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Abstract

This study presents the design and simulation of a 4-channel polymer-based planar arrayed waveguide
gratings optical demultiplexer for telecommunication applications. The demultiplexer was designed for
a central wavelength of 1550 nm using the AWG-Parameters tool. A single-mode polymer waveguide
structure with a 2 um % 2 um cross-section was employed, utilizing IP-Dip polymer as the core material
and polydimethylsiloxane Sylgard 184 as the cladding. The AWG structure was designed and simulated
using the PHASAR tool from Optiwave, while its transmission characteristics were analyzed with the
AWG-Analyzer tool. Additionally, the optical properties and dimensions of the AWG structure were
optimized to meet the manufacturing constraints of the direct laser writing lithography process. These
optimizations are crucial for ensuring the scalability, performance, and practical fabrication of
polymer-based photonic devices.

Keywords: arrayed waveguide gratings, polymer-based AWG, direct laser writing, two-photon
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1. INTRODUCTION

Arrayed waveguide grating (AWGQG) is a planar waveguide structure widely employed in applications
ranging from telecommunications [1], environmental monitoring [2] to biomedical diagnostics [3]. In
optical communication networks, AWG-based multiplexers and demultiplexers enable high data
throughput by facilitating wavelength division multiplexing (WDM), thereby significantly enhancing
system capacity. In biomedical applications, AWGs serve as compact optical spectrometers in
miniaturized, on-chip integrated optical systems for diagnostic techniques such as imaging and
spectroscopy [4].

The performance of AWGs strongly relies on the waveguide structure whose optical properties are
largely determined by the materials used. Depending on the application requirements, AWGs can be
fabricated on various material platforms, including silica-on-silicon (SoS) waveguides [5], silicon-on-
insulator (SOI) rib waveguides [6], buried InP/InGaAsP rib waveguides [7], polymer waveguides [8],
and SisN. waveguides [9]. For telecommunication applications, the most suitable material platform is
the so-called “low-index-contrast” platform using silica-on-silicon (SoS) or polymer waveguides. These
waveguides are characterized by a low refractive index contrast between the waveguide core and
cladding, and a large cross-sectional area. This results in low propagation losses and high coupling
efficiency with optical fibers.

Direct laser writing (DLW) lithography, based on two-photon polymerization (TPP), is an advanced
fabrication technique offering a cost-effective and rapid alternative to conventional planar technologies.
The DLW offers fast prototyping of the polymer-based photonic devices such as waveguides, splitters
or AWGs in two-dimensional (2D) or three-dimensional (3D) arrangement.

In this work, we present the design of a 4-channel AWG with various channel spacings, optimized to
reduce the overall footprint of the structure to meet the fabrication constraints of the DLW lithography
process. The most suitable AWG design will be fabricated in 2D arrangement using DLW, and the
achieved results are evaluated and discussed.
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2. AWG PRINCIPLE

An arrayed waveguide gratings consist of an array of waveguides (referred to as the phased array, PA)
and two star couplers, as illustrated in Fig. 1a. One of the input waveguides launches the light containing
multiple wavelengths (4 to 4,) into the input star coupler, which then distributes the light uniformly
across the waveguide array. The light subsequently propagates through the PA waveguides to the output
star coupler. The lengths of the PA waveguides are designed such that the optical path length difference
(dL) between adjacent waveguides corresponds to an integer multiple of the central wavelength (4.) of
the AWG demultiplexer. For this wavelength, the optical fields in the individual arrayed waveguides
arrive at the input of the output star coupler with equal phase, thereby reconstructing the input field
distribution at the entrance of the output coupler. Within the output star coupler, constructive
interference causes the beam to converge at a specific focal point along the focal line in the image plane.
Thus, for A, the input field at the object plane of the input coupler is transferred to the center of the
image plane of the output coupler. When the input wavelength shifts to . £ 44 (i.e., 41, 42, ...), a linear
phase shift is introduced across the phased array. This results in a tilted phase front at the entrance of
the output star coupler, causing the beam to focus at a different point in the image plane. By positioning
output waveguides at these distinct focal points, the AWG spatially separates the different wavelengths,
enabling wavelength demultiplexing [10]. Figure 1b presents the transmission spectrum, demonstrating
four clearly separated optical signals.
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Fig. 1. Principle of an AWG with the design parameters (a), transmission characteristics consisting of
four separated optical signals (b) [11].

3. DESIGN
3.1. Design of waveguide structure

Various polymer waveguide structures were designed utilizing IP-Dip polymer as the core material and
polydimethylsiloxane (PDMS) Sylgard 184 as the cladding to identify the technological limitations for
single-mode operation at a wavelength of . = 1550 nm. To minimize polarization- and wavelength-
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dependent losses, a square cross-section was selected for the waveguide geometry. Figure 2a shows the
cross-section of the designed waveguide structure, including the key design parameters: the width and
height of the waveguide (w), as well as the refractive indices of the core (1. = 1.53) and the cladding (n;
=1.3997). Based on simulation results, the final dimensions of the waveguide were set to 2 pm x 2 pm.,
Figure 2b shows the simulated field distribution in the designed waveguide showing the single-mode
operation.
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Fig. 2. Cross-section of the used polymer waveguide structure (a); Simulated field distribution
showing the single-mode operation. (b).

3.2. Design of AWG structure

In the first step, the 4-channel, 100-GHz AWG structure was designed. For the calculation of AWG
design parameters, which are essential to create the AWG layout, the in-house developed tool “AWG-
Parameters” was used [11]. Figure 3 shows the user interface of the tool.

Page 37



Materials, Methods & Technologies Journal of International Scientific Publications
ISSN 1314-7269, Volume 19, 2025 www.scientific-publications.net

X AWG parameters - CountDialog-untitled1
File View Tools Window Help

LEzEd ?
9% CountDialog-untitled1 [E=RE=H =<7

~Materiagl ——— ~ Transmisson Parameters =-= AWG Parameters —Computed data

wium) |2 Num r— v [4.858839
neff |1 5218321 w eff (pm) |
- 13997 Lambda (pm) |1.55 Na 102.512153 LAG%12
. s max [pm) ]
Cr (4B) r dx (um) ﬁ I1 4.000000

[ Theta 0 [rad) i
CRaw (dB) |94 — dd(pm) I35— IU 275574

% Properities-> dimension
. p |.| ° Theta max (rad)  |p.029538
" Dimension -> properities | | Lu (dB) 01 LFf (pm) I 473
Theta a (rad) |0. 375574
df (GHz) 100 dL (um) |-| 005
Properities == dimension— D Ill 063342

I Correction
Step Number |0 _,: Reload | alfa (rad) Ig_ggmgg

r

—Graph calculation df str (GHz) 1961.50063;
Variable from to steps
NONE LI I | | m |99. 000000
"ﬁ%’ Calculate I

Fig. 3. User interface of the AWG-Parameters tool calculating input design parameters [11].

AWG design parameters are as follows (graphical representations of these parameters are in Fig.1):
e waveguide separation between PA waveguides (parameter dd),

e waveguide separation between input/output waveguides (parameter dx),

e length of the star coupler (parameter Lf),

o optical path length difference between adjacent waveguides in the phased array (parameter dL),

o number of array waveguides, Na is usually calculated from the width of the input star coupler, W
divided by the waveguide separation between PA waveguides (Na ~ W/dd).

3.3. Simulation of AWG structure

AWG design parameters from the AWG-Parameters tool serve as input for commercial photonic design
tools to generate the AWG layout. Figure 4 shows the layout of the designed 4-channel, 100-GHz AWG
created using the commercial PHASAR tool from Optiwave [12]. The output from the simulations are
the transmission characteristics.
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Fig. 4. Layout of the designed 4-channel, 100-GHz polymer-based AWG created using the PHASAR
tool from Optiwave with simulated transmission characteristics.

3.4. Analysis of transmission characteristics

The AWG-Analyzer tool [11] was used to extract key transmission parameters from the simulated
transmission spectra of the designed AWGs. Figure 5 shows the graphical user interface of the tool. The
simulated data obtained from the PHASAR tool are displayed in the “Raw-Data” window, while the
corresponding graphical representation is shown in the “Diagram” window. A total of nineteen
transmission performance parameters are computed and listed in the “AWG Transmission Parameters”
window. The definitions and detailed descriptions of these parameters can be found in [11].

The most important parameters are:

e Peak insertion loss, p/L. =—1.903 dB

e Insertion loss, /L =-2.832 dB

e Peak insertion loss uniformity, p/Lu = 0.323 dB

o Insertion loss uniformity, /Lu = 0.367 dB

e Adjacent channel crosstalk, AX=32.618 dB

e Non-adjacent channel crosstalk, n4X =33.531 dB
o Background crosstalk, BX =-42.615 dB
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Fig. 5. User interface of the AWG-Analyzer tool [11].

4. AWG OPTIMISATION

As shown in Fig. 5, the calculated transmission parameters indicate outstanding AWG performance,
including low insertion loss (/L, pIL), low non-uniformity across all output channels (/Lu, p/Lu), and
high channel isolation (4X, n4X, BX). However, the footprint of the AWG structure depicted in Fig. 4
is 2.6 mm x 4.8 mm, which exceeds the practical limits of the DLW fabrication process. Analysis of the
AWG layout reveals that the phased array waveguides occupy the largest portion of the overall structure.
To reduce the physical size of this region without performing a complete redesign, the channel spacing
can be increased from 100 GHz to 200 GHz. By doubling the channel spacing while keeping all other
design parameters constant, the size of the phased array can be approximately halved.

Figure 6 compares three different AWG configurations: a 4-channel AWG with 100 GHz channel
spacing (referred to as Design-1), a 4-channel AWG with 200 GHz spacing (Design-2), and a 4-channel
AWG with 400 GHz spacing (Design-3). All three AWGs have the same design parameters except
parameter dL and also the same standard liner tapers. As can be seen, the 200 GHz design achieved a
reduced footprint of 1.8 mm x 2.8 mm, while the 400 GHz design further decreased the size to 1.4 mm
x 1.9 mm.

4.1. Further optimisation

Further size reduction of the 4-channel, 400-GHz AWG (Design-3) focused on lowering the number of
waveguides in the phased array, Na. As previously mentioned, Na is typically determined by the width
W of the input star coupler divided by the waveguide separation, dd in the phased array. However, to
maintain low channel crosstalk the width of the coupler, # must not be smaller than the width of the
far-field intensity distribution at the output aperture of the input star coupler [10]. This implies that if
the far-field intensity profile can be shaped to be narrower, the number of phased array waveguides can
be reduced without degrading AWG performance. Based on this principle, we investigated the use of
different input tapers positioned in front of the input star coupler to reshape the far-field profile and
evaluated their effect on the AWG performance.
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Figure 7 shows three variants of the 4-channel, 400-GHz AWG structure (Design-3), each incorporating
a different taper design. These modifications enabled a further reduction in the number of PA
waveguides and consequently a smaller overall device footprint: Design-3a achieved a size of 1.3 mm
% 1.75 mm, Design-3b reached 1.25 mm X 1.6 mm, and Design-3c was reduced to 1.0 mm % 1.4 mm.
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S. DISCUSSION

Figure 8 presents a comparison of the transmission characteristics for Design-1, Design-3, Design-3a,
and Design-3c. In all designs, the four transmitted optical channels are clearly separated. However, the
implementation of different input taper geometries affects the spectral shape of the transmitted signals
and thus impacts overall AWG performance. Design-1 and Design-3 exhibit typical Gaussian-shaped
transmission spectra, characterized by low insertion loss and high channel isolation. In contrast, Design-
3a shows a slightly semi-flat-top profile, while Design-3c demonstrates an almost flat-top shape. These
flatter spectral responses result in an increased insertion loss and elevated channel crosstalk compared
to the Gaussian-shaped designs but on the other hand feature much better detection conditions (i.e.,
higher tolerance to laser wavelength deviations from the given channel center wavelength) [13].
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Fig. 8. Comparison of transmission characteristics of a 4-channel, 100-GHz AWG (Design-1), a 4-
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Table 1 provides a summary of the calculated transmission parameters for all AWG designs, confirming
their respective performance characteristics.

AWG Design-1 Design-2 Design-3 Design-3a Design-3b  Design-3c¢
pIL —1.903 —2.062 —2.462 —2.745 —4.32 —5.825
IL —2.832 -3.015 -3.383 -3.538 —5.285 —6.158
pILu 0.323 0.294 0.631 0.535 0.664 0.776
ILu 0.367 0.363 0.624 0.557 0.832 0.905
AX 32.618 32.905 32.264 28.572 26.98 19.207
nAX 33.531 34.082 34.667 31.748 28.55 28.723
BX —42.615 —44 —45.14 —41 —41.6 —41.189

Table 1. Transmission parameters from all AWG designs calculated by the AWG-Analyzer tool.
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6. CONCLUSION

We have presented the design and optimization of polymer-based 4-channel AWGs intended for
fabrication using direct laser writing lithography, which enables rapid prototyping of photonic
waveguide devices in both 2D and 3D configurations. The AWGs were designed as planar waveguide
structures with different channel spacings to minimize the overall footprint. Further size optimization
was achieved by implementing different input taper geometries. The simulated transmission
characteristics and the calculated performance parameters confirm the effectiveness of the proposed
designs. In the next phase, fabrication of the AWG prototypes using the DLW technique is planned.
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