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(57) Abstract: An optical filter or multiplexer/demultiplexer, comprising a plurality of optical waveguides (31,32) forming a pla-
nar structure. Each optical waveguide has a total length comprising one or more first segments with a first width (Wa) and at least
one or more second segments with a second width (Wb), the first width being larger than the second width. The sum of lengths of
the one or more first segments in each optical waveguide is larger than half the total length of the waveguide.
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An optical filter or multiplexsr/demultiplexsar
The present invention relates to  optical filters and  optical
multiplexer/demultiplexers and  in particular  to  oplical  filters  and

muttiplexer/demultiptexers made in photonic integrated circuits (FICs).

BACKGROUND ART

lf is known that certain materials such as si#licon, siicon-pitride and indium
phasphide have a significant thermao-optic coefficient. This means that the index
of refraction of the material changes with a change In temperature. If a filter is
constructed using such material, the filter spectrum will fypically shift in
wavelength as the temperature changes. This thermo-optic coefficient is about
0.1 nm/*C for silicon, about 0.02 nm/°C for silicon-nitride, and about 0.1 nm/°C

for indiurn phosphide.

SUMMARY

This temperature dependency of the index of refraclion, which is typically
undesirabie, often requires thal the optical device, for example a PIC, be
temperature controlied. However, such temperature contral is typically expensive
in terms of cost as well as power consumption.

Embodiments of the invention aim at providing an optical device comprising:

- a plurality of optical waveguides forming a planar structure, each optical
waveguide having a fotal length; wherein at least one optical waveguide
comprises one or more first segments and at least one or more second
segments;

- wherein in said at least one optical waveguide each first segment has a
first width and each second segment has a second width and the first

widdth is larger than the second width; and
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wherein a sum of lengths of the one or more second segments in said at
least one oplical waveguide is shorter than half the {otal length of the waveguide.
According to some specific embodiments a total length of the second segments
in at least one waveguide is less than about 500 times of a wavelength of an
optical signal travelling within said at least one waveguide.
According to some specific embodiments a total length of the second segments
in at least one waveguide is less than about 100 times of a wavelength of an
optical signal travelling within said at least one waveguide,
According to somea specific embodiments, at least one waveguide has no second
segment.
According to some spexific embodiments the sum of lengths of the ona or mors
first segments in each optical waveguide is targer than 75% of the total length of
the waveguide.
According to a specific embodiment, at least one optical waveguide has one or
more third segments, the third segments having a third width smaller than the
first width and different from the first widlh and the second width,
According to some specific embodiments, a total length of the first segments and
the total length of the second segments vary from one waveguide to a

successive waveguide according to the following relationships:;
in,
[z J—

[AL\,?‘ =

where Aleg, is an effective optical path length difference betwesn the two
successive waveguides, n, and ny, are indices of refraction of the first segments

aadd the second segments ragpectively, T s the lampsrature, I\LE San
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absoiute value of a difference in the total length of the first segments between the
two successive waveguides and {Aly| is an absolute value the difference in the
total length of the second segments between the same successive waveguides.

According to some specific embodiments a ratio between a first product and a
second product is betwaen 0.8 and 1.2, wherein the first product is obtained from

the following formula:

wherein n, is the index of refraction of the one or more first segments, T is the
temperature and | AL | is an absolute value of a difference in the total length of
the first segments between the two successive waveguides, and

the second product is oblained from the following Tormula:

idit,

df )

wherein ny, 18 the index of refraction of the one or more second saegments, 118
the temperature and | ALy | is an absolute value the difference in the total length
of the second segiments batween the same successive waveguides.

According to some embodiments, the optical fiiter or multiplexar/demultiplexer is
an arrayed waveguide grating or an inlerferometer, for example & Mach-Zehnder
interferometer.

According to some embadiments, there is provided a photonic integrated circuit
comprising the optical filter or the optical multiplexer/demultiplexer as featured
herein.

According lo some embodiments, there is provided an optical eguipment,
comprising the optical filer or the optical multiplexer/demultiplexer or the

photonic integrated circuit as featured herein.
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BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is an exemplary schematic representation of a conventional
interferometer,

Figure 2 is an exemplary schematic representation of an interferometer made
according to a known solution,

Figure 3 is an exemplary schematic represeniation of an optical filter or

multiplexer/demultiplexer according {o some embodiments,

DETAILED DESCRIPTION

In order to belter understand the solufions provided by the embodiments of the
present invention, a brief reference to some known solutions is considerad
appropriate.

Figure 1 is an exemplary schematic representation of a conventional
interferometer, {or example a Mach-Zehnder interferometer.

The interferometer 1 of figure 1 comprises a first arm 11 having a first length and
a second arm 12 having a second length, an input port 13 for receiving an
incoming fight beam, a hght splitter 14 for sphtting the incoming hight into two
components where gach component is directed into an arm 11 or 12, Arms 11
and 12 are waveguides and have different lengths, However, arms 11 and 12
have the same width and therefore the same effective index of refraction. The
difference in length in the two arms 11, 12, causes a phase change in the light
travelling through the arms 11 and 12, The terms amm and waveguide may be
used interchangeably throughout the present specification, however they both
refer to the same element.

Therefore, the light passing though waveguide 11 is subject 1o a phase change
which is different from the light passing thorough the second waveguide 12, The

two light beams are then inpul Bl a free space propagalion region 1§ and a lght
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beam with the dasired phase change in the wavelength is output thorough output
18.

However, in practice, the index of refraction of the waveguides changea with a
change in the temperature. As already mentioned above, for certain materials
guch as silicon, silicon-nitride or indium phosphide the coefiicient of such
temperature change is significant, therefore the corresponding change in the
index of refraction may cause significant shift in the wavelength response of the
interferometer. Assuming that dn/dT is a derivate value of the change of the
index of refraction of the material with respect to temperature where n is the
index of refraction, and AT is the change in tempearature, the shift AN in the
wavealength A of the peak fransmissivity of the interferometer, may be expressed

by:

P,

In order to avoid such errors in performance, the device often needs 1o be
temperature controfled during operation, consuming significant energy.

Existing atiempts fowards solutions for controlling the temperature of silicon-
based devices typically require control circuitry which is complex and stactrical
power consumption which is costly, There are also some solutions suggesting
the use of addiional materials, such as polymers, which have a negative
thermooptic coefficient, to try to reduce or eliminate the change in the index of
refraction of the material with temperature (see. for example, K. Kashiwagi, et al.,
"Temperature insensitive silicon slot waveguides with air siot,” ECIO, paper FrD4,
2008).

Referring now to figure 2, there is shown an exemplary schiemalic represantation

of an interferometer according 1o some Known sclutions. In this example, a
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Mach-Zehnder interferometer is shown. In figure 2 like elements have been given
like reference numerals as those of figure 1.

The interferometer 1 of figure 2 comprises a first arm 11 having a first length L,
and a second arm 12 having a second length Lz Furthermore, in a similar
fashion as described in relation to figure 1, the interferomeater 1 has an input port
13 for receiving an incoming light beam, a light splitter 14 for spliting the
incoming light intor two components where each component is directed inta an
arm 11 or 12. After passing thought the waveguides 11 and 12, the two light
beams are input into a free space propagation region 15 and a light beam with
the desired phase change in the wavelength 1s output thorough output 16,
However, in the above-mentioned known scolutions, waveguides 11 and 12 hava
different widths. In the figure, waveguide 11 is shown to have a respeclive width
W, corresponding to the length Ly, whereas the waveguide 12 is shown to have a
wiclth Wz corresponding to the length L.

Different widths in the waveguides give rise to different indices of refraction.
Furthermore, as the index of refraction of the material changes with a change in
temperaturg, s0 does the waveguide confinement, thereby a narrower
waveguide, for example waveguide 12 in figure 2, has a larger dn/dT than a
wider waveguide such as for exampie waveguide 11, even though it may have a
smaller index of refraction n.

An effective optical path length of a waveguide L. may be represented by the
product of the index of refraction n and the physical length of the wavegquide L.
Therefore for the waveguide 11, Legy = n*Ly and for waveguide 12, Lagz = np™Ls.
The difference between the effective optical path lengths of waveguide 11 and
waveguide 12 may be expressed as: ALy = (nd'hy) - {(N2'Ly). However, taking

account of the change in the optical path length caused by temperature variation,
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the difference batwaen the effective optical path lengths of waveguide 11 and

waveguide 12 may be expressed as:

il ilii

&QH:{mﬁhé%ﬁTM%1~05+ _

1 £

LATY L, (1)

5 In order to make this difference independent of temperature (fe. 1o make the
device athermal) it is desired that the following eguation approximaiely holds:
i, RN

e L = e Ly (2)

In equation 2 above, AT has been cancelied from both side.

10 Soiving equations (1) and (2) for Ly and L, we obtain:

M ; L«"Jl1
g T
T -
! | = 4".".;}};: .......... (".;?;;n. («j)
”k , . AR
d7 dT
and
- Tdr
' Ly = dn in 4
;2 .: ..... : — [f . 1
dr )

Therefore for a given Algy, which is predetermined for a specific application and
specific wavelength or set of wavelengths to be fitered, mulliplexed or
demultiplexed, the lengths Ly and L; should be each approximately determined

as a function of the rate of change in the indices of refraction of the two

e
N
L)

waveguides as shown in equations 3 and 4 above. For example, Al.s may be
determined by a desired free-spectral range of a flter or oplcal
multiplexsrdemuitiplexer which s co/lales, where ¢ is the speed of light in

VACULITL.



25

WO 2011/120827 PCT/EP2011/054154

Thiss, as fong as ng * {dn/dT) = ny * (dnddT), values for 1y and {; can be found
such thal the filter or optical multiplexer/demultiplexer can uperate independent
of the temperature (athermal).

in order to determing the value of the lengths, it may be appropriate to determing
the corresponding first and second indices of refraction. This is possible by
determining the corresponding values for Wy and Wi, the waveguide widths
corresponding 1o waveguide having lengths L, and L, respectively, by using a
mode solver, such as a finite-element mode solver, and calculating the effective
index of the guided mode in a waveguide to find the index of refraction n and
then changing the indices of refraction of the materials {o simulate a change in
temperature to find the change in o with temperature.

As a practical, non-imiting example, for a silicon waveguide of about 220nm
thickness, reasonable values for W, and W2 for a wavelength of about 1550nm
are Wy =04um and Wy = 1.5um. In such a case, L/(ALg/ne) = Lf{ALgw/ny) 2 45
which is a value may be calculated using a 2-dimensional finite-element mode
salver for the waveguide cross section.

One approach is known from M. Uenuma and T. Moocoka, “Temperature-
independent silicon waveguide optical filter,” Opl. Letl., vol. 34, pp. 599-601,
2008.

This hasic concept of using waveguides of different width may be generalized to
devices where there are more than only two waveguides avaifable. One example
of such device is an arrayed waveguide grating (AWG). In such a case, in a
similar fashion as described above in relation to the two-waveguide
interferometer of figure 2, a first width is determined which would correspond to a
first index of refraction, and a second width is determined which would
correspond o a second index of refraction. One such solution is known frorm M.

Uemama and 1. Moooka, "Design of 2 temperaiwre-independent amayed
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wavequide grating on 501 substrates,” Group IV Photonics, 2007 4th 1EEE
International Conference, Sept. 2007,

In the above known solution it is observed, at least schematically from figure 1,
that 2 majority of the lengths of the waveguides in the AWG is comprised of
narrow waveguides and only certain parts (mostly straight-ling parts) are
wavegquides having wider widths. However, such a design has cerlain
drawbacks.

Cne drawback is related to the problem of reducing undesired effects of typically
unavoidable fabrication errors in etching of the aptical waveguides of the AWG.
Such errors are due to limited tolerances and typically produce random variations
in the widths of the segmenis of said wavequides. Such width errors are
undesirable because they cause errors in the effeclive refractive indices of the
waveguides.

The inventor has recognized that such fabrication ervors have a more important
impact on narrow segments of optical waveguides than on wide segments of
oplical waveguides, because refractive indices of narrower segments are
typically mare sensitive to the value of the width. For that reason, the inventor
proposes embodiments in which more than 1/2 of the lotal fength of each
waveguide of the optical filter or multiplexer/demultiplexer is wide waveguide (in
other waords less than 1/2 of the total length of the waveguide is narrow
wavequide) and preferably more than 3/4 of the {otal fength of each waveguide is
wide waveguide. {in other words less than 1/4 of the tfotal length of the
waveguide is narrow waveguide).

In some specific preferred embodiments the total fength of the narrow segments
in at least one waveguide in the interferometer is negligible (ideally about zero),
more preferably less than about 100 wavelengths, and at least less than about

500 wavetengihs, As some waveguides may have a finile length of the narrow
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waveguide segments, such criteria serve to minimize the total tength of narrow
waveguide segmenls in the entire optical filter or multiplexer/demuitiplexer, while
enabling a production of devices that are substantially inseasitive to temperature
changes.

This design has certain advantages, for example a device made based on the
above design provides improvement in the operation of the device as comparad
to known devices, because an optical filter or multiplexer/demultiplexer with wide
waveguides may have less phase error and thus has much better crosstalk and
lower insertion loss.

Generally, the more the length of the narrow waveguides as compared to the
length of the wide waveguide in one specific wavequide, the more difficult it may
hecome for the optical filter or multiplexer/demultiplexer to operate appropriately.
Furthermore the use of narrow waveguide for the portions of the waveguide that
have bends (or curves) may cause increased radiation loss in the bends and
increased scattering loss due to any roughness on the bend sidewalls.

Figwe 3 is an exemplary schematic representation of an oplical fiter or
muliiplexer/demultiplexer according to some embodiments. In the figure the basic
structure of an arrayed waveguide grating (AWG) has been shown, however it is
to be noted that the same principles as described herein in relation to the AWG
of figure 3 may be applied to other wptical filters or multiplexer/demultiplexars
such as a Mach-Zehnder interferometer in which two or more waveguides are
used.

In the AWG 30 of figure 3, each individual optical waveguide 31, 32 has one or
morsa first segments with a first width W, and one or more second segments with
a second narrower width W,,. In the figure, for simplification purposes, only one

second narraw segment Wy and only two first segments W, are shown. However
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this is aniy optional and the AWG may have any convenient number of first
segments and second segments other than what is shown in the figure.

The first and second segments are end-connected via taper regions that
preferably adiabatically change the width of the optical waveguide between the
first width W, and the second width Wy, For example, the wider first segments
may connect the corresponding optical waveguide of the AWG to planar free
space regions 33 and 34, and the narrower second segment may be located
between the wider first segments as shown in the figure. However, this is only
optional and other configurations of the wide and narrow segments of the
waveguides may also be employed within the scope of the present embodiments.
In fiqure 3, for simplification of presentation, only two waveguides 31 and 32
have been shown. However, the AWG typically may have any convenient
number of waveguides which are typically positioned successively, forming a
planar arrayed waveguide grating. This is represented in the figure by dots
between the lower 31 and the higher 32 waveguides.

As it is shown in this figure, successive optical waveguides in the AWG vary in
total length.

Also, each or sume of the successive oplical waveguides in the AWG may have
first segments of different total lengths and/or have second segments of different
lengths.

Moving from the lower waveguide 31 to the higher one 32 in the figure, from ong
waveguide to a successive waveguide, as the total path length increases, it can
be observed that the length of the second segments having narrower width Wy
decreases and the total length of the first segments having wider width WV,
increases. However, this is only exemplary, and other configuration of the
succassive waveguides may also be employed within the scope of the claimed

invention.
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In the exemplary representation of figure 3 it may be observed that the length of
the segment having width Wy, in waveguide 32 is negligible {(nearly zero), thus
satisfving the criterion of maintaining the length of the narrow waveguides at a
minimum. If the segment having width Wy were to be longer in wavequide 32, the
segment of width W, in waveguide 31 would have to be longer by the same
amount, This would increase the length of segments Wy in the filter or multiplexer
demuitiplexer, degrading its performance.
The first segments of width W, and the second segments of width W, have
respective indices of refraction n,; and ny,.
It is assumed that in one specific waveguide, say waveguide number ™" from a
tota! number of k waveguides, the total physical length of the wavegquide is
represented by L, the first segments have a total length L, and the second
segmeriis have a total length Ly In an adjacent waveguide, the total physical
length of the waveqguide, the total length of the first segments and the total length
of the second segments are respectively different. For example in the waveguide
number "i17, the total physical length of the waveguide is represented L4, the
first gegments have a total length L,y and the second segments have a total
fength Ly
It is assumed that the difference in the total length of the first segments between
the two successive waveguides mentioned above is represented by AL, (|'<\L,3|
being absolute value) and the difference in the total length of the second
segments between the same successive waveguides is represented by Aly
('ALD| being absolute value), Therefore, f the desired {and predetermined)
effective optical path length difference between the above two successive
waveguides is Al.gy, then following relationship holds:

o du

AL o= e SlATy s AL el AT AL (5)
aetos ] oo I.f'f“ ' H E .I!"," ’ : L]

rd s
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in order to make this difference independent of temperatura (athermal) it is
desired that the following equation holds (AT being canceled from both sides):
dn, dn,

— AL, = e EY% (6)

It is 1o be noted that although equation 6 represents a mathematical equality, in
practice a complete equality may not be needed in order to obtain an acceptable

nerformance of the optical device. Assuming that P1 represent the product

4 , i,
]_\I’ and P2 represents the product —

. L |AL it may be considered that as
dr o o7 o

long as the ratic between Py and P, is within an admissible range, the overall
performance of the optical device may he acceptable. Preferred values for such
admissible range may be £20%, in other words the following relationship may he
used as admissible range:

0.8 8P <1.20

Solving equations (5) and (8) for 1AL, | and |ALy| we find:

r (NJ%
;."Xlétﬁ R { 1" g
AL 1= ¢ =
dn, di | (7)
i T
JT &/T
dn
ALy *T
N A P T 8
AL dn,, dir (8)
H” S H, ;HN
il dT

Equations 7 and & provide values for the waveguide-to-waveguide change, in this
example waveguides numbar | and -1, in the fotal physical lengths of the
respective narrow and wide segments of the optical waveguides. According to
relationships (7} and (8), the total physical lengths of the individual waveguides L
in the optical filter or muitiplexer/demultiplexer may then be determined according

w the fullowing formula:
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Where k is the tfatal number of the waveguides in the opticai filter or
muttiplexerfdemultiplexer, and | is the sequential number of the waveguide in the
sequence of waveguides on the structure on which the waveguides are formed.
Mere, the sequential number t varies from 1 to k.

As already explained above with respect to equation 6 that vaiues of the preducts
P, and P> may vary within an admissible range, it follows that equations 7, 8 and
9 may also be regarded to deviate from the comgplete equation to an admissibile
range, thus representing approximate values which may vary within said
admissible range.

As already mentioned above, n and dn/dT may be calculated for each waveqguide
width using a numerical solver, such as a finite-element made solver.

In this manner, an optical filter or mulliplexer/demultiplexer may be constructed
which is operable in a manner that is substantially independent of the change in
temperature, allowing for such optical filters and muitiplexer/demultiplexers to be
made in silicon PICs without requiring any additional substantial processing steps
or materials or any substantial electrical control or power consumption. The
present solution avoids or substantially reduces the drawbacks related to the
undesired effects of unavoidable fabrication errors in etching of the optical
waveguides of the optical filter or multiplexer/demultiplexer which are typically
due to limited tolerances and typically produce random variations in the widths of
the: segments of said waveguides.

According to some alternative embodiments, one or more optical waveguides of
the optical filter or multiplexer/demultiplexer may comprise more than two
waveguide widths. For example, one or more optical waveguides may have a
third or more widths for certain lengih(s). As long as Eqgs. (7) and (8) entirely or
appraximately (within an admissible range) hold for each adjacent waveguide

palr having two respectivae segments with respective differsnt widths, the
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resulting optical filter or multiplexer/demultiplexer should provide a significantly
temperature-independent operation.

The various embodiments of the present invention may be combined as long as
such combination is compatible and/or complimentary.

As already mentioned above, the optical filter or multiplexer/demultiplexer may
be an arrayed waveguide graling or an interterometer, for example a Mach-
Zehnder interferometer. it may aiso be possible that the optical filter or
multiplexer/demuttiplexer comprises a combination of an AWG and an
interferometer.

It should be appreciated by those skilled in the art that any block diagrams herain
represent conceptual views of ilustrative circuitry embodying the principles of the

invention.
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CLAIMS

1. An optical device, comprising:
- a plurality of optical wavequides forming a planar structure, each opticat
5 waveguide having a total tength; wherein at least one optical waveguide
comprises one or more first segments and at least one or more second
segments,
- wherein in said at least one optical waveguide each first segment has a
first width and each second segment has a second width and the first
10 width is larger than the second width; and
wherein a sum of lengths of the one or more second segments in said at
leasi one optical wavequide s shorter than half the total length of the waveguide.
2. The optical waveguide of claim 1 whergin a tofal tength of the second
segments in at least one waveguide is less than about 500 times of a wavelength
15 of an optical signal travelling within said at least one waveguide.
3. The optical waveguide of claim 2 wherein a total length of the second
segments in at least one waveguide is less than about 100 times of a wavelength
of an optical signal travelling within said at l=ast one waveguide.
4, The optical waveguide of any one of the preceding claims wherein at least
20  one wavequide has no second segiment.
5. The optical device of claim 1, wherein the sum of lengths of the one or
more first segments in each optical waveguide is targer than 75% of the total
length of the waveguide.

g, The optical device of any one of the preceding claims wherein at least one

]
n

optical waveguide has one or more third segments, the third segments having a
third width smaller than the first widthy and differant fram the first width and the

second width.
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7 The optical device of any one of the preceding claims wherein a total
length of the first segments and the iotal fength of the second segments vary
from one waveguide to a successive waveguide according to the following

relationships:

- du,
a‘l\],.m.(. R .___!_;v“
FY A P —— _dT
' idn, dn,
H e T N,-: ““: -----
ey CdT
: dn
L‘-i‘(‘;:ﬁ‘( O £ .‘ ‘“.‘;‘
A
" idn, ctn
H,;' —_ oo
dT i

where Alew; is an effective optical path length difference between the two
sucocessive waveguides, n, and Ny are indices of refraction of the first segments
and the second segmenis respeclively, T is the temperature, iALBI s an
absolute value of a difference in the total length of the first segments betwesn the
two successive waveguides and |AL, | is an absolute vaiue the difference in the
total length of the second segments between the same successive waveguides.

8. The optical device of anyone of the previous claims wherein a ratio
bhetwsen a first product and a second product is between 0.8 and 1.2, wherein

the first product is obtained from the following formula:

whergin n, is the index of refraction of the one or more first segments, T is the
temperature, where |Al.| is an absolute value of a difference in the total length
of the first segments between the two successive waveguides; and

the second product is abtained from the following formula:
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wherain ny, is the index of refraction of the one or more second segments, |AL, |
is an absolute value the difference in the {otal length of the second segments
between the same successive waveguides.

9. The optical device of any one of the previous claims, wherein the optical
filter or muitiplexer/demultiplexer is an arrayed waveguide grating or an
interferometer.

10. A photonic integrated circuit comprising the oplical filter or the optical
multiplexer/demuitipiexer as claimed in any one of claims 1 {0 9.

11. An optical eguipment, comprising the optlical filter or the optical
muitiplexer/demuitiplexer of any one of claims 1 1o B or the photonic integrated

circuit of claim 10.
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