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ABSTRACT

We present a comparison of different silicon photonics-based wavelength filters for different design eriteria (e.g.
channel spacing, number of channels, ...) and different performance metrics (e.g. insertion loss or crosstalk
). In this paper we compare only non-resonant filters, or finite-impulse response (FIR) filters, such as Arrayed
Waveguide Gratings, Echelle Gratings and higher-order cascades of Mach-Zehnder filters. We derive the strengths
and weaknesses from their operational principles and confirm those with experimental data from fabricated

devices and extrapolated simulations.

Keywords: Silicon Photonies, Arrayed Waveguide Gratings, Echelle Gratings, Mach-Zehnder Interferometer,
Wavelength Filter, Wavelength Division Multiplexing

1. INTRODUCTION

Silicon photonies is hecoming a technology of choice to build photonic integrated cireuits for diverse applications
in optical communications,! sensing®“and microwave signal processing.? The key strength of silicon photonies,
compared to other photonic integration technologies such as silica on silicon, I11-V semiconductors or Lithium
niobale is the potential integration density and the manufacturing infrastructure. Silicon photonics, using silicon
as a base material, is compatible with fabrication processes and tools used for the large-seale manufacturing of
CMOS circuitry. Over the past decade, several R&ED pilot lineas and even industrial fabs have demonstrated a
silicon photonies fabrication How, with the first products on the market.” The use of proven mass-fabrication
technologies gives silicon photonics a growth potential for high-volume, low-cost applications.

The second key advantage of silicon photonies is the integration seale. Beeanse of the high refractive index
contrast, silicon photonic waveguides can have submicrometer cross-seetion dimensions, and can guide light in
bends of only a few micrometer radius. Beeause of this, many more components can be integrated on the
same chip, compared Lo other, low contrast, integration technologies. Also, several silicon photonies technology
platforms now support active clectro-optic modulators and detectors.®7

One of the key Tunetionalities required for many applications of photonic integrated circuits, is the use of
wavelength filtering.® the optical spectrum covers a huge wavelength range, and even when confined within the
usell band of ‘standard’ silicon photonics (using a waveguide core of 200-400nm thickness), the wavelength
range can still span from 1200nm to 2500nm, or over 100THz. Such a wavelength range can contain a lot of
information, be it as a carvier of communication signalg, or information that can be useful for sensing.

Optical communication can benefit of this huge bandwidth through wavelength division multiplexzing (WDM),
where individual high-speed signals are modulated on different wavelength carriers. This can range from coarse
WDM with 4 widely spaced channels, to ultra-dense WDM with over thousand closely packed wavelength chan-
nels. To effectively multiplex and demultiplex these communication channels, good wavelength filters are re-
quired, with sufficiently low insertion loss and a high rejection ratio of the other communication channels.
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Also, wavelength filters can be very useful for sensing applications. Many optical sensors rely on spectral
information. This can be a wavelength shift that relates to a specific quantity (e.g. a concentration of biomarkers
in a biosensor, or strain in a [iber Brage graling sensor), or it can be spectroscopic information, such as spectral
fingerprints of gases and complex molecules. The requirements for these applications can differ significantly from
those of WDM communications.

There arve different techniques to make wavelength filters, but almost all rely on interference of two of more
light paths., In this paper, we will discuss different implementations of finite tmpulse response (FIR) filters,
These filters are based on a finite set of inferfering aptical delay lines in a feed-forward architecture. The
main examples of such filters in an integrated cireuit include Mach-Zehnder interferometers (MZ1),"19 arrayed
waveguide gratings (AWG) and echelle gratings.

In contrast to FIR filters, it is also possible to make infinile impulse response (1TR) filters in a PIC. These
are based on feed-back mechanisms, with optical delay paths coupling back on itself. This will cause multiple
self-interference of the light, which leads to resonances. The feedback eavity can be based on a travelling wave,
such as in ring resonalors, or on a standing wave, such ag a Fabry-Perot cavity. 1R wavelength filters have
the significant advantage (compared to IFIR filters) that they use the same delay line multiple times. Therefore,
they have less problems in matching the lengths of the delays, and the device footprint is usually more compact.
However, a key drawback of resonant Alters is that the multiple roundtrips also introduce a higher optical peak
power in the filter. Therefore, TIR filters can suffer from nonlinear effects, even at low power.1!

In this paper we will discuss different, implementations of FIR filters in silicon photonics, Even though they are
based on the same principle of multiple interference paths, the different implementations have their own strengths
and wealmesses. In the next section we discuss the operational principles of the different FTR filter types, and
identify their strengths and weaknesses. Tn section 4 we compare the diffevent filter types, as implemented in
silicon photonics, against different perforinance metrics, such as insertion loss, crosstalk, footprint, ete..

2. FIR WAVELENGTH FILTERS

Interferometric FIR wavelength filters are based on optical delay lines. The unfiltered light is split over two or
more paths with a different optical path length, and the different contributions are recombined. This is illustrated
in Fig. 1. An input impulse is split over the multiple delay lines, and at the ontput this results in a finite series
of impulses, one for cach delay lines.

If the path difference between the delay lines is a constant AL, the time difference between the impulses is
At = AL.ng/e, with n, the group veloeity of the pulses.

If we ignore the common delay Lo, the output y(¢) can be written as a function of the input w(¢):

y(t) = box(t) + bhz(t — At) + box(t — 2.A8) + ... + byz(t — N.AL) (1)

In the Z-domain we can write this as a polynomial expansion:
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Figure 2. Normalized [requency [[/FSR] response of a FIR bandpass filter with coefficients b generated [rom a truncated
Taylor expansion. (a) A A-channel filter (cutoff=0.25), and (b) an 8-channel fiulter (cutoff=0.125). When we increase the
number of arms, we see an improved approximation of the box-like bandpass filter, but for the S-channel filter we need
more arms,

by + bz + f)-g?.-i + ... 4 I)NL"N
(2 —q)(z — q2)-..(z — qn) (2)

ylz]

with g; the zeros of the filter,
In contrast, [IR filters have feedback loop, which results in an impulse response which never completely dies
out. In the Z-domain this translates into a series of zeros and poles,

In the frequency (or wavelength) domain, the repeating pattern of pulses will also result in a periodic response,
with a free spectral range (FSR) equal to

5 1 c
o AL
FSRnm] = i (3)
i ngAL

around a central operating wavelength Ag.

In the wavelength domain, we can sece that the optical delay lines introduce a wavelength dependent phase
shift Ag(N) = 2mne7 (AAL/A. When the optical path length difference n, f fAL is exactly a whole number m
of wavelengths, the phase difference A¢ between contributions is a multiple of 2, and they will constructively
interfere.  Otherwise we will get only partial constructive interfere. When the coefficients of the delay lines
are properly chosen, all contributions will add up for the desired wavelength channel AX, resulting in a high
transmission, while outside that channel they will cancel out, resulting in a low transmission.

Note that the absolute filter wavelength depends on the eflective index ngrp of the delay line, while the
channel bandwidth and the free speetral range, depends on the group index 7y, which includes the wavelength
dependence of npp. In highly dispersive silicon waveguides, the group index can be significantly larger than the
effective index. 12

The narrower the wavelength channel AN with respect to the FSR, the more delay lines will be needed
to obtain a well-defined bandpass filter. This is illustrated in Pig. 2, where we approximate a box-shaped

Proc. of SPIE Vol. 8365 93650H-3

Downloaded From: http:/spicdigitallibrary.org/ on 06/08/2015 Terms of Use: hitp://spiedl.org/terms



uniformity

transmission

crosstalk |

e aiaga)

narmalized frequency

Figure 3. Performance metrics of a wavelength filter. The frequency /wavelength is normalized against a full FSR.
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Fignre 4. Different implementations of optical filters based on delay lines. (a) a Mach-Zehnder lattice filter, (b) an
Arrayed Wavegnide Grating (AWG), (¢) an echelle grating and () a Ring resonator, (a-¢) are finite impulse response
{ilters, consisting only of feed-forward delay lines. The ring resonator (d) introduces a feed-back loop, making an infinite-
impulse-response filter,

filter response using an increasing number of arms. We see that for a filter which selects one channel out of 4
(AN FSE = 0.25) we already get a good approximation of the desived filter characteristic, However, for the
1-in-8 filter (AN/FSE = 0.125) we don’t yet obtain a rectangular profile with 10 arms. As a general rule we can
say that for n channels, at least N = 2.0 delay lines are needed, even with perfect control of the coeflicients by,

T'he filter coefficients we used for Fig. 2 were not ideal for a box-like filter, Betler coefficients can be calculated
based on techniques used in digital filter synthesis, to define Butterworth, Chebyshev , Elliptical or other filter
profiles with specific objective functions such as rell-off and crosstalk.

The performance of a channel filter can be measured by different metrics, which are illustrated in Fig. 3.
The bandwidth of a channel is usually expressed as the full-width-half-maximum (FWHM) or 3dB bandwidth.
However, often also the 1dB bandwidth and 10dB bandwidth are used. The ratio between the latter two is often
used to deseribe the roll-off of the filter. The closer the 1dB/10dB bandwidth ratio is to 1, the more the filter
approaches a box-like edge. The erosstalk indicates the maximum power collected from outside the channel, and
the inserfion loss indicates the transmission efficiency of the wavelength inside the channel.

3. SILICON PHOTONIC WAVELENGTH FILTERS

Different delay-based filters ave illustrated in Fig. 4. A Mach-Zehnder interferometer (MZI) splits the light over
two arms, effectively introducing a single delay stage, and these can be cascaded to multiple delay stages. An
arrayed waveguide groling (AWG) distributed light over many delay lines using a slar coupler, and an echelle
grating implements the optical delays by positioning reflecting facets at different distances,

The key differences between the filters is how the light is distributed over the different delays and how the
contributions are recombined, i.e. the b; coeflicients. As we will discuss further, MZI lattice filters allow, in
principle, better control of the &; coefficients than an AWG or echelle grating. In actual waveguides, the actual
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FFigure 5. Mach-Zehnder lattice filter. (a) implementation of a 3-stage lattice filters, The first-order delay consists of
contributions of 3 diflerent. paths through the filter, (b) schematic [ller representation, indicating the coupling stages, (¢)
fabricated device.

phase and amplitude of each b; contribution depends on the exact geometric definition of the delay, as well as
the optical properties of the medium in which the delay is implemented. And this is where the challenges of
silicon photonics FIR filters lie,

Silicon photonic wavegnides are typically quite dispersive. This means that the optical phase delay, and even
the group delay, is nol constant over a wide wavelength range. 'T'his is not necessarily a problem for filters that
operate in a narrow wavelength band, but for filters that have to span a broad spectrum, the dispersion could
become a problem.

Also, the high refractive index contrast of silicon waveguides makes them very sensitive to small geometry
variations, or changes in temperature, This means that the exact optical length of cach delay line cannot be
precisely controlled. ™ When multiple lines with a supposedly identical delay are used, the phase errors will
manifest as a higher insertion loss and a higher crosstalle. It is evident that the effect of these stochastic errors
inereases with longer delay lines, and is strongly dependent on the quality of the fabrication technology, Also,
global changes in waveguide geometry (linewidth and thickness) or environmental conditions (lemperature) could
cause a drift of the filter response,

3.1 MZI Lattice Filters

A simple MZI s a 2 % 2 filter with a single delay path. By concatenating MZI [ilters it is possible lo creale
multiple delay paths, as shown in Fig. 5b.%'% By routing the light through multiple coupling stages there are
now many combinations of optical delays that all combine at the output in different proportions. Also, there
are different combinations of paths that lead to the same delay length, as shown in Fig. 5. It is the exact
balance between these delays that dictates the filter response, and this is controlled by the coupling ratios of
the directional couplers. Such a filter architecture is called a latlice filter, and it is commonplace in analog and
digital filter banks.

Adding more stages can increase the performance of the filter, but the phase errors in the delay lines will
accumulate, and uncertaintios in the coupling coeflicients will start to deteriorate the performance. While lattice
filters nsually have two inputs and two outputs, it is possible to cascade multiple filters into a 2 x N filter bank.'?

3.2 Arrayed Waveguide Gratings

Arrayed waveguide gratings are another mechanism to implement the interference of multiple delay lines.'® The
principle is illustrated in Fig. 6. Incoming light is distributed over many delay lines in a slar coupler. The
individual contributions are then recombined in a second star coupler. However, the recombination mechanism
is significantly different. from an MZI lattice filter,
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Figure 6. Arrayed Waveguide Gratings. (a) operation principle, (1) Shilt of the projected image with wavelength, (¢) The
overlap of image field profile with the aperture mode gives rise to a wider wavelength vesponse (d) fabricated device.®

The star couplers funetion as an imaging system. When all the contributions of the delay lines are in phase,
the field profile of the iinput aperture is imaged in the plane of the output apertures. The quality of that image
depends on the number of contributions (delay lines), but it is never perfect. When the wavelength changes,
there will be a constant phase difference between every two arins, and this will tilt the phase front in the output
star coupler, This, in turn, will shift the image. Therefore, there is a one-of-one mapping of the position in the
image plane to the wavelength within a single FSR. The mode-to-mode response of input to output is determined
by the overlap of the himage field profile with the mode profile of the output aperture. As shown in Fig. Ge,
the imaging and resulting overlap broadens the wavelength response of the filter, to approximately twice the
bandwidth., A consequence of this is that an AWG which need to select 1 channel of out N, needs about twice
the number of arns than an equivalent MZI lattice filter.

Also, the shifting overlap of the image and the aperture mode, which can be mathematically described as a
convolution in the wavelength domain, will smoothen the wavelength response. This makes it difficult 1o create
a box-like band-pass [ilter in the AWG, This can be compensated by tailoring the aperture field profiles of inpui
and output to create a sharper response: for instance, by including a broader waveguide section (a multimode
interferometer) we can obtain a broader, more uniform pass hand.'® 18 This, however, comes at the expense of
insertion loss. Modifying the coefficients b; of the individual arms is less straightforward: the amplitudes are
largely determined by the far-field profile of the input aperture. IHowever, it is possible to make non-uniform
star couplers, but this complicates the control of the relative phases between the arms.'?

An advantage of the AWG is that the imaging principle makes it possible to create a wavelength demultiplexer,
instead of a single channel filter, When positioning multiple waveguide apertures in the output star coupler,
different wavelengths will be coupled to different output waveguides. However, the channels will have an uneven
insertion loss, The transmission from the center input to the center output is highest, while the transmission
between an input and an output both at the edge of the star coupler (or the edge of the FSR in the spectrum)
could be 3-6dB lower, A way to overcome this is increase the number of channels within the FSR but not use
the outer channels. This requires additional delay lines, 20

Also, an AWG is not confined to a regnlar wavelength grid: the output wavegnides can be freely positioned
in the output star coupler, as long as they do not physically overlap. Also, it is possible to add multiple input
ports. This way, a M = N wavelength router can be built,?!

3.3 Echelle Gratings

Schelle gratings operate in a similar way as AWGs, by combining a number of optical delays with a free-space
imaging system.?? The key difference with AWGs is that echelle gratings implement the delay lines as distances
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Figure 7. Tchelle grating. (a) Basic design of the echelle grating, where the inpul and output apertures are located on
the Rowland circle, (h) Fabricated echelle grating.® (¢) Etched grating facets® and Bragg mirror grating lacets, ™

in the free propagation vegion set by the location of an array of reflecting facets, As shown in Fig. 7, the
light traverses the same free propagation region twice. The exact phase delay is therfore not dependent on
the linewidth of patterned waveguides, and this makes an echelle grating inherently more fabrication tolerant,
bocause the optical delay length now depends only on the guiding layer, rather than on the exact geometry of a
wavegnide cross section, Still, thickness variations of the silicon layer can still introduce phase errors.

The fabrication-critical detail of echelle gratings ave the reflector facets. Simply etched facets only have a
rellection of 30-40%, which immediately introduces a 5d13 insertion loss?? | Better solutions involve the use of
corner reflectors or distributed Bragg mirrors which can et the reflection loss down to 1dB or less® . Just
having a high reflection of the grating is not suflicient: il is important that the edges ol the refleclors do not
scatter too much light, because that gives rise to imaging errors and therefore distortion. So, while the image
quality generally improves by using more reflectors (or grating elements), the reflectors should be sulliciently
large to make sure Lhe edge effects do nol. dominate the main body ol the refleclors.

Like an AWG, an cchelle grating ean separate many wavelength channels into their own output waveguide,
and they suffer from the same nonuniformity between channels as AWGs,

4. COMPARISON

We compare these different types of spectral flters to a number of criteria, The comparisons in this preliminary
study are are a combination of simulations and fabricated devices, where we coupled the results of the fabrication
back into the simulated models to predict the scaling trends ol the dillerent fillers. With ideal technology, the
different, filter Lypes can all exhibit a similar performance. However, when [abrication technology is imperfect,
the performance will sufler; however, not for all filter types in the same way. Wavegnide delay lines (MZI and
AWG) will have different phase error statistics as delays implemented in the slab wavegnide of an echelle graling.
The control of directional conplers will impact Lattice filters much more than the two other filter Lypes.

When the channel count within an FSR inereases, this will have an affect on the performance as well. A
large number of channels will require a larger number of delay lines (stages, arms, [acets), and this in turn will
increase the average delay length and phase error. As a result, the crosstalk and insertion loss will go up, We
study both of these metrics by taking a fixed-channel filter design and vary the number of delays. We also
compare how the different filter types scale in footprint when used as a wavelength channel demultiplexer. Foven
though silicon photonic devices are quite compact, (de)multiplexers with a large channel count can grow up to
millimeters in size. Finally, we make a qualitative assessient on how the different technology aspects limit the
scaling performance ol the different filiers.
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4.1 Fabricated devices

We fabricated a set of MZT lattice flters, AWGs and echelle gratings using IMTECYs passive silicon photonics
platform, We varied the filters in channel spacing and number of channels, and characterized the deviees on
several dies on the same wafer using an automated probe station and vertical grating couplers.

From the transmission measurements we extracted the insertion loss, crosstalk, roll-off (ratio of 1dB band-
width and 10dB3 bandwidih) and we caleulated the footprint per ehannel, Table 1 lists a subset of this data for
M7ZI lattice filters and AWGs, We can see several trends which are disenssed in more detail using siimulations
hased on the extracted parameters of these devices,

Table 1. Comparison of fabricated FIR filters in IMEC?s silicon photonics platform,

number of  FSR L [dB]  XT [dB]  1dB/10dB footprint

channels — [nm] bandwidth  per channel

ratio [yum]

AWG 1 256  -1.36 -28 0.26 7800
8 123 -1.24 -19 0.32 25800

16 25.6 -1.55 -16 0.31 16800

MZT Tattice 4 128 -0.66 -15.7 0.33 4300
(4 stages) 8 128 -1.08 -14.6G 0.33 4300
MZI lattice 4 12.8 (0,40 -17.9 0.33 7800
(8 stages) 8 128 -0.55 -12.1 0.33 7800
MZI lattice 4 12.8 -0.77 -H.8 0.57 11200
(12 stagoes) 8 128 -2.72 -8.9 .38 11300

One aspect which becomes clear in this table, is the minimum number of stages to oblain a box-like filter profile
with an MZI lattice filter. We see that for all filters, the ration between 1dB bandwidth and 10dB bandwidth
remains constant at approximately 0,33, which closely matches the roll-off of & Gaussian filter window, Only for
the 12-stage, 4-channel filler we see a significant improvement of the roll-off. However, for this number of stages
the ather filter performance metrics, such as crosstalk, are already much worse.

Ischelle gratings and AWGs are very similar in concept, and we have already published a comparison study
between these two types of demultiplexers.®® There it becomes clear that AWGs perform better for smaller
channel spacings, while cchelle gratings are the best choice for few channels with a large spacing. Some of the
findings of this study has heen included the results presented here.

4.2 Crosstalk

One of the most important performance metrics for wavelength filters is the crosstalk, i.e. the rejection of light
with wavelengths outside the channel. For AWGs and echelle gratings, the crosstalk is entirely dependent on
the quality of the image at the output apertures. That quality depends on the number of delays: more delays
means a more detailed reconstruction of the input field profile. However, more delays will automatically imply a
longer average delay length, and therefore higher phase ervors. So for a small number of arms we expect a rapid
decrease in crosstalle (better imaging) but then a gradual inerease for large number of arms, We simulated this
with different amounts of phase errors.

This is what we observe in Fig. 8. We see that for zero phase errors we do get a constant decline in crosstalk,
but once we add phase errors we see that the crosstalk starts to inerease from a certain mumber of arms. For
MZI lattice filters the picture is a bit more complicated as the crosstalk is also very dependent on the control
of conpling cocfficients, so the absolute valies of the crosstalk (which only take phase errors of wavegnides into
account) might be underestimated.
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Figure 9. Scaling of crosstalk level of a 1:4 channel filter when increasing the number of delay lines. (a) MZI lattice filter,

increasing the number of stages, (b) Echelle graling, inceasing the number of facets, and (¢) AWG, increasing the number
of arms.

4.3 Insertion Loss

For insertion loss we observe a similar pattern, which is understandable if one considers crosstalk as optical
power which is not directed into the correct channel, and is therefore lost. The trends are plotted in Fig. 9.
I'he most remarkable result is that of the MZI lattice filter, where the insertion loss is very independent of the
phase errors, This is because we measured insertion loss as the maximum transmission within the wavelength
channel. Phase errors do, however, impact the non-uniformity of the transmission within the channel band, and
this starts Lo increase with larger phase errors,

4.4 Footprint

One of the metrics that have an impact on the flter choice is the actual footprint of the final device. Iven though
the different devices are based on the same prineiple, their implementation is very different, and this affects the
chip area they consume. MZI lattice filters select a single channel (or act as an interleaver). When making a
wavelength demultiplexer, the footprint of an MZI-hased deviee therefore scales roughly with the n.leg(n), with
n the number of channels: more channels within an FSR requires more MZI stages per channels, and to make a
multiplexer of n channels we need hetween log(n) and n filters, depending on the design of the demultiplexer as
a cascaded or serial device. As the FSR gets smaller, smart layout of the longer MZI delays might still result in
a compact design.

For AWGs, the footprint goes up with roughly the square of the channel number n: We need more delay
lines, and the average delay line gets longer, and therefore consumes more space. When the FSR gets smaller,
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the deviee will seale inversely, and there are no straigthforward ways to reduce the footprint of the arrayed
waveguides: folding the delay lines will result in additional phase errors.

The footprint of echelle gratings increases in a similar way as the AWGs, More and longer delays will increase
the radius of the grating cirele (for a constant spreading angle of the waveguide aperture). This will result in a
quadratic increase of footprint as function of channel count n,

5. HOW TECHNOLOGY AFFECTS FILTER SCALING

The performance of the wavelength filters deteriorates with a larger number of channels (more delay lines) and
a smaller FSR. However. as we have alveady seen, the different filter architectures scale in a different way for
performance metrics such as erosstalk, insertion loss and footprint. Exactly how the performance scales depends
heavily on the technology.

Fig. 11 shows how G technology parameters affect the crosstalk and insertion loss when scaling the number
of channels and the FSR. We can see some clear trends there: arrayed waveguide gratings and MZI lattice filters
are both strongly affected by the quality of the wavegnides: absolute linewidth control, linewidth uniformity and
waveguide loss, Naturally, echelle gratings are fairly impervious to the waveguide quality, but is on the other
hand extremely sensitive to the thickness uniformity of the guiding layer, MZI lattice filters are very sensitive
to the performance of directional couplers, so the technology should be able to control narrow gaps to a high
precision. Both echelle gratings as AWGs require sufficiently small features, for the Bragg mirrors of the facets
and the spacing of the apertures in the star coupler, respeetively.

For many application, an important aspect of the performance of a filter bank, and especially a demultiplexer,
is the absolute wavelength registration. This requires a control of the physical length as well as the effective
index of the silicon waveguide. Given the sensitivity of silicon photonic wavegnides, this is exceptionally hard.
Again, we sce the same sensitivities Lo linewidth control for the AWG and MZI lattice filter, while in the echelle
arating we see a sensitivity to thickness control. However, for lattice filiers, there are techniques to stabilize the
wavelength of the filter, using different waveguides (or polarizations) in both arms,?! and this reduces the overall
sensitivity to fabrication errors, This technique could be extended to AWGs, which are also waveguide based,
but would be difficult fo implement for echelle gratings,

6. CONCLUSION
In this paper we presented a first discussion of a systematic study to compare silicon photonic wavelength filters.
We compared non-resonat FIR filters: Mach-Zehnder lattice filters, arrayed waveguide gratings, and echelle
gratings. We simulated the devices based on device properties extracted from fabricated devices and extracted
scaling trends for crosstalk, insertion loss, and device footprint. We also assessed how different aspects of the
fabrication technology affect the scaling of the filters in terms of channel count and channel spacing.
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(a) crosstalk (b) insertion loss (c) wavelength registration
A A A

D

" W | A: absolute linewidth control D: linewidth unifermity
. o B: layer thickness uniformity E: minimum feature size
C: wavegulde loss F: narrow gap control

Pigure 11, Impact of fabrication technology capability on the scaling performance of the different filters. The further
outward, the more an aspect of the abrication technology limits the scaling of the filter. (a) Crosstalk, (h) Insertion loss,
and (¢) wavelength accuracy.
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