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Highly accurate vectorial computer‑aided design software suite for
high‑sensitive and high‑precision integrated optics design©
Background
With the emergence of photonics in high‑precision measurement applications and data processing, the uninterrupted
understanding of the complex characteristics of the photonic components and their system integration on a common
substrate (photonic integrated circuit) is a match winning point for their successful design, optimisation, production and
its functionality. The increasing demand on these highly precise systems require appropriate computer‑aided design
tools to improve productivity, quality, yield, reduce risks and lower overall time and costs in the design and optimisation
process of photonic components and entire systems.
To take into account the characteristics of the vectorial field properties imposed by the waveguide geometry, the prop‑
erties of the medium, refractive‑index distribution and electric fields a highly accurate vectorial beam propagation
method (BPM) and modal analysis, based on the vectorial wave equations, for the design and optimisation of com‑
plex, high‑sensitive and high‑precision photonic components was developed and is presented here. A decisive advan‑
tage of this design software tool is, among others, that even extremely small refractive index gradients in the range of
10−10 can be calculated without difficulty. This is a match winning point at the development of optical components
with a diffused refractive‑index distribution in optical waveguides.
The integration of the waveguide on the wafer or the photonic components on a common photonic integrated circuit
is accompanied by a multitude influencing effects. These effects occur due to temperature gradients, internal stresses
and tensions as well as an elastic distortions of the grating in the crystal. For this reason an engineering part is added
to the design software suite. With the engineering part the pyroelectric effect, electro‑optic effect, elasto‑optical effect,
direct piezo‑optical and reciprocal piezo‑optical effect, the thermo‑optical refractive index change and the refractive
index changes can be considered in the design and optimisation process.
The vectorial formulation with specially developed algorithms of the design software suite presented here, allows a
much more precise and realistic consideration of the interaction between electromagnetic waves and the wave‑guiding
medium and structure. The photonic design can be parameterized, and optimized.
Characteristics and features:
• Tailored specifically to industrial needs with an exact scientific foundation
• Any structure and refractive index distribution can be analyzed by a number of numerical algorithms,
and many levels of analysis are possible, including: scalar, vector, electric formulation, magnetic for‑
mulation, isotropic and anisotropic, consideration of dispersion and absorption in the medium due to a
complex index of refraction, extremely small refractive index gradients of 10−10 easily to handle
• 90% savings in the design, development and manufacturing process in terms of time and cost in connec‑
tion with a significantly improved productivity, quality, yield as well as components and system quality
and functionality. Cost and time‑consuming prototypes, tests and series of measurements are avoided
• Completely open source code with fully optimized routines, no additional modules necessary
• Fully customizable software tool, database of photonic components can be expanded as required easily
• Results verified with real photonic components and systems on photonic integrated circuit level
• Doctor of Engineering (Dr.‑Ing.) was awarded from the Fraunhofer Institute for Laser Technology (ILT),
RWTH Aachen University for this computer‑aided design software suite.
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Computer‑aided design software suite
For a complete characterisation, design and optimisation of photonic components and systems, the design software
suite consists following components:
• Mode3D is a modal analysis software dedicated to the modal analysis of waveguides which is the first job in
optical component and system design and optimisation. Any refractive index distribution can be taken into ac‑
count. The modal analysis algorithm computes and determines the number of all existing modes and propaga‑
tion constants in an optical structure and allows to determine the whole optical field distributions and patterns.
The equations for formulating the Mode3D algorithm are:
∇ × ( 𝜖𝑟⃗⃗

−1

⃗ − 𝜔2 𝜖0 𝜇0 𝜇𝑟⃗⃗ 𝐻⃗ = 0
∇ × 𝐻)

⃗
∇2 𝐸⃗ + 𝑘02 𝜖𝑟⃗⃗ 𝐸⃗ = ∇ (∇ ⋅ 𝐸)

• BPM3D is a beam propagation method (BPM) computer‑aided design software tool enabling design and op‑
timisation of complex optical waveguides, which perform guiding, coupling, switching, splitting, multiplexing,
and demultiplexing of optical signals in photonic devices. With BPM3D you can observe the near field distribu‑
tion, examine the radiation and guided field, simultaneously and perform a power calculation. The simulation
of optical waveguides with any refractive index distribution, both isotropic and anisotropic, including dispersion
and absorption due to a complex index of refraction is possible.
The equations for formulating the BPM3D algorithm are:
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• BIHARMONIC belongs to the engineering part and is the algorithm to calculate the change in the refractive index
due to an internal stress state in the crystal caused by temperature gradients and volume forces. The biharmonic
equation BIHARMONIC is a fourth‑order partial differential equation which arises in areas of continuum mechan‑
ics. The equations for formulating the BIHARMONIC algorithm are:
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Representative examples are given in the following to demonstrate the applicability of the present software suite.
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Application of the Tool ‑ Representative Examples
In the course of advanced industrial research and development activities for the design on future orientated high‑
precision photonic components and devices for innovative course and position reference systems for aerospace ap‑
plications few representative examples are given in the following.
With the development of optical rotation sensors at the beginning of the 20th century, the inertial navigation became
revolutionized. A special class of innovative course and position reference systems are the Strapdown Inertial Naviga‑
tion Systems (SINS).
For high‑precision heading and position reference systems, Ring Laser Gyroscope (RLG) systems are predominantly
used today. The reason for this can be found in the high resolution of the rotation rate of up to 𝜔 = 0.001o /h. These
changes in rotational speed require a resolution in order of Δ𝐼 ≈ 10−13 W of the photodetector. An equally impres‑
sive resolution is provided by Interferometric Fiber Optic Gyros (IFOG) systems. However, IFOG systems are at least a
factor of two more cost‑effective than the RLG systems due to integration on a common photonic integrated circuit.
The cost reduction in an existing system is opposed by the new development of system components. Complex optical
technologies are the basis for the miniaturization of the Fiber Optical Rotationsensor (FORS).
Schematic representation of a Fiber Optical Rotationsensor (FORS) based on a Interferometric Fiber Optic Gyros (IFOG):

Crucial to high accuracy heading and attitude reference systems based on a IFOG are the precision of the beam splitting
in the beam splitter as well as temperature gradients. A non‑precise beam splitting or time or spatially inhomogeneous
temperature distributions can falsify the interference signal for sensing the rate of rotation. As a suitable substrate ma‑
terial for the reproducible production of low‑loss waveguiding geometries, the monocrystals of the non‑naturally oc‑
curring birefringent lithium niobate are used. This material is characterized by its excellent electro‑optical and acousto‑
optical properties. Due to its ferroelectricity, lithium niobate shows also the properties of pyroelectric and piezoelectric‑
ity. Furthermore, it shows the elasto‑optical and the piezo‑optical effect. These characteristics have led to intensified
research and development activities for high‑precision attitude and heading reference systems (AHRS) for navigation,
guidance and control of aircrafts based on the IFOG.
The following examples show some development steps for a designed and realized beam splitter, the core element of
an IFOG. The following pictures show this beam splitter (left) and in the form of a Mach–Zehnder interferometer with
coplanar gold electrodes of 50𝜇m width and 400nm thickness (right):

All crystals and materials that are suitable for integrated optical components can be calculated with the software suite.
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MODAL ANALYSIS
Waveguide with a diffusion profile
Illustrated for the first time, modal analysis of a titanium‑diffused lithium niobate (𝑇 𝑖 ∶ 𝐿𝑖𝑁 𝑏𝑂3 ) optical waveguide in x‑
cut lithium niobate, refractive index gradient Δ𝑛 = 10−5 , error function refractive index distribution in the x‑direction
and Gaussian in the y‑direction. Representation of the refractive index distribution and the field distribution of the
guided 𝑇 𝐸00 ‑mode (left) and 𝑇 𝐸01 ‑mode (right):

Modal analysis of an multimode titanium‑diffused lithium niobate (𝑇 𝑖 ∶ 𝐿𝑖𝑁 𝑏𝑂3 ) waveguide in x‑cut lithium niobate,
refractive index gradient Δ𝑛 = 10−5 . Error function refractive index distribution in the x‑direction and Gaussian in the
y‑direction. It can be seen that only the 𝑇 𝐸00 and 𝑇 𝐸01 ‑modes are capable to propagate:
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In the following the numerical determination of the dispersion relation for a titanium‑diffused lithium niobate
(𝑇 𝑖 ∶ 𝐿𝑖𝑁 𝑏𝑂3 ) optical waveguide is shown, 𝜆 = 830𝑛𝑚, Δ𝑛 = 10−6 , 𝑡 = 45∘ C.
𝑛2
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For a phase parameter equal to zero, the very important relationship for the waveguide design and the parameter for the
refractive index distribution arises. The following illustration shows the parameter of the refractive index distribution
(vertical decay constant 𝑤𝑥 , waveguide width 𝑤𝑦 ) for a monomode, multimode and cut‑off operation. These findings
are crucial for the precise design and function of optical components:
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BEAM PROPAGATION METHOD (BPM)
Taper / Beam Splitter
Illustration of a 3D beam propagation method analysis of a very well‑designed 3000μm long beam splitter in titanium‑
diffused lithium niobate (𝑇 𝑖 ∶ 𝐿𝑖𝑁 𝑏𝑂3 ), x‑cut lithium niobate, Δ𝑛 = 10−6 , 𝑡 = 45∘ C. Representation of the field
distribution of the fundamental mode 𝑇 𝐸00 as a function of the propagation length:
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Illustration of a 3D beam propagation method analysis of a of a very well‑designed titanium‑diffused lithium niobate
taper, Δ𝑛 = 10−7 . Representation of the field distribution in the x,y‑plane as a function of the propagation length.
Clearly the beam splitting from 380μm can be seen:
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In the course of optimising the beam splitting, different branch radii for different wavelengths were calculated. The
normalized power, as a feature of the quality of the beam splitting, is shown below depending on the radius of the
beam splitting in the Y‑junction for two wavelengths:

In the course of the miniaturization of optical components and systems, the behavior of beam deflection and beam
propagation was investigated. The left figure shows the power ratio (deflection to straight waveguide) in the waveguide
depending on the deflection radius in comparison to lab experiments. The propagation length until the fundamental
mode 𝑇 𝐸00 has formed, this is shown in the right figure:
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Coupler
Illustration of a 3D beam propagation analysis of a titanium‑diffused lithium niobate waveguide for a coupler in x‑cut
lithium niobate, Δ𝑛 = 4⋅10−4 . Representation of the field distribution of the 𝑇 𝐸00 ‑mode as a function of the propaga‑
tion length and the coupling into a waveguide. Clearly the decrease in intensity in the right branching arm and increase
in intensity in the waveguide can be seen as well as the feedback:
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Beam Deflection
Illustration of a 3D beam propagation method analysis of a beam deflection (waveguide with a circular arc with different
deflection radii: left: ‑0.5𝑜 /0.5𝑜 , middle: ‑1𝑜 /1𝑜 , right: ‑2𝑜 /2𝑜 ) and an optical grid for the development of a high‑speed
ATM data transmission system. The goal is a 3D structuring for the direct generation and integration of polymers like
potassium titanyl phosphate (KTP) or 𝑇 𝑖 ∶ 𝐿𝑖𝑁 𝑏𝑂3 optical waveguides for on‑chip use. Significantly, the decoupling
of the field due to an excessive deflection at a higher deflection radius can be seen:

Beam propagation method analysis of 1000μm long array consisting of 8 equal straight titanium‑diffused lithium nio‑
bate waveguides with a radius of curvature of ‑1𝑜 /1𝑜 :
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Optical grid
3D bpm simulation to design an optical grid for a high‑speed ATM data transmission system to transmit data through
an optical network. Material is potassium titanyl phosphate (KTP), 𝜆 = 532𝑛𝑚.
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KUBAINK ENGINEERING
KUBAINK ENGINEERING is a multi‑disciplinary, creative and internationally active management and engineering com‑
pany involved in the invention, design, development and manufacture of components and systems from the field of
Space Engineering & High‑Technologies, Automotive, Electronics and Photonics.
KUBAINK ENGINEERING was founded by Dr. Joachim Kubaink, a German engineer, who holds a doctoral degree in
Aerospace Engineering, is an internationally oriented technology, product and business developer.
Our expertise is to connect for the first time pioneering elements and processes from the field of High‑Technologies,
from a wide range of areas of sciences and from different industries with one of a kind engineering arts and unprece‑
dented engineering. From this fusion outstanding components, systems and products located at the interface between
the most innovative and most exclusive high technologies representing the new millennium emerge.
With our work, the limits of understanding of innovation are newly defined and even exceeded.
Dr.‑Ing. Dipl.‑Ing. Joachim Kubaink
Cologne, Germany
cologne@resear.ch
www.resear.ch
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