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Seyringer: Arrayed Waveguide Gratings 1

1 Introduction

On average, data traffic in the internet grows by 40% each year. This growth, and,
in particular, the rapidly increasing interest in videos on demand, in multiplayer
online games, and in selling music and software over the World Wide Web, nat-
urally places huge demands on the speed of data transfer. When sending data using
conventional electric data transfer, only one electric signal can be transferred per
cable. Using optical data transmission, it is possible to send several optical signals
simultaneously in one glass fiber without them interfering with one another. This
technology, known as wavelength division multiplexing (WDM), is of consider-
able importance and has one major advantage, namely that even without new
infrastructure and using as few as two colors, the transmission capacity of the
glass fiber cable can be doubled. The more wavelengths used, therefore, means
more data can be transferred. This technology allows an enormous amount of data
to be transferred through just one glass fiber 10 times thinner than a human hair.
Particularly in large cities where the laying of new glass fiber cables involves con-
siderable cost and difficulty, WDM technology has revolutionized data transfer.

Passive optical components such as optical multiplexers (MUX)/
demultiplexers (DeMUX) play an important role in this rapidly developing tech-
nology. Optical MUX are used to combine the different optical signals that carry
the data on one optical fiber. Once the data have been transmitted over long dis-
tances, optical DeMUX then split the optical signals back into separate
wavelengths.

This Spotlight aims to provide an overview of the life cycle of optical MUX/
DeMUX based on arrayed waveguide gratings (AWGs), from the principle,
design, and simulation through evaluation and technological verification. The
main topics covered are as follows:

e Principle: The basic principle of AWG operation is described.

e Design: The procedure of designing an AWG using the “AWG-Parameters”
tool is presented. This tool was used in various AWG designs and is exper-
imentally well verified.

¢ Simulation: Different commercially available photonics tools are used to
simulate the resulting AWG layouts. The suitability of these tools, as well
as their advantages and disadvantages, are discussed.

e Evaluation: In order to evaluate the performance of the AWGs, 19 different
transmission parameters were defined. These parameters were calculated by
the “AWG-Analyzer” software tool, which is described in detail.

e Fabrication: Fabrication is a critical phase in the AWG life cycle, as AWGs
are very sensitive to fabrication imperfections. It is shown that when
designing AWGs, the influence of possible technological imperfections and
process variations must be considered in the early stages of the design
process.
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2 Seyringer: Arrayed Waveguide Gratings

e Optimization: There is great scope for flexibility when designing AWGs.
However, the standard design approach is not always sufficient to reach
the required AWG specifications, and in such cases it may be necessary to
look for new solutions. Some new ideas are introduced here.

o AWG designs: Special designs, such as colorless AWGs, coarse wavelength
division multiplexing (CWDM) flat-top AWGs or narrow-channel-spacing,
high-channel-count 256-channel 25-GHz AWGs, and 128-channel 10-GHz
AWGs, are described in this Spotlight.

2 Wavelength Division Multiplexing

WDM is the process by which multiple wavelengths carrying data are simultane-
ously combined in a single optical fiber and then separated again at the receiving
end. During data transfer, each frequency window remains a separate data signal
at any bit rate with any protocol, unaffected by other signals on the fiber.'

2.1 WDM system

The simple point-to-point optical system consists of transponders (transmitters
and receivers), amplifiers, and attenuators (Fig. 1). These components, conforming
to International Telecommunication Union (ITU) channel standards, also known as
the ITU frequency grid, allow a WDM system to implement optical solutions
throughout the network, i.e., to interface with the networks’ nonoptical part.

An electro-optic transmitter generates optical bits from electrical bits (coming
from the nonoptical part of the network). The most common devices used as light
sources in optical transmitters are light emitting diodes (LEDs) for short-distance
transmissions and lasers for long-distance transmissions. The transmitted optical
signal is then transported via optical fiber to the receiver. The optical receiver
converts the modulated light coming from the optical fiber back into a replica of
the original electrical signal applied to the transmitter, thus allowing it to be trans-
mitted again through the nonoptical part of the network. The photodetector receiv-
ing this modulated light is usually a photodiode. If the optical signal is intended to
travel long distances, amplification of the signal is required at regular intervals.

TRANSMITTERS RECEIVER
ATTENUATORS MUX DEMUX

aﬁ POST AMPLIFIER PRE AMPLIFIER

A1 2223

OPTICAL FIBER

R

Figure 1 WDM system.

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 14 Feb 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Seyringer: Arrayed Waveguide Gratings 3

The optical amplifier provides a cost-efficient method of amplifying optical
signals without converting them into electrical signals.

A point-to-point optical system increases the bandwidth, but has no influence
on the network capacity. In order to increase the capacity of transmitted data, multi-
ple optical signals with different wavelengths can be combined together on a single
fiber simply by adding optical MUX. On the receiving end, the data must be split
back into separate wavelengths by adding optical DeMUX (Fig. 1). Each optical
signal carrying information at a different wavelength (also called the transmitting
channel) will then need its own transmitter to send the signal down the fiber and
its own light detector to convert the signal back into useful information.

2.2 Different WDM systems

There are three types of WDM systems, which are classified according to the
number of transmitting channels and the channel spacing (as defined by the ITU
frequency grid, Fig. 2):

e Coarse wavelength division multiplexing (CWDM) uses a wide spectrum
and typically accommodates up to eight transmitting channels. While such
wide spacing of channels (2500 GHz) allows the use of moderately priced
optics, it also limits capacity. Therefore, CWDM is typically used for
lower-cost, lower-capacity, shorter-distance applications where cost is para-
mount in the decision-making process.

e Dense wavelength division multiplexing (DWDM) systems squeeze 16 or
more transmitting channels (usually with 100- or 50-GHz channel spacing)
into a narrow spectrum window very near the 1550-nm local attenuation
minimum of the glass fiber. Decreasing channel spacing requires the use of
more precise and costly optics, but allows for significantly more scalability.
Typical DWDM systems provide up to 64 transmitting channels with a
channel separation down to 50 GHz. Optical systems operating with <16
channels, e.g., 2, 4, or 8, and having channel spacing of 100 GHz or more,
e.g., 200 GHz, are usually referred to as WDM systems.

e High dense wavelength division multiplexing (HDWDM) and very high
dense wavelength division multiplexing (VHDWDM), also called ultra-
DWDM, systems have been developed to meet the growing capacity
demands by increasing the transmission channel counts as far as possible
(starting from 128), i.e., by decreasing channel spacing down to 25 GHz,
12.5 GHz, or even less.

2.3 Flex-grid ITU standards

The frequency grid for DWDM applications described above is defined by the
ITU-T G.694.1 recommendation.” It is anchored at 193.1 GHz and supports fixed
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Figure 2 ITU grid.

channel spacings of 12.5 up to 100 GHz and wider (in integer multiples of
100 GHz).

With the internet and the many different internet services (such as video con-
ferencing, cloud services, and video streaming) causing traffic demands to grow
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Figure 3 Three different groups of channels with channel spacings of 12.5, 100, and
25 GHz, which could belong to three different operators using different technologies but
sharing the same fiber.

exponentially, leading to a massive rise in traffic in the core optical networks, net-
work operators must keep increasing their optical network capacity. However,
the fixed-grid technology is no longer flexible enough to handle such rapidly
changing channel requirements. Therefore, the ITU-T G.694.1 recommendation
has defined a new, flexible DWDM grid standard (so-called flex grid®) for
WDM applications. This flexible spectral grid has the same nominal central fre-
quency as in the standard DWDM grids, namely 193.1 GHz, but the central fre-
quency granularity is 6.25 GHz, and the slot-width granularity is 12.5 GHz. The
great advantage of the flexible grid is that the slots need not be 12.5 GHz wide;
rather, they may be any integer multiple of 12.5 GHz. They can be joined together
to form arbitrary-sized blocks of spectra having any integer multiples of
12.5 GHz, which allow for 25, 50, 100 GHz, and beyond. Even slots with
37.5 GHz (3 x 12.5 GHz) are possible, which was not the case with standard
WDM fixed grids.

Additional flexibility is offered by the fact that different slot widths may be
combined, allowing for optimization of the bandwidth of the particular bit rate
and modulation scheme of the individual channels. The example in Fig. 3 shows
three different groups of channels with a channel spacing of 12.5, 100, and
25 GHz, which could belong to three different operators using different technolo-
gies but sharing the same fiber.

2.4 Multiplexing/demultiplexing approaches

Optical MUX/DeMUX are the key components in any type of WDM system.
Their task is to multiplex optical signals onto a single fiber and then to separate
them according to the wavelengths on the receiving end of the optical network.
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Figure 4 Different demultiplexing approaches.

There are four basic MUX/DeMUX approaches: thin film filter (TFF), fiber
Bragg grating (FBG), AWG, and free-space diffraction grating (FSDG).’

TFFs and FBGs were the first of those used in WDM systems when channel
counts were low. Although they use different physical mechanisms, they both
function by filtering wavelengths serially, whereby individual elements are used
to MUX (or DeMUX) wavelengths on a one-by-one basis.* In contrast to TFFs
and FBGs, AWGs and FSDGs use a parallel approach that is more conducive to
high-channel-count applications (Fig. 4).

TFFs use a concatenated set of individual interference filters, each of which has
multiple dielectric coatings that pass a single wavelength and reflect all others
(Fig. 4—TFF). TFFs work well for low channel counts but have limitations at higher
channel counts (typically >16) due to size and accumulated insertion losses.™

FBGs rely on a grating formed in the fiber core, which reflects a single wave-
length but transmits all other wavelengths (Fig. 4—FBG). Each FBG is designed
with a different grating period A to MUX or DeMUX a single wavelength in the
system. The reflected wavelength is demultiplexed from the system fiber using an
optical circulator. As is the case for TFFs, the serial process restricts the practical
channel count due to size, accumulated insertion losses, and the cost of individual
piece parts.’
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AWGs consist of input/output (I/O) waveguides, two star couplers, and an
array of waveguides with a certain length difference between them that causes a
corresponding phase shift among diffracted beams, providing the imaging and
dispersive properties required for demultiplexing.® The positioning of the output
waveguides at the focal points in the image plane of the output star coupler allows
the spatial separation of the different wavelengths (Fig. 4—AWG).

FSDGs work on a principle similar to that of the AWGs. The gratings are
termed free-space gratings because the phase difference between diffracted beams
is generated in free space rather than in dispersion media, such as waveguides.”'’
The basic elements of an FSDG are the input and output fibers, micro-optics array,
collimating lenses, and a finely ruled or etched diffraction grating that serves as the
dispersion engine to separate wavelengths into individual output fibers. When a
polychromatic light beam impinges on a diffraction grating, each wavelength is
diffracted and directed to a different point in space. A fiber is placed at the focal
point of each wavelength. In order to focus the different wavelengths, a lens sys-
tem or a concave diffraction grating may be used (Fig. 4—FSDGQG).

3 Arrayed Waveguide Gratings

AWGs were proposed and first reported by Smit.!" The first devices operating at
short wavelengths were reported by Vellekoop and Smit,'>"'> while Takahashi et
al.'®!7 reported the first devices operating in the long-wavelength window.
Dragone extended the concept from 1 X N DeMUX to N X N devices, the so-
called wavelength routers,'®'” which play an important role in multiwavelength
network applications. AWGs are known by several different names: optical
phased arrays (PAs), phased-array waveguide gratings (PAWGs), or waveguide-
grating routers (WGRs). The acronym AWG, introduced by Takahashi,'® is the
most frequently used name today.

AWGs are considered an attractive DWDM solution because they represent a
compact means of offering higher-channel-count technology, have good perfor-
mance characteristics, and can be more cost-effective per channel than other
methods. Compared to other technologies, they may also offer a quicker design
cycle time, a uniform product, and the potential for easier scalability due to large
commercial volumes.”

A further advantage of AWGs is that they can be included in a more complex
management system, such as optical add-drop multiplexers (OADMs),?' or with
variable optical amplifiers (VOAs).”>** With the recent development and growth
of the fiber-to-the-x (FTTx) market, the AWGs have also been used for CWDM
applications where a much lower number of transmitting optical signals is
required.”* In next-generation access networks (NGANs), AWGs have been found
to be highly suitable as optical coders/encoders that can generate and process opti-
cal codes directly in the optical domain.”> A comprehensive overview of AWGs
and their applications to date can be found in Ref. 26.
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8 Seyringer: Arrayed Waveguide Gratings

3.1 Principle

An AWG MUX/DeMUX is a planar device with both imaging and dispersive prop-
erties. It consists of I/O waveguides, the number of which usually equals the number
of transmitting channels; an array of waveguides (also called phased array, PA); and
two star couplers [also called a free-propagation region (FPR)], as shown in Fig. 5.
The waveguides in the PA are spaced at regular intervals, with a constant path-
length increment AL from one to the next, and join the star couplers at each end.
AWGs can function both as wavelength division MUX and DeMUX. An
example of the operating principle of an AWG configured for spectral demulti-
plexing can be seen in Fig. 5. In this configuration, the input star coupler is an
expanding free-propagation region where the light beam becomes divergent, while
the output star coupler functions as a focusing FPR where each spectrally sepa-
rated light beam is focused at one well-defined point on the focal line.
Operation of the AWG DeMUX can be explained as follows: one of the input
waveguides (usually the waveguide positioned at the center of the object plane
of the input star coupler) carries an optical signal consisting of multiple wave-
lengths, A; — A, into the coupler. Once in the coupler, the light beam is no longer
confined laterally and thus expands. The array waveguides capture this diverging
light, which then propagates toward the input aperture of the output star coupler.
The length of array waveguides is selected so that the optical path length differ-
ence between adjacent waveguides, AL, equals an integer multiple of the central
wavelength, A., of the DeMUX. For this wavelength, the fields in the individual
arrayed waveguides will arrive at the input aperture of the output coupler with
equal phases, and the field distribution at the output aperture of the input coupler
will be reproduced at the input aperture of the output coupler. In the output star
coupler, the light beam interferes constructively and converges at one single focal
point on the focal line. In this way, for the central wavelength 2., the input field at

array of waveguides
(phased array, PA)

output array aperture
/ N input coupler aperture
/A output star coupler
' .(FPR)

input array aperture
output coupler aperture

input star coupler
(FPR) |
‘image plane

Y,
k

x‘la 37\' ) s

objectplane i fine

input waveguides
output waveguides

Figure 5 Principle of an AWG optical DeMUX.
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Figure 6 (a) Focusing the wavelengths on different positions of the focal line with four
demultiplexed wavelengths. (b) The result is called an AWG spectral response.

the object plane of the input star coupler is transferred to the center of the image
plane of the output star coupler.

If the wavelength is shifted to A, £ AA (i.e., A, Ay, ....), there will be a phase
change in the individual PA waveguides that increases linearly from the lower to
the upper channel. As a result, the phase front at the input aperture of the output
star coupler will be slightly tilted, causing the beam to be focused on a different
position of the focal line in the image plane (Fig. 6). By placing a waveguide in
the correct position, the field for each wavelength can be coupled into the respec-
tive output waveguide (also called the transmitting channel).”’-**

3.2 Different AWG types

Various AWGs are available on the market today and their optical characteristics
depend largely on the optical properties of the waveguide materials used. AWGs
can be fabricated on various material platforms such as silica-on-silicon (SoS)
buried waveguides,”” > silicon-on-insulator (SOI) ridge waveguides,** SOI-nano-
wires,” " buried InP/InGaAsP ridge waveguides,** ! polymer waveguides,****
or Si;N; waveguides.” 7 In terms of material, they can all be divided into two
main groups, the so-called low-index-contrast and high-index-contrast AWGs.
Low-index-contrast AWGs (SoS-based waveguide devices) were introduced
to the market in 1994.%* For the most part, they use SiO,-buried rectangular wave-
guides, usually with a cross-section of (6 X 6) um? and a low refractive-index
contrast between the core (waveguide) and the cladding, An ~ 0.011 [where the
refractive index of the core n. ~ 1.456 and the refractive index of the cladding
ng ~ 1.445, as shown in Fig. 7(a)]. This parameter is also often expressed in per-
cent as An ~ 0.75%, from (n. — n.)-100/n.. Low-index-contrast AWGs still hold a
large share of the AWG market because of their many advantages. First, their
modal field matches well with that of single-mode optical fibers, making it rela-
tively easy to couple them to fibers [Fig. 7(c)]. Second, they combine low propa-
gation loss (<0.05 dB/cm, because there is little absorption and scattering in the
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Silica-on-Silicon waveguide devices Silicon-on-Insulator waveguide devices
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~SM fibei~,

waveguide

Figure 7 (a) and (b) Cross-sections of SoS and SOI waveguides with typical dimensions
and refractive indices. (c) and (d) Comparison of the waveguide dimensions with the stan-
dard SM fibers.

waveguides) with a high fiber-coupling efficiency (low losses on the order of
0.1 dB).”® However, the very low refractive-index contrast means the bending
radius of the waveguides needs to be very large (on the order of several milli-
meters) and may not fall below a particular, critical value. As a result, silica-based
AWGs usually have a very large size of several square centimeters that limits the
integration density of SiO,-based photonic integrated devices.
High-index-contrast AWGs, such as SOI-based waveguide devices, use a high
refractive-index difference An ~ 2.055 for Si/SiO, (~2.5 for Si/air) between the
refractive indices of the core (Si, n. ~ 3.5) and the cladding (SiO,, n, ~ 1.445,
or air, n, = 1.0), as shown in Fig. 7(b) (in percent, An ~ 58%). This is approxi-
mately 100 times higher than that of typical SoS waveguides. Due to the fact that
a waveguide’s size decreases proportionally to the increase in refractive index
contrast, the waveguide size for this material composition shrinks into the nano-
meter scale [Fig. 7(b)]. Such high-index contrast makes it possible to guide light
in waveguides with a far smaller bending radius (bending on the scale of several
tens of microns), which leads to a significant reduction in the size of AWGs by
more than two orders of magnitude when compared to AWGs based on silica
materials.”’ ! Such compact devices can easily be implemented on-chip and have
already found applications in WDM systems as add-drop filters, channel moni-
tors, routers, cross-connects, and wavelength converters for complex optical met-
ropolitan and local area networks (LAN). Typically, the spectral resolution of an
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AWG can be raised by increasing the interference order of the grating or the num-
ber of arrayed waveguides. As a result, SOI-AWGs have been used not only for
WDM but also for other emerging applications, such as optical sensors, particu-
larly optical chemical and biosensors, silicon devices for DNA diagnostics, and
optical spectrometers for infrared spectroscopy.’”>*

The main problem arising from the reduced size of waveguides is the coupling
of the optical signal from the fiber into such small input waveguides [Fig. 7(d)],
which causes much higher coupling losses, on the order of 10 dB, than in silica
AWGs. The second drawback of high-index-contrast waveguides is the sensitivity
of the mode index to the dimensional fluctuation of the waveguide core, which
leads to a rapid increase in random phase errors in the fabricated array grating
arms. These technological imperfections affect the AWG’s performance by causing
a marked increase in the crosstalk (measured crosstalk is normally >15 dB*). In
addition, in Si-nanowire waveguides, the scattering loss (per unit of length) is much
larger than the loss for conventional low-index-contrast waveguides due to the light
scattering on imperfections of the fabricated waveguide sidewalls.’® In order to
reduce the roughness of these sidewalls and thus minimize such high-dimensional
fluctuations, the SOI-nanowire AWGs require very-high-resolution fabrication
technology that still presents a considerable challenge today. An alternative to
high-index-contrast and low-index-contrast AWGs is the Si;N, material platform,
which has a moderate index contrast lying between both main groups.***>"-

Based on the applications, AWGs can be categorized according to the number
of transmitting channels, channel spacing, and the spectral response.

Number of channels: As the number of transmitting channels (wavelengths) used
to carry the information in WDM systems is generally a power of 2, the AWGs
are designed to separate two different wavelengths (or 4, 8, 16, 32, 64, and so
on). In addition, AWGs with 40 and 80 channels are also available.

Channel spacing: The wavelengths being used in transmitting channels are usu-
ally around the 1550-nm region, the wavelength region in which optical fiber
performs best due to very low losses. Each wavelength is separated from the
previous one by a multiple of 0.8 nm (also referred to as 100-GHz spacing,
which is the frequency separation, Fig. 2). Thus, wavelengths can also be sep-
arated by 1.6 nm (i.e., 200 GHz) or any other channel spacing that represents a
multiple of 100 GHz (0.8 nm). Systems with channel spacings of 100 GHz or
higher are classified as WDM systems. However, as increasing capacity
demands make it desirable to squeeze even more wavelengths into an even
tighter space, systems are being designed with as little as half the regular spac-
ing, i.e., 0.4 nm = 50 GHz, or even a quarter, i.e., 0.2 nm = 25 GHz. Systems
with these narrow channel spacings are classified as DWDM systems. As the
demand for higher capacity continues to grow, it will be necessary to keep rais-
ing the channel counts of AWGs as far as possible, thereby decreasing their
channel spacing down to 12.5 GHz (=0.1 nm), 10 GHz (=0.08 nm), or less.
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12 Seyringer: Arrayed Waveguide Gratings

These AWGs with extremely narrow channel spacing will play a major role in
the future of optical networks.

Spectral response: Based on spectral response, an AWG can be classified as a
Gaussian type or a flat-top type. The most common is the Gaussian shape
[Fig. 8(a)], which features very low insertion loss but is also limited by the in-
fluence of external factors due to its narrow 3-dB bandwidth (B@3 dB param-
eter, Section 3.5.1).>” In contrast, the flat-top shape [Fig. 8(b)] suffers far
higher insertion losses but features much better detection conditions (i.e., higher
tolerance to laser wavelength deviations from the given channel center wave-
length).°*® Somewhere between these two shapes lies a semiflat shape
[Fig. 8(c)] that is also used in DWDM systems.*®

Colorless AWG: A special member of the AWG family is the so-called “cyclic”
or “colorless” AWG with 100- or 50-GHz channel spacing and 8 (or 16) output
channels.®®’? By applying a special design, such an AWG will repeat its orders
and can work in any predefined channel band. In other words, the same color-
less AWG can work on channels 1 to 8 or 9 to 16 or 17 to 24, and so on, as
shown in Fig. 9, where each color represents the wavelengths focused to the

o 1'. ,A'Ac A!ﬁ.#‘.ﬁ'

U

a ‘{‘::'vexenglh (n::)
Figure 8 Different spectral responses of an 8-channel, 100-GHz AWG: (a) Gaussian shape,
(b) flat-top shape, and (c) semiflat shape.®”
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Figure 9 (a) 8-channel, 100-GHz colorless AWG: layout (b) with simulated transmission
characteristics.®’
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Seyringer: Arrayed Waveguide Gratings 13

same output waveguide. The principle and design of the 8-channel, 100-GHz
colorless AWG are described in detail in Section 3.12.2.

3.3 Design

As already mentioned, an AWG can function both as a MUX and DeMUX. Most
AWGs, however, are usually designed as a DeMUX because the spectral separa-
tion of the wavelengths is a much more challenging task.

The designs of AWG DeMUX discussed in this Spotlight are based on the
model of Smit and van Dam, explained in detail in Refs. 27 and 73. To facilitate
a better understanding of further work presented in this Spotlight, this model will
be described briefly here.

3.3.1 Focusing
The length difference AL between adjacent waveguides in the PA is responsible
for the focusing effect and can be described by
A m-c
AL=m —5 = 0 (1)
epr  Merr'f e

where m is the order of the PA, A.(f.) is the central wavelength (frequency) in a
vacuum, 7. is the effective index of the waveguide mode, and ¢, is the speed of
light in vacuum. In this case, the array acts as a lens with image and object planes
(Fig. 5) at a distance R, from the array apertures (Fig. 10). Parameter AL is the
first important parameter in the AWG design. Parameter R, is the second AWG
parameter, often called the focusing length of the star coupler, Lf.*

3.3.2 Dispersion
Another important parameter is dispersion, which determines the separation of the
output waveguides on the center lines, dx, also known as the minimum waveguide

3
A output

waveguides L waveguides
&

Figure 10 Geometry of the output star coupler.
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14 Seyringer: Arrayed Waveguide Gratings

separation between output waveguides’> (Fig. 10). As can be seen in Fig. 10, the
dispersion angle O resulting from a phase difference A® between adjacent wave-
guides is given by

; 2

0= arcsin<(Aq) _ mQ“)/BFPR) N AD® —m-2n

dd BFPR'dd

where A® = -AL, p and Prpr are the propagation constants of the waveguide
mode and the slab mode in the FPR, and dd is the lateral spacing (on the center
lines) of the waveguides in the array aperture. It is also known as the minimum
waveguide separation between PA waveguides.” dd is the fourth design param-
eter. From the dispersion angle, the dispersion D follows as

1 AL
D:ﬁzRa-@:_-n—g-_, (3)
df df  f. nppr Aa

where ds/df is a lateral displacement of the focal spot along the image plane per
unit frequency change, ngpr is the slab mode index in the FPR, Aa = % is the
divergence angle between the array waveguides in the fan-in and fan-out sections,
and n, is the group index of the waveguide mode

dnegr

df

Ng = Neff +f “4)

3.3.3 Free spectral range
An important property of the AWG is the free spectral range (FSR), also known
as the DeMUX periodicity. This periodicity results from the fact that constructive
interference at the image plane of the output coupler can occur for a number of
wavelengths. In Fig. 11(a), each color represents the wavelengths focused to the
same output waveguide [as in the case of the colorless AWG in Fig. 9(b)].

The fact that periodicity occurs is also clear from Eq. (2) where after each
change of 2x in Ad, the field will be imaged at the same position. The period in

reference
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Figure 11 (a) Measured transmission characteristics of an 8-channel, 100-GHz AWG®’ and
(b) AWG layout with reference waveguide.
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the frequency domain is called the FSR, as presented in Fig. 12(b). The FSR is
then given by

Co :f_c
ng-AL m'’

Afpsr = (5)

where m’ = % As a result, the FSR should be designed large enough to prevent
the different wavelengths from focusing into the same output waveguide.

3.3.4 Performance parameters
Depending on the application, the AWG must meet certain performance parameters.
These parameters, some of which are also used as input parameters in AWG design,
are described in detail in Section 3.5.1. Three of the most important parameters—
channel crosstalk, insertion loss, and non-uniformity—will be explained here.
Figure 12(a) shows the field in the image plane for four different wave-
lengths. It is the sum-field of the far-fields of all individual array waveguides.
As the far-field intensity of the individual waveguides reduces away from the
center of the image plane, the focal sum-field will do the same. If the wavelength
is changed, it will move through the image plane and follow the envelope
described by the far-field of the individual array waveguides. Using the
Gaussian-beam approximation, the intensity of the far-field is found from

1(0) =1, - e 20°/%, (6)

where 0, is the width of the equivalent Gaussian far-field

_}\l- 1
now, \2n

where w, 1s the effective width of the modal field.
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Figure 12 Central insertion loss Lo, non-uniformity L,, and FSR. The 100% line denotes the
peak intensity of the input field.?""3
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16 Seyringer: Arrayed Waveguide Gratings

3.3.5 Insertion loss
Fields propagating through an AWG are attenuated due to various loss mecha-
nisms. The main sources for AWG insertion loss are

e the propagation loss in bent waveguides,

e the coupling loss between the fiber and the waveguide,

e the transition loss between the star couplers and arrayed waveguides, and
e the material and scattering losses.

Figure 12(a) shows the central insertion loss of the highest peak in the trans-
mission characteristics L,. It is the sum of all losses. As can be seen in Fig. 11(a),
the straight black line is the loss (~2 dB) measured from the reference bent wave-
guide along the AWG structure shown in Fig. 11(b). This loss is caused mainly
by the coupling losses between the fibers and the waveguides, the propagation
loss in the bent waveguide, and the material and scattering losses. The difference
between this line and L, is additional loss coming from the AWG itself, i.e., the
transition loss between the star couplers and arrayed/output waveguides.

3.3.6 Non-uniformity

Due to the fact that the wavelengths follow the envelope described by the far-field
of the array waveguides, there will always be non-uniformity L, in the intensity of
focal sum-fields [Fig. 12(a)]. This parameter is defined as the intensity ratio
(in dB) between the outer and the central channels. Using Eq. (6), L, can be
written as

L, = —10-log(e 2%u/%) ~ 8.7 (®)

3.3.7 Channel crosstalk

Channel crosstalk describes the isolation of a particular transmitted channel from
the other channels, and may also be called channel isolation. There are two types
of channel crosstalk, i.e., adjacent and non-adjacent. By definition, adjacent (non-
adjacent) channel crosstalk is an amount of unwanted power induced by a
selected channel into adjacent (non-adjacent) transmitting channels, and vice
versa (a full definition can be found in Section 3.5.1).

According to Smit,?” there are many mechanisms that may cause crosstalk.
Six sources are receiver crosstalk, aperture truncation, mode conversion, coupling
in the array, phase transfer incoherence, and background radiation. The first four
can be minimized by effective design, provided the fabrication process is suffi-
ciently developed. The remaining crosstalk of a device with an optimized design
stems almost exclusively from phase errors introduced by the fabrication process.

The most obvious source of crosstalk is caused by the coupling between the
receiver sides of the star coupler (receiver crosstalk). Another cause of crosstalk
is truncation of the propagation field due to the finite width of the output array
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aperture. This truncation of the field produces a loss of energy and increases the
output focal field side-lobe level. To obtain sufficiently low crosstalk, the array
aperture angle of the AWG should be larger than twice the Gaussian width of
the field. If this requirement is met, the truncation crosstalk should be lower than
—35 dB. Crosstalk by mode conversion is caused by a “ghost” image of multi-
mode junctions and can be minimized if the junction offset is optimized by avoid-
ing first mode excitation. The crosstalk caused by coupling in the PA can be
avoided by increasing the minimum separation between the array waveguides
(parameter dd).

If, however, there are errors in the optical path length of the array grating
arms, the phase acquired across them will no longer be linear, and the light will
not focus to a clean point on the focal line of the image plane.”® A wavelength
intended to focus at a particular output waveguide will, therefore, couple incor-
rectly to neighboring output waveguides, too, thus causing higher adjacent chan-
nel crosstalk. These distortions are known as phase errors and are caused by
variations in the effective length of the array grating arms due to fabrication errors
or wafer non-uniformity.””-”® For this reason, on a practical level, the reduction of
crosstalk for a design-optimized AWG device is limited by imperfections in the
fabrication process.

3.3.8 Design parameters

The AWG design begins with the calculation of its dimensions, which are essen-
tial to create the AWG layout. The dimensions are given by the geometrical
parameters, as shown in Fig. 13, and can be calculated from the model of Smit
and van Dam that was introduced at the beginning of this section. Four of these
parameters determine the optical properties of an AWG:

e minimum waveguide separation between the PA waveguides (dd),
e minimum waveguide separation between the I/O waveguides (dx),
e length of the star coupler (Lf), and

e length difference between adjacent waveguides in the PA (AL).

Na —dd

Lf , Num

——

—dx

Figure 13 Geometrical parameters used in the AWG design.
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In general, the dd parameter should be as small as possible to achieve a com-
pact design for the AWG MUX/DeMUX. However, this parameter is dependent
on the resolution of the fabrication technology.

In order to achieve sufficient isolation between output transmitting channels,
the parameter dx, i.e., the minimum waveguide separation between output wave-
guides, should be sufficiently large and, as a general rule, at least twice the width
of the waveguide.”

The impact of the length of the couplers Lf on the non-uniformity L, can be seen
clearly in Fig. 12(a). The longer the output coupler, the wider the far-field intensity in
the image plane. Taking into account the constant parameter dx (separation between
output waveguides) and keeping the number of output channels Num constant, it fol-
lows that the longer the coupler is, the smaller the non-uniformity will be.

The width of the coupler, W, is not a dominant parameter. However, it should
be no smaller than the width of the far-field intensity in the output aperture of the
input star coupler,”’ as shown in Fig. 14(b). This figure shows the simulated spec-
tral response of a 32-channel, 100-GHz AWG using two different widths of cou-
plers. As can be seen, a design that incorporates couplers too narrow in width
[Fig. 14(a)] leads to a deterioration of the AWG spectral response, as shown in
Fig. 14(c).

The number of array waveguides, Na, is usually calculated from the width of
the far-field intensity in the output aperture of the input star coupler W [Fig. 14(b)],
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Figure 14 32-channel, 100-GHz AWG design: (a) and (b) far-field intensity in the output
aperture of the input star coupler; (c) and (d) AWG spectral responses.
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divided by the minimum waveguide separation between PA waveguides
(Na ~ W/dd). In this way, all of the light in the input star coupler is collected
by the input array aperture. As a general rule, this number should be greater than
four times the number of output transmitting channels, Num.”

3.3.9 Input parameters for AWG design
In order to calculate AWG geometrical parameters (i.e., dd, dx, Lf, and AL), a set
of input parameters is required:

e Technological parameters: Each AWG is designed for a particular material
platform, such as SoS, SOI, Si;N4, and so on. The materials used are
described by the refractive indices of the core (waveguide) n. and the clad-
ding n.. By taking into account the size of the waveguide structure as well
[waveguide cross-section presented in Fig. 7(a)], it is possible to calculate
the effective refractive index n.r and group refractive index n,.

o AWG-type parameters: These are determined based on the requirements of
the WDM/DWDM network and the customers. Each AWG is designed for a
particular central wavelength A, having a certain number of transmitting
channels (=output waveguides, parameter Num) and channel spacing df.
Usually the channel spacing is selected according to the ITU-grid standard,
e.g., 50 GHz, 100 GHz, and so on.

e Transmission parameters: Each AWG is designed for a particular applica-
tion and must, therefore, meet certain target specifications. These specifica-
tions describe the performance of an AWG and are given in the form of
performance (transmission) parameters. They are usually calculated from
the AWG spectral response (also called transmission characteristics).

Before describing the AWG design, it is necessary to point out that all AWGs
designed and presented here are low-index-contrast AWGs with a typical refrac-
tive index difference of 0.75%, where the refractive index of the cladding n., =
1.445, and the refractive index of the core n. = 1.456. For such low-index-contrast
AWGs, the standard cross-section of a waveguide structure is typically (6 X 6)
pm? to ensure single-mode propagation only [Fig. 7(a)]. All optical DeMUX were
designed for the AWG central wavelength A, = 1550 nm.

As there is a strong correlation between the dimensions of the AWG structure
and its performance, the AWG geometrical parameters have to be calculated with
a high degree of precision. For these calculations, the model of Smit and van Dam
(Section 3.3) was used. Once all of the geometrical parameters have been calcu-
lated, they can be used to create the AWG layout. Several commercially available
photonics software tools, such as Apollo Photonics, RSoft, Optiwave or Photon,
can be used to create and to simulate the AWG layout [Fig. 15(b) shows the
AWG layout of an 8-channel, 100-GHz AWG created by the Apollo Photonics
tool]. The output of the simulation is an AWG spectral response for both the
transverse electric (TE) and the transverse magnetic (TM) polarization states
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Figure 15 Design and simulation of an 8-channel, 100-GHz AWG.

[transmission characteristics, Fig. 15(c)]. At this point, it is important to note that
various different terms are used in the literature to describe transmission charac-
teristics. Figure 15(c) shows “insertion loss” as a function of wavelength, but

the words “transmittance,” “power,” “output power,” “loss,” or “transmission”
are also very common.

3.3.10 AWG-Parameters tool
As the commercial photonics tools do not support (or only partially support) the
calculation of the AWG geometrical parameters, the first calculations were done
manually and were, therefore, very time-consuming. This led to the development
of a new software aid called the “AWG-Parameters” tool*”®! [Fig. 15(a)]. This
tool significantly reduces the time needed for AWG design and also facilitates
an understanding of the relationship between input design and geometrical
parameters.

For the purpose of explaining the functionality of the AWG-Parameters tool,
a standard Gaussian 8-channel, 100-GHz AWG design was selected as an exam-
ple. The input parameters for the calculation of its geometrical parameters are as
follows:

Technological parameters: Used to design the waveguide structure
(“Material” window in Fig. 16):

e Waveguide structure: waveguide width w = 6 pm [from Fig. 7(a)].
e Refractive indices: n (effective index) = 1.455003, n,y (cladding n.)
= 1.445.

AWG-type parameters (“Transmission Parameters — AWG-Parameters”
window in Fig. 16):

e Number of output transmitting channels: Num = 8.
e AWG central wavelength (A.): Lambda (pm) = 1.55012.
e Channel spacing: df (GHz) = 100.
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Transmission parameters (“Transmission Parameters — AWG-Parameters”
window in Fig. 16):

e Adjacent channel crosstalk between output waveguides: Cr (dB) = —30.
e Adjacent channel crosstalk between arrayed waveguides: CRaW (dB) = —10.
e Uniformity over all output channels (also called non-uniformity): L, (dB) =0.7.

When the “Calculate” button is pressed, the tool calculates all of the neces-
sary geometrical parameters in the “Transmission Parameters — AWG-
Parameters” window (Fig. 16):

e Number of arrayed waveguides: Na = 100.951257.

e Minimum waveguide separation between 1/O waveguides: dx (pm) =
19.328944.

e Minimum waveguide separation between PA waveguides: dd (pm) =
8.97488.

e Coupler length: Lf (pm) = 3007.77618.

e PA waveguide length difference (AL): dL (pm) = 111.621329.

The tool also offers the function “Calculate” (“Calculate” window in Fig. 16),
a very important function that allows calculation of the geometrical parameters
from the transmission parameters (“Properties — dimension”) and vice versa
(“Dimension — properties”). This function can be used to simplify the alignment
of calculated geometrical parameters to the technological requirements. For
example, accuracy of the calculated minimum waveguide separation in the PA,
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w(um) [6.000000 Ny R v 4142191
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Figure 16 User interface of the AWG-Parameters tool.
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Figure 17 Calculated geometrical parameters of the (a) 8-channel 100-GHz AWG and
(b) after several iterations, using the AWG-Parameters tool.

dd (pm) = 8.974880 (Fig. 16) is more difficult to achieve technologically than dd
(upm) = 9 calculated using the function “Dimension — properties” [Fig. 17(a)].
Similarly, accuracy of the parameter dx (um) = 19 [Fig. 17(a)] is much easier to
achieve technologically than dx (pm) = 19.32894 in Fig. 16. Figure 17(b) shows
the final calculated geometrical parameters of the designed 8-channel,
100-GHz AWG.

3.3.11 Design optimization
It is important to point out that any geometrical parameter adjustment has an in-
fluence on the transmission parameters as presented in the left column of
Fig. 17(a) (parameters Lambda, Cr, CRaW, L,, df have changed). Therefore, an
immediate response to any change in AWG design (i.e., change of parameters
dx, dd, Lf, dL) can be observed in its performance. As such, the “Dimension —
properties” function can also be used to optimize existing AWG designs.
Additionally, the tool also enables the calculation of all passive parameters
(shown in Fig. 18 as a fields with a gray background, in this case Lambda, Cr,
CRaW, L,, and df), by simply scanning just one of the active parameters (shown
in Fig. 18 with a white background, i.e., Num, Na, dx, dd, Lf, and dL) and keeping
the rest of these active parameters constant. As can be seen in the “Graph calcula-
tion” window, the dL parameter was scanned between 105 and 115 pm with 1000
steps. The parameters Num, Na, dx, dd, and Lf were kept constant, and parameters
Lambda, Cr, CRaW, L,, and df were calculated for each dL. The advantage of this
scanning function is the ability to display the behavior of various parameters (each
having its own y axis) together in one graph (“GRAPHview1” window in Fig. 18).
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Figure 18 Scan function used in the AWG-Parameters tool.

3.4 Simulation of AWG layout

The calculated geometrical parameters of the 8-channel, 100-GHz AWG [i.e., dx,
dd, Lf, and dL taken from Fig. 17(b)] were used as input for the commercial pho-
tonic tools to create the AWG layout and to carry out the beam propagation
method (BPM) simulations [Fig. 19(a) shows this AWG layout using the
Optiwave tool; it is the same AWG layout as in Fig. 15, created by the Apollo
Photonics tool]. The output of the simulation, i.e., the transmission characteristics,
is shown in Fig. 19(b). These characteristics create the basis for the calculation of
AWG transmission parameters [Fig. 19(c)].
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Transmission ==
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Figure 19 Simulated transmission characteristics of the 8-channel, 100-GHz AWG.
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3.5 Evaluation of simulated AWG transmission characteristics

The performance of the designed AWG is defined by a set of transmission param-
eters that are extracted by analyzing AWG transmission characteristics. This is a
complicated task because although the measurement method deployed by most
AWG vendors is the Mueller matrix method,*** the way that vendors specify
the performance of a device from the measured curves differs widely. In addition,
it is important to note that the output from all commercially available AWG
design tools consists of simulated transmission characteristics only, and none of
these tools supports (or supports only partially) the software-aided evaluation of
AWG transmission parameter calculation.”*”>** The only possibility is to deter-
mine the AWG transmission parameters manually, directly out of the transmission
characteristics graph. Major disadvantages of manual evaluation are that it is very
cumbersome and time-intensive, and can also be imprecise due to reading errors
especially for high-channel-count, narrow-channel-spacing or colorless AWGs.
Manual evaluation can also cause the design, simulation, and fabrication of
AWGs to be an extremely complicated matter because modifications of layout
or the fabricated device always require a detailed evaluation of the current simu-
lated or measured data. In addition, there is no uniform standard that applies to
the evaluation of AWGs.® This means that the definitions of AWG transmission
parameters are not yet standardized, resulting in the fact that no one is able to pre-
cisely determine the performance of an AWG, with the exception of those people
involved in the design and/or fabrication of the AWG in question. Therefore, a
sustainable evaluation should always provide clear definitions of how the AWG
transmission parameters were determined. In summary, there are two major evalu-
ation difficulties:

1. Definitions of the AWG transmission parameters are not standardized.
2. Manual evaluation is very cumbersome and time-consuming, and can be
imprecise due to reading errors.

3.5.1 Definitions of AWG transmission parameters
To solve the first problem, extensive research on the definitions of AWG trans-
mission parameters was carried out in the literature and also from various found-
ries that fabricated, measured, and evaluated designed AWGs.%” Based on this
knowledge, 19 transmission parameters, as presented in Table 1, were defined.
Number of output channels (Nr. Channels): Any AWG is designed to MUX/
DeMUX a particular number of output channels available for data transmission.
This is also an input parameter for AWG design (in Fig. 16 parameter Num).
Channel center wavelength (LambdaCh): The channel center wavelength is a
real simulated or measured center wavelength of each optical signal [Fig. 20(a)].
ITU channel center wavelength (LambdalTU): ITU channel center frequen-
cies (or ITU channel center wavelengths) allowed for optical data transmission
[Figs. 2 and 20(a)].
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Table 1 AWG transmission parameters calculated from the simulated/measured AWG
transmission characteristics.®”

Nr. Channels Number of output channels

LambdaCh Channel center wavelength

LambdalTU The nearest ITU wavelength to the channel center wavelength

dLambdalTU Channel center wavelength shift to the nearest ITU wavelength

Ch. Spacing Wavelength/frequency spacing between two neighboring
channels

FSR Free spectral range

B@0.5 dB, B@1 dB, Width of the transmitted optical signal at a —0.5 dB, —1 dB,

B@3 dB, B@20 dB —3 dB and —20 dB drop from the transmission peak

Passband Defined as a symmetrical wavelength range around each
channel center wavelength (channel band)

Pbu Passband uniformity (ripple)

plL Peak insertion loss measured from channel transmission peak to
the 0 dB reference line

IL Insertion loss of a channel measured within the passband to the
0 dB reference line

plLu Peak insertion loss uniformity: the difference between maximum
and minimum plL over all the output channels

ILu Insertion loss uniformity calculated within the passband of each
channel over all the output channels

AX Adjacent channel crosstalk

nAX Non-adjacent channel crosstalk

BX Background crosstalk

Channel center wavelength shift to the nearest ITU wavelength
(dLambdalTU): The AWG should be designed to match ITU channel center
wavelengths exactly. dLambdalTU defines the deviation of the real simulated/
measured channel center wavelength from the nearest recommended ITU channel
wavelength [Fig. 20(a)].

Channel spacing (Ch. Spacing: dfldLambda) is a separation in the frequency,
df, or in the wavelength, dLambda between channel center wavelengths/frequen-
cies of two adjacent channels [Fig. 20(b)].

FSR (FSR) is a period of the spectrum in the frequency domain [Fig. 12(b)].
FSR can be defined as the distance in frequency or wavelength between the center
wavelengths of two adjacent orders of one channel [Fig. 20(¢c)].
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Figure 20 Graphical representation of the definitions of AWG transmission parameters with-
out passband.

Bandwidth at —0.5 dB, —1 dB, -3 dB, and —20 dB (B@0.5 dB, B@! dB,
B@3 dB, and B@20 dB): This parameter defines the width of a transmitted opti-
cal signal at a —0.5 dB, —1 dB, —3 dB, and —20 dB drop from transmission peak
[Fig. 20(d)].

Channel band (Passband): ITU band is defined as a symmetrical wavelength
range around ITU frequencies usually having a width representing 25% of the
channel spacing. Most of the AWG performance parameters are calculated
within this band. Since there is often a channel center wavelength shift to the
ITU wavelengths (dLambdalTU), we defined the channel band (passband), which
is a symmetrical wavelength range around the channel center wavelengths
(LambdaCh) also having a width of 25% of the channel spacing [Fig. 21(a)].
Most of the following transmission parameters are calculated within this pass-
band. For all of these parameters, the worst case for each channel within the pass-
band has been taken [e.g., Fig. 21(c), IL,..] and the final value then defined as the
worst value over all output channels taking into account both polarization states
[Fig. 21(d)].

Passband uniformity (ripple) (Pbu): Passband uniformity is the loss variation
within the passband defined as the difference in dB between maximum and mini-
mum transmissions [Fig. 21(b)].
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Figure 21 Graphical representation of the definitions of Pbu, IL, ILu, AX, and nAX transmis-

sion parameters.
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Insertion loss: The loss of optical power occurs when light is coupled from
the fiber into the input waveguide, from the output waveguide into the fiber, from
the input coupler into the arrayed waveguides, and from the output coupler
into the output waveguides, or when light propagates through the structure. It
may also be caused by material absorption and scattering. The design of the
AWG should be such that losses are minimized as far as possible. There are two
different insertion loss parameters:

Peak insertion loss (pIL): The peak insertion loss of a channel is defined as the
loss in power measured from the smallest transmission peak (p/L,..) in the
transmission characteristics to the 0-dB reference line [Fig. 21(c)]. As can be
seen, this parameter does not depend on passband.

Insertion loss (IL): Of greater importance is the insertion loss of a channel mea-
sured within the passband from the 0-dB reference line, /L [whereby the worst
case is considered (/L,..), as can be seen in Fig. 21(c)]. This value is always
worse than the parameter p/L.

Insertion loss uniformity: Insertion loss uniformity is the difference in the
insertion losses between optical output signals (often called non-uniformity) and
is always present. It follows the far-field intensity in the output coupler as shown
in Fig. 12(a). It should be kept as low as possible, as it also increases the insertion
loss parameter. There are two different parameters for insertion loss uniformity:

Peak insertion loss uniformity (p/Lu): Peak insertion loss uniformity is defined as
the difference between the maximum and minimum peak insertion loss over all
output channels [pILu = abs(pIL,..c — pIL.in), Fig. 21(c)]. This parameter corre-
lates with the theoretical non-uniformity L,, as presented in Fig. 12(a), and
does not depend on the passband.

Insertion loss uniformity (/Lu): Insertion loss uniformity is defined as the difference
between the worst case of insertion loss within the passband of each channel and
then the worst value over all the channels [/Lu = abs(IL,.x — IL.i), Fig. 21(c)].

Adjacent channel crosstalk (4X): Adjacent channel crosstalk can be described
as the unwanted power induced by a selected channel in the adjacent channel, and
vice versa. It is defined as the worst case difference between the lowest transmis-
sion in the passband of the selected channel and the highest transmission of the
selected channel in the passband of the adjacent channel. It indicates the worst
value over all the channels [Fig. 21(d)]. A higher parameter value means better
channel isolation, i.e., lower channel crosstalk. In the literature, another definition
can also be found;*® however, in principle, this definition leads to the same calcu-
lation of the AX parameter.

Non-adjacent channel crosstalk (n4X): The non-adjacent channel crosstalk
can be described as the highest unwanted power induced by a selected channel
in one of the non-adjacent channels. It is defined as the worst-case difference
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Figure 22 Graphical representation of the definitions of (a) BX, (b) PDL, and (c) PDW trans-
mission parameters.

between the lowest transmission in the passband of the selected channel and the
highest transmission of the selected channel in the passband of any non-adjacent
channel. It represents the worst value over all the channels [see Fig. 21(d)]. The
higher the value of this parameter, the better the channel isolation (i.e., smaller
non-adjacent channel crosstalk).

Background crosstalk (BX): The background crosstalk is defined as the
median peak transmission in the BX-band of the channel. The BX-band includes
all wavelengths except in the region of the channel center wavelength + channel
spacing. It indicates the worst value over all channels [Fig. 22(a)]. The higher
the parameter value is, the better the channel isolation.

Polarization-dependent loss (PDL): PDL is defined as the worst variation in
insertion loss within the passband of a channel between both polarization states
over all of the output channels as shown in Fig. 22(b).

Polarization-dependent wavelength (PDW): The PDW shift is defined as a
deviation in the channel center wavelengths between both polarization states
[Fig. 22(c)]. This parameter does not depend on the passband.

3.5.2 AWG-analyzer tool

In order to resolve the problem of manual evaluation, a new software aid called
the “AWG-Analyzer” tool was developed.®®®” Figure 23 shows the tool’s user
interface, which is divided into three windows:

e Raw data (textual representation): The content of original input file
(consisting of simulated or measured data) is displayed in the “raw data”
window.
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Figure 23 User interface of the AWG-Analyzer tool.

e Diagram: A graphical representation of raw data is displayed in the
“diagram” window.

e Transmission parameters: This view shows a table containing all the trans-
mission parameters defined in the Section 3.5.1, with the exception of PDL
and PDW. This parameter window provides two different views of the
evaluated parameters. Figure 24 shows both the “AWG transmission param-
eters” view (a) and “All transmission parameters” view (b), including
switching context menu and mouse hover options for the AWG transmission
parameter, LambdaCh.

3.5.2.1 “AWG transmission parameters” view

This view shows a table containing all of the evaluated transmission parameters,
their units, and their associated channels. Figure 24(a) shows the transmission
parameters view from the evaluated transmission characteristics of the designed
and simulated 8-channel, 100-GHz AWG.
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Figure 24 (a) “AWG transmission parameters” view and (b) “All transmission parameters”
view available in the parameter window.

3.5.2.2 “All transmission parameters” view
This view displays all transmission parameters evaluated by the software tool over
all channels’ blocks containing channel numbers, values, and units of the
parameters.

The tool offers some other supporting functions:

e User-defined passband value: As already mentioned, the parameter pass-
band usually equals 25% of the channel spacing. However, to be able to
calculate the transmission parameters for any passband value, this parameter
is implemented as a variable input quantity (Fig. 23).

e Help for each calculated AWG transmission parameter: The tool can
display a textual and graphical definition of each parameter from Table 1
at any time (Fig. 25). All transmission parameter calculations implemented
in the evaluation algorithm of the AWG-Analyzer tool are performed
according to these definitions. These textual and graphical definitions are
implemented in the software’s help system.

e Recognition of various spectra: The tool recognizes whether the file con-
tains measured or simulated data of single spectrum transmission character-
istics (Fig. 25), multiple spectrum transmission characteristics (consisting
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Figure 25 Textual and graphical definitions implemented in the software’s help system are
available at any time.

of multiple orders of the PA response with FSR), as shown in Fig. 26, or
colorless spectrum characteristics [Fig. 9(b)].

e AWG datasheet: To summarize the evaluation results, the AWG-
Analyzer tool generates an evaluation sheet (datasheet) containing the
evaluated transmission parameters and a diagram of the transmission
characteristics.
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Figure 26 Multiple spectrum transmission characteristics of an 8-channel, 100-GHz AWG
(consisting of multiple orders of the PA response with a FSR).
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Figure 27 Mask layout consisting of various AWG designs including the 8-channel, (a) 100-
GHz AWG and (b) fabricated 8” wafer.®”

e AWG tutorial: For teaching purposes, a tutorial about AWGs including
functionality, AWG types, design, fabrication, testing, and packaging is
implemented in the tool.

3.6 Technological verification of AWG design

Once the AWG designs are completed and ready for fabrication, the next step is to
export these designs (usually in GDSII format). From all of the individual GDSII
files, a complete mask layout will be generated and sent to a mask house for pro-
duction. Figure 27(a) shows the final mask layout with different AWGs including
the 8-channel, 100-GHz AWG designed here. Once produced, the mask will later
be used in the lithography process to transfer the AWG structures onto the wafer.

3.6.1 Fabrication

From a technological point of view, a silica AWG is a planar waveguide structure
usually fabricated on a silicon wafer with SiO, lower-cladding oxide obtained by
such means using thermal oxidation of an Si substrate (having refractive index
n.). The chemical vapor deposition (CVD) process creates a Ge-doped SiO, active
layer (core layer) with a refractive index, n., higher than the refractive index of the
cladding layer. Optical lithography and dry etching then define the AWG wave-
guide structure. The growth of the upper cladding (CVD process) with a refractive
index matching the lower cladding is the last fabrication step (Fig. 28). The fabri-
cated wafer is shown in Fig. 27(b).

3.6.2 Measurement
The fabricated chips must first be diced and can then be measured on a wafer
level (Fig. 29). The measurement method used by most AWG vendors is the
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Figure 29 AWG measurement setup.®®

so-called Mueller matrix method.®® For this purpose, the polarization controller is
used to set the known polarization state at input before light enters the AWG
structure. The measurement over the required spectral range is realized by a nar-
rowband tunable laser source that sends the desired optical wavelengths into the
input waveguide through the fiber. After the light has traveled through the
AWG, the broadband optical power meter, connected via fiber to one of the out-
put waveguides, measures the output optical power. The measurement is per-
formed for each output channel in the whole spectral range. The output of these
measurements once again forms the transmission characteristics.

3.6.3 Evaluation of measured transmission characteristics
Figure 30 shows simulated transmission characteristics from Fig. 15 together with
the measured transmission characteristics of the designed and fabricated
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Figure 30 (a) Simulated and (b) measured transmission characteristics of the 8-channel,
100-GHz AWG.

8-channel, 100-GHz AWG. As can be seen, there is a close correlation between
them, which is also confirmed by the transmission parameters calculated from
both simulated and measured characteristics using the AWG-Analyzer tool
(Table 2).

Table 2 shows the most important transmission parameters, namely the input
parameters (input for the AWG-Parameters tool) and the parameters calculated
from simulated and measured transmission characteristics (output from the
AWG-Analyzer tool). As shown, the AWG central wavelengths A. from simulated
and measured transmission characteristics do not agree with the designed value
Lambda = 1550.12 nm. This deviation is a result of the effective refractive index
used in the Optiwave tool, whose calculated value does not match the technology.
Insertion loss calculated within the passband (25% of channel spacing) IL =
—2.624 dB. Measured insertion loss reached /L = —6.438 dB. This parameter is
always higher than its simulated value as it also includes the coupling losses
between the fibers and waveguides, and propagation losses in the AWG structure.
Insertion loss uniformity L, (design) and /Lu (simulation and measurement) is
similar in all three cases because this parameter depends primarily on the far-field
intensity in the output star coupler, as presented in Fig. 12(a). Here, the small
deviations result from the slightly different spectral responses. The AWG-
Parameters tool calculates with the ideal Gaussian shape, while the simulated
and measured non-uniformity also depend on the tapers used in the AWG design
(Section 3.10). These tapers form the Gaussian shape and thus influence some
transmission parameters. For adjacent channel crosstalk Cr (design) and AX (sim-
ulation and measurement) a strong correlation can be seen between the theoretical
value (Cr = —29.33894 dB) and the measurement (4X = —32.476 dB). The simu-
lated value (AX = —42.024 dB) is approximately 10 dB better than the channel
crosstalk calculated from the measured characteristics. This difference results
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Table 2 Input parameters used in the 8-channel, 100-GHz AWG design (AWG-Parameters
tool) together with parameters calculated from the simulated transmission characteristics
(AWG-Analyzer tool: simulation) and from the measured transmission characteristics
(AWG-Analyzer tool: measurement).

Transmission

AWG-Parameters

AWG-Analyzer

AWG-Analyzer

parameters tool: input parameters tool: simulation tool: measurement
No. of channels Num =8 Nr. Channels = 8 Nr. Channels = 8
AWG central Lambda = Ae = 1549.00 nm Ae = 1547.50 nm
wavelength (A) 1550.012 nm
Channel spacing df = 100 GHz Ch. Spacing = Ch. Spacing =
100 GHz 100 GHz
Insertion loss IL = -2.624 dB IL = -6.438 dB
Insertion loss Lu = 0.712248 dB ILu = 0.520 dB ILu = 0.694 dB
uniformity

Adjacent channel Cr = -29.338942 dB AX = -42.024 dB AX = -32.476 dB

crosstalk

Non-adjacent nAX = -46.413 dB | nAX = —-46.308 dB

channel crosstalk

Background BX = -54.571 dB BX = -54.793 dB

crosstalk

from the side lobes in the measured characteristics [shown in Fig. 30(b)], which
originated from fabrication imperfections. For both non-adjacent channel crosstalk
nAX and background crosstalk BX, there is also a very strong correlation between
the simulated and measured values.

3.7 Thermal control

In order to use AWG devices in practical optical-communication applications,
precise wavelength control and long-term wavelength stability are needed.
If the temperature of an AWG fluctuates, the channel wavelength will naturally
change according to the thermal coefficient of the material used. By making use
of the thermo-optic effect, a temperature controller can be built into the AWG
package to control and tune the device to the ITU grid or any other desired
wavelength.

However, various companies have already demonstrated the use of athermal
AWGs.®”?Y This principle involves using a special silicon resin in part of the
lightwave circuit that has a temperature coefficient different from that of quartz
glass.”"* This design cuts the temperature dependence of the wavelengths to less
than one-tenth of its original value, which makes using a temperature-control
device unnecessary.
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Figure 31 Packaged AWG chip, datasheet, and product promotion.®”

3.8 Packaging and product promotion

After the transmission parameters (calculated from the measured transmission
characteristics) reach the required values, the fabricated AWG chip can be pack-
aged [see Fig. 31(a)] and tested under a defined set of temperature and environ-
mental conditions.”* Only such packaged chips can be used in real optical
networks. Each AWG is delivered with a datasheet including the most important
information about the product [Fig. 31(b)]. Product promotion is the final step
in the AWG production line [Fig. 31(c)].”

3.9 Different photonics tools

There are various photonic tools commercially available on the market for the
design and simulation of AWGs. Although the design procedures are very similar,
the simulation results obtained can vary greatly from one tool to another. Therefore,
optical design companies prefer to develop their own photonic design tools. In this
section, we present the simulation and evaluation of the 8-channel, 100-GHz AWG
described here using three commercially available software tools (Apollo
Photonics, Optiwave, and RSoft). For this purpose, the identical waveguide struc-
ture, described in Fig. 7(a), was first created using all three photonic tools. Then
the AWG geometrical parameters [output from the AWG-Parameters tool, Fig. 17
(b)] were used to create the AWG layout. For all simulations, the same calculation
conditions were used. The simulated transmission characteristics together with the
measured transmission characteristics are shown in Fig. 32. From the transmission
characteristics, it is evident that the simulation performed by the Optiwave tool is
very similar to the measurement. The simulated characteristics from Apollo
Photonics and from RSoft are similar to each other, but they differ slightly from
the measured characteristics. They feature much better background isolation (BX).

All transmission characteristics were evaluated using the AWG-Analyzer tool.
Table 3 shows the transmission parameters calculated from the transmission char-
acteristics in Fig. 32. As can be seen again, the AWG central wavelength A. only
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Figure 32 Simulated transmission characteristics from three different photonics tools and
from the measured transmission characteristics of the simulated and fabricated 8-channel,
100-GHz AWG.%®

Table 3 Transmission parameters calculated from the measured and simulated transmis-
sion characteristics (Optiwave, Apollo Photonics, RSoft).

Transmission Measurement Optiwave Apollo RSoft
parameters

AWG central 1547.50 nm 1549.00 nm 1550.12 nm 1550.70 nm
wavelength ()

Insertion loss (/L) -6.438 dB —2.624 dB —2.306 dB —2.000 dB
Insertion loss 0.694 dB 0.520 dB 0.760 dB 0.529 dB
uniformity (/Lu)

Adjacent channel -32.476 dB -42.024 dB -50.426 dB -50.264 dB
crosstalk (AX)

Non-adjacent channel —-46.308 dB -46.413 dB -65.438 dB —-63.032 dB
crosstalk (nAX)

Background crosstalk -54.793 dB -54.571 dB —71.050 dB —73.309 dB
(BX)
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correlates with the designed value A. = 1550.12 nm in the Apollo simulation. The
deviations resulting with the other two tools (RSoft and Optiwave) are caused by
the effective refractive index, whose calculated value is slightly different in each
photonic tool. Insertion loss /L, calculated within the passband (25% of channel
spacing), is similar for all simulations and lies between —2 dB (RSoft) and
—2.624 dB (Optiwave). The small deviations result only from the slightly differ-
ent Gaussian shapes. The measured insertion loss reached —6.438 dB. Insertion
loss uniformity /Lu is similar in all simulations and in the measurement because
this parameter depends mainly on the AWG structure itself (the far-field intensity
in the output star coupler). Here again, the small deviations result from the
slightly different Gaussian shapes. Adjacent channel crosstalk 4X (also calculated
within the passband) is very similar for Apollo and RSoft characteristics (about
—50 dB) because their characteristics are nearly identical. Adjacent crosstalk from
the Optiwave simulation equals —42.024 dB and is approximately 10 dB better
than the adjacent channel crosstalk calculated from the measured characteristics
(=32.476 dB). As already mentioned, this difference is a result of the side lobes
in the measured characteristics, originating from fabrication imperfections. Non-
adjacent channel crosstalk n4AX and background crosstalk BX show the same
tendency, i.e., a very strong correlation between the measurement and Optiwave
simulation, and between the Apollo and RSoft simulations.

In summary, the calculated transmission parameters show very similar results,
although the closest correlation was achieved between the measurement and the
Optiwave simulation. It should be noted, however, that the Apollo and RSoft
tools perform much faster BPM simulations than the Optiwave tool. The simula-
tion of an 8-channel, 100-GHz AWG, e.g., takes just a few hours when using
the Apollo or RSoft tool but between 1 and 2 days with the Optiwave tool. On
the other hand, the Optiwave tool features a user-friendly interface and also parti-
ally supports the calculations of AWG geometrical parameters (so can be used to
design AWGs with some design limitations) and the calculation of some transmis-
sion parameters.

3.10 Tapers in AWG design

As described in Section 3.9, the small deviations between the calculated transmis-
sion parameters from various simulated transmission characteristics
(Fig. 32) are the result of different simulation approaches used in different
photonics tools. These different approaches cause variations in the Gaussian
spectral response, despite the fact that the same AWG is being simulated in
each case. However, of greater importance for practical use are the deviations
between the transmission parameters calculated from simulated and measured
characteristics. The variation in spectral response is caused primarily by the appli-
cation of tapers in the AWG design. However, the AWG-Parameters tool (used to
design the AWG and thus also to calculate the AWG geometrical parameters)
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Figure 33 Different tapers used in AWG design.

does not allow for any tapers in AWG design (Section 3.3, model of Smit and
van Dam).
Tapers can be placed at four different positions in the AWG layout (Fig. 33):

T1 tapers connect the input waveguide with the input star coupler.
T2 tapers connect the input star coupler with the PA waveguides.

T3 tapers connect the PA waveguides with the output star coupler.
T4 tapers connect the output star coupler with the output waveguides.

If the AWG is intended as both a MUX and DeMUZX, then the tapers are usu-
ally designed symmetrically, i.e., T1 taper = T4 taper and T2 taper = T3 taper.
However, different tapers can be used depending on the application. In order to
demonstrate their effect on the AWG’s performance, we used the same 8-channel,
100-GHz AWG design and performed various simulations of the AWG layout,
first with no tapers, then with the application of T1 linear taper, then once each
with T2 linear tapers, T3 linear tapers, and T4 linear tapers, as shown in Fig.
33. Figure 34 shows the simulated spectral response in each case. Although it
can be seen that the responses are very similar to one another, Table 4 shows
the calculated transmission parameters from all characteristics in Fig. 34 that fea-
ture some deviations resulting from the application of different tapers that fulfill
different functions in the design.

Influence of taper T1: Taper T1 is placed in front of the input star coupler
and may have a range of different shapes, as presented in Fig. 35, such as linear
taper, multimode interference (MMI) coupler or parabolic waveguide horn taper,
etc. These tapers form the spectral response of the AWG, i.e., Gaussian shape,
flat-top shape, or semiflat.®” The spectral response when applying the linear taper
can be seen in Fig. 34(b), the MMI taper in Fig. 8(b), and the parabolic taper in
Fig. 8(c). As is evident in Fig. 35, the near-field intensities leaving the taper and
entering the input star coupler correlate well with the spectral responses of the
AWG. This correlation is due to the fact that the PA can be seen as an extended
lens, in which the input field at the object plane of the input star coupler is trans-
ferred to an equal field on the focal line of the output star coupler (Fig. 5).
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Figure 34 Simulated transmission characteristics of an 8-channel, 100-GHz AWG applying
different tapers: (a) no tapers, (b) linear taper T1, (c) linear taper T2, (d) linear taper T3, and

(e) linear taper T4.

Table 4 Transmission parameters calculated from AWG designs in Fig. 34. Values in bold
are the best values reached, while those in italics represent the worst case.

AWG AWG AWG AWG AWG
Transmission design design design design design
parameters (no taper) | (taper T1) | (taper T2) | (taper T3) | (taper T4)
Insert. loss (/L) (dB) —-2.58 -2.5 -2.36 -2.58 -25
Insertion loss 0.5 0.54 0.5 0.62 0.54
uniform. (/Lu) (dB)
Adjacent channel -43.10 -36.09 —42.93 —46.64 -36.48
crosstalk (AX) (dB)
Nonadjacent channel -46.97 —44.67 —47.06 -46.88 —44.79
crosstalk (nAX) (dB)
Background —56.367 —48.11 —54.62 —53.38 —47.9
crosstalk (BX) (dB)

The resulting spectral response can then be derived from a superposition of the
imaged field at the focal line and the eigenmode of the output waveguide.
Influence of taper T2: Linear tapers connecting the input star coupler with
the PA waveguides are used to reduce losses when light enters the array aperture.
This loss occurs due to reflection of the light at the facets of the interspaces
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Figure 35 Different T1 tapers used in AWG design to form the spectral response.

between the individual PA waveguides. Light penetrating the cladding material at
these facets is usually absorbed. This loss can be minimized by maintaining only
a small distance between the array waveguides or by adding linear tapers.”’

Influence of taper T3: Linear tapers connecting the PA waveguides with the
output star coupler influence the far-field intensity distribution in this coupler and
thus determine the non-uniformity parameter L, [Fig. 12(a)].

Influence of taper T4: Tapers used at the end of the output star coupler ful-
fill two different functions. They can be used in a similar manner as taper T1 to
form the spectral response of the AWG®” or to collect the light focused at the
focal line into the output waveguides. On the one hand, losses can thus be
reduced, but on the other hand, the adjacent channel crosstalk increases because
a part of the light can also be focused into the neighboring waveguides (discussed
in Section 3.3 AWG design, “channel crosstalk™).

Based on the functionalities of various tapers in the AWG design, we can
draw the following conclusions. As can be seen in Fig. 36(a), the transmission
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Figure 36 (a) Transmission characteristics of two center channels from all five simulated
transmission characteristics presented in Fig. 34, and (b) a detailed view of insertion losses.
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characteristics that result from application of the linear tapers T1 and T4 (which
have the same dimensions) are quite similar to one another. They form the wider
Gaussian shape, which correlates well with the near-field intensity from the linear
taper that is wider than the near-field intensity resulting when no tapers are used
in the AWG design (Fig. 35). Transmission characteristics when applying linear
tapers T2 and T3 are nearly identical to the transmission characteristics when no
taper is used in the AWG design. They feature a narrower Gaussian shape ensur-
ing better crosstalk (4X, nAX, BX) as presented in Table 4. Small deviations
between these parameters are the result of numerical approximations in the trans-
mission parameter’s calculations. As was to be expected, the lowest insertion loss,
1L (calculated within the passband), was achieved by applying taper T2 [Fig. 36(b)].
The worst non-uniformity (/Lu) resulted from the application of taper T3. The
wider this taper is, the narrower the far-field intensity in the output star coupler,
i.e., the higher the non-uniformity.

3.11 Influence of fabrication imperfections on AWG performance

Passive optical components, such as AWGs, splitters, ring resonators, and pho-
tonic crystals, are very sensitive to fabrication imperfections. Even though the
AWG may be well designed, the fabrication process will greatly influence the
end performance of the AWG. Among the various imperfections that may occur
during fabrication are as follows:

e Material imperfections: These result from inhomogeneous doping over the
wafer (inhomogeneous refractive index of the core, cladding) that stems
from the CVD deposition process.

e Size imperfections: The waveguide structure may not have the correct size,
which will influence the light traveling through the waveguides. Incorrect
height stems from the CVD growth, while incorrect width of the waveguide
results mainly from the lithography and etching processes.

The performance of the AWG may fluctuate greatly depending on which
foundry is used, despite the fact they may offer the same technology for fabrica-
tion. Furthermore, even AWGs produced in the same technological run or from
the same fabricated wafer may vary in performance.

3.11.1 Different foundries
Although most of the foundries offer the same (or very similar) fabrication proc-
esses, the performance of fabricated chips can vary greatly from one to the other.
Figure 37 shows the performance fluctuation of a 40-channel, 100-GHz AWG
coming from different technological foundries.

This AWG was designed, simulated, and evaluated using the same procedure
as described for the 8-channel, 100-GHz AWG. As can be seen, each of the mea-
sured transmission characteristics is different, and they are sorted in such a way
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Figure 37 Measured transmission characteristics of a 40-channel, 100-GHz AWG from four
different foundries.®’

that foundry 1 displays the best performance and each of the next foundries dem-
onstrates a successively worse AWG performance. Of particular note are the
background crosstalk and channel crosstalk, which are both considerably higher.
Channel crosstalk is a result of the phase errors caused by variations in the effec-
tive length of the array grating arms due to fabrication imperfections or wafer
non-uniformity (Section 3.3 AWG design, “Channel crosstalk”). The phase errors
result in wide fuzzy focus spots on the focal line (Fig. 5). When the output wave-
guides are placed too close to one another (input design parameter dx in Fig. 16),
a part of the optical signal may also be focused into the neighboring waveguides,
increasing the adjacent channel crosstalk 4X. From the design point of view, in
order to minimize channel crosstalk, the PA waveguides should, therefore, be as
short as possible (parameter dL), and output waveguides should be placed as far
as possible from each other (parameter dx).
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3.11.2 Different AWG performances from the same foundry

Figure 38 shows the same 40-channel, 100-GHz AWG as in Fig. 37 but on five
different wafers each from foundry 1 and foundry 3. As can be seen, the result of
foundry 1’s fabrication process is superior to that of foundry 3. The 40-channel,
100-GHz AWG from foundry 1 features not only excellent measured transmission
characteristics, confirmed by the calculated transmission parameters (Table 5),
but these are also very similar, which ensures very good technological
reproducibility.

In contrast to this result, the same AWG fabricated in foundry 3 displays not
only great variation in transmission characteristics from different wafers, but also
far worse transmission characteristics than those of foundry 1. This AWG will be
described more in detail.

3.11.3 40-channel, 100-GHz AWG

The AWG-Parameters tool was used to design a 40-channel, 100-GHz AWG.
From the calculated geometrical parameters (i.e., dx, dd, Lf, and dL), an AWG
layout was created and simulated using the Apollo Photonics tool. Figure 39
shows the simulated and measured transmission characteristics of this AWG,
which show close parity. Using the AWG-Analyzer tool, the transmission param-
eters were calculated from both the simulated and measured transmission charac-
teristics and then evaluated [Figs. 40(a) and 40(b)]. Table 5 presents the
calculated transmission parameters: the design parameters (AWG-Parameters tool)
and the transmission parameters calculated from the simulated and measured
transmission characteristics (AWG-Analyzer tool). As this AWG comes from
the same design and technological run as the 8-channel, 100-GHz AWG, there
is a slight shift in the measured AWG central wavelength (A, = 1548.35 nm) in
comparison to the designed and simulated central wavelength (A. ~
1550.12 nm). The parameter peak insertion loss uniformity p/Lu is very similar
in all three cases (design: L, = 0.982 dB, simulation: p/Lu = 0.873 dB, and meas-
urement: p/Lu = 0.754 dB). Small deviations are merely the result of slightly dif-
ferent optical signal shapes. Other transmission parameters, such as adjacent
channel crosstalk, non-adjacent channel crosstalk, and background crosstalk, also
show a strong correlation, which once again confirms the computational correct-
ness of the AWG-Parameters and AWG-Analyzer tools, as well as the high qual-
ity of foundry fabrication facilities.

3.12 Application of AWG tools in various AWG designs

The tools described above were applied to various AWG designs.®”-"8

Most of them were designed to have Gaussian and flat-top shapes, although
some designs had a semiflat spectral response. Depending on the application,
some AWGs required a special design. Those AWGs will be presented in this
section.
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Figure 38 Measured transmission characteristics of a 40-channel, 100-GHz AWG (foundry
1 and foundry 3) from five different wafers.®’
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Table 5 Input design parameters used in the 40-channel, 100-GHz AWG design
(AWG-Parameters tool) together with parameters calculated from the simulated transmis-
sion characteristics (AWG-Analyzer tool: simulation) and from the measured transmission

characteristics (AWG-Analyzer tool: measurement).

Transmission
parameters

AWG-Parameters
tool: input parameters

AWG-Analyzer
tool: simulation

AWG-Analyzer
tool: measurement

No. of channels

Num = 40

Nr. Channels = 40

Nr. Channels = 40

AWG central A = 1550.043 nm Ae = 15650.12 nm Ae = 1548.35 nm
wavelength

Peak insertion loss plL = —1.502 dB plL = —4.145 dB
Insertion loss IL =-2.833 dB IL = -5.964 dB

Peak insertion loss Lu=0.982 dB plLu = 0.873 dB plLu = 0.754 dB
uniformity

Insertion loss ILu = 0.923 dB ILu = 0.785 dB

uniformity

Adjacent channel Cr=-314dB AX =-30.395dB | AX = -30.280 dB

crosstalk

Non-adjacent
channel crosstalk

nAX = -37.703 dB

nAX = —40.664 dB

Background BX = —-65.197 dB BX = —-67.631 dB
crosstalk
(@7 (b) 7
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Figure 39 40-channel, 100-GHz AWG: (a) simulated transmission characteristics from
Apollo Photonics and (b) measured transmission characteristics.

3.12.1 8-channel CWDM AWG

The 8-channel CWDM AWG has a typical channel spacing df = 2500 GHz
(= 20 nm) and a spectral response with a flat-top shape. Depending on which part
of the AWG structure is modified, different approaches can be used to form the
flat-top AWG spectral response.®’
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Figure 40 40-channel, 100-GHz AWG: calculated transmission parameters from the simu-
lated transmission characteristics (a) and from the measured transmission characteristics
(b) using the AWG-Analyzer tool.

Input section modification (multimode input waveguides) involves flattening
the passband by connecting the input waveguide with the input star coupler by
means of a special taper, such as a MMI coupler,” parabolic waveguide horn,'"’
or Y-branch.'”" In all three cases, the principle of flattening is the same.
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The special tapers applied will form the flat-top near-field intensity at the
object plane of the input star coupler, which is imaged to an equal field at the
image plane of the output star coupler (Section 3.10 Tapers in AWG design).

The star-coupler-modification approach (two focal points for the waveguide
gratings) is based on the principle whereby the array waveguide region is split
into two or more different groups, each of which focuses to slightly different focal
points.'? The displacement of the individual focal points is in the range of a
few microns. The resulting field on the image plane is a superposition of the dif-
ferent Gaussian responses leading to a broadened response peak with a flattened
top shape.

The grating section modification approach (multiple grating sections) uses
two or more different gratings,'”® each with its own path length difference AL
and individual center wavelength. Once again, the resulting spectral response is
a superposition of two slightly displaced Gaussian peaks.

Output section modifications [post-filtering with asymmetric Mach—Zehnder
interferometers (MZIs)] is a method based on subsequent filtering of the output
signals with a MZL'" The round peaks of the Gaussian channel response are flat-
tened by the MZI filters, which have the opposite spectral characteristics of the
individual WDM channels.

Output section modification (multimode output waveguides) involves modifi-
cation of the output waveguides. A part of each output waveguide is spread to a
MMI coupler that connects the output star coupler'” (Section 3.10 Tapers in
AWG design).

All of these approaches have certain advantages and disadvantages. Based on
Ref. 60, the most simple but also most effective solution is the use of input wave-
guide modification that was also applied to the 8-channel CWDM AWG.

3.12.2 Design

The design of CWDM AWGs is made difficult by the fact that the wide channel
spacing (df = 2500 GHz) leads to a very small length difference between two
neighboring PA waveguides dL. Such a small length difference causes difficulties
in connecting all the waveguides in the PA. On the other hand, a small dL leads to
a very large bending radius of waveguides, which in turn reduces the propagation
losses (Fig. 41).
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Figure 41 Top view of the 8-channel CWDM AWG layout (Optiwave tool).
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Figure 42 (a) Top view of the S-taper used in designing the 8-channel CWDM AWG to form
the flat-top, (b) with the field intensity distribution at the taper output.

For the flat-top shape, an S-taper (a parabolic waveguide horn) as predefined
in the photonic software was used in the AWG layout. This taper shape is often
used to form the flat-top shape because it ensures highly satisfactory results (as
shown in Fig. 42, Optiwave simulation).

Figure 43 shows the (a) simulated and (b) part of the measured transmission
characteristics of this AWG. While the simulated spectral response demonstrates
a shape close to semiflat, the shape of the measured spectral response correlates
strongly with the designed shape, as shown in Fig. 42(b).

Table 6 presents the designed transmission parameters calculated using the
AWG-Parameters tool, the transmission parameters calculated from the simulated
and measured transmission characteristics presented in Fig. 43.

Insertion loss: The CWDM AWG suffers far higher insertion losses because
of the flat-top shape. As can be seen, the simulated peak insertion loss p/L
reached —4.9 dB, and the measured peak insertion loss p/L. =—6.12 dB. The
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Figure 43 8-channel CWDM AWG: (a) simulated and (b) measured transmission
characteristics.®’
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Table 6 Input parameters used in the CWDM 8-channel, 2500-GHz AWG design (AWG-
Parameters tool) together with parameters calculated from the simulated and measured
transmission characteristics (AWG-Analyzer tool).

Transmission AWG-Parameters AWG-Analyzer AWG-Analyzer
parameters tool: input parameters | tool: simulation tool: measurement
No. of channels Num =8 Nr. Channels = 8 Nr. Channels = 8
AWG central A = 1550.12 nm A = 1550.12 nm Ae = 1547 nm
wavelength

Peak insertion loss plL = -4.9 dB plL = -6.12 dB
Insertion loss IL=-7.43 dB IL =-9.122 dB
Peak insertion loss Lu=19dB plLu = 2.043 dB plLu = 2.134 dB
uniformity

Insertion loss ILu=2.21dB ILu=2.19 dB
uniformity

Adjacent channel Cr=-39.8 dB AX = -32.45 dB AX = -30.12 dB
crosstalk

Non-adjacent nAX = —43.620 dB | nAX = —-39.551 dB
channel crosstalk

Background BX = -53.428 dB BX = -51.781 dB
crosstalk

insertion loss /L is even higher: from the simulation, /L = —7.43 dB, and from the
measurement, /L = —9.122 dB.

Insertion loss uniformity (non-uniformity): The theoretical value of the
non-uniformity used in the AWG-Parameters tool was set to L, = 1.9, while the
simulated and measured non-uniformity reached values below 2.2 dB. These
values demonstrate a strong correlation between all three parameters. Once again,
the small deviations result from the slightly different shapes of the spectral
responses. Insertion loss uniformity /L also features very good agreement between
simulated and measured values.

Adjacent channel crosstalk: The designed adjacent crosstalk was set to Cr =
—39.8 dB. Its simulated and measured values are similar to one another (about
—30 dB), but they differ strongly from this theoretical value because of the flat-
top shape of the output signals formed by applying the S-taper. This taper forms
much wider output signals, causing higher adjacent channel crosstalk. The
AWG-Parameters tool does not allow for tapers used to form the flat-top shape
of the optical signal, but it calculates the value of the channel crosstalk as for a
Gaussian shape.

Non-adjacent channel crosstalk: The simulated non-adjacent channel cross-
talk is slightly better than the non-adjacent channel crosstalk calculated from the
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measured transmission characteristics, as was the case for the other AWGs com-
ing from this technological run (foundry 3).
Background crosstalk: The two background crosstalk values are similar.

3.12.3 Colorless 8-channel, 100-GHz AWG

The AWG-Parameters tool was applied to design various AWG optical MUX/
DeMUX. In this section, some additional features of this tool for designing an
8-channel, 100-GHz colorless AWG are presented. When a special design is
applied, such an AWG will repeat its orders and can work in any predefined chan-
nel band. In other words, the same colorless AWG can work on channels 1 to 8 or
9 to 16, and so on, as shown in Fig. 9(b). In the frequency domain, this period is
called the FSR, as shown in Fig. 12(b). The condition for a colorless AWG is that
the FSR should equal Num times channel spacing, where Num is the number of
output channels. In our case, FSR = 8§ X 100 GHz = 800 GHz. In the AWG-
Parameters tool, it can be easily calculated using the parameter dfsr, as shown in
Fig. 44 in the “Computed data” window (containing all additive parameters
needed for the calculation).

3.12.3.1 Layout and simulation
The geometrical parameters calculated using the AWG-Parameters tool (Fig. 44)
create the input for the layout of the 8-channel, 100-GHz colorless AWG. This
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Figure 44 Calculated geometrical parameters of the 8-channel, 100-GHz colorless AWG.
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(a) - (b)

Figure 45 Colorless 8-channel, 100-GHz AWG layout with linear tapers used in the PA to
collect the light and thus reduce the coupling losses between the PA waveguides and input
star coupler.

layout was created and simulated using the Optiwave photonics tool [Fig. 45(b)].
The simulated transmission characteristics are presented in Fig. 46(a). The design
was also verified technologically, and the measured transmission characteristics
are shown in Fig. 46(b). As can be seen, very good correlation was achieved
between simulated and measured transmission characteristics, with the exception
of background crosstalk that is approximately 10 dB higher in the measured trans-
mission characteristics,' as also confirmed by the calculated transmission param-
eter BX in Table 7.

Insertion loss: Higher insertion loss than for the other Gaussian AWGs is
caused mainly by much higher non-uniformity.

Insertion loss uniformity (non-uniformity): The simulated and measured
non-uniformity parameters p/Lu are similar to each other; however, they deviate
strongly from their theoretical value L,. The reason for this deviation is the large
waveguide separation between the PA waveguides (parameter dd = 18 um, Fig. 44).

—

1.5200 1.5300 1.5400 1.5500 1.5600 15 1520 1525 1530 1535 1540 1545 1550 1555 1560 1565 1570
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(@) (b)

Figure 46 (a) Simulated and (b) measured transmission characteristics of the 8-channel,
100-GHz colorless AWG.®’

Transmission (dB)
transmission (dB)

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 14 Feb 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



54 Seyringer: Arrayed Waveguide Gratings

Table 7 Input parameters used in the colorless 8-channel, 100-GHz AWG design (AWG-
Parameters tool) together with parameters calculated from the simulated and measured

transmission characteristics (AWG-Analyzer tool).

AWG-

Parameters: AWG- AWG- AWG-Analyzer:
Transmission input Analyzer: Analyzer: simulation
parameters parameters simulation measurement (no T3 used)
Insertion loss IL=-476dB | IL=-6.12dB IL =-6.38 dB
Peak insertion Lu =0.927 dB plLu = plLu=24dB | plLu=1.09 dB
loss uniformity 2.38 dB
Adjacent Cr= AX = AX = AX =-35.4dB
channel -31.395 dB -33.1dB -32.8 dB
crosstalk
Non-adjacent nAX = nAX = nAX =
channel —47.2 dB -37.5dB —47.7 dB
crosstalk
Background BX=-55dB | BX=-45dB BX = -57 dB
crosstalk

To reduce the transition losses between the star couplers and arrayed waveguides
(Section 3.3 AWG design, “Performance parameters”—“Insertion loss”), linear
tapers (T2 taper = T3 taper) were used in the PA to collect the light [Fig. 45(a)].
From the Fourier transform, it follows that the wider these tapers are, the narrower
the far-field intensity in the output star coupler, which in turn negatively affects
the non-uniformity parameter L, (Section 3.10 Tapers in AWG design—
“Influence of taper T3”). Unfortunately, the application of tapers in the PA is
not possible in the AWG structure calculation or in the AWG-Parameters tool.
However, the presence of the tapers in the designed and fabricated AWG structure
is evidenced by the very good agreement between the simulated (2.38 dB) and
measured non-uniformity (2.4 dB).

Adjacent channel crosstalk: There is only a small deviation in adjacent
channel crosstalk (Cr) caused by the slightly different shapes of the optical signals
in the simulated and measured transmission characteristics (AX).

Non-adjacent crosstalk and background crosstalk: The channel isolation
from the simulated characteristics is approximately 10 dB better than the mea-
sured channel isolation.

The example of an 8-channel, 100-GHz colorless AWG is ideal for demon-
strating the application of theory in the design process. If this AWG is designed
to work solely as a DeMUX, there is no need to use the symmetrical tapers in
the PA. If taper T3 is removed from the AWG design, the far-field intensity
should correlate with the peak insertion loss uniformity L, (Table 7). Figures 47
and 48 confirm this theory. Figure 47 shows simulations of the far-field intensity
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Figure 47 (a) Simulated far-field intensity in the output star coupler, (b) the non-uniformity
parameter, and (c) transmission characteristics of the 8-channel, 100-GHz colorless AWG
when taper T3 was used.
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in the output star coupler, the non-uniformity parameter, and the transmission
characteristics (in the wavelength range of 1550 to 1560 nm) from the colorless
AWG when taper T3 was used.

Figure 48 shows the same simulations but without application of the T3
taper. The far-field intensity explains very clearly why the non-uniformity p/Lu
is much lower when the T3 taper is not used, but the final losses of the AWG
are much higher (parameter /L = —6.38 dB). This fact is confirmed by the calcu-
lated transmission parameters in Table 7. From this, it follows that when an
appropriate taper T3 is used in the AWG design, it may form a far-field envelope
that can strongly reduce the insertion loss non-uniformity.'’’

3.12.4 128-channel, 10-GHz AWG for ultra-DWDM

In recent years, the optical MUX/DeMUX based on AWGs have also become
increasingly popular for very high dense wavelength division multiplexing appli-
cations.!*®!% This popularity is largely due to the fact that the AWGs offer many
advantages, such as precisely controlled narrow-channel spacing (easily matched
to the ITU grid), simple and accurate wavelength stabilization, low and uniform
insertion loss, and large channel counts. To date, a number of narrow-channel-
spacing AWGs (10 GHz, 25 GHz) with channel counts of 400 or even more
have already been demonstrated; > however, they do not reach the transmit-
ting characteristics required for data transmission in future optical networks. The
reason is that although the standard-channel-count (up to 40) and standard-
channel-spacing (100 or 50 GHz) AWGs feature very good transmission charac-
teristics and are relatively easy to design, increasing the channel counts (128 or
more) and narrowing the channel spacing (25 GHz, 12.5 GHz, 10 GHz, or even
less) lead to a rapid increase in the AWG size which, in turn, causes deterioration
in optical performance with higher insertion loss and, in particular, higher channel
crosstalk.” Therefore, the design of such AWGs is very complicated and requires
special knowledge in this field. The simulations of such large AWGs are also
accompanied by a huge computational effort (one simulation takes from weeks
to months), with the result that these AWGs present a serious challenge for the
designers.

In this section, the 128-channel 10-GHz AWG will be described. The AWG
structure was designed using the AWG-Parameters tool, simulated using the
Optiwave tool, and evaluated using the AWG-Analyzer tool. The simulation of
the AWG structure took approximately two months when using the Optiwave
tool. The simulated transmission characteristics can be seen in Fig. 49, which
shows the transmission parameters of all 128 output channels. Figure 50 shows
the transmission characteristics of just one output channel.

The simulated transmission characteristics were then evaluated using the
AWG-Analyzer tool (Fig. 51). The designed transmission parameters from the
AWG-Parameters tool were a peak insertion loss uniformity L, = 0.938754 dB
and a channel crosstalk between output waveguides Cr = —29.329885 dB.'"
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Figure 48 (a) Simulated far-field intensity in the output star coupler, (b) the nonuniformity
parameter, and (c) transmission characteristics of the 8-channel, 100-GHz colorless AWG
without taper T3.
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Figure 49 Simulated transmission characteristics of the 128-channel, 10-GHz AWG
obtained from the Optiwave photonics tool.

The transmission parameters calculated from simulated transmission characteris-
tics (Fig. 51) are an insertion loss parameter p/L = —1.339 dB and an insertion
loss parameter calculated within the passband /L= —-2.271 dB. All of the other
calculated transmission parameters also feature very good values: adjacent
channel crosstalk 4X =—-28,692 dB, non-adjacent channel crosstalk n4AX =
—32.947 dB, and background crosstalk BX = —65.701 dB (the BX parameter can
be seen in Fig. 50 where only one optical transmitting signal is presented). The
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Figure 50 Simulated transmission characteristics of only one channel from the 128-chan-
nel, 10-GHz AWG.
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Figure 51 Calculated transmission parameters from the simulated transmission characteris-
tics presented in Fig. 49.

big difference between the channel crosstalk and background crosstalk is caused
by the presence of the side-lobes.
The final AWG structure fits on a 6-in. wafer, as presented in Fig. 52.

3.13 Design optimization

An optical MUX/DeMUX based on an AWG is an attractive optical device,
which offers a great deal of flexibility in the design. As already shown, certain
input parameters are needed to calculate the geometrical parameters of the AWG
structure. By simply changing these parameters, it is then possible to design vari-
ous AWGs with very satisfying performances. Sometimes, and particularly for
high-channel-count and narrow-channel-spacing AWGs, defining the input
parameters is not a satisfactory approach due to other issues, such as the size of
the AWG structure or fabrication, which determine the final performance of the
AWG. In this case, it is necessary to look for new solutions.

3.13.1 Improvement of channel crosstalk in narrow-channel-spacing AWGs
by applying specially shaped couplers

As explained in the design of the 128-channel, 10-GHz AWG, the high-channel-
count and narrow-channel-spacing AWGs are very large in size, causing an accu-
mulation of phase errors in the grating arms that leads to a deterioration in the
optical performance, and in particular a marked increase in channel crosstalk.
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Figure 52 (a) Layout of the 128-channel, 10-GHz AWG and (b) layout of two 128-channel,
10-GHz AWGs placed on a 6-in. wafer.

Channel crosstalk is not only the result of phase errors but also the amplitude
errors in the far-field intensity at the end of the input star coupler.’’ To minimize
the phase errors, the arrayed waveguides should be designed to be as short in
length as possible. On the other hand, short arrayed waveguides lead to an
increase in the star coupler size, causing an increase in amplitude errors.
Therefore, it is a difficult task to design and fabricate an AWG with both narrow
channel spacing and low channel crosstalk, and even AWGs with 25-GHz chan-
nel spacing present a serious challenge. One solution is specially shaped couplers,
which, in combination with the short length of arrayed waveguides, can minimize
both the phase errors as well as amplitude errors, and thus allow for considerable
improvement in the channel crosstalk.''? For the purposes of showing the influ-
ence of the coupler shape on the AWG’s optical performance, a standard and also
optimized 25-GHz AWG with Num = 256 output waveguides was designed. The
number of PA waveguides was set to 1000, and the optical path length difference
between adjacent waveguides dL = 23.5 pm. The layout of this AWG, featuring a
small PA region in comparison to the large star couplers, is shown in Fig. 53.

For the standard AWG design, the “standard” coupler shape was used, and for
the optimized AWG, the “specially shaped” couplers (Fig. 54).

3.13.2 Simulation of a standard AWG
To minimize the phase errors in the standard AWG, the path length difference of
the adjacent arrayed waveguides dL was set to a low value (dL = 23.5 pm). The
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Figure 53 256-channel, 25-GHz AWG layout, (10 x 13) cm? in size.
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Figure 54 The shapes of AWG couplers: standard and specially shaped couplers used in
the design of a 256-channel, 25-GHz AWG.

amplitude errors were minimized by setting the appropriate width of the couplers,
W = 7000 pm according to the width of the far-field intensity, as shown in
Fig. 55(a). However, as can be seen, the far-field intensity at the end of the input
star coupler still displays strong amplitude irregularities causing the high channel
crosstalk. Figure 55(b) shows the simulated transmission characteristics of this
AWG (of the first 39 channels only because of the enormous computing time
needed for the calculations). Calculated channel crosstalk AX ~ —24 dB, insertion
loss IL < —35 dB, and background crosstalk BX ~ —52 dB.

3.13.3 Simulation of an optimized AWG

To eliminate amplitude errors, the specially shaped star couplers presented in
Fig. 54(b) were used. These couplers led to an alteration in the far-field intensity,
which became smoother [Fig. 56(a)], and this in turn had a positive influence on
the transmission characteristics, as shown in Fig. 56(b). The calculated channel
crosstalk AX ~ —28 dB, insertion loss /L < —3.3 dB, and background crosstalk
BX ~ —62 dB.
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Figure 55 (a) Far-field intensity at the end of the input star coupler (b) together with simu-
lated transmission characteristics.

3.13.4 Design of specially shaped couplers
As presented, the specially shaped couplers suggested here can be used to reduce
the channel crosstalk in narrow-channel-spacing AWGs. From a geometrical point
of view, the couplers have the same length as standard couplers but only have the
same width W at the beginning and end of the coupler (Fig. 54). This value
increases toward the middle of the coupler where it reaches its maximum value
W, and then falls again to the original value W. Thus, W, is the only variable
parameter that must be determined. It corresponds to any point where the far-field
intensity distribution at the end of the standard input star coupler reaches its zero
value outside the coupler (Fig. 57). In this design, W, = 15,000 pm, but W, =
9000 pm also produced very satisfactory results.

We found various coupler shapes to be effective. Of these different shapes,
the greatest improvement in channel crosstalk was obtained for the coupler pre-
sented in the right half of Fig. 54. Figure 58 clearly shows the significant
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Figure 56 (a) Alteration to the far-field intensity by applying specially shaped couplers,
(b) with simulated transmission characteristics.
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Figure 58 (a) Transmission characteristics of one channel using standard couplers and
(b) specially shaped couplers.

influence of such specially shaped couplers on the AWG’s optical performance,
where we plotted AWG transmission characteristics from Fig. 55(b) and from
Fig. 56(b) again, but only for one channel. As can be seen, the output optical sig-
nal from the standard AWG (a) features high side-lobes causing high crosstalk
between the output channels; and (b) the specially shaped couplers led to the
elimination of amplitude errors at the output aperture of the input star coupler
with a strong impact on the AWG transmission characteristics. The side lobes of
the optical signal are strongly suppressed, leading to a significant improvement
in channel crosstalk. In particular, the background crosstalk was reduced
by ~10 dB.

The approach of using specially shaped couplers to reduce channel crosstalk
has a number of advantages. First, it is not sensitive to small shape and size devi-
ations caused by possible process variations during the fabrication, as the couplers
are very large compared to the other AWG parts, nor does it have a negative
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Table 8 Comparison of transmission parameters calculated from transmission characteris-
tics of standard and specially shaped 256-chanel, 25-GHz AWGs.

Transmission parameters Standard couplers Specially shaped couplers
Insertion loss (/L) -3.5dB -3.3dB
Adjacent crosstalk (AX) —24 dB —28 dB
Nonadjacent crosstalk (nAX) -45 dB -50 dB
Background crosstalk (BX) -52 dB -62 dB

effect on other transmission parameters, such as non-uniformity or insertion loss.
It also led to the slight improvement of insertion loss presented in Table 8 and
allows for the use of specially shaped couplers in combination with any tapers
or other special structures placed at the waveguides.
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