Improved arrayed-waveguidegrating layout
avoiding systematic phase errors
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Abstract: We present a detailed description of an improved arrayed
waveguidegrating (AWG) layout for both, low and high diffraction orders.
The novel layotipresents identical bends across the entire array; in this way
systematic phase errors arising from different bends that are inherent to
conventional AWG designs are completely eliminated. In addition, for high
order AWGs our design results in more th&@34breduction of the occupied
area on the wafer. We present an experimental characterization of a low
order device fabricated according to this geometry. The device has a
resolution of 5.5 nm, low intrinsic losses (< 2 dB) in the wavelength region
of interest for the application, and is polarization insensitive over a wide
spectral range of 215 nm.
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1. Introduction

The arrayedvaveguide grating (AWG) was first proposed by Smit in 1988 dnd
subsequently reported by Takahashal.in 1990 P] and Dragone in 19913]. Since then it

has developed intone of the most important devices in integrated optics. Its imad]ranfl
dispersive properties make it an ideal device for wavelength separation in wavelength
division-multiplexing and spectroscopic applications. The working principle of the AWG is
briefly described referring tbig. 1(a)
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Fig. 1. (Color online) (a) Schematic layout of an AWG and (b) schematic of a Rowland grating
mounting where the dots indicate the positions of the arrayed waveguides arranged such that
the chords have equal projexts on the y axis.

Light from an input channel waveguide is guided to a-fagation region (FPR)
where it diffracts in the horizontal direction and is coupled to an array of channel waveguides
which are arranged on a circle of radRggrating line)equal to the length of the FPR. On
this circle the arrayed waveguides are spaced by a gententer distancd << R. Due to the
limited number of arrayed waveguides, part of the light is lost to the sides of the array
(spillover losses). This arrangenteoomprising the input channel, the FPR, and the array of
collecting waveguides forms a 1 M star coupler which couples the light from one input
waveguide intoN arrayed waveguides. The arrayed waveguides have a linearly increasing
length, and thelengtthi f f er ence bet ween Lamgng,ovbenetnisamavegui des
integer,a. is the central wavelength of the AWG, angl is the effective refractive index of
the arrayed waveguides at the central wavelength. Light exiting from the array esgemnd
FPR where the output terminations of the arrayed waveguides are again arranged on a circle
with radiusR (as for the input FPR). The center of this circle coincides with the entrance facet
of the central output channel of the AWG. With this arrang@imwhen light at wavelength
is sent through the input channel, a circular wave front is generated at the output of the array,
and the light is focused into the central output channel. For light at a different wavekength (

&) the circular wave front generated at the outpuitisdt with respect to the one fex, and

the focal spot is located at a different spatial position. Output channels can be placed at
different positions at the output of the second FPR to collect individual spectral components
of the input signal. The digm just described makes use of a constant angular spacing between
the arrayed waveguides. An alternative approach, which has the advantage of reduced
aberrations is the Rowland mounting] where the arrayed waveguides, instead of being
positioned at a awstant angular spacing, are positioned such that chords (or center to center
distances) have a constant projection onhaxis, as shown irrig. 1(b) In this type of
mounting the input and output channels are positioned on a circle (Rowland circlg)iand
towards the centet of the grating line. The Rowland circle has a radiuB/8fand is tangent

to the grating line irC.

A typical cause of degradation in the response of an AWG is the presence of phase errors
across the arrayed waveguides; theselmregarded as deviations of the optical path lengths
from the designed values and can be divided into two categories. The first category comprises
phase errors that arise from the device fabrication process; these phase errors are caused by



random varitions in the waveguide width, which depend on the resolution of the mask used

in the photolithographic proces$][ as well as waveguide sidgeall roughness and nen
uniformities of the guiding layer properties, such as its refractive index and thicktheBkq

second category includes systematic phase errors due to the design of differently bent sections
in the arrayed waveguides. In each bend light experiences an effective refractive index which
is a function of the bending radius. Usually, the diffeeehetween the effective indices in the
straight and bent sections of an arrayed waveguide is very small (between 3and @ x

10% ; however, when the arrayed waveguide bends ove
bending radius, the induced pkadeviation from the designed value may become significant.

In particular, in conventional AWG layouts, such as horseshoe-ashdped AWGs{,9 in

which the bends in the arrayed waveguides all differ in radius and length, the changes in the
optical pathlength are different from waveguide to waveguide within the array, leading to a
distortion of the wave fronts in the second FPR with a consequent defocusing effect.

Systematic phase errors are predictable and can, therefore, be accounted for when
designingthe relative delays between adjacent arrayed waveguides. However, this requires
numerical simulations and may not lead to perfect cancellation of these phase errors due to
both, simulation inaccuracies and fabrication tolerances. The AWG introduced algaBak
et al. [2] consisted of identical bends (four 90° bends in each arrayed waveguide), however
the input and output sections of the arrayed waveguides were parallel to each other and not
arranged on a star coupler. The use of star couplers in AWGSrstgzroposed by Dragone
in 1991, in which two star couplers were interconnected by arrayed waveguides of unequal
lengths and with a fixed angular separati8h [n the starcoupler configuration the nexero
angle between adjacent waveguides of theyarrakes it difficult to use identical bends in the
AWG layout. A partial solution to the problem was proposed in R&fwhere only bends
with equal bending radius were used in the arrayed waveguides. This, however, did not
completely cancel the systen@aphase errors, since the lengths of the bends were not equal
across the array.

In this work we propose a new layout in which all the arrayed waveguides have identical
bends. Our design is based on arranging the arrayed waveguides with a constant angular
spacing, in this way deviating from the Rowland mounting although the input and output
channels are still positioned on the Rowland circle. This deviation, in terms of position of the
arrayed waveguides, is in general very small: as will be shown in séctlarour fabricated
device the positions of the arrayed waveguides deviate with respect to the Rowland mounting
by 165 nm maximum, which is less than the resolution of theaen mask used in the
fabrication. In sections 2 and 3, we show that the idaintiend layout can be used for both,
low-order and higlorder AWG designs; besides eliminating the systematic phase errors, in
the case of higlorder AWGs this layout presents the additional advantage of reduced area
compared to the conventional ho®oelayout. In section 4 we present experimental results
on the characterization of a broadband AWG which makes use of the novel design. This
AWG, which is designed for a specific application, has a resolution of 5.5 nm and a
polarizationindependent responser a very large spectral range of 215 nm (the maximum
observed shift between the responses for the two polarizations is a factor of 10 smaller than
the resolution).

2. The identicatbend design

As a starting point we considered the broadbandsymimetic AWG model introduced by
Adar et al. 8]. The geometry is shown Fig. 2
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Fig. 2. Antisymmetric layout of a conventional broadband arrayed waveguide grating having
N arrayed waveguides. The frpeopagatiorregions (FPRs) are indicated schematically

In this model each waveguide is composed of four straight sections interconnected by
three arcs. The layout can be divided into three parts; parts | and Il are identical but rotated

by an angle °~ + q. I'n part I rr.e:ideqdeondimqr_myed wavegui c
Two conditions are imposed on the model for the waveguides of part I: firstly, the sepgration

between adjacent waveguides on Jingis constant; secondly, the length of each waveguide

is increased with respect to that of the previous waveguide by a constant amount. In this way,
if part | is directly connected with part I, all waveguides will necessarily have the same
length. The length difference between the arrayed waveguidesadiingd by the arcs of the
interposed part (part II). A more detailed description can be four@.in [

Smaller size of the AWG can be achieved with smaller bending radii; yet, particular care
must be taken to keep the waveguide bend losses at an accépiabld.owloss curved
waveguides can be achieved by introducing-lear curvatures1l]. However, if all the
arrayed waveguides exhibit different nonlinear bends, the phase errors introduced by small
bending radii can reach significant levels. As ekd in the next section, in higirder
conventional AWGs there is a tradff between device size, losses, and systematic phase
errors, which is a key motivation for developing a layout that intrinsically avoids the latter.
Introducing the length differees only in the straight sections of the arrayed waveguides
would allow one to design bends with any desired shape without introducing systematic phase
errors to the AWG, because the same bend is used in all arrayed waveguides.

We have implemented an AW@ylout in which all the wavegdes make use of identical
bends, whil e t hlLebetiveemadjaceént whvefuidesiis ®btained incthe straight
waveguide sections. Our | 8 with the maindifference thatr ed by Adar
for low-order designs we do not use a cahpart to introduce the length differences (a central
part will be reintroduced for highrder designs, as discussed later); instead, we only use two
parts which are shown ifig. 3 A prime is used to distinguish the quantities of the right half,
seeFig. 3(b) from those of the left half, sédg. 3(a)
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Fig. 3. (Color online) (a) Left half and (b) right half of the identizahd AWG layout, where
waveguides are indicated using a bold line; (c) schematic of the complete layout in which both
halves arenterconnected.

For both halves we impose that the separatibatween two adjacent waveguides on line
| dis constant. However, for the left half we impose that the length of each waveguide is
increased with respect to the length dfe previous waveguide by the amount
-1, & +H 2, whereais an arbitrary constant; in contrast, for the right half, we impose

that I',-1,_,=DL/2- a. When both halves are connected to each other, the length difference
between adjacet ar r ayed wa L égriayodtefa gratinglotderss>e0, ismot
antts y mmetric, which is different from Adar d6s design

In Fig. 3(a)we present a schematic of the left half of the AVIRGs the radius of the FPR
andN is the total number ofreayed waveguides. For clarity, only the first waveguide 1),
which we wil/ refer to as the Or=Njaerskowce wavegui de
The angle between any two aldwhleteeranglethatthe gui des of
reference waveguide makes with the horizontal axis is indicated Bye device makes use
of only two types of bends: type 1 bends by an atjle whi | e typléThesebends by
bends are the building blocks to be used in equal nhumbers in all the arrayefliidaseAs

shown inFig. 3(a) all waveguides are bent to normal incidence onjlirte This means that
the waveguide with = 1 is bent by an anglg the waveguide with= 2 byU+ Ugand so on.
Thei™ waveguide, which is bent By+ (i 7 1 ) U, lups one bend of type 1 anil 1 bends of
type 2.

Figure 3(b)displays a schematic of the right half of the AWG. The waveguides are
numbered in the same order as on the left half; the lowest waveguide is number 1 and will be
connected to waaguide number 1 of the left half; the uppermost waveguide is nushbad
will be connected to waveguide numkiérof the left half. On the right half, waveguidé
includes one bend of type 1, wavegulié 1 has one bend of type 1 and one bend of type 2,
and so on. When we connect all the waveguides of the left half with those of the right half,
each arrayed waveguiddas the same number of bends, namely two bends of typeN iand
1 bends of type 2. Consequently, any bend type (e.g. constant bend bkneamonlinear



bend) and length can be chosen. Nevertheless, it is preferable to find a good compromise
between the length of a bend and its bending radius to reduce propagation losses as well as the
size of the device. For example, the bend of type lichwis repeated i 1 times in each
waveguide, has typically a very small length (on the orderb2®® Om) , si rlise t he angl e
typical |y Uve/Ryl103ratadedig. {).dor this reason, a small bending radius

can be used if the number of waveguities small, while a larger minimum bending radius is
preferable in case of lard¢ i.e., when many bends of type 2 are connected to each other in
sequence. For the bends of type 2, circular bends can avoiddbadd transition losses and
undesirable periodity in each waveguide (as would be the case when connecting many
nonlinear bends to each other), whereas nonlinear bends can eliminate the-tstiaégiok
transition losses introduced by circular bends. Furthermore, irimilgh-contrast waveguide
systems, an offset is usually required when interconnecting straight and bent waveguides to
reduce the mode mismatch at the junction. In this case the proposed AWG geometry gives
more flexibility in the design without leading to a higher design complexity Wean using

the conventional geometry. For example, while the conventiorsliaBed AWG has six
straightto-bend interfaces requiring the offset, the proposed AWG only requires four offsets,
since the bends of type 1 can be {iaear bends with a gradualraightto-bend transition.

The details of the geometry are discussed in the AppendiiglrB(c)we present, for clarity,

the complete layout of the AWG.

3. Design and simulation of higkhorder AWGs with the identical-bend layout

As previously anticipat the proposed identichkend layout can also be used to design-high

order AWGSs. Generally, with increasing order of the AWG the device becomes larger; for
very high orders the phase errors, in particular those arising from fabricatiamiformities,

may become so significant (tens of radians) that a procedure of photosensitive phase
compensation is necessary after device fabricafigh To limit these phase errors the device

size must be reduced; this is done by choosing a smaller value for theumirtiending

radius, which, on the other hand, results in increased losses and increased systematic phase
errors in a conventional AWG. In contrast, in the case of an ideigcad AWG it results

only in an increase of the losses.

As shown inFig. 4, the dsign of a highorder AWG using the identicddend layout is
performed by simply interconnecting the two parts that have been described in the preceding
section through an intermediate part, in order to introduce the necessary length differences.
Thei™ waveguide of the intermediate part, which is connected té"theaveguides of both,
left and right halves, is composed of two equal straight sections, with a length givieh by (

1 )L, interconnected by a curve with an angle 2 a r ld25) avinioh ¢p repeated in all

waveguides. In this way, the lengths of the waveguides of the left and right parts can even be

designed by imposingn = 0, so that they do not contribute to thath length differences

whi ¢ h, in this case, are introduced only by the
design only by the fact that it makes use of identical bends. If desired, it is also possible to

distribute the length differences overtibathe lateral and central parts.

Fig. 4. Interconnection between the left and right halves of the AWG fordridgr designs.
The terminal parts of the waveguides of the left and right halves are shown in gray, and are
numbered from 1 tdl.




One of theadvantages of the identiebénd highorder layout over the conventional layout
is that it can lead to a device with a smaller footprint. We illustrate this fact by comparing two
designs of the same AWG, one making use of the idefimadl geometry and ¢hother of the
conventional geometry. For the design we chose waveguides with the sarmeectass and
refractiveindex contrast as those described in the next section. The following parameters
were chosen for the AWG: central wavelenggls 881.53 nm, wavelength spacing between
t he out pua=0d0hremnondenh=s587@ minimum bending radiug;, = 1700 pum,

FPR radiuRR = 1126 um, separation between the arrayed waveguides at thd £FE um,

andN = 31 arrayed waveguides. Thenimum bending radius was chosen to have negligible
bending losses (below 2 x faB/cm) when taking into account the fabrication tolerances.
For both layouts we optimized the geometrical parameters to obtain compact footprints. By
calculating the areafdhe two designs (excluding the input and output channels) we obtain
approximately 5.4 cffor the conventional layout and 3.4 tior the identicabend layout

(an area reduction of 37%). Despite the reduction in area, the idevditadldesign suffers

from being longer than the conventional design. The length difference in the analyzed case
(with 31 arrayed waveguides) is only of a few millimeters, but increases linearly with the
number of waveguides.

If the device size is reduced by use of smaller bendadii at the expense of increased
losses, the identicddend design does not incur the systematic phase errors that degrade the
performance in the conventional design. In case the minimum bending radius is reduced to
850 pum, we obtain 4.5 charea for he conventional design and 2.1%or the identicalbend
design, corresponding to a reduction of the occupied area of 54%i@seé®. In this case the
bending losses (calculated accounting for fabrication tolerances) are around 0.3 dB/cm,
resulting in atotal bending loss lower than 0.1 dB for the entire device. We simulated the
effect of the systematic phase errors on these AWRBpure 6(a)shows a comparison
between the identicddend design, in which the systematic phase errors are not present, and
the conventional design. The phase errors in the conventional design produce a shift in the
central wavelength of the channels (approximately 0.002 nm), and a deformation in the
passband shape. IRig. 6(b) we overlapped the response of one output chanhehe
identicatbend AWG with the response of the same output channel of the conventional AWG
to show the effect of the phase errors on the passband shape. To better illustrate the difference
in passbands the response of the conventional AWG was shif@@@% nm such that the the
centers of the two padmnds coincide.

Conventional ~_______ommmomm=— B
o \\
: :
— ,
/

’ Identical-bend

Fig. 5. (Color online) Comparison of the conventional and iderieatl layouts in terms of
the occupied area.
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Fig. 6. (Color online) (a) Simulated effect of systematic phase errotheoresponse of an
AWG designed with the conventional layout (red line). These phase errors are not present in
the identicalbbend layout (black line). Both graphs are for the transweesdric (TE)
polarization; (b) the response of an outer channehefidenticabend AWG is overlapped

with that of the same channel of the conventional AWG to show the difference in passband.

The systematic phase errors for the two conventional AWGsryyjtk 1700 um and 850
pm, respectively, are displayed fitig. 7. The systematic phase errors are considered as the
deviations of the phase difference between each two adjacent arrayed waveguides with respect

tothe intendedvalueo (at the centr al wavelengt h)
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Fig. 7. (Color online) Calculated systematic phasersrbetween adjacent waveguides in a
conventional AWG design for the transvesdectric (TE) polarization, and for two different
values of the minimum bending radiug,. These phase errors are not present in the identical
bend design, whatever valuetbe minimum bending radius is used (green line).

4. Experimental results on a broadband AWG design

In this section we present results of the experimental characterization of a broadband AWG
that makes use of the simpler form of the identiz=d layout dscribed in section 2.

Our experimental AWG device is designed for the analysis of Raman emission from
human skin to determine its natural moisturizing factor (NMF) which is an important
parameter in skin typing for the cosmetic indusft$]] With laser &citation at a wavelength
of 785 nm and a Raman shift between 700'camd 1700 cnt, the wavelength range of
interest is between 830 and 900 nm. The application requires polarization insensitivity, a
central wavelength of the AWG of 881 nm (corresponding to the spectral position of one of
the NMF bands to be detected)das minimum resolution of 5.5 nm. Particular care must be
taken to avoid overlap between the excitation wavelehgthaged at a higher ordérand
any of the output channels; in our particular case, this translates into the requirement of a
minimum FSR geater than 115 nm. To fulfill all these requirements, we designeder&ed



AWG using lowbirefringence silicon oxynitride (SiON) channel waveguides with a, SiO
cladding. The waveguides have core and cladding refractive indexes of 1.509 and 1.454,
respetively, in transverselectric (TE) polarization. The material birefringence, defined as

the difference between the refractive indices for the transweagmetic (TM) and TE
polarizations, of SION and Sicat 8 3 0 nm.fr= 2.5 x k° and 1.0 x 10 [14],
respectively. The chosen waveguide geometry, a -@@stson of 2 um x 0.52 um, results in

low channewvavegui de b inggfec<iSnxgl®%h acess thep Raman band of
interest. Although the birefringence in the bends has a slightly diffesdue, this does not

affect the response of the identiteind AWG. When designing the AWG according to the
proposed geometry,theangle 49 A was chosen to minindze the size
@0.1° was fixed once the FPR lendg@h@4 mm and theseparatiord = 7.5 pm between the
arrayed waveguides at the FPR interface were determined. The latter two parameters are
related through the AWG design equatioBg[ t o t he output channel wavel en
which in our case is 5.5 nm. Furthermore, @@se a relatively large number of arrayed
waveguidesl = 131) as a compromise between minimizing the spillover losses and having a
reduced overall device size. The bends used in our implementation are cosine bends, where
the curvature changes continuusrom a value of zero at the input and output ports,
reaching a maximum in the center of the bend. The minimum bending radius for the type 1
bend was 1750 um to guarantee bending losses below 0.1 dB/cm (calculated accounting for
fabrication tolerances)t éhe highest wavelength in the spectral region of interest. This choice

of bending radius resulted in a bend length of 2500 um. Since the type 2 bend is repeated
many times, the change in curvature across each interconnected bend translates into a
periodiity of the effective index of the guided mode. Hence, for the bend of type 2, we chose
a much larger minimum bending radius of 5100 pm to obtain a negligible change in the
ef fect i \ng~2iln H0® acrogsdame bend. This choice resulted in a bemgth of 15

pm. The device was fabricated using aheam written mask having a minimum resolvable
feature size of 0.7 pm, and a defect density of 0.64 defectsivithmaximum defect size of

2 um. As mentioned in the introduction, the design is basedn arrangement of the arrayed
waveguides with a constant angular spacing. For this reason the condition of equal chord
projections required by the Rowland mounting is not met. However, the maximum deviation
of arrayed waveguide positions at the grafing from the Rowland mounting configuration

is about 0.16 pum. Not only is this value much smaller than t#heaen mask resolution, it is

also much smaller than the waveguide width. Therefore, in this case, our layout is a good
approximation of the Rowlanghounting geometry.

For device characterization we used the setup showfign8 Light from a Fianium
supercontinuum source (from 400 nm to 1800 nm) was sent through a polarization beam
splitter and a reglass filter (RG715) to suppress the undesiegon of the spectrum (400
715 nm). The light was then focused into the input waveguide of the AWG by a microscope
objective with a numerical aperture (NA) of 0.65 and a magnification of x 40. The spectral
response of the AWG was measured by coupling eatphut channel to a spectrometer
(IHR550 Horiba) through a singlmode fiber. The input and output slit widths of the
spectrometer were adjusted to the same value of 0.1 mm and the measurement resolution was
0.25 nm.
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Fig. 8. (Color online) Setup used ¢haracterize the AWG. PBS = polarizing beam splitter. In
the insets we present two enlarged views of the AWG layout pointing at the locations of the
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Fig. 9. Measured spectral response of the AWG for TE polarization.

The measured sponse was normalized with respect to the spectrum from a separate
reference channel on the same chip and is shown for TE polarizatfeg.i8. As can be
observed, the intrinsic losses (excluding coupling losses and propagation losses) of the AWG
are vey low, ranging from 1.1 dB for the central channel up to a maximum of 1.8 dB at the
edges of the spectral region of interest (830 to 900 nm). We estimate an error in the measured
loss value of ~2 dB since it is not possible to achieve the same couplidiia@min all the
output channels as those for the reference waveguide. We also measured the total transmission
through the device (from input fiber to output fiber) to be 9.6% at a wavelength of 832 nm.
The fiber to chip coupling efficiency was estimatedbe 70% per facet using mode overlap
calculations; the remaining 40% loss is due to propagation losses.

Figure 10displays the normalized responses for TE and TM polarizations measured for 5
central and 11 outer channels of the device. The measuredsFP3R nm, and the device is



polarization insensitive over the whole spectral range, the maximum shift between TE and
TM polarizations being 0.5 nm, which is more than 10 times smaller than the resolution.
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Fig. 10. (Color online) Normalized spectral respe of the AWG measured for both, TE and
TM polarizations, and for three different spectral regions: aj 740 nm; b) 870900 nm; c)
9301960 nm.

In Figs. 9 and 1Qve observe that for all the output channels of the AWG two shoulders
are present next toehmain peak. We also observe that the intensity of the shoulders increases
with wavelength. The shoulders can also be observed, although with lower intensity, in the 2D
beampropagatioamethod (BPM) simulation shown iRig. 11(a) The simulation is phase
error free, so the shoulders are not caused by phase errors in the design.
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Fig. 11. (a) Simulated spectral response for TE polarization using the 2Dpvepagation
method (BPM) with no phase errors, (b) with random phase errors distributed betwee800 and
degree.

We attribute the shoulders to coupling between the owutpamnels of the AWG which are
initially spaced by 6 um and then separate from each other at an angle of ~0.086 degrees. The



small separation distance was chosen in the design phasmagpemise between increased
crosstalk due to coupling and reduced size of the device and therefore lower propagation
losses. We preferred low losses and higher crosstalk since for our target application (Raman
sensing) low losses are a must while theeerar stringent specifications on the crosstalk. We
also performed 2D BPM simulations (déig. 11(b)) adding random phase errors (distributed

in the interval O 80 degrees) in all the arrayed waveguides, to show how the effect of these
errors increases the noisy background to arel®®dB, which is similar to what we observe

in the measurement.

The fabricated device has dimensions of 5 cm by 2 cm, occupying a large area on the
wafer, and for this reason the variations in the material properties and layer thickness across
the wafer cause phase errors. These can be seen by conifigrifg@ndFig. 11 We notice
that the peak width in the fabricated device is larger than in the simulations, and that there is a
small shift in the central wavelengths of the external channels with respect to the simulated
values. The presence of these fabricatielated phas errors does not enable us to
demonstrate the cancellation of the systematic phase errors arising from the use of different
bends in the fabricated device.

5. Conclusions

We have presented a detailed description of a novel layout for the design of AV&Bg of
diffraction order. The proposed layout makes use of identical bends across the entire grating,
leading to a complete cancellation of systematic phase errors which are intrinsically present in
conventional designs. We have shown that our layout ocsupiemaller area than the
conventional horsehoe layout and, through simulations, that our layout allows us to reduce
the device size more than it would be possible with a conventional design without incurring a
significant distortion of the AWG respondee to the increase of the systematic phase errors

at smaller bending radii. Furthermore, we have designed, fabricated, and characterized a
broadband AWG according to the proposed layout and demonstrated low losses and
polarization insensitivity of the dee over a wide spectral range of 215 nm in the -near
infrared spectral region.

Appendix

In this appendix we describe the design of a generic AWG according to our proposed
geometry. The procedure does not lead to a single unique design, as it involvelsest ofum
arbitrary choices, some of which are restricted by the available waveguide fabrication
technology. Other restrictions arise from topological feasibility requirements: waveguides
should be laid out in such a way that they are everywhere sufficiggpigrated from each
other and do not intersect with each other. We introduce the design equations, which will need
to be solved iteratively.

The design starts from the initial specifications (central wavelength, wavelength
resolution, FSR, waveguide geomet etc.), from which a number of parameters is
determined by use of the AWG design equatidjs guch as the lengtR of the FPR, the
arrayedwaveguide spacing at the FPR, the orden of the AWG, the number of arrayed
waveguidesN, the length differere Legp a nd Ulhetveen adjatent grveguides. The
minimum bending radius,,, that leads to acceptable bend losses is determined once the
geometry of the waveguides is known. At this point the bend of type 2 can be designed, while
the design of the lmel of type 1 is related to the andleand must be approached in an
iterative way, as discussed later. Our design depends loosely on the bend choice, since the
only bend parameter that enters the design is the chord of thé°l{eadFig. 3) for the bend
of type 1, aM(ubtskogn) fontypeé 22 nt |y o

Our AWG layout is not antsymmetric. The two halves of the AWG are different and
need to be designed in separate steps. We commence with designing the left half:



1. We arbitrarily choose initial valaefor the constard, the waveguide separati@mon

the line] d, the angld] and the lengths of the straight sectigpandly, of the first
waveguide (our reference waveguide).

2. Oncelis determined, we choose the bend oktypand, therefore, the valueRif
3. From simple geometrical relations we fiddandH (seeFig. 3.

4. For each waveguide of the left halif{ 2, N3, we determine the lengths of the
three straight sectiong, I, andly.

Step 4 is performednalytically by solving a system of three equations, which is found in
the following way. Theé™ waveguide has one bend of type 1 aiidL bends of type 2 (dotted
line in the figure) of length,y The lengths of the waveguides belonging to the left half can be
expressed as:

I, =R+, +1, +l,
I2 = R+|p2 +Ia +|q2+|Da +Ir2
(1)
[ =R+, +1, +1,+ (- D, +I

ri

Recalling that the Iengt.h“difference between two adjacent waveguides on the left half is
given bya+ L, we find a first equation by exprésg the length difference between tife
waveguide and the reference waveguidd a<lj @+ L(R):

. .a DLg ,
Ipi+|qi+|ri :(I'l)?+79+|pl+lql_(I'l)IDa' (2)

Two other equations can be derived from the requirements that the connection points of

the waveguides are all on the |irj€d and that these end points should be equidistant with a
given spacing. These equations read:

(R+1)cos(a +i 1) & Peo§ a/2 i( +1) Ja D +

vy co$i(-Da) & P Boi( 1f /2)4 IpDe O
(R+1,)sin(a +(i - )Da)+ Psin(a/2+(i - DDa)+..
4)

i-1
+1,;sin((i - DDa)+ alDPS|n((| -1- j/2)Da)=H +(i- hs=H,.
=
For each variation of) the steps 2, 3, and 4 need to be performed. Bitipg the
solutions ofEgs. (2) (4) as a function of) we find the range of angldésfor which all three
lengths are nomegative. The angl&mu s t be between 0 and "~/ 2 (an init
"/ 4; the o pUleadautothevsmallestefootptfof the left half). If no value ob)
exists for which this condition is satisfied, the initial parameters |,;, andly have to be
adjusted. The procedure requires solviNglinear systems of three equations for three
unknowns. The separati@betveen the arrayed waveguides on line must guarantee that there
is negligible coupling between the arrayed waveguides at the point where adjacent
waveguides are closest to each other. Since the arrayed waveguides are tapered as they
approach the FPR regioly should be 2 or 3 times the taper length. A large value (2 or 3
timesl,,) must be chosen fog;.
For the design of the right half, sé&. 3(b) of the AWG a similar procedure has to be
applied:



1. To determine the lengths of the straight sectiggsnd|'qy of the topmost waveguide
(the reference waveguide with numb);, we impose two conditionsrbitrary to a
degreeintended to make this second half of the AWG of similar size as the first half.
The first condition sets the length of this wanrigkg,

I'v=R+1I" yH, +I', =1, +(N-DDL/2, (5)
while the second condition is that'=H , which yields
Rsin@) +1',ysin@) +Psin@/2) =H (6)
It is straightforward to solve this set of equationsRas;, I, N, L&, P, andH have
been determined before.

2. Subsequently, we find the valuef(which is different fronD) and then proceed, as
before, by determining for each waveguide of the right ha#fNi 1,Ni 2, &, 1)
the lengths of the three stgait sectiond ', I';;, andl’;;.

Our choice of imposing similar footprints makes it more likely that, with a certain choice
of initial parameters, meaningful solutions are found for bothdsabf the AWG,
thereby reducing the iteration steps necessary to design the geometry.
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