulations [2]. The cheap 
simulations allow a quick building of the landscape of multi-dimensional parameter 
space, which minimized the use of the expensive simulations.  

 

Fig. 2. Optimization of a photonic component using cheap and expensive simulations. 
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We have optimized the geometry of a silicon 1×2 splitter for maximum transmission 
over the entire wavelength range 1.5-1.6µm. The splitter is a parametric component in 
the IPKISS design framework, and has 5 parameters for the smooth shape shown in Fig. 
2. We defined 2 simulation strategies: a fast 2D EME simulation in CaMFr, and an 
accurate 3D-FDTD simulation in CST Studio Suite. Both simulations are launched from 
the IPKISS python interface [3]. The CoKriging optimization is controlled by the SUMO 
and ooDACE toolboxes for Matlab [4,5]. 

The results of this optimization are shown in Fig. 2. The exploration starts with a Latin 
hypercube sampling of the parameter space using 21 cheap and 4 expensive 
simulations. After this initial mapping, the cheap simulations are used to map the 
landscape of the transmission over the entire parameter space, while the expensive 
simulations are used to target the optimum. The total global optimization in 5 
dimensions uses 238 cheap simulations (75 minutes) and only 12 expensive 
simulations (94 minutes) and yields a splitter with a transmission > 87% over the 
entire wavelength range.  

This demonstrates that the combination of simulation techniques with different fidelity 
and efficient adaptive sampling algorithms can dramatically improve the optimization 
cycle of high-contrast photonic components. 

 

Fig. 3. Optimization of a 1×2 splitter. Left: splitter geometry and simulation of the optimum 
result. Middle: Evolution of transmission in cheap and expensive simulations. Right. 

Sampling of one parameter during simulations. 
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It is well known that semiconductor lasers are highly susceptible to external optical 
feedback (EOF)[1] which is detrimental to laser performance in many applications. EOF 
is normally prevented using optical isolators, but these cannot be integrated. Therefore 
we propose to fabricate an integrated feedback-insensitive laser. Simulations show that 
such a device can be realized as a ring laser in which the clockwise (cw) and 
counterclockwise (ccw) modes are not optically coupled. We have studied in detail two 
configurations of integrated ring lasers that show such characteristics. The theoretical 
analysis for both configurations is based on rate equations backed up by results from 
simulation packages. 

The first ring laser configuration studied is a so called S-ring laser and is sketched in 
figure 1a. Here, A and B are 2x1 couplers and O is a 2x2 coupler. The field in the ccw 
mode splits in A and B and joins the cw mode in B and A, respectively. This creates a 
different behaviour in the cw and ccw directions which favors the cw over the ccw 
mode such that the ccw mode will be suppressed. Ref. [2] has implemented such a laser 
and suppression of the cw mode by 35 dB was observed, but EOF sensitivity was not 
addressed. Back reflections reaching the out coupler port of the ccw mode will end up 

in the cw mode and hence are expected to be suppressed as well.  

A rate equation analysis for this laser shows that without EOF the cw mode will contain 
more power than the ccw mode, but the damping of the latter is typically weak, i.e. not 
exponential but proportional to 1/t2, where ! is time. Since the ccw mode is at 
threshold, it is most susceptible for external feedback from the cw mode. Our theory 
predicts as high as ~10dB cw-ccw power ratio at ~1% EOF. Simulations also show the 
laser spectrum to be highly sensitive to the feedback. From this we predict that the 
robustness of such a laser is insufficient for practical applications. 

The second laser studied consists of a ring laser and a built-in unidirectional phase 
modulator (UPM) as shown in figure 2a. Apart from the semiconductor optical amplifier 
(SOA) and the multi-mode interferometer (MMI) for out coupling, the ring contains a 
UPM and an appropriate spectral filter. The UPM is explained and demonstrated in [3]; 

  
       Fig 1a: schematic layout of   Fig 1b: schematic layout of   

 S-ring laser.             ring laser with UPM.  
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ideally it has unit transmission in one direction (the cw direction in this case) and 
redistributes power in the other direction over various frequencies as shown in figure 
2b. Thus, assuming ideal components total isolation is achieved at the designed 
operation frequency when this component is combined with a spectral filter. 

Analysis shows suppression of ccw mode with respect to cw mode of ~30dB for ~1% 
EOF (power). Figures 3 show the simulated dependence of the RIN and linewidth on the 
fraction R of output power that is returned to the laser for three transmission values of 
the single-pass transmission "#$%  of the UPM and filter combination at the operation 
wavelength. These figures show negligible influence on the RIN and linewidth of the cw 
output when "#$%  is sufficiently small. We therefore conclude that this proposed laser 
will be highly insensitive to EOF. We have fabricated a photonic integrated circuit with 
a ring laser with UPM which is currently being characterized. Its design and initial 
experimental results will be presented. 
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Fig 2a: schematic layout of UPM.  Fig 2b: transmission of UPM in  

                                                                                   reverse direction. 

    
Fig 3a: RIN vs EOF and    Fig 3b: line width vs EOF and  
     UPM transmission.                 UPM transmission.  
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In the development of integrated large-scale optical phase array, compact optical 
nanoantennas are needed. For high resolution arrays, the nanoantenna footprint and 
the separation between them should be as small as possible to reduce the number of 
interference orders in the far field [1]. In the development of this nanoantennas in our 
InP membrane on Silicon (IMOS) platform [2], we use deeply etch focusing grating to 
reduce the size [3]. In order to increase the optical power emitting up, we add a metal 
reflector of Silver underneath the semiconductor with a small buffer of 50 nm of &'(). 
This metal layer will also works as a thermal heater, which will change the optical 
properties of the semiconductor changing the direction of the upcoming light. The last 
element to be add is a subwavelength ridge which reduces the unwanted Fresnel 
reflections by reducing the refractive index contrast [3].  

                    

Fig. 4. (a) A schematic of the optical nanoantena, (b) The far-field emission profile. 

We simulated the nanoantenna using the 3D-FDTD model. In this case, the commonly 
2D-FDTD approximation used in grating simulations is not valid anymore due to the 
high lateral confinement in the structure. In our 300 nm thick InP membrane, the best 
grating we got has 5 periods with a pitch of Λ + 880-. with a filling factor of 0.52. The 
subwavelength ridge is 100 nm. Figure 1a illustrated the grating design. We add a 
buffer layer between the InP and the metal to reduce mode mismatch and therefor, 
reflections due to the metal. The efficiency obtained at 1.551. is 59% of upcoming light 
and 8% reflections. The far-field emission is centred about 13◦

 from the zenith (Fig 1b). 
We predict that further optimization could improve this performance. This work was 
supported by the ERC Project NOLIMITS    
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Organic solar cells (OSCs) have been of great interest due to their strong potential to 
reduce the cost of photovoltaics. However, OSCs still have low efficiency up to 5-6% due 
to the small thickness of the active layer [1]. One of the ways to increase efficiency is to 
enhance solar absorption in the active layer. Several approaches have been reported to 
enhance the absorption: metallic nanoparticles, photonic crystals and gratings. 

In this article, we propose to incorporate the dielectric nanoparticles layer between 
anode (ITO) and hole transport layer (PEDOT:PSS) to increase the efficiency of OSCs. 
The nanoparticles scatter light into the active layer and thereby increase the 
absorption. We have calculated the scattering efficiency of dielectric nanoparticles 
embedded in the OSC by using the Mie theory [2] and efficiency of solar cell by finite 
difference time domain (FDTD) method [3]. The proposed structure consists of glass 
substrate/ ITO (150nm)/nanoparticles layer/ PEDOT:PSS (60nm)/ P3HT:PCBM 
(100nm)/ Aluminium (80nm). The diameter and interparticle spacing of nanoparticles 
are chosen as 50nm and 100nm respectively. The scattering efficiency of different 
nanoparticles (ZrO2 and SiC) has been analysed by using Mie theory [2], which is shown 
in Fig. 1(a). The J-V characteristics of OSC with and without nanoparticles are shown in 
Fig. 1(b). Incorporation of ZrO2 nanoparticles increases the Jsc by 5.3% and efficiency by 
6.7%. SiC nanoparticles increases the Jsc by 12.9% and efficiency by 14.9%. The study 
would be useful in the development of high efficiency OSCs. 

 

Fig. 5. (a) Scattering efficiencies of ZrO2 and SiC nanoparticles (b) J-V characteristics of OSC 
with and without nanoparticles 
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In recent paper we analysed reflection/transmission properties of sawtooth crystals, 
i.e. 1D photonic crystals constructed of layers with linearly increasing refractive index 
n(z) in each period, see Fig. 1. The results were obtained in the exact analytical form in 
terms of Bessel functions.  

 
Figure 1: 1D photonic crystal with a sawtooth refractive index. 

 
In this paper, for a sawtooth crystal we construct the Floquet-Bloch fundamental 
system of solutions, and then obtain and analyse its band structure. For simplicity we 
restrict our attention to normal propagation. Then, the band structure is defined by two 
parameters only: the wavenumber of incident light and the ratio of maximum (n2) and 
minimum (n1) refractive indices. The typical behaviour of Floquet-Bloch solutions in 
the allowed bands, in the bandgaps, and at the bandedges are illustrated. Special 
attention is given to periodic solutions. 
Overall, the results add to a better understanding of the behaviour of light within 
photonic crystals with linearly graded refractive index layers. 

References 

[1] G. V. Morozov, D. W. L. Sprung, J. Martorell, One-dimensional photonic crystals 
with a sawtooth refractive index: another exactly solvable potential, New 
Journal of Physics, vol. 15, 103009, 2013 
[2] G. V. Morozov, D. W. L. Sprung, Floquet-Bloch waves in one-dimensional photonic 
crystals, EPL, vol. 96, 54005, 2011 
[3] G. V. Morozov, D. W. L. Sprung, Band structure analysis of an analytically 
solvable Hill equation with continuous potential, J. Opt., vol. 17, 035607, 2015  
  

OWTNM|O-03 



 



 

 
 

& WAVEGUIDE THEORY AND NUMERICAL MODELLING 

24TH INTERNATIONAL WORKSHOP ON OPTICAL WAVE 

 

 

 

 

FRIDAY 20TH MAY 2016 

14:30-16:00 

 

OWTNM SESSION #1 

OPTICAL ARRAYS, GRATINGS AND VIAS 

 

CHAIR:  GREGORY MOROZOV,  

UNIVERSITY OF THE WEST OF SCOTLAND, UK 

 

 

 

 

 

 

 

 

 

 

 



 

 
& WAVEGUIDE THEORY AND NUMERICAL MODELLING 

24TH INTERNATIONAL WORKSHOP ON OPTICAL WAVE 

 

Local Parity-Time-Symmetry Grating Devices  
for Integrated Optics 

Anatole LUPU1*, Henri BENISTY2, Andrei V LAVRIENKO3 
1IEF, CNRS, Univ Paris Sud, Université Paris-Saclay, 91405 Orsay, France 

2Laboratoire Charles Fabry, Institut d’Optique Graduate School, CNRS, Univ Paris Sud,  
Université Paris-Saclay, 2 Avenue Augustin Fresnel, 91127 Palaiseau, France 

3DTU Fotonik – Department of Photonics Engineering, Technical University of Denmark,  
Oersteds Plads 343, DK-2800 Kgs. Lyngby, Denmark 

* anatole.lupu@u-psud.fr 

The aim of the current work is to explore the functionalities of nonuniform Parity-Time 
-symmetric structures with engineered complex-index-modulation profiles. The use of 
nonuniform coupling or gain-loss modulation profiles brings a number of advantages as 
compared to the uniform PT-symmetric structures. The intention of the undertaken 
approach is to show that many conventional techniques previously developed for 
passive-type grating-assisted or coupled-waveguide devices for integrated optics can 
be transposed and adapted to a PT-symmetric case, fostering thus a new generation of 
active photonic devices. 

In our recent work [1] we considered few examples of nonuniform PT-symmetric Bragg 
gratings with a complex index profile modulated by a slowly varying envelope function, 
with the aim of combining the apodization techniques of classical Bragg gratings with 
the advantages of PT-symmetry such as unidirectionality. We demonstrated the 
possibility to achieve an efficient apodization of the PT-symmetric Bragg grating 
spectral response with a standard Hamming window function. To ease implementation 
of the apodization in a real structure with the local binary nature of the real and 
imaginary index modulations, this approach was extended to the duty-cycle modulated 
periodic or deterministic aperiodic binary PT-symmetric gratings. We demonstrated 
how the conventional technique previously developed for passive type Bragg gratings 
or related devices can be expanded to a PT-symmetric case, provided the constraints of 
real and imaginary part modulation are properly combined.  

In the present contribution we shall further extend this concept to explore the 
functionalities that can be achieved in the case of four-ports Bragg-grating-assisted 
directional couplers [2-4] with nonuniform complex PT-symmetric profiles.  
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Loss has, without a doubt, been one of the key issues in optical communication. On the 
other hand, the applications of gain have been primarily studied in laser technologies. It 
has recently been shown that, under a judicious combination of both gain and loss, a 
new novel system, namely the Parity-Time (PT) symmetric structures, is constructed. In 
our recent works [1,2], we have developed a semi-analytical method based on the 
Boundary Integral Equation (BIE) method to study the spectral characteristics of 
resonator structures with balanced and unbalanced gain/loss in a system which takes 
the form of coupled resonators and finite chain structures. In particular, we show the 
impact of dispersion on the spectral behaviour such that PT-symmetry can only be 
achieved at a single frequency and is sensitive to mismatching conditions.  

In this contribution, we explore the time-dynamics of coupled resonators structures, 
see Fig. 1. For this purpose, a two-dimensional time-domain Transmission-Line 
Modelling (2DTLM) method equipped with a dispersive gain/loss model is developed. 
The 2DTLM method is well-suited to model the temporal dynamic of a PT-symmetric 
coupled structure under time-modulated gain and loss conditions. Figure 1 further 
shows that, by switching on/off the gain/loss alternatively at a rate described by a 
switching time parameter, flexible optical spatial switching can be achieved.  

     

Fig. 6. Transmittance between ports as a function of switching-time parameter. 
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In [1, 2], we analyzed linear and nonlinear standing waves on a periodic array of 
parallel and infinitely long dielectric circular cylinders surrounded by air. The standing 
waves are special guided modes above the lightline (in the radiation continuum) with a 
zero Bloch wavenumber. The linear standing waves only exist at a discrete set of 
frequencies, but the nonlinear standing waves (for cylinders with a Kerr nonlinearity) 
exist continuously with respect to the frequency. 

In this paper, we study the diffraction of plane incident waves by an array of nonlinear 
circular cylinders. Our study indicates that incident plane waves can couple to the 
nonlinear standing waves leading to the symmetry-breaking phenomenon. Like optical 
bistability, symmetry-breaking gives rise to multiple solutions to the nonlinear 
diffraction problem. In existing studies, these nonlinear phenomena only appear when 
the incident wave has a sufficiently high intensity. This is true even when the nonlinear 
effects are enhanced by microcavities. In our case, it seems that plane incident waves 
with arbitrarily low intensity can couple to the nonlinear standing waves. Therefore, 
multiple solutions exist even for incident waves of arbitrarily low intensity. In the 
figure below, we show the transmission coefficients of three solutions associated with 

the same plane incident wave for an array with period L at the normalized frequency 
ωL/(2πc) = 0.53. We assume the cylinders have a radius a = 0.3L, a refractive index 
n1 = 2.5 and a nonlinear coefficient γ1 = 2 × 10−12m2/V2. The horizontal axis is the 
amplitude A(i) of the incident plane wave. The solid line represents the symmetric 
solution that does not couple to the nonlinear standing waves. The dashed and dash-dot 
curves correspond to two asymmetric solutions that couple to the first nonlinear 
standing wave, and they seem to exist as A(i) → 0. 
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Guided Mode Resonance Filter (GMRF) is a reflective narrowband filter that consists 
of a simple sub-wavelength grating etched on the top of a thin stack layers [1]. That 
structure combines structural simplicity with high efficiency, rejection rate and quality 
factor. Their major limitation lies in their weak angular acceptance. To achieve a better 
angular tolerance, it has been proposed to surround the GMRF with two Distributed 
Bragg Reflectors (DBR) as represented on Figure 1, forming the so-called Cavity 
Resonator Integrated Grating Filter (CRIGF) [2, 3]. One phase shift section is inserted 
between each DBR and the GMRF.  

 

Fig.1. Schematic view of the CRIGF studied with the definition of the parameters: period of 
the GMRF dGMRF, period of the Bragg grating dBragg=dGMRF/2, width of the grooves 

aGMRF=aBragg, deep grooves hr is the silica grating thickness, hg is the silicon nitride 
thickness, the phase section length is δ=dGMRF. 

In this work, we are interested in the performances of the CRIGF, especially its 
spectral width, when the size of the GMRF section increases. From numerical 
calculations, we observe, as expected, that the performances of the CRIGF tends to 
those of the infinite GMRF with the same parameters and illuminated with the same 
beam.  However the spectral width of the peak obtained with the CRIGF is always 
smaller than that of the infinite grating. 

From numerical calculations, we show that the mode excited in a CRIGF behaves as a 
lossy Fabry-Pérot cavity mode. This simple approach allows us to explain why the 
CRIGF resonance is thiner than the infinite grating one. 
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Large-scale integrated optical switch matrices require a complex mesh interconnection 
which is not well supported by single layer waveguides [1]. A number of dual-layer 
waveguide methodologies have been proposed to enable 2.5D and 3D photonic 
integration. Dual waveguide techniques have primarily been used to create new types 
of devices and functions rather than to improve interconnection. We present a dual 
width waveguides concept which can allow light routing up and down a monolithic 
multi-layer InP stack.  

The monolithical multi-layer InP integration concept using dual width waveguides to 
allow light routing up and down the layer stack is presented (Fig. 1). This concept 
includes two vertically-stacked guiding layers. The top guide layer is multimode to push 
the excited modes close to the spacer layer. Vertical confinement for the two 
waveguiding layers is defined by InP cladding layers around an upper and a lower core. 
A transition between the lower and higher guiding cores is implemented with the cross-
section in Fig. 1b: This is the cross-section for the optical via. The waveguide widths 
defined at the optical via enable phase matching conditions between the two optical 
cores. A maximum transmitted power of 98.9% is calculated for a coupling length of 
190μm after the optical power is coupled back into the bottom waveguiding layer. 
Methods to isolate the waveguide planes from each other are also proposed for reduced 
interlayer crosstalk.  

 
Fig. 7. Lateral view of two optical vias to couple light up and back down (top).  On the 
bottom left, the intensity mode profile in the lower guide, and in the bottom right, the 

mode intensity profile at the optical via. 
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Novel complex materials like photonic crystals possess repeatable arrangement of at 
least two components with different refractive index. The periodic distribution of 
refractive index provides an important and intensively exploited feature i.e. wavelength 
and/or polarisation selective interaction with light. Photonic crystals exhibit a photonic 
stop band that is an optical analogue of electronic stop band in semiconductor crystals 
[1,2]. Consequently, the incident wavelength equal to the periodicity constant is 
reflected, while the others are transmitted through the structure. This effect is well 
defined by the modified Bragg’s law and it has been investigated regarding the 
mechanochromic properties of three-dimensional photonic crystals [3]. In case of 
three-dimensional structure, the optical response is easily tuneable by mechanically 
stimulated structural changes. The structural changes cause the change of reflected 
light spectrum (the blue-shift in case of elongation). 
In case of two-dimensional structure, the optical response for mechanical distortion is 
not so obvious and depends on a fabrication method, components etc. 

In this paper we present the results of experimental investigation on transmitting 
properties of two-dimensional periodic structure of hemi-spherical voids arranged 
hexagonally in PDMS layer. The results of elongation the sample are visible with the 
naked eye in the diffraction pattern displayed on the screen behind the sample. 
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Recent advances in nanotechnology of optical components allows for manufacturing of 
aperiodical structures patterned at a subwavelength scale that have macroscopic 
dimension of several hundreds or thousands wavelengths. A typical example is the so-
called Cavity resonator integrated grating filter (CRIGF) that uses a resonant excitation 
of a waveguide mode by a dielectric grating, which is put in a box consisting of two 
Bragg guided wave mirrors, in order to obtain a narrow-band spectral filtering that is 
characterized by extraordinary large angular tolerances [1]. These filters present a true 
challenge to computational electromagnetism, because of their large dimensions and 
fine pattering, but also because of their resonant nature.  

  

Fig. 8. Representation of a Cavity resonator Integrated Filter. 

In this work we compare the performances of the Discrete Dipole Approximation 
approach to that of the Fourier Modal, the Finite Element and the Finite Difference 
Time Domain methods, for simulating the spectral behaviour of a CRIGF. When the 
component is invariant along one axis (two-dimensional configuration), the four 
techniques yield similar results, despite the modelling difficulty of such a structure. We 
also demonstrate, for the first time to our knowledge, the rigorous modelling of a three-
dimensional CRIGF, with the DDA [2].  
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This contribution is focused on the investigation of the role of surface plasmon-
polaritons (SPPs) and the Rayleigh anomalies within the problem of enhanced optical 
transmission (EOT) through metallic periodic gratings with infinite slits [1,2]. 

Using the rigorous coupled wave analysis, the total transmitted energy maps of various 
1-D arrays of slits are calculated as a function of both the structure geometrical and 
wave parameters. From these maps, the dispersion curves of the existing modes can be 
clearly identified together with the cut-off frequencies of the respective modes and the 
positions of resonances. Apart from the cavity resonances of the fundamental slit-
guided mode (cavity mode - CM), playing a significant role, the SPP bound modes and 
CM-SPP hybrid modes are also identified and analyzed in the case of the studied 
structures [3]. 

It is found that the SPPs drastically alter the dispersion relations of the Fabry-Perot 
conditions of the CMs inside the slit; their mutual interaction subsequently results in 
the Fano resonances with the pronounced maxima and minima in the spectra – the 
grating Wood's anomalies. The transmission mechanism, being consequent upon the 
interaction of mode contributions in the vicinity and inside the slit, is proposed. 

 

Fig. 9. A transmission map through 1-D array of slits and a proposed transmission 
mechanism. 
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Intensive theoretical and experimental investigations of accelerated Airy beams 
motivated by their unusual features [1] gave rise to numerous investigations with very 
interesting results. However, such pulses are useful not only because of these features 
but also by their unusual shape which consists of a high intensity main lobe pulse 
followed by a train of weaker sub-pulses of decreasing intensities [2].  

Interaction of a non-paraxial temporal Airy pulse with a dielectric layer is considered 
here by using the Volterra integral equation method and behaviour of the initial Airy 
pulse is studied in detail. It is proposed that the initial pulse 

0 0
( , ) Ai(- / ( ) / )E t x t T x x vT= + −  is falling onto a dielectric layer of the width a  such 

that it begins to interact with the layer only after zero moment of time t . Here, Ai( )t  is 

the Airy function, v  is a wave velocity outside the layer, 
0

x  is a source point location 

and T  is a scale coefficient. The field at any point inside or outside the layer is 
described by the integral equation [3] 
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where 
1

v  is a wave velocity inside the layer and ( )xθ  is the Heaviside unit function. The 

solution of this equation obtained by the resolvent method [3] gives the inner field that 
allows to calculate the field outside the layer.  The results are presented in Fig. 1 where 

oscillations of the inner field (red) in comparison with the initial wave (blue) are 
shown. 

a)   b)   c)     d)  

Fig. 1. Oscillated pulses (red) inside the layer excited by the initial Airy pulse (blue): near 
the illuminated boundary of the layer a) 

1
/ 0.8v v = and b) 

1
/ 1.5v v = ;  

and at the layer middle c) 
1

/ 0.8v v = and d) 
1

/ 1.5v v = . 

References 

[1] G. A. Siviloglou and D. N. Christodoulides, Accelerating finite energy Airy beams, Optics Letters 
32, pp. 979-981, 2007 

[2] T. Winkler et al, Probing spatial properties of electronic excitation in water after interaction 
with temporally shaped femtosecond laser pulses, Applied Surface Science 11, pp. 182, 2015 

[3] Nerukh, N. Sakhnenko, T. Benson, P. Sewell, Non-stationary electromagnetics, Pan Stanford 
Publishing, Singapore, pp. 597, 2013 

OWTNM|p-04 



 

 
& WAVEGUIDE THEORY AND NUMERICAL MODELLING 

24TH INTERNATIONAL WORKSHOP ON OPTICAL WAVE 

 

Transient Plasmons Dynamics in Metallic Structures 
Nadiia P. STOGNII1,2*, Nataliya K. SAKHNENKO1 

1Department of Higher Mathematics, Kharkiv National University of Radio Electronics,  
14 Lenin Ave., Kharkiv, 61166, Ukraine  

2Laboratory of Micro and Nano Optics, Institute of Radio Physics and Electronics NASU,  
12 Ak. Proskury Str., Kharkiv, 61085, Ukraine 

* nstognii@gmail.com 

Recently, surface plasmon polaritons (SPPs) have attracted great amount of attention 
due to their potential use for the subwavelength field enhancement and localisation 
that are explored in single molecule detection, transmission through a subwavelength 
aperture, subwavelength imaging, and improvement in the performance of 
conventional photonics components such as modulators and switches and others [1]. 

We consider the excitation of SPPs on a metal cylinder and shell by a transient pulsed 
beam. The external beam is modelled by a pulsed complex source point [2] with 
complex coordinates. To find the excited fields we use a rigorous mathematical tool that 
allows analysing problems both in the frequency and in the time domains. By applying 
the Laplace transformation directly to a wave equation we derive an analytical solution 
in the frequency domain; the time dynamics of the electromagnetic field is recovered by 
the inverse Laplace transformation. In this way we evaluate the residues at singular 
points associated with the eigenvalues of the structure and the integral along the 
branch-cuts in the complex plane. This approach guarantees the calculation with 
controllable accuracy and allows us to extract and to interpret physical phenomena [3]. 

 

Fig. 10. Snapshots of the dynamic SPP propagation along the metal shell. From the left to 
the right: 100T π= , 140T π= ( T  is the normalized time, T tc a= , where t  is real time, a  

is radius of cylinder, c  is velocity of light in vacuum). 

Figure 1 represents snapshots of the absolute value of the magnetic field of the 
transient SPP travelling around the metal shell excited by the external transient beam 
with the eigenfrequency ω0=0.83. We see that beating of the simultaneously excited 
SPPs gives rise to asymmetric running field pattern. 

References 

[1] N. I. Zheludev, The road ahead for Metamaterials, Science, vol. 328, pp. 582-583, 2010 
[2] A.V. Boriskin and A.I. Nosich, Whispering-gallery and Luneburg-lens effects in a beam-fed 

circularly layered dielectric cylinder, IEEE Trans. Antennas Propag., vol. 50, no. 9, 
pp. 1245-1249, 2002 

[3] N. Sakhnenko, A. Nerukh, T. Benson, and P. Sewell, Whispering Gallery Mode transformation 
in a switched microcavity with concentric ring geometry, Opt. Quantum Electron., vol. 40, 
no. 11-12, pp. 818-82, 2008 

 

OWTNM|p-05 



 

 
 

& WAVEGUIDE THEORY AND NUMERICAL MODELLING 

24TH INTERNATIONAL WORKSHOP ON OPTICAL WAVE 

 

Dispersion and Loss Managed Soliton Communication 
System with Use of New Type  

of Step-Index Optical Fiber 

Tomek KACZMAREK 
Kielce University of Technology, Aleja Tysiaclecia Państwa Polskiego 7, Kielce, 25-314, Poland  

tkaczmar@tu.kielce.pl 

Abstract: Dispersion and loss managed soliton transmission line is presented. Bit rate 
in return to zero soliton communication system is estimated. 71.4-Gb/s soliton 
communication system is designed with 20-km amplifier spacing and with T0 = 1ps 
initial pulse width. Increasing the width of the initial impulse to T0 = 2ps allows 
lengthening the distance between amplifiers to about 80 km at the expense of reducing 
the bit rate to 35.7-Gb/s. 

Introduction: A new type of step-index fiber [1] characterizes by the possibility of 
flattening of dispersion characteristics for the fundamental mode in the vifinity of third 
transmission window. Producing such a fiber may be associated with difficulties 
resulting from the presence of dip in core index profile. Studies on the effect of dip on 
the properties of propagation are optimistic [2], and they suggest that it is possible to 
prepare such a fiber using the MCVD method. The main drawback of step-index fiber in 
accordance with [1] and [2] lies in the fact that the dispersion length of 
communications link made from such a fiber is equal only few kilometers. Therefore, 
the distance between amplifiers in communication line built from this fiber will count 
from one to several kilometers, which makes such implementation impractical. This 
paper proposes a method for extending the distance between amplifiers, while 
minimizing attenuation occurring by combining (splicing) the fibers forming the optic 
link. 

Method: In order to extend the distance between amplifiers in the transmission path, it 
is proposed the use of dispersion management [3]. In order to adapt the transmission 
link to solitonic requirements dense [4,5] and symmetric [6,7] map was selected. Dense 
map minimizes changes in pulse amplitude associated with the propagation and thus 
reduces the so-called dispersion tail, which adversely affect an adjacent pulse. 
Symmetric map is used in order to minimize jitter and so-called residual dispersion. 
Minimizing the link attenuation resulting from the joining of optical fibers forming the 
map is that a change in the nature of the dispersion curve of the fundamental mode is 
obtained by changing the doping of the core at a constant core radius. Immutable value 
of the radius of the core ensures minimize attenuation resulting from the splicing of 
adjacent sections of optical fibers forming the dispersion map. Numerical modeling of 
propagation a pair of soliton pulses in the proposed link was made using split-step 
Fourier method [8]. 
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Nonlinear optical properties of 4-dicyanomethylene-2-methyl-6-(p-
dimenthyaminostyryl)-4H-pyran (DCM) solution were investigated by standard 
backward degenerate four wave mixing (DFWM) method at 532 nm [1-8]. Various 
solvents were used to dissolve DCM powder, which was purchased from Sigma Aldrich 
Co. It was found that the studied material exhibit large value of third order nonlinear 
optical susceptibility and this value depends on the polarity of solvent [7]. 

DCM molecule is well-known as a very efficient laser dye, which is widely used for a 
tunable light source in a broad spectral region [9]. It is also one of the most commonly 
used red emitters in color organic light-emitting device (OLED). DCM has a high 
fluorescence efficiency and is photochemically stable. The photophysical and 
photochemical properties of the DCM molecule in solution significantly depend on the 
solvent. 

The structure of DCM is characterized by the arylidene moiety with a dimethylamino 
electron donor group linked to two cyano electron acceptor groups by a conjugated 
bridge (Fig. 1). Therefore, it has donor–π–acceptor (D–π–A) structures.  

 

 

Fig. 11. Molecular structure of DCM. 
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Multimode fibres have the ability to transmit multiple spatial modes of light 
simultaneously and can be used to replace the millimetre –thick bundles of fibres with a 

few hundred micron thick single fibre. The first demonstration of 3D imaging using 
two-photon excitation through multimode optical fibre (MMF) was in 2015 [1]. The 
experimental setup depicted in [1] contains a lot of bulk optics which is inconvenient in 

use due to e.g. calibration problems.  Thus, to design an all-fibre setup the proper 
couplers are needed. In this paper numerical analysis of power distribution 
transformations in the multimode optical fibre couples is presented. The depicted 

method is based on the method proposed by Frieden [2]. In our analysis we assume 
that the intensity distribution within the multimode fibre may be referred to as the 

joint distribution of a set of random variables. Whatever the light source is, one has to 
take into account its spatial and angular emission probability density. In the following 
considerations the energy coefficients assigned to the rays at particular locations and 

directions will be proportional to the distribution densities of respective random 
variables. As it is known, the initial ray coordinates can be presented by six random 

variables: x, y, z –3 spatial variables and γβα ,, -3 angular variables. Then the formal 

description of the ray image transformation is: 

(x’, y’, z’, )',',' γβα = (ℑ x, y, z, γβα ,, )  (1) 

In this paper we present the method of prediction of joint distribution density of these 

six random variables on the output of the optical medium for given distribution density 

of input rays and knowledge of ℑ  transformation. For numerical ray tracing we use the 

method based on Runge-Kutta integration of differential equations. Next, based on 
numerical results we prepared several multimode couplers using a grinding and 

polishing method. We obtained very good accordance between numerical and 
experimental results. 
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The microstructured optical fibres (MOF) have found many application in the modern 
photonic due to their unit properties. MOFs offer large freedom in fibre design. 
Nowadays many activities are focused on developing high power fibre lasers based on 
MOFs. In order to obtain a high beam quality and high power laser output the large 
mode area double-clad (LMA DC) fibres are used. The MOF structures give an 
opportunity to design a single mode large core fibres due to precise control refractive 
index between core and cladding. However, the problem still remains as how to achieve 
the efficient pumping method which does not require bulk optics elements. In LMA DC 
fibres the pump light should be injected into the inner cladding without access to the 
fibre ends. In standard fibres side-pumping method is widely used. But this method for 
MOF laser cavities is still not well developed. Using the side-pumping method, the all-
fibre laser cavity can be designed. Side-pumping can be achieved by using side-polish 
couplers made of active MOF and the multimode pumping fibre. This method was 
successfully used in standard DC fibre laser cavities [1,2] also the first non-DC MOF 
coupler was made by side-polishing technique [3]. 

In order to investigate the parameters of such a coupler the ray tracing method is used. 
In this article two variants of this method based on [4] and [5] were used and 
compared. The results obtained from both techniques are consistent. Ray tracing 
method is relying on the Fermat's principle and it is widely used in lens-systems 
analysis. However, it was also shown that this method can also be used for analysing 
fibre optics elements if fibre dimensions are much larger than light wavelength [4]. 
Based on this analysis, the coupling ratio and insertion losses were obtained. The 
coupling ratio and insertion losses were optimized by adjusting the bending radius and 
refraction index between the polished sides blocks. In addition, the modal properties of 
the MOF have been calculated using a commercial mode solver developed by Lumerical.  
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The photorefractive effect is a nonlinear phenomenon relying on local refraction 
(and absorption) index changes induced by light of non-uniform spatial intensity. 
For the typical photorefractive media the nonlinear response occurs for low light 
intensities and the reaction time varies from miliseconds to several minutes. 
Long response time limits the use of those media in fast optical information processing 
applications. The semi-insulating GaAs – AlGaAs multiple quantum wells (SIMQW) 
overcome this drawback. They use the enhanced electro-optic properties of quantum 
confined excitons in quantum well structures to produce thin films that can be used 
in diffractive optical elements, including dynamic holography [1]. They have very high 
sensitivity and short response time.  

One of the most popular systems of operation for the GaAs - AlGaAs multiple quantum 
well structure is the Franz-Keldysh geometry, with an external electric field applied 
along the planes of quantum wells [1],[2],[3]. Applying the high external electric field 
causes ionization of excitons, shortening their life time. Manifestation of this process 
is the broadening and decreasing of the peaks corresponding to excitonic transitions 
in the absorption spectrum and is thus called electroabsorption [2].  

In this work the analysis of experimentally obtained absorption and refraction spectra 
of GaAs – Al0.3Ga0.7As SIMQW structures is presented. Examined material consists of 
a 100-period superlattice of 7 nm GaAs wells and 6 nm AlGaAs barriers. The structure 
was proton-implanted at 80 keV and 160 keV with the same ion doses for each energy, 
to ensure the semi-insulating properties. Three series of samples with the proton fluxes 
of 1x1012 cm-2, 1,5x1012 cm-2 and 2x1012 cm-2 were prepared and the measurements 
were conducted for various applied electric fields. The experiment results allow 
to define the influence of implantation parameters on the electroabsorpion spectra.  
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So-called nonlinear Shannon limit led to demand a research for alternative waveguide 
systems instead standard singlemode optical fibers for new generation high bit rate 
networks [1].  Therefore both few-mode optical fibers and multimode optical fibers 
operating in a few-mode regime may be considered.  Processes of mode group 
propagation over multimode optical fibers under taking into account nonlinearity and 
dispersion are usually described by coupled nonlinear Schrödinger equations (CNLSE) 
[2-4].  Those equations written for long-haul fiber optic links may be solved by split 
step method [4].  However known conventional solution schemes for mentioned 
method realization do not take into account mode parameter and mode coupling 
dependence on transmitted optical signal characteristics that does not provide correct 
solution of CNLSE. 

This work presents developed modification of CNLSE for modeling and simulation of 
mode propagation in a few-mode regime under taking into account nonlinearity, 
dispersion and fiber irregularity that partially lifts noted restrictions.  We describe 
proposed approach and represent an example of simulation of mode set propagation 
over link with multimode optical fibers operating in a few-mode regime. 
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In this contribution, results of numerical modeling of sensing capabilities of guided 
modes within plasmonic sensors composed of a sparse array of metal nanoparticles 
obtained with our in-house two-dimensional RCWA tool will be presented. 

Here we demonstate the biosensing capabilities of a plasmonic sensor which is based 
on propagating modes supported with localized surface plasmons within an array of 
gold cylinders [1]. The sensing structure consist of a two-dimensional rectangular array 
of gold cylinders (see Fig. 1.) of a diameter 30 nm and height h (typically h = 90 nm) and 
period Λ (typically Λ = 150 nm) as a parameter. Two different cases were assumed, 
concerning the excitation scheme: 1) via prism (Structure 1 in Fig. 1), 2) prism + layer 
of a cytop material (Structure 2 in Fig. 1). To model optical responses of such sensor 
structures, our in-house RCWA tool [2] has been used. Further, sensing capabilities of 
the structures are expressed in terms of the figure of merit related to sensitivities and 
surface refractive index changes. In our modeling tool, we have included and applied 
several efficiency-improving approaches (e. g. normal vector field, proper field 
calculation). In this presentation, we will also discuss several numerical issues, 
concerning EM field profiles of guided sensing modes, convergences and FOM 
optimization strategies.    

 

 

 

 

 

 

 

 

Fig. 12. Designs of optical biosensors. 
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Doping and Connecting Graphene Dimers for a 
Tunable Absorption Spectrum 
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Although Mie described resonances of metallic nanoparticules in 1908, their resonant 
properties are still under strong investigation nowadays. These particles show an 
important interaction with light, promising a wide range of applications such as 
biosensing [1], nonlinear optics [2], nanocircuits [3], optoelectronics [4] and 
transparent displays [5]. In the meantime, graphene enjoys a tremendous interest for 
its plasmon resonance tunability [6].  

In this communication, we demonstrate the facile tunability of the optical response of 
graphene nanodisks. Via simulations, a graphene dimer absorption is investigated and 
new modes appear: higher order dark modes, normally bright for single disks become 
bright. Furthermore, an enhanced and narrower resonance is obtained connecting the 
dimer with a graphene ribbon bridge: the charge transfer plasmon. All these excitations 
are tunable with graphene doping, paving the way for new optoelectronic devices. 

Graphene single disk resonances have already been investigated [7], but here we 
extend the study to higher order modes, and to coupled and uncoupled dimers. 
Although various resonances are dark under normal incidence (they do not couple with 
the incident field), we show that they become bright (they resonate) when we consider 
graphene nanodisk dimers [8]. The simulations are performed with a three-
dimensional Comsol scattered field study and the graphene disk modes are obtained 
with an Eigenfrequency analysis, corroborated with an analytical model. Fig. 1a shows 
the considered dimer of 60 nm diameter graphene disks separated by a 5 nm distance. 
One of the disk is 0.4 eV doped and the second one has a doping varying from 0 to 1 eV. 
Their absorption efficiency under normal incidence (electric field in the x-direction) is 
represented in the logarithmic scale in Fig. 1b.  

We observe two main patterns: one curved (with stronger absorption for the curved 
line at the top) and one vertical. The straight vertical resonances are from the fixed 0.4 
eV doped graphene disk with the first dipolar mode resonating at 6.3 µm and the higher 
order modes appearing at smaller wavelengths. On the other hand, the curved pattern 
comes from the disk with varying doping. The continuous (dashed) black lines 
represent the theoretical 6 first modes of the varying (0.4 eV) doping graphene disk. 

When the resonance patterns (curved and straight) interact, the modes hybridize and 
give rise to two anti-crossing resonances. This is observed in points 1 and 2 or in points 
3 and 4 in Fig. 1b. The corresponding enhanced electric fields are represented on the 
right and show that the dipolar mode hybridization leads to a dark mode (point 1) and 
a bright mode (point 2). Higher order modes are indeed excited in points 3 and 4, 
where the quadrupolar mode is appearing on the 0.4 eV doped disk, thanks to the 
dipolar mode of the 0.65 eV doped disk. 
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Fig. 13. (a) Graphene dimer with one disk of 0.4 eV doping and the other of varying doping. 
Normal incidence along z-direction. (b) Logarithm of the absorption efficiency of a 

graphene dimer with a fixed 0.4 eV disk and a varyingly doped disk (from 0 to 1 eV) as a 
function of the wavelength for x-polarization. Continuous black lines represent the first six 
modes with varying doping, the vertical dashed lines for 0.4 eV. (1-4) Enhancement of the 
electric field (total electric field over incident electric field) for particular points of Fig.1b. 

 

Fig. 2. (a) Scheme of the studied structure. (b) Charge densities of the charge transfer 
plasmon resonance and (c) the screened bonding dipolar plasmon. 

Finally, we introduce a graphene ribbon to connect the two disks to allow electric 
charges to oscillate from one disk to the other: the charge tranfer plasmon. It is 
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represented in Fig. 2.a. We examine two graphene disks (diameter D = 60 nm) 
separated by a distance of 15 nm and identically doped (0.4 eV). The charge transfer 
junction is 25 nm wide. 

The resonance is tuned via the doping of the junction, varying from 0.4 to 1 eV. Under 
normal incidence, with x-polarized electric field, the absorption efficiency spectrum is 
characterized by two resonances, as seen in Fig. 3. The first is smaller and blue shifted 
from the non-bridged dimer resonance. That resonance is called the screened bonding 
dipolar plasmon: the non-bridged dipolar-dipolar resonance stems from capacitive 
coupling, which is screened when a conductive bridge is connecting the zones of charge 
accumulation. The charge distrubution is represented in Fig. 2c.  

The other, second resonance is red-shifted, stronger and narrower than the non-
bridged dimer resonance. The particular oscillation of the electrons between the disks 
is presented on Fig. 2b: one disk is a positive pole and the other is a negative one. With 
the junction, the dimer acts as a continuous particle of larger length, which 
consequently induces a redshift. Finally, it is worth noticing the strong junction doping 
dependence on the resonant wavelength, going from 12 to 14 µm for a 0.4 eV to 1.0 eV 
junction. 

 

Fig. 3. Absorption efficiency of a graphene charge transfer dimer with varying bridge 
doping. The non-bridged dipolar-dipolar resonance is plotted in black dashed line for 

comparison. 

 

In conclusion, we simulate the infrared response of asymmetric graphene dimers, 
induced by different doping levels, leading to a complex and tunable absorption 
spectrum. We demonstrate mode hybridization with dark modes becoming bright, and 
vice versa. Furthermore, strong and tunable absorption efficiencies with charge 
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transfer plasmon resonances are observed when the graphene disks are coupled via a 
bridge of varying doping. Finally, graphene shows its interest for the ease of tunability: 
with conventional metals the optical properties are only adjusted when the metal is 
exchanged or if the particle or the junction size is changed. Our findings could lead to 
molecular junction conduction measurements or to tunable sensors. 
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Optical Bistability and Self-Pulsation with Long-Range 
Hybrid Plasmonic Disk Resonators 
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Optical bistability and self-pulsation with disk resonators based on the Long-Range 
Hybrid Plasmonic Waveguide (LRHPW) are studied using a theoretical framework 
combining perturbation theory, Coupled Mode Theory (CMT) and the Finite Element 
Method (FEM). The physical system is designed for Kerr bistability with minimum 
power threshold and high Extinction Ratio (ER). It is moreover shown to support 
spontaneous oscillations with high Modulation Depths (MD). 

Nonlinear phenomena in resonant systems are known to lead in bistable behaviour due 
to positive feedback [1]. Importantly, the intensity build-up in the resonator lowers the 
power needed for nonlinearity manifestation. The nonlinear response can be studied by 
means of a CMT framework [2] taking into account all relevant phenomena: Kerr, two 
photon absorption and free carrier effects. By properly tuning the carrier lifetime τ: by 
means of carrier sweeping we can demonstrate both Kerr-induced bistability for 
memory/switching operations and self-pulsation for tunable optical clock applications. 

Figure 1(a) depicts a travelling-wave resonator, side-coupled to a bus waveguide. The 
physical implementation is based on the LRHPW with the gaps occupied by a highly 
nonlinear χ	<
 polymer (DDMEBT). Through rigorous 3D FEM simulations we find that 
R + 1.158	μm and g + 400	nm lead to Kerr bistability at minimum power levels and 
maximum ER [2]. Specifically, by reducing τ: to 8	ps we demonstrate bistable action 
with an input power of 40	mW and an ER of 22	dB [Fig. 1(b)]. The system can switch 
between states in less than 50	ps, and is thus suitable for ultrafast memory 
applications. On the other hand, when τ: lies around 45	ps we observe self-pulsation 
[Fig. 1(c)] with high modulation depth (E 0.8) and an oscillation frequency which can 
vary between 7.15-9	GHz when tuning the input power in the range of 25-45	mW. 

 

Fig. 1. (a) LRHPW-based disk resonator, side-coupled with a bus waveguide. (b) Bistability 
curve leading to bistable states at JKL + M�	NO with PQ + ��	RS after suppressing free 

carriers (TU + V	WX). (c) Self-pulsing behaviour at JKL + ��	NO (TU + MY	WX), with 
Z + �. Y	[\] and ^_ + �. V. 

References 
[1] M. Soljacic et al., Phys. Rev. E. 66(5), 055601(R), 2002 
[2] O. Tsilipakos , T. Christopoulos and E. E. Kriezis, J. Lightw. Technol., 34(4), 1333-1343, 2016 
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Improved Nonlinear Plasmonic Waveguides: Modal 
Spatial Transitions and Loss Reduction 

Mahmoud M. R. ELSAWY, Gilles RENVERSEZ* 
Aix Marseille Université, CNRS, Centrale Marseille, Institut Fresnel UMR 7249,  

13013 Marseille, France 
* gilles.renversez@fresnel.fr 

Nonlinear plasmonic slot waveguides (NPSWs) have been a flourishing discipline, at 
least since 2007 [1], due to the strong light confinement and due to the possible control 
of the solutions by the power unlike the linear case [1,2]. Nevertheless, the loss is still a 
fundamental issue which seriously limits the propagation length and consequently 
possible applications. In our work, we present a complete study of a NPSW improved by 
the inclusion of supplementary dielectric buffer layers between the nonlinear core of 
focusing Kerr type and the semi-infinite metal regions. We use the fixed power 
algorithm in the Finite Element Method to compute the linear and nonlinear stationary 
solutions. For the TM polarization, the added buffer layers have two main 
consequences. First, they reduce the overall losses and allow us to obtain low loss 
solutions at high powers. Second, they modify the types of solutions that propagate in 
the NPSWs for both linear and nonlinear cases. In the linear case, in addition to the 
symmetric linear plasmonic profile obtained in the simple plasmonic structure with 
linear core such that its effective index is above the linear core refractive index, we 
obtained a new field profile, in which the mode follows the cosine type profile in the 
core with plasmonic tails at the interfaces. In the nonlinear case, if the effective index of 
the symmetric linear mode is above the core linear refractive index, the mode field 
profiles now exhibit a spatial transition from a plasmonic type profile to a solitonic type 
one. We provide  full phase diagrams of the TM operating regimes of these improved 
NPSWs as a function of the buffer layer thicknesses, core thickness and the total power. 
These phase diagrams describe the existence and the type of modes that can be found 
in our improved NPSW. Our structure also provides longer propagation length due to 
the decrease of the losses compared to the simple NPSWs. The stability of the main 
nonlinear TM modes is also investigated numerically using the FDTD. Then, we also 
demonstrate the existence of TE waves for both linear and nonlinear cases for some 
configurations. This improved NPSWs could be fabricated and characterized 
experimentally due to the realistic parameters we used to model them. 
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Leaky and Bound Modes on Stripe Plasmonic 
Waveguide Related Structures 

Hsuan S. LIU1, Hung-chun CHANG1,2,3* 
1Graduate Institute of Photonics and Optoelectronics,  

2Department of Electrical Engineering, 
3Graduate Institute of Communication Engineering, 
National Taiwan University, Taipei 10617, Taiwan 

* hungchun@ntu.edu.tw 

The stripe plasmonic waveguide, which has the simple structure with a metal stripe 
fabricated on top of a substrate, as depicted in Fig. 1(a), is one of the earlier 
investigated surface plasmon polariton (SPP) waveguides. Zia et al. [1] conducted 
finite-difference numerical calculations to obtain leaky and bound modes of the stripe 
waveguide for different gold stripe widths and showed that the leaky mode can possess 
longer propagation distance. We recently used an in-house developed full-vector finite-
element imaginary-distance beam propagation method (FV-FE-IDBPM) to perform 
high-resolution analysis for the same structure and obtained peculiar modal 
characteristics [2], such as non-monotonic effective index versus the stripe width 
curves. High spatial resolution in the analysis also reveals the details of the leaky fields 
in the substrate, as seen in Fig. 1(b) for the Re[Ey] profile of the TM1 leaky mode. This 
major field component is distributed mainly above the air-metal interface, while that of 
the bound mode is below the stripe in the substrate. Such behavior can be easily 
understood from the counterpart modes of a corresponding planar waveguide by 
extending the gold stripe width to infinity, for which the leaky-mode field is mainly 
located in the air side with field leakage in the substrate. Our study has been extended 
to the structure with the gold stripe replaced by a circular silver nanowire. The 
corresponding bound and leaky modes are obtained. Fig. 1(c) and (d) shows an 
example of the Re[Ex] and Re[Ey] profiles of the air-metal leaky mode. Detailed 
discussions of these modes and related applications will be given in the presentation. 

   
                (a)                                       (b)                                           (c)                                                 (d) 

Fig. 14. (a) Cross-section of the stripe plasmonic waveguide. (b) Re[Ey] profile of the TM1 
leaky mode on the structure of (a) with gold stripe width of 3.7 µm at λ = 800 nm. (c) (d) 
Re[Ex] and Re[Ey] profiles of the air-metal mode on the structure of (a) when the stripe is 

replaced by a circular silver nanowire with radius of 160 nm at λ = 500 nm. 
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Detecting Weak Modes in Plasmonic Systems Using 
Complex Polarisation Charge 
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* olivier.martin@epfl.ch  

 

When light falls on an object placed in a background of a different dielectric constant, it 
induces polarisation charge on the object according to classical electromagnetic theory 
[1]. If all domains in the system have homogeneous dielectric permittivities, the 
induced charge lies only on the surfaces, which is a good approximation for most 
plasmonic systems where quantum effects are not significant. This surface charge 
forms the foundation of plasmonics [2], and have been used to explain various features 
in plasmonic systems such as scattering, forces, coupling, second harmonic generation 
and Fano resonances.  

Polarisation charge calculated by numerical simulation methods in the frequency 
domain is represented as a complex quantity. Though complex numbers simplify the 
mathematics, they are conceptually tricky to deal with. In particular, ignoring the 
imaginary part of the charge by naively following the maxim that the real part is the 
physically relevant quantity gives misleading and erroneous results. We explain how 
the real and imaginary parts of the complex polarisation charge in plasmonic systems 
can be understood and visualised to retrieve maximum physical information while 
avoiding pitfalls. We also demonstrate that the complex valuedness of the charge, far 
from being a nuisance to deal with, in fact helps us to detect weak modes in the system 
which would otherwise be overshadowed by the stronger modes. By utilising the 
symmetries in the system along with the complex polarisation charge, we show how 
much more information can be obtained about the underlying physics. We discuss the 
effect of various factors that affect the charge such as resonances, polarisation, 
symmetry and retardation on charge, and introduce phase-correction, polarisation 
ellipse representation and symmetric decomposition as methods to visualise the 
complex charge distributions in plasmonic systems. 
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Fig 1. Front and side views of the real and imaginary parts of polarisation charge formed on a 

200 nm × 250 nm × 300 nm gold ellipsoid in air upon oblique incidence at 2.55 eV, and the 

charge decomposed into various odd and even symmetries about the ellipsoid axes. 

 

References 
 

[1]  J. D. Jackson, Classical Electrodynamics (Wiley, 1998), 3rd ed. 

[2]  S. A. Maier, Plasmonics: Fundamentals and Applications (Springer, 2007). 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

OWTNM|O-13 



 



 

 
 

& WAVEGUIDE THEORY AND NUMERICAL MODELLING 

24TH INTERNATIONAL WORKSHOP ON OPTICAL WAVE 

 

 

 

 

SATURDAY 21ST MAY 2016 

09:00 – 10-30 

 

OWTNM SESSION #3 

WAVEGUIDE BASED DESIGN 

 

CHAIR:  ANNE-LAURE FEHREMBACH,  

AIX-MARSEILLE UNIVERSITÉ, CNRS, FRANCE 

 

 

 

 

 

 

 

 

 

  



 

 
& WAVEGUIDE THEORY AND NUMERICAL MODELLING 

24TH INTERNATIONAL WORKSHOP ON OPTICAL WAVE 

 

Hybrid Coupled Mode Modelling in 3-D 

Manfred HAMMER* 
Theoretical Electrical Engineering, Paderborn University, Paderborn, Germany 

* manfred.hammer@uni-paderborn.de 

Frequently, the functioning of an integrated-optical circuit can be understood in terms 
of the interaction of modal fields, the simulation and design of which is well established 
through numerical eigenproblem-solvers. It then remains to predict the interplay of 
these modes. We address this task by a ”Hybrid” variant (HCMT) of Coupled Mode 
Theory. The formalism of Ref. [1] has been extended to spatially three-dimensional 
configurations, leading to efficient, quantitative, and interpretable models in the 
frequency domain. 

Starting point is a physically plausible expression for the electromagnetic field in a 
composite circuit. Suitable modes of its constituting elements are computed 
numerically by means of a commercial finite-element solver [2]. Then the total field is 
approximated as a superposition of these vectorial profiles, with amplitudes that are 
functions of their - potentially different - “natural” propagation coordinates. 
Discretization of these into 1-D finite elements, followed by Galerkin-type projection, 
leads to small-size systems of linear equations. Their solutions permit to inspect the 
wave interaction in terms of the variations of the amplitude functions, and to assemble 
approximations of the overall optical fields. 

This contribution outlines the theoretical background, and discusses briefly limitations 
and implementational details. Beyond a series of consistency checks, our first results 
include simulations of configurations consisting of straight channels with fairly 
arbitrary rectangular cross section, position, and orientation. Figure 1 shows an 
example.  

 
Fig. 1. X-crossing of two partly intersecting straight channels. 

Rectangular cores (1.0 μm × 0.4 μm, refractive index 1.99 : 1.45) cross at an angle of 
9.44°. The plots show the absolute value |H| of the optical magnetic field, on the 
horizontal y-z-planes at the center levels x=0.3 μm, x=0 of the upper (a, W2) and lower 
waveguide (b, W1), and on the vertical planes at z=10 μm (c, output) and at z=−10 μm 
(d, input), for TE-like excitation (arrow) at a wavelength of 1.55 μm. The HCMT 
simulation predicts output powers of 1% (W1, TE), 3% (W1, TM), 93% (W2, TE), and 
3% (W2, TM) carried by the vectorial, TE- or TM-dominant modes.  
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Coupled-Mode Theory for Complex-Index, 
Corrugated Multilayer Stacks 

Hannes LÜDER1,2, Martina GERKEN1, Jost ADAM2* 
1Institute of Electrical and Information Engineering, Christian-Albrechts-Universität zu Kiel, 

Kaiserstraße 2, 24143 Kiel, Germany 
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We present a coupled-mode theory (CMT) approach for modelling multilayer thin-film 
devices with complex material parameters and periodic corrugations. Our method 
provides fast computation and extended physical insight as compared to standard 
numerical methods.  
Nanostructuring of multilayer thin-film devices, e. g. OLEDs, is a common technique to 
manipulate the light emission, absorption and/or the field distribution inside the 
device. Recently, compound binary grating structures have been proposed for tailoring 
the angular emission spectrum of light emitting thin-film devices [1] and for increasing 
the sensitivity of refractive index sensors [2]. Here, we show a coupled-mode theory 
approach for modelling such devices. We first calculate the modes of the unperturbed 
waveguide (Fig.1), used as basis functions in the coupled-mode formalism. The 
waveguide corrugation is treated as a perturbation and leads to coupling between the 
modes. Expanding our previous work [3], we introduce perfectly matched layer (PML) 
boundary conditions to maintain a discrete, complete set of modes [4], and allow for 
complex-index materials. These extensions cause the resulting eigenvalue equation to 
be non-Hermitian, introducing two major consequences. First, the eigenvalues (i. e. the 
modes’ neff) have to be found in the complex plane (Fig. 2). Second, the classical mode 
orthogonality is no longer valid. We address both challenges by a combination of three 
complex-root solving algorithms and by choosing a bi-orthogonal basis, obtained by 
solving the corresponding adjoint problem. With the modal solutions of the 
unperturbed waveguide, we calculate the coupling coefficients, which describe the 
mode coupling caused by the introduced periodic corrugation. The lossy complex 
waveguide modes do not directly correspond to the classical radiation modes. We 
therefore analyse the mode-coupling equations using a near-to-far-field 
transformation. 

 
 

Fig. 1. Multilayer slab wave-
guide with PMLs and perfectly 
conducting boundaries. 

Fig. 2. Phase portrait of a waveguide characteristic function f. 
The complex neff-plane is colored by translating phase f(neff) 
into color values. The eigenvalues are marked by “⨯”. 
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Optical Properties of a Four-Layer Waveguiding 
Nanocomposite Structure in the Near-IR Regime 
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In this communication, we investigate analytically and numerically the optical and 
power characteristics of the four-layered structure composed of a magneto-optical 
guiding layer (yttrium iron garnet, YIG) on a semi-infinite dielectric substrate (silicon 
oxide, SiO2), covered by a planar nanocomposite (NC) guiding layer surrounded by 
vacuum, as depicted in Fig. 1(a). The system is transparent in the near-infrared regime. 
The NC consists of alternating nanolayers of gadolinium-gallium-garnet (GGG) and 
titanium oxide (TiO2). The dispersion equation is obtained in terms of the effective 
medium approximation [1] taking into account the bigyrotropic properties of the 
magneto-optic layer. Such a complex waveguide structure is shown to exhibit useful 
properties, particularly, a spatial-polarization filtration of TE- and TM-modes 
depending on the geometric parameters of the guiding layers. 

 

Fig. 15. Topology of the structure (a) and power flux rates (b) in guiding NC and YIG layers. 

As an example, the power fluxes are presented in Fig. 1(b) for the TE0 mode for the 
structure with the following parameters: L1 = L2 = 7 µm, d1/d2 = 1. The Q-factor 
modulation of the power fluxes reaches the value of about 12 dB in the wavelength 
range ~100 nm in the waveguide layers. The conditions for the optimal guiding mode 
switching are obtained. 
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Low loss Estimation in Thin Film Configurations by 
Means of Leaky Wave Resonances  
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High quality optical coatings require the knowledge of the absorption losses of the 
deposited materials. A precise measurement of low Im(n+ik)≤ 10-6 is usually carried 
out by laser induced deflection or laser calorimetry since the accuracy of 
spectrophotometry is limited due to losses k>10-4.   

Thin film stacks can be considered as resonators with a reflectivity determined by loss 
rates due to radiation towards the surrounding media as well as due to absorption, [1],   

                                                    ( )
( )

2

2
.

air substrate

rad rad abs

air substrate

rad rad abs

R
ρ − ρ + ρ

=
ρ + ρ + ρ

                                                    (1) 

Above the TIR-angle (with no losses towards air) and with an approximate balance of 
material and radiation losses the resonant coupling to leaky waves results in distinct 
dips of the reflectivity, cf. Fig.1,  which can be measured simply by goniometry.  

 

Fig. 16. ARROW field profile (left) and reflectivity in case of critical coupling (right). 

To this end appropriate layer stacks exhibiting e.g. ARROW- or Bloch-surface-wave- 
resonances have to be designed. Finally, an inverse problem is to be solved to relate the 
reflectivity of a manufactured layer stack to the actual optical constants [2] including 
the losses and to the thicknesses of the layers. The whole concept from structure design 
to loss evaluation works actually and results in accuracies down to k~10-6.                      
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Fig. 1. Measured and simulated transmission 
spectrum of 1 cm (blue) and 7 cm (orange) SOI 

strip waveguides. 

Fig. 2. Upper: Phasor plot of light in 
waveguides. Lower: Lumped circuit model 

of waveguides. 

Backscatter Model for Nanoscale Silicon Waveguides 

Yufei XING1,2*, Ang LI1,2, Raphaël VAN LAER1,2, Roel BAETS1,2, Wim BOGAERTS1,2,3 
1Photonics Research Group, Ghent University-Imec, Technologiepark 15, Ghent, 9052, Belgium 

2Center for Nano- and Biophotonics, Ghent University, Belgium 
3Luceda Photonics, Dendermonde, 9200, Belgium 

* yufei.xing@ugent.be 

Waveguides are the most fundamental building block in photonics, and their behaviour 
is considered to be well-understood.  Usually they are typically considered as simple 
light guiding channels – with linear phase change and propagation losses. But in high 
contrast waveguides we have to consider backscattering induced by sidewall 
roughness, which leads to surprisingly strong fluctuations in the waveguide 
transmission spectrum. Fig. 1 shows measured transmission spectrum of waveguides 
of different length. They are ~450 nm x 220 nm air-clad silicon-on-insulator 
waveguides fabricated by imec's 193 nm deep UV lithography. We observe that 
fluctuations in the spectrum increase drastically with the waveguide length. The 7-cm-
long waveguides produce flucuations above 15 dB.  

We attribute the fluctuations to backscattering of light on the rough waveguide 
sidewalls. This roughness sets up a large number of scattering centers. On each of them, 
a small portion of light is reflected with a random phase (and amplitude). As shown in 
Fig. 2, unscattered forward propagating light (solid red line) interferes with many 
forward contributions that are the result of at least two backscattering/reflection 
processes (blue lines),  and the transmitted light therefore shows sharp interference 
fringes.  

To study the transmission spectrum rigorously, we built a model in the circuit 
simulator CAPHE, which models waveguides as a series of very short cascaded lumped 
sections (Fig. 2) of an identical length (50 μm) and a defined loss α. To incorporte 
backscattering, each section has a defined reflectivity r and a random phase change φ 
uniformly distributed between 0 and 2π. As shown in Fig. 1, with a reasonable choice of 
parameters (loss and reflectivity), our model explains and accuractely captures the 
observed 10 dB fluctuations in 7-cm-long silicon waveguides. This is a first step 
towards a full understanding and mitigation of such anomalous waveguide behavior. 
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Design of Dual Layer, Dual Width Waveguides for 
Giant Group Velocity Dispersion 

Jon Øyvind KJELLMAN*, Ripalta STABILE, Kevin A. WILLIAMS 
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Eindhoven, The Netherlands  
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Existing technology platforms for photonic integration have a number of component 
designs for light generation, detection, switching, filtering, etc. Although highly 
sophisticated photonic integrated circuits can be realized using these components, 
these circuits are mostly applied to processing of signal pulses longer than 10	ps 
(` 100	GHz.) For processing of ultrafast pulses in the sub-picosecond regime, new 
components are required. One such component is broad bandwidth dispersive 
elements. 

To enable flexible design of dispersive components we have numerically investigated 
the dispersion of an asymmetric dual layer, dual width waveguide illustrated in 
fig. 1(a). This design is based on the principle of resonant giant group velocity 
dispersion in the super modes of asymmetric, coupled waveguides [1]. Besides a 
significant increase in the magnitude of the dispersion, this principle allows pulses to 
be both up and down chirped on the same chip depending on which super mode is 
excited. 

On resonance, this waveguide design has symmetric and asymmetric super modes as 
illustrated in fig. 1(b). The design allows the dispersion relation of the cores to be 
tailored individually by changing the upper and lower core widths. Changing the top 
waveguide width tunes the dispersion resonance over a 100	nm wavelength range as 
shown in fig. 1(c). At a wavelength of 1.55	μm the magnitude of dispersion is an order 
of magnitude larger than in comparable III/V waveguides. 

The presentation will also discuss geometric constraints, an approach for selective 
excitation of the super modes, and how wide-bandwidth dispersion can be realized. 

 
 

Fig. 17. (a) Dual layer, dual width waveguide design; (b) waveguide super modes at 
resonance; and (c) dispersion for various top widths with fixed bottom width.  
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Numerical Investigation of Mid-Infrared Laser Action 
in Pr3+ Doped Chalcogenide Fibre Laser 
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High power mid-infrared fibre laser sources with emitting wavelengths covering  the 
range stretching from 4 μm to 5.5 μm offer many applications in remote sensing, 
medicine and defence [1]. However, in order to access these wavelengths, low phonon 
host materials are needed. Among the most promising host materials for this 
wavelength region are chalcogenide glasses [1]. Chalcogenide glasses possess good rare 
earth ion solubility, high refractive index and can be drawn into fibre. These 
characteristics make chalcogenide glasses a promising host material for rare-earth ions 
[1-4]. Recent publications show that there is a particularly large interest in mid-
infrared fluorescence from the (3F2,3H6) → 3H5 (~3.7-4.2 μm), and 3H5→ 3H4 (4.3-5.0 
μm) transitions of Pr3+ doped selenide glass [2-4]. This is because Pr3+ in chalcogenide 
glass has a high pump absorption cross-section, and also because it can be pumped with 
commercially available laser diodes. In order to achieve the first mid-infrared laser 
action in chalcogenide glass fibres the population mechanisms need be understood in 
detail. 
Numerical modelling of Pr3+ chalcogenide doped fibre laser is presented in this paper. 
The spectroscopic parameters were extracted from in-house prepared selenide Pr3+ 
doped chalcogenide glass samples and used in modelling. In this contribution particular 
attention is paid to pumping schemes. The cascade scheme already reported in 
literature[4] is compared to a resonant pumping scheme. Additionally, the laser 
performance was tested against pump wavelength, fibre length, signal wavelength, and 
output coupler reflectivity. The modelling results show that the proposed resonant 
pumping scheme using a high power QCL pump is a better solution than an indirect 
pumping using a 2.1 μm laser. The results obtained show also resonant pumping allows 
for a significant reduction in the laser threshold and an increase in the laser efficiency 
when compared with cascade lasing. 
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All-optical switching in nonlinear chalcogenide fiber Bragg gratings (FBG) can be 
achieved thanks to the third-order nonlinear optical parameters of chalcogenide 
glasses. Two principal nonlinear effects with similar power requirements can result in 
the bistable transmission/reflection of an input optical pulse. In the self-phase 
modulation (SPM) regime switching is achieved by the intense probe pulse itself.  Using 
cross-phase modulation (XPM) a strong pump alters the FBG refractive index 
experienced by a weak probe pulse. As a result of this the detuning of the probe pulse 
from the centre of the photonic band gap occurs. We present the comparison of SPM 
and XPM switching simulated using the symmetrized optimized split-step method, the 
time-domain transfer matrix method and the finite difference method.    

Further we present the results of numerical investigation of the effect of modulation 
instability formed in nonlinear FBGs. The modulation instability occurs if the material 
response time is lower than the transient time of the pulse through the grating. 
Possibilities of the successful elimination of the output pulse degradation via the 
modulation instability under different conditions implemented into numerical 
experiments (different pulse widths, input powers and FBG parameters, e.g. materials, 
types and lengths) are suggested. In Fig.1 the modulation instability in case of a 3 ns 
input Gaussian pulse (left) can be observed. If a 30 ps input pulse (right) enters the 
grating the modulation instability in the reflected pulse disappears under the same FBG 
parameters.   

 
Fig. 18. The temporal response of 3 ns (left) and 30 ps (right) input pulses (dashed line) of 
190 MW/cm2 peak intensity reflected (solid lines) by a uniform nonlinear FBG (the length 

of 0.01 m, the modulation depth of 1×10-4). 
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Single-frequency fiber lasers are specific light sources suitable for optical communi-
cation, interferometric sensing, coherent light detection and ranging, laser spectro-
scopy, etc. [1]. The suitable structures are distributed Bragg reflector (DBR) fiber lasers 
consisting of two fiber Bragg gratings (FBGs) at the ends of an active fiber [2] (Fig.1).  

 
Fig. 1. Schematic of DBR fiber laser. 

To reach the single-frequency lasing the length of an active medium (amplifying fiber) 
should be determined correctly via computer simulation. Since FBG mirrors are 
modulated structures which are inseparable parts of a lasing structure, then for 
resonant characteristics of the laser structure correct wavelength-scale numerical 
simulation is pertinent. For self-consisting numerical simulation the method of single 
expression is used [3].  In the modelling, initially, at the central wavelength of FBGs, 
known as Bragg wavelength, transmission spectra of DBR fiber laser have been 
analysed for different lengths of the fiber between FBGs at the absence of loss or gain.  
Starting from the minimal length of the fibre, full transmission at the Bragg wavelength 
is obtained for the row of increasing lengths of the fiber. Inclusion of the specific value 
of gain in the active fiber of these lengths permitted to obtain radiation along the fiber. 
At the other wavelengths multiple transparency peaks not corresponding to radiation 
are observed. An existence of one dominant mode radiation at the Bragg wavelength is 
explained by the optical field distribution within the resonator. Maximal field amplitude 
within the active fiber is observed for the resonant Bragg wavelength only. In 
conclusion, the possibility of single-frequency radiation from DBR fiber laser at the 
specific lengths of the active fiber has been obtained by the correct wavelength-scale 
simulation.    
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Nowadays nonlinear effects occurring in standard silica singlemode optical fibers 
during propagation of optical signals grouped by DWDM systems with narrow channel 
spacing are the main issue for a passage to new-generation transport networks 
providing high bit rates of hundreds Tbps and more [1, 2]. Decreasing of fiber own 
nonlinearity is obvious effective method for suppression of nonlinear effects in fiber 
optic link. For conventional silica telecommunication optical fibers this may be 
performed either by choice of corresponding core special dopant materials or by 
enhancing of effective area that may be realized also by enlarging of core diameter. 
Enlarged optical fiber core diameter leads to new higher order modal components 
occurring and it requires management of differential mode delay (DMD), which is the 
main linear distortion effect for optical signal propagating over optical fiber under a 
few-mode regime [3]. This work presents alternative method for design special 
refractive index profiles of silica few-mode fibers with enlarged core diameter that 
provides suppression of nonlinear effects due to great effective mode area and 
decreased DMD over central region of wavelength “C”-band. We represent some results 
of refractive index profile synthesis for 6-mode silica optical fiber with core diameter 
22 µm and effective mode area more 140 µm2 for low-order guided modes and 
computed spectral curves of guided mode staff dispersion parameters over “C”-band.  

   

Fig. 1. Results of 6-mode FMF with 22 µm core diameter design: synthesized graded 
refractive index profiles and DMD curves over C-band central region computed  

for profile samples. 
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Space division Multiplexing (SDM) is a breakthrough technology that could enhance 
data carrying capacity beyond Shannon limits by increasing spatial degree of freedom 
of fiber [1]. A few mode fiber (FMF) provides parallel and orthogonal channels for 
signal transmission. To utilize such a fiber in optical communication, it is necessary to 
develop few-mode erbium-doped fiber amplifier (EDFA) [2]. 

We propose a segmented-core EDFA with optimum doping profile. The first and third 
segments are made of Ge-doped silica with refractive index difference ∆ of 0.48% and 
1%, respectively. The second segment and the cladding are made of silica. Additionally, 
the first segment is partially doped and the third segment is extra-annulus doped with 
Er+3 ions. The mode profiles and effective indices have been calculated by using transfer 
matrix method. The fiber supports six mode groups LP01, LP02, LP11, LP21, LP31, and LP41 
(20 modes including degeneracy and polarization) with effective index separation 
greater than 4×10−4. Gain modelling of EDFA is according to Ref. [3]. The input signal 
power used in each signal mode at 1530 nm is 30 µW. The fiber supports 30 pump 
modes at 980 nm and the input power used in each pump mode is 6 mW. Fig 1(a) 
shows that differential modal gain (DMG) of five mode groups LP01, LP11, LP21, LP31, and 
LP41 is less than 1 dB due to extra-annulus doping of third segment. Additionally, gains 
of LP02 mode group intersect with the gains of other mode groups due to partial doping 
of first segment. Therefore, we have achieved less than 1 dB DMG of six mode groups 
for fiber length lying between 2.4 m and 3.7 m. The results in Fig. 1(b) show that DMG 
of six mode groups over C-band is less than 2.5 dB with fiber of length 3.6 m. The 
proposed fiber would be useful for SDM system.   

  

Fig. 19. Variation of gains of signal mode groups (a) with fiber length (b) over C-band. 
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The term soliton refers to any optical field that does not change during propagation 
because of a delicate balance between nonlinear and linear effects in the medium. This 
kind of balance can be described by the nonlinear Schrödinger equation. A transmission 
system using dispersion-managed solitons is an attractive candidate for future high-
speed and long-distance optical communications.  

The aim of the paper is to demonstrate the ultrashort pulse transmission in amplified 
fiber link using solitons pulses under the influence of third-order dispersion (TOD). One 
of the main goals is to numerically obtain the eigensolution under the influence of TOD 
in a lossless fiber link. In practical systems, the fiber loss cannot be ignored and is 
compensated periodically by optical amplifiers.  

The spectral changes caused in normal and anomalous dispersion regime in case of 
solitary input wave will be demonstrated. To simulate the spectral changes, it is 
necessary to use robust numerical method and also to ensure stability of the solutions. 
In this case we have focused on the numerical method of lines to solve the wave 
equation governing optical soliton.  

As the input power becomes higher, the short pulse region gradually moves into the 
anomalous dispersion area, since the zero-dispersion transmission becomes degraded 
by the interaction between fiber nonlinearity and TOD. These interactions will have a 
huge influence on the final shape of the soliton pulse spectra, which can also lead to an 
overall degradation of the signal transmitted in the fiber. The Figure on the left side 
represents the soliton pulse distortion as a result of failure to provide a perfect balance 
between the dispersion and nonlinear effects.   

 

Fig. 20. Time and spectral signal distortion during the propagation in the optical fiber. 
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We present VPImodeDesigner [1], a versatile simulation environment for the design 
and optimization of high-index-contrast and diffused (graded-index) straight and bent 
optical waveguides and fibers, made of dispersive and lossy, isotropic and anisotropic 
materials (including non-diagonal and gyrotropic anisotropy). The core of the tool 
comprises a set of finite-difference mode solvers supporting non-uniform discretization 
mesh and PML boundary conditions. All optical materials (lossy, dispersive, anisotropic, 
thermo-optic) are treated through the standardized interface, thus allowing to start 
prototyping with idealized materials, and later replacing them very easily with fully 
realistic ones. The physical quantities are handled as objects possessing both, values 
and units. This allows, in particular, to freely use either frequency or wavelength for 
describing arbitrary dispersive waveguide or material properties. Elaborated object-
oriented interfaces are provided for waveguide cross-section definition and non-
uniform mesh customization, treatment of calculated guided modes and all the main 
mode properties. In particular, the vector mode fields, as well as their scalar field 
components, support all standard mathematical operations as objects. Consequently, 
the Poynting vector or energy density can be calculated in a single line of code; plotting 
or integrating them in the desired area requires only one additional command. Built-in 
sweeps by frequency/wavelength, temperature, and bend radius, with embedded least-
square fitting and interpolation of the calculated mode properties (including group 
index and dispersion) support the very fast and productive design workflow. All this 
functionality is provided as a scriptable Python-based simulation environment that can 
be conveniently accessed through the IPython Notebooks. It supports an easy 
integration with circuit-level simulation tools and can be also combined with the SciPy 
ecosystem providing open-source software for mathematics, science, and engineering. 

 

Fig. 21. Illustration of modeling a high-index-contrast active optoelectronic device: cross-
section (left), its non-uniform discretization (center), and calculated mode profile (right). 
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Most of the optical networks-on-chip (ONOCs) architectures proposed so far in the 
literature rely for their operation on wavelength division multiplexing (WDM) [1]. A 
limitation to the WDM approach for on-chip communications stems from the difficulty 
of integrating light sources on a silicon CMOS compatible platform. Therefore, to 
optimise the use of the available lasers, a further dimension inherent to optical 
communications can be leveraged to implement on-chip networking, namely the spatial 
(modal) one. In mode-division multiplexing (MDM) techniques [2], distinct 
communication channels are allocated, on the same common wavelength, to the various 
modes of a multi-mode waveguide.  
While for on-chip WDM networks the awareness on the requirements of functional 
building blocks is well established, for on-chip MDM systems, on the contrary, the 
design constraints at both device and system levels are still an open issue of 
investigation. The aim of this contribution is to explore, by means of analytical 
(scattering matrix formalism) and numerical (FDTD) tools, the design space of different 
MDM building blocks. A selection of MDM devices is depicted in Figure 1. Panel (a) 
shows an asymmetric directional couplers implementing TE0 to TE1 multiplexing via a 
phase matching condition. Panel (b) shows an orthogonal crossing between two 
bi-mode waveguides; here, the optical response must be assessed in both TE0 and TE1 
operating modes. Microrings can also be exploited for routing in the multimode 
domain, as presented in Panel (c).    

 

Fig. 22. Building blocks for on-chip MDM. (a) Asymmetric coupler for TE0 to TE1 
multiplexing. (b) Multimode orthogonal crossing. (c) Multimode ring resonator. 
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A polarisation singularity occurs at a position in the electromagnetic field where one of 
the parameters describing the local polarisation ellipse becomes singular or undefined.  
For example, C-points occur where the orientation of the local polarisation ellipse is 
singular.  Photonic crystal waveguides are known to support C-points, thanks to the 
large longitudinal component of the electric field in the waveguide mode.  C-points 
occur at positions where this longitudinal component is equal to the transverse one, but 
with a quarter-wave phase slip; hence it has local circular polarisation. 

These C-points allow a photonic crystal waveguide to display local chirality, even 
though the global chirality is zero.  Such local chirality has particular consequences for 
quantum emitters, which tend to be point-like dipole emitters and often possess their 
own chirality.  For example, electron transitions in quantum dots impart angular 
momentum on the photons they emit.  If such a quantum dot is placed at a C-point, this 
angular momentum interacts with the local chirality to give a unidirectional emission 
dependent on the spin of the electron.  Such spin-dependent unidirectional emission is 
a very attractive property for quantum information applications, as it allows for 
deterministic entanglement of spin and photon path information [1].  Here, we will 
show how this can be used to build a spin-photon interface that can convert quantum 
information stored in static qubits into flying qubits. 

We also study the effects of disorder in the photonic crystal waveguide on the 
polarisation singularities.  We find that C-points are remarkably robust to the 
introduction of disorder, persisting far beyond expected levels of disorder in real 
waveguides [2]. 

 

Fig. 23. FDTD simulation of a quantum dot placed at a C-point in the photonic crystal 
waveguide.  We find a correlation of >99% between spin of the electron and emission 

direction into the waveguide. 
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We investigate theoretically and numerically the properties of a system made of a two-
mode waveguide (WG) coupled to a single-mode nonlinear (Kerr) ring resonator (RR) 
of total length L [Fig. 1]. Time dependence is taken as exp(+i ω t). 

a2 

b6 

a1 

b5 

b4 

NON-LINEAR (KERR) MEDIUM 

a3 d  

Fig. 24. Schematic representation of the system in terms of scattering parameters, with the 
two-mode waveguide formally described as two coupled single-mode waveguides. 

The two-mode lower WG being formally equivalent to two coupled single-mode WGs [1], 
the coupling zone of length d is well described by a (3×3) matrix of the form: 
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, (1) 

with scattering parameters easily derived from coupled-mode theory [2]. Closing the 
loop with ( )

1 4 e i L da b β− −=  (where β is the propagation constant), then reversing to the 

even (e) and odd (o) supermode basis, we obtain not only the (2×2) Jones-like matrix of 
the system, but also the internal fields in the RR. For instance, b4 reads: 
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κ κ
− −
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, (2) 

where R e–i φ = ρ e–i β (L – d), and ae (resp. ao) denotes the amplitude of the even (resp. odd) 
input mode. Both modes are equally coupled into the RR and contribute to the 
nonlinear effect. With φ = φlin + 2π (|b4| 2/PK) the total phase, where PK is the Kerr power 
of reference, a self-consistent calculation enables one to determine the internal state, 
thus the bistability domain. Moreover, the system can work as a nonlinear mode mixer. 
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Nanostructured dielectric waveguides are of high interest for biosensing applications, 
light emitting devices as well as solar cells. Multiperiodic and aperiodic nanostructures 
allow for custom-designed spectral properties as well as near-field characteristics with 
localized modes [1-4]. Here, a comparison of experimental results and simulation 
results obtained with different simulation methods is presented. We fabricated and 
characterized multiperiodic nanostructured dielectric waveguides with two, three, and 
four compound grating periods as well as aperiodic nanostructured waveguides based 
on Rudin-Shapiro, Fibonacci, and Thue-Morse binary sequences. The near-field and far-
field properties are calculated employing the finite-element method (FEM), the finite-
difference time-domain (FDTD) method as well as a rigorous coupled wave algorithm 
(RCWA). Exemplary, Fig. 1 shows results for a Thue-Morse nanostructured waveguide.    

a)     (SL)            c) 

 

 

  

   (DL) 

b) 

 

 

Fig. 25. a) Waveguides with Thue-Morse nanostructure in single-layer (SL) and double-
layer (DL) configuration. b) Near-field image at 530 nm resonance calculated with FEM in 

[V/m]. c) Experimental reflectivity results and results of different simulation methods. 
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We present a versatile model for designing optoelectronic devices. It significantly 
extends the established transmission-line laser model (TLLM), which was used during 
the last two decades as universal method for simulating distributed active devices [1]. 
Our model implements a fourth-order split-step computational scheme [2] with highly 
accurate description of DFB and DBR gratings, including apodized, chirped, non-
reciprocal and sampled Bragg gratings. It supports non-uniform step sizes and embeds 
several dynamically tunable infinite-impulse response (IIR) digital filters for accurate 
modelling of fractional group delays and multi-Lorentzian fitting of arbitrary carrier-
dependent measured gain and electro-absorption spectra. All major physical effects, 
such as free-carrier absorption and free-carrier dispersion, two-photon absorption and 
Kerr nonlinearity, Pockels and Franz-Keldysh or Stark effects, are supported as well. 
Together with the built-in support of multi-section electrical contacts and lumped 
reflectors, this allows highly realistic modelling of Fabry-Perot and more complex 
DFB/DBR lasers, semiconductor optical amplifiers, electro-absorption modulators, and 
almost any other types of distributed optoelectronic devices with either distributed or 
lumped feedback. The described model is integral part of the professional simulation 
environment VPIcomponentMaker Photonic Circuits [3]. 

 

Fig. 26. Automated multi-Lorentzian fitting of measured electro-absorption spectra. 
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The application of explicit time domain methods for the simulation of electromagnetic 
fields in photonic devices is limited by the choice of small time steps. Explicit 
approaches based on different polynomial expansions of the time propagator are 
discussed for the feasibility to apply large time steps. 

Introduction: For conventional explicit methods, the required time step depends on the 

spatial discretization because of stability concerns. A dense spatial discretization results in a 

very small time step leading to large computation times. To increase the time step, implicit 

approaches [1] are reasonable, but also lead to high computations times due to the required 

solution of matrix-vector equations. Algorithms are needed allowing explicit formulations 

and large time steps.  

Summary: The mentioned assessment is based on a discretized scalar Helmholtz-equation. 

The time propagation algorithm can be derived and written as 

 Ψbbbc	! d Δ!
 + e	fgh
 ∙ Ψbbbc	!
 � Ψbbbc	! � Δ!
 + 2 ∙ cos lmfgh ∙ ∆!n ∙ Ψbbbc	!
 � Ψbbbc	! � Δ!
.  (1) 

Ψbbbc	!
 denotes the discretised field distribution in time and the operator e	fgh
	depends 
on a spatial discretization matrix [A]. The time step is chosen to be ∆! + - ∙ ∆!o, where  
∆!o	is the time step arising from Courant's stability condition defined by ∆!o ∙
mpqrs + 1. pqrs  is the maximum eigenvalue of matrix [A]. The coefficients ai of 
polynomial approximation of the operator are determined in the eigenvalue domain for 
the corresponding operator 

 e	p
 + 2 ∙ cos t√p ∙ v
mwxyz

{ + 2 ∙ cos t- ∙ v
mwxyz

{ + ∑ }~ ∙ �~	p
�~�� .  (2) 

 
The square root term varies between 0 and 1, so the operator can be easily 
approximated by means of Chebychev or Bernstein polynomials represented by the 
functions �~	p
. These polynomial expansions are investigated.  

 

Conclusion: In contrast to implicit approaches the solution of linear matrix-vector 

equations can be omitted. The Chebychev and Bernstein polynomials of higher 

orders can be calculated using recurrence relations allowing an efficient explicit method. 
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