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Abstract: We present the design procedure and experimental results of thermally tun-
able double ring resonators for integrated wavelength division multiplexing applications. A
detailed analytical model specific for double rings is described, and a modified racetrack
geometry using Bezier bends is used to reduce bending loss. We demonstrate devices with
a free-spectral-range up to 2.4 THz (19 nm) around 1550 nm and nonadjacent channel
rejection higher than 35 dB. The experimental results of thermally tunable double ring res-
onators is also presented with doped silicon integrated heaters, allowing the device to be
used as a tunable filter or a switch.

Index Terms: Integrated optics, optical switches, ring resonators.

1. Introduction
Silicon photonic technology is highly promising for scalable integrated switch matrices due to its po-
tential for achieving extremely small sizes and for being complementary metal–oxide semiconductor
(CMOS)-compatible. Ring resonators have been widely used as filters and modulators providing
very compact and efficient basic switching elements [1], [2]. However, the performance of wave-
length division multiplexing (WDM) switching matrices based on a single ring add/drop filter is
fundamentally limited in terms of neighbor channel rejection for a given channel bandwidth [3], [4].
In order to improve the filter performance, the strategy may be the introduction of coupled [5]–[9] or
higher-order resonators [10]–[14], the exploitation of the Vernier effect [15], [16], or the investigation
of transmission zero engineering [17]. The aim is to simultaneously improve the pass-band flatness,
filter roll-off and channel rejection. For instance, to achieve 35 dB channel isolation, a single ring
with a Q -factor of around 5000 would yield a 1-dB bandwidth of only 14 GHz (0.112 nm) and a 3-dB
bandwidth of 27 GHz (0.213 nm) that may result too narrow for the signals commonly used in WDM
communication systems [18]. Although several previous works have demonstrated silicon based
double ring resonator filters, most of the successful demonstrations have small (around 5 nm) free-
spectral ranges (FSR). The large FSR double ring resonators reported in literature present very
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Fig. 1. Single (a) and double (b) ring schematic and relative optical microscope pictures

degradate spectra [9] or are not compatible with current standard ultra violet (UV) photolithographic
processes [19]–[21] because they need less than 100 nm gap distances and they often have a
limited channel rejection.

In a WDM system, the necessity of dropping only one channel from the WDM grid may require a
filter with a large FSR. Since the FSR is inversely proportional to the length of the ring, very small
resonators with low bend loss are required. On the other hand, the bandwidth constraint needs
large coupling coefficients.

In this paper, we describe the design procedure and the successful experimental demonstration
of order-two micro-ring filters, based on modified racetrack resonators obtained with Bezier bends
and characterized by 2.4 THz FSR and a 3 dB bandwidth of about 100 GHz (0.8 nm). These filters
are compared with single-ring filters, and show that the filtering performance of double-ring switches
in terms of propagation, insertion losses and channel rejection is robust to fabrication deviations.

The last part of this paper is focused on to the characterization of integrated thermal heater
fabricated with doped silicon. We report the successful tuning capabilities of these filters, and we
show that small fabrication deviations, which could generate slight asymmetries in the heating, can
be fully compensated by individually addressing each ring.

2. Model and Design
The add/drop ring based filters under investigation are schematically shown in Fig. 1. The single
ring filter is reported in Fig. 1(a), while in Fig. 1(b), the double ring configuration is shown. In our
analysis, we assume loss-less couplers, therefore the field cross-coupling coefficient and the field
transmission coefficient can be expressed as k = j

√
K and t = √

1 − K , respectively, where K is
the power coupling ratio [22]–[25]. The theory of single ring resonators is widely known in literature
[1], [2]. Under the hypothesis of identical ring-waveguide couplers (i.e., k1 = k2 and t1 = t2), and
negligible propagation loss, the power transmission coefficient from the input port to the drop port is

Tdrop =
�
�
�
�
E drop

E in

�
�
�
�

2

=
�
1 − t21

� 2

1 − 2t21 cos(βL ) + t41
(1)

where E in and E drop are the electric fields at the input port and at the drop port, respectively; β is the
phase constant of the mode in the ring; L is the ring length; and t1 is the field transmission coefficient
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Fig. 2. Insertion loss (a), 3-dB bandwidth (b), passband ripple (c), and channel rejection (d) as func-
tions of the bus-to-ring (K 1) and ring-to-ring coupling coefficients (K 2). The line corresponding to the
impedance matching condition is shown in white.

at the ring-waveguide section. For double ring resonators, the problem can be analytically solved
by using the transfer matrix method, which is reported in more detail in the Appendix. Assuming
identical resonators (i.e., L 1 = L 2 = L and β1 = β2 = β) and symmetric couplers (i.e., k1 = k3 and
t1 = t3), the drop response is

Tdrop =
�
1 − t21

� �
1 − t22

�

1 + 4t21t22 + t41 + 2t21 cos(2βL ) − 4t1t2 cos(βL )(1 + t21)
(2)

where t1 and t2 are the field transmission coefficients for the bus-to-ring and ring-to-ring couplers,
respectively. As we mentioned, a high-order filter shows benefits in terms of band sharpness and
neighbor channel rejection. However, these filters can also show ripples which can degrade the
added/dropped signal. Using the maximally-flat criterion (Butterworth-type filter) [5], we derived
the impedance matching condition, i.e. when the ripples are not present. Such a condition
fixes the relationship between the bus-to-ring (K 1) and the ring-to-ring (K 2) power coupling
ratios

K 2 = K 2
1

(2 − K 1)2
. (3)

The derived equation is valid also for large coupling coefficients, unlike the expressions reported
in [5] that is an approximation for low K values.

Our main simulation findings for the double ring are summarized in Fig. 2. Assuming Tdrop in (2)
as a function of K 1 and K 2, we have computed the insertion loss (IL), the 3-dB bandwidth (BW),
the passband ripple, and the channel rejection for a 200 GHz (1.6 nm) spaced channel. All these
parameters are defined in [25]. In the plots, the impedance matching condition is indicated with a
white line. At this point, it is worth making a comparison between single and double rings in terms
of the trade-off between channel rejection and bandwidth. For a FSR of 2.4 THz (∼19 nm), we
have first compared in Fig. 3 the 20-dB and 35-dB half-bandwidth �f−20 and �f−35 versus the 1-dB
half-bandwidth �f−1 for the first and second order filters, providing then an effective comparison
between the two devices. From these results, the second order filter provides a significant improve-
ment in terms of channel rejection of neighbor WDM channels when the same 1-dB bandwidth is
considered.
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Fig. 3. Limitations of single and double rings in terms of 20 dB (a) and 35 dB (b) half bandwidth versus
the 1 dB channel half-bandwidth. Definitions are shown in (c), where fR is the resonance frequency.

3. Fabrication and Characterization
The devices were fabricated at CEA-LETI on an 8 in silicon-on-insulator (SOI) wafer with 2 µm
buried oxide and 220 nm top Crystal silicon layer [26]. The silicon layer is patterned by a reactive-
ion-etching (RIE) step after deep ultra-violet 193 nm optical lithography printing. Waveguides are
covered with SiO2 by chemical vapor deposition (CVD). Single polarization grating couplers with a
shallow-etch depth of 70 nm are used for optical access to the input, through, and drop ports of the
filter. Grating coupling loss is ∼5 dB at λ=1550 nm from a reference sample. Grating coupler 3 dB
bandwidth is ∼45 nm (5.62 THz).

As we already mentioned, the constraints of bandwidth and channel rejection for WDM switching
matrices lead us to consider second order filters. In order to reach a maximum channel isolation
of 35 dB and a 200-GHz channel rejection of 20 dB, we have designed a double ring resonator
with a bus-to-ring coupling coefficient K 1 = 20% and a ring-to-ring coupling coefficient K 2 = 1.23%
that is estimated from (3). Considering a circular shape and a fully-etched waveguide (to reduce
the bending loss), it is difficult to reach large coupling values of 20% with a gap as small as 200
nm, even using curved couplers [21], [22]. For this reason, a racetrack-geometry is better suited,
as the coupler is symmetric and can be extended. Despite this, a high FSR of 2.4 THz limits the
perimeter to about 30 µm, which means bend radius smaller than 4 µm. In this case, using circular
bends would yield too high loss in the transition between the straight and curved sections. For this
reason, we designed bends with gradual curvature variation using Bezier-type bends, which have
been used in the past to reduce bend loss in silicon photonic circuits [27]–[29]. In our case, we have
used full cubic-splines 180° bends, which can be calculated using Casteljau algorithm [30] and four
node positions by using the following:

R (ζ) = (1 − ζ)3 P 0 + 3 (1 − ζ)2
ζP 1 + 3 (1 − ζ) ζP 2 + ζ3P 3 (4)

where Pi for i = 1, 2, 3, 4 are the node positions; ζ is a dimensionless parameters which varies
between 0 and 1; and R is the bend trajectory. The node positions P 0 and P 3 are the initial and final
points of the bend (the white squares in Fig. 1(b)), while P 1 and P 2 (represented with black squares
in the same figure) determine the sharpness of the bend. We define the node distance dnode as
the distance between P 0 and P 1, which is the same as between P 3 and P 2. If we normalize that
number with the effective radius, we obtain a dimensionless parameter which we call normalized
node distance δnode = dnode/Reff. This parameter is used to identify the shape of the bend, considering
that δnode = 1.3 corresponds to a bend which resembles a circular bend whose curvature radius
is of 3 µm in terms of footprint. In order to evaluate the performance of the Bezier bends, a very
high number of them have been fabricated (up to 480 bends in series), set at random distances
to suppress periodic interference. The waveguide cross section was 220 nm × 480 nm. Fig. 4
shows the total loss per bend, including transition loss, bend loss due to radiation, and loss due to
unavoidable sidewall roughness.

An improvement by a factor 3 was measured for the loss between the circular and Bezier bends,
for the 3 values of δnode parameter under investigation (1.7, 2.0, and 2.4). It is worth noting that
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Fig. 6. Measured double ring spectra for different geometries of the Bezier bends with waveguide width
of 410 nm (a). Measured double ring spectra for the different values of the waveguide width (b).

Fig. 7. Drop-port transfer function of single (blue) and double micro-rings (red). Solid lines represent the
experiments, and dashed lines, the simulations. Zero frequency corresponds to ∼1555 nm wavelength.

480 nm-wide cross section and K = 7%. Simulations, which are also included in the plot, show a
good agreement between theory and experiment. A 200 GHz-spaced channel grid is also shown,
in order to evaluate the channel rejection of each specific channel. It is clear that both channel
rejection and filter flatness are greatly improved in double rings with respect to the single ring case,
leading us to conclude that second order filters represent a more suitable solution for WDM on-chip
switching applications.
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Fig. 8. Coupled ring spectra with doped silicon heaters for distances of 0.5 µm and 0.92 µm and
waveguide width of 450 nm, in presence or absence of thermal tuning. (a) zoomed plot with the gradual
improvement in response when the asymmetry is electrically compensated for heater distance of 0.5 µm
(b) and 0.92 µm (c). In the legend of panels (b) and (c), there are the voltages applied on each ring in
thermal tuning process.

3.2 Thermal Tuning

Fig. 5 shows how the heaters of each ring have a common ground but a separate voltage input. The
purpose of this control arrangement is to guarantee the possibility of recovering slight asymmetries
in the heating efficiency that may arise from fabrication inaccuracies. If the resonators optical
paths are not identical, their resonance shift may not coincide. However the asymmetry can be
compensated applying slightly different voltages to the rings. The double ring tunable filter described
in [8] presents a single control voltage for both the rings at the price of lower FSR (12 nm) and
finesse (hence lower sensitivity to heater asymmetry). In Fig. 8, the thermal resonance red-shift is
reported for double ring resonators with 410 nm waveguide width and heater distance of 0.5 µm
and 0.92 µm. The measured resistances are respectively of 870 � and 980 �. We experimentally
proved and reported more in detail in panels (b) and (c) that the filter shape asymmetry can be fully
recovered with an electrical compensation of around 5% for both the heater distances. The tension
applied and the power consumption in each step of the tuning activity are reported in Table 1.
Different effects can contribute to the asymmetry shown in Fig. 8 including not only fabrication
inaccuracy but also non identical resistance of the two different electrical paths. It is worth noting
that the pads in the tested structures were not set at the same distance, having a possible influence
on the spectrum degradation. Further work is in progress to assess whether independent control

Vol. 9, No. 1, February 2017 6600310



IEEE Photonics Journal Large-FSR Thermally Tunable Double-Ring Filters

TABLE 1

Applied Tension and Relative Power in Thermal Tuning Activity for different Heater Distances

Heater distance (µm) Non tuned Tuning 1 Tuning 2 Tuning 3

0.5 0 V, 0 V 4 V, 4.22 V 4 V, 4.2 V 4V, 4.1 V

0 mW, 0 mW 18.92 mW, 20.22 mW 18.88 mW, 20.08 mW 18.96 mW, 19.19 mW

0.92 0 V, 0 V 4.1 V, 4.1 V 4.1 V, 4.4 V

0 mW, 0 mW 17.17 mW, 17.44 mW 17.14 mW, 19.602 mW

Fig. 9. Consumption per FSR and per ring as a function of the heater distance for p-type doped heater
coupled rings. Different curves are for different geometries of the waveguide (450 nm and 410 nm).

is needed in a packaged device. Finally, in Fig. 9, we show the power consumption per FSR
as a function of the heater distance, for waveguide widths of 450 nm and 410 nm, averaged on
the two rings of each double filter. Apart from the similarities of the spectral shapes and of the
curves in Fig. 8(a), the most relevant result is the expected improvement of the power efficiency
for heaters closer to the waveguide. Once chosen the optimum sample at the closest distance of
0.5 µm, we calculated the average tuning consumption obtaining a value of ∼36 mW/FSR per ring
(0.69 nm/mW efficiency). This means that the total consumption of the double-ring filter is twice
that value, i.e. 72 mW/FSR. We report the consumption per FSR as this number is independent on
the ring perimeter, making it more easily comparable with the literature. Indeed, the consumption
per FSR per ring in our experiments is lower or close too the ones reported in [8] and [9]. Special
processes like local substrate removal can still improve this value of a factor of more than 10, as
reported in [31].

4. Conclusion
We have shown a design procedure for a matrix switch element based on single and double ring
resonators with large FSR, together with experimental results. We first introduce the analytical
model and propose a modified racetrack-shaped geometry using Bezier bends. The performance
of passive single and double rings are then theoretically analyzed and compared. Finally we propose
an integrated heating scheme with doped silicon and we show experimental results of the tunable
filter, with negligible loss when the ring asymmetry is electrically compensated.

Vol. 9, No. 1, February 2017 6600310



IEEE Photonics Journal Large-FSR Thermally Tunable Double-Ring Filters

[6] F. Morichetti, C. Ferrari, A. Canciamilla, and A. Melloni, “The first decade of coupled resonator optical waveguides:
Bringing slow light to applications,” Laser Photon. Rev., vol. 6, no. 1, pp. 74–96, 2012.

[7] Y. Goebushi, C. Hisada, T. Kato, and Y. Kokubun, “Optical cross-connect circuit using hitless wavelength selective
switch,” Opt. Exp., vol. 6, no. 2, pp. 535–548, 2008.

[8] P. De Heyn et al., “Fabrication tolerant four-channel wavelength-division-multiplexing filter based on collectively tuned
Si microrings,” J. Lightw. Technol., vol. 31, no. 16, pp. 2785–2792, Aug. 2013.

[9] M. S. Dahlem et al., “Reconfigurable multi-channel second-order silicon microring-resonator filterbanks for on-chip
WDM systems” Opt. Exp., vol. 19, no. 1, pp. 306–316, 2011.

[10] M. A. Popovic et al., “Multistage high-order microring-resonator add-drop filters,” Opt. Lett., vol. 31, no. 17, pp. 2571–
2573, 2006.

[11] M. A. Popovic, C. Manolatou, and M. R. Watts, “Coupling-induced resonance frequency shifts in coupled dielectric
multi-cavity filters,” IEEE Photon. Technol. Lett., vol. 14, no. 3, pp. 1208–1222, Feb. 2006.

[12] P. DasMahapatra, C. Stabile, T. Rohit, Y. Kokubun, and K. A. Williams, “Optical crosspoint matrix using broadband
resonant switches,” IEEE J. Sel. Topics Quantum Electron., vol. 20, no. 4, pp. 1–10, Jul./Aug. 2014.

[13] J. D. Domnech, C. Munoz, and J. Capmany, “Transmission and group-delay characterization of coupled resonator
optical waveguides apodized through the longitudinal offset technique,” Opt. Lett., vol. 36, no. 2, pp. 136–138, 2011.

[14] D. Dai, “Passive silicon photonic integrated devices and circuits,” Adv. Photon. Congr., vol. 24, no. 11, pp. 11668–11676,
2016.

[15] R. Boeck, N. A. F. Jaeger, N. Rouger, and L. Chrowstowski, “Series-coupled silicon racetrack resonators and the
Vernier effect: Theory and measurement,” Opt. Exp., vol. 18, no. 24, pp. 25151–25157, 2010.

[16] A. Melloni and M. Martinelli, “Synthesis of direct-coupled-resonators bandpass filters for WDM systems,” J. Lightw.
Technol., vol. 20, no. 2, pp. 296–303, Feb. 1997.

[17] M. T. Wade, J. M. Shailine, J. S. Orcutt, and M. A. Popovic, “Asymmetric, pole-zero microring-resonator filters for
efficient on-chip dense WDM multiplexers,” in Proc. Integr. Photon. Res. Conf., 2013, Paper IT5A.1.

[18] M. Bahadori, S. Rumley, D. Nikolova, and K. Bergman, “Comprehensive design space exploration of silicon photonic
interconnects,” J. Lightw. Technol., vol. 6, no. 1, pp. 2975–2987, 2016.

[19] F. Xia, M. Rooks, L. Sekaric, and Y. Vlasov, “Ultra-compact high order ring resonator filters using submicron silicon
photonic wires for on chip optical interconnects,” Opt. Exp., vol. 15, pp. 11934–11938, 2007.

[20] Q. Li, M. Soltani, S. Yegnanarayanana, and A. Adibi, “Design and demonstration of compact, wide bandwidth coupled-
resonator filters on a silicon on insulator platform,” Opt. Exp., vol. 16, p. 2247, 2009.

[21] S. Xiao, M. H. Khan, H. Shen, and M. Qi, “Silicon-on-Insulator microring add-drop filters with free spectral ranges over
30 nm” J. Lightw. Technol., vol. 26, no. 2, pp. 228–236, Jan. 2008.

[22] J. Capmany and M. A. Muriel, “A new transfer matrix formalism for the analysis of fiber ring resonators: Compound
coupled structures for FDMA demultiplexing,” Electron. Lett., vol. 36, no. 4, pp. 1904–1919, 1990.

[23] A. Yariv, “Universal relations for coupling of optical power between microresonators and dielectric waveguides,” Electron.
Lett., vol. 36, no. 4, pp. 321–322, 2000.

[24] J. Capmany, P. Munoz, J. D. Domenech, and M. A. Muriel, “Apodized coupled resonator waveguides,” Opt. Exp., vol. 15,
no. 16, pp. 10196–10206, 2007.

[25] P. Pintus, P. Contu, N. Andriolli, A. D’Errico, F. Di Pasquale, and F. Testa, “Analysis and design of microring-based
switching elements in a silicon photonic integrated transponder aggregator,” J. Lightw. Technol., vol. 31, no. 24,
pp. 3943–3955, Dec. 2013.

[26] J. M. Fedeli, R. Orobtchouk, C. Seassal, and L. Vivien, “Integration issues of a photonic layer on top of a CMOS circuit,”
Proc. SPIE, vol. 6125, 2006, Art. no. 61250H.

[27] W. Bogaerts and S. K. Selvaraya,“Compact single-mode silicon hybrid rib/strip waveguide with adiabatic bends,” IEEE
Photon. J., vol. 3, no. 3, pp. 422–432, Jun. 2011.

[28] L. Chrostowski and M. Hochber, Silicon Photonics Design: From Devices to System. Cambridge, U.K.: Cambridge
Univ. Press, 2015.

[29] H. P. Bazargani, J. Flueckiger, L. Chrostowski, and J. Azana, “Microring resonator design with improved quality factors
using quarter Bezier curves” in Proc. Conf. Lasers Electro., Opt., 2015, pp. 1–2.

[30] H. Phien and N. Dejdumrong, “Efficient algorithms for Bezier curves,” Comput. Aided Geom. Design, vol. 17, no. 3,
pp. 247–250, 2000.

[31] A. Masood, M. Pantouvaki, and G. Lepage, “Comparison of heater architectures for thermal control of silicon photonic
circuits” in Proc. IEEE 10th Int. Conf. Group IV Photon., 2013, pp. 83–84.

Vol. 9, No. 1, February 2017 6600310



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


