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Quantitative Analysis of a Flat-Top Planar
Waveguide Demultiplexer
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Abstract—A three-focal-point method is used for the design of
a flat-top planar waveguide concave grating. With the Gaussian
approximation a modified formula is proposed and is compared
with the numerical model of the scalar diffraction theory by using
a design example. The sources of loss caused by the flat-top design
and the grating are taken into consideration. The optimal separa-
tion between the two outmost focal points is obtained and the spec-
tral response of the demultiplexer with a ripple below 0.04 dB is
achieved.

Index Terms—Concave grating, flat-top, planar waveguide,
three-focal-point method, wavelength-division multiplexing.

1. INTRODUCTION

OWADAYS, the increasing demand for optical band-
N widths in the optical telecommunication network is
driven by the explosive growth of Internet. Wavelength di-
vision multiplexering (WDM) systems use each wavelength
as a separate channel. With the progress of the laser and the
opto-electronic device, it is possible to have a high density of
wavelengths in a single fiber and it is known as dense wave-
length division multiplexing (DWDM). DWDM increases the
transmission capacity of a fiber by increasing the wavelength
channel numbers rather than increasing the data bit rate. There-
fore, the performance of the optical network depends greatly
on the spectral characteristics of the components it uses, such
as the crosstalk, the passband width, and the insertion loss.

Planar waveguide demultiplexers/multiplexers, such as
arrayed waveguide gratings (AWGs) and planar waveguide
concave (etched) gratings, are of recent interest for wave-
length-division-multiplexed fiber communication systems
because of their low insertion loss, low crosstalk, high possibil-
ities of mass production, and high spectral resolution. With the
progress of semiconductor process, the sizes of the electronic
or optical devices become smaller and smaller. Monolithic
integration of the electronic and optical components may
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be feasible in the future. In many cases, arrayed waveguide
gratings face the problems of larger device sizes and extreme
fabrication tolerances required for higher channel numbers
and narrower channel spacing [1]. In contrast, the sizes of
planar waveguide concave gratings can be much smaller than
that of AWGs by five times in the equivalent applications [2].
However, a conventional planar waveguide demultiplexer gives
a sharp spectral response and is temperature sensitive due to
the temperature dependence of refractive indexes of waveguide
materials, which limits the applications in the WDM system.
Many techniques [3]-[12] have been proposed to overcome the
problem by flattening the spectral response of the devices.

In this paper, a three-focal-point method, which was proposed
for a flat-top planar waveguide demultiplexer [6], is used to ob-
tain the flat-top spectral response. With a Gaussian approxima-
tion, the formula derived form the reference paper is modified to
obtain the optimal half-separation a when the spot size of each
Gaussian subimaging field is different from that for the output
waveguide mode field. The grating is divided into three inter-
leaved subgratings with different focal points and each focal
point lies on the cross-sectional line of the ending facet for the
output waveguide. Each subgrating forms subimage with ap-
proximately the same spot size and each subimage overlaps with
each other.

To obtain a flattened spectral response, the central subimage
focuses on the center of the ending facet for the output wave-
guide and the two outmost subimages are separated from each
other with the distance of 2a. For a symmetric spectral response,
the peak amplitudes of the field for the two outmost subimages
are designed to be identical. With the Gaussian field approxima-
tion, the value of the half-separation a determines the optimal
ratio of the peak amplitude for the central subimage and the out-
most subimage according to the modified formula. Moreover, a
numerical model of the scalar diffraction theory [13] is intro-
duced and used to verify the modified formula with a numerical
example. The sources of loss and dispersion characteristics are
considered in the numerical calculation.

II. MODIFIED FORMULA BASED ON GAUSSIAN APPROXIMATION

In this paper, the grating is composed of three interleaved
subgratings with different focal points and each focal point lies
on the cross-sectional line of the ending facet for the output
waveguide as shown in Fig. 1 [6]. Each subimage formed by
the corresponding subgrating overlaps with each other. With the
Gaussian field approximation, the total field distribution with
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respect to the center of the ending facet for the output waveguide
can be expressed as

" _ . 2
Bumage(f,2") =y exp [_@v +a= DS fo))]

wimago
(2" = Dy(f = f@)zl
2

image

+ Esexp [—

" 2
‘ Byexp [_(w —a=D(f = o) ] o

wimago

where F1, Fs, and F5 denote the peak amplitudes of the three
subimages, respectively, a denotes the half-separation between
the two outmost subimages, Dy denotes the spatial dispersion
coefficient of the grating along the z'’-axis, f denotes the fre-
quency of the light, fo denotes the central frequency, and Wimage
denotes the spot size of each Gaussian subimage (the spot sizes
for three subimages are approximately the same since the sub-
gratings are interleaved [6]). To obtain a symmetric spectral re-
sponse, F; and F5 are designed to be identical. The effective
half widths of the input and output waveguides for the funda-
mental modes are Winwe and Woutwg, respectively. The spec-
tral response of one channel can be obtained from the following
overlap integral over the whole cross section of the ending facet
for the output waveguide [6]
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where Eouewg(f, 2”) denotes the Gaussian mode field distribu-
tion of the output waveguide and has the form

" 2
outwg

After the operation of convolution, the spectral response can be
expressed as
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To obtain a flat spectral response, the curvature of the spectral
response in (2) at the central frequency f, should be zero, and
E5/E; can be obtained as

E2 9 a2 2(12 1
El P wiZmago + wgutwg wiZmagc + wgutwg .
(%)
This equation shows that the ratio Fo/E; is a function of the
half-separation a when the spot size of each subimage and the
effective half width of the output mode field are determined.
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Fig. 1. Schematic figure for the three-focal-point method based on the
Gaussian approximation.

III. DESIGN EXAMPLE AND NUMERICAL ANALYSIS

In this section, a planar waveguide concave grating based on
the recursive definition of facet positions is introduced [13] and
it was first proposed by McGreer in 1996. Simulation results
show that a concave grating of the classical Rowland circle de-
sign suffers from the spherical aberration more seriously than
that for the recursive-definition design [14]. The recursive-def-
inition design is more potential and predominate than other de-
signs. One least constraint function must be first defined. The
free-aberration position of each groove is determined by the so-
lution of the root for this constraint function, i.e., [13]

F(zi,y;) = r1i + 72 +imAo/neg — 710 — 720 =0 (6)

where (z;,y;) denotes the location of the vertex for the ith
groove, r;; denotes the distance between (a;,b;) and (z;, y;)
as shown in Fig. 2, m denotes the diffraction order, Ay denotes
the design wavelength, and n.g denotes the effective index of
the wave propagated in the slab waveguide. The tilt angle 6, of
the sth facet with respect to the z axis is determined by the fol-
lowing equation [13]:

OF (zi,y:) cos 0 + OF (w4, y:)

e ay sinf; = 0. @)

Light launched form the input waveguide is diffracted by
the grating, focused to the position along the imaging curve,
and guided into different output waveguides according to the
corresponding wavelengths. The focal equation of the concave
grating has the following form [15]:

cosa  cos’a  cos((f)

R 1,0 R

cos® B(f)
Tz,o(f)

where o and [ denote the incident angle and the diffraction
angle of the input Gaussian beam at the grating pole, respec-
tively, R is the effective radius of the grating. The numerical
model of the scalar diffraction theory for the concave grating in
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Fig. 2. Schematic figure of the light propagated in the slab waveguide and dif-
fracted by the concave grating.
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Fig. 3. Cross-sectional views of the input and output channel waveguides.

the planar waveguide was first proposed in 1995 [16], and the
field formula is used in our analysis

Di e inw
Eimag@(fv 'TH) =Fy Z n\/ffif’w;gﬁ + €Xp [_(7/0)2]
- C\/T1,i T2,

ssinc[kD;/2 - (sina +sin 3')] - exp [ik(r1,; + 72.4)],  (9)

where D, denotes the effective facet width of the ith grating
facet, winwg denotes the effective half width of the input wave-
guide, 7(—o < v < o) denotes the angle between the ending
facet normal for the input waveguide and light divergence to the
ith grating facet, o(= Ao/7T7eWinwg) denotes the half angle
for the Gaussian beam divergence at 1/e amplitude, & denotes
the propagation constant in the slab waveguide, o’ and 3’ de-
note the incident angle and the diffraction angle with respect to
the sth grating facet normal, respectively.

A design example of the concave grating in silica-on-silicon
is used to illustrate the three-focal-point method. The input and
output channel waveguides consist of the SiION core layer with
a6 x 6 — um? cross-sectional area surrounded by the SiO,
cladding layer as shown in Fig. 3. The slab waveguide consists
of a 6-um-thick SiON core layer with the upper 6-pm-thick and
lower 10-pm-thick SiO» cladding layers as shown in Fig. 4. The
grating is achieved by etching a trench to the lower cladding
layer and then coated with metal at the back wall. Therefore,
light is reflected, diffracted, and focused by the metalized con-
cave grating.
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Fig. 4. Side view of the slab waveguide.

The following parameters are chosen: n¢oe = 1.456 for the
refractive index of the core layer, ncladding = 1.450 for the re-
fractive index of the cladding layer, ny; = 3.476 for the refrac-
tive index of the silicon substrate at an operating wavelength of
1550.12 nm, the effective numerical aperture NA of 0.13 for the
input waveguide which is the same as that for the commercial
single-mode fiber, 81 channels in the C-band with the channel
spacing A)Xchannel = 0.4 nm (50 GHz) from 1528.77 nm to
1560.61 nm according to ITU grids [17], « = 60° for the in-
cident angle at the grating pole, the diffraction order m = 16,
d = 10 pm for the period of the grating facet blazed at an angle
obtained form (7), N = 968 for the total number of periods,
71,0 = 12,0 = 35000 pum for the distances form the end of the
input waveguide and the end of the design output waveguide
to the grating pole, and R = 67011 um for the effective ra-
dius of the grating. By using the transfer-matrix method [18],
the effective indexes of the TE and TM modes are obtained as
1.45393 and 1.45392, respectively. The propagation losses due
to the leakages to the silicon substrate for both modes are less
than 0.03 dB/cm when the thickness of the lower cladding layer
is higher than 10 pm.

The E-field distribution for the TE mode within the slab
waveguide in Fig. 4 is shown in Fig. 5. The effective half
widths, wi,wg and Wqytwe, of the input and output waveguides
for the fundamental modes along the z’ axis and the z' axis
are 4.91 pm obtained with BeamPROP software from R-Soft
and the half angle o for the beam divergence can be obtained
as 3.96°. The spot size Wimage Of €ach subimage along the z”
axis is 5.85 um (Wimage = 1.19Woutwg ). The spectral response
of each channel can be obtained from the overlap integral
over the whole cross section of the ending facet for the output
waveguide

|f Eoutwg(f7 .Z‘”) : Ei*mage(f7 .T)”)dl‘” ’
f IEoutwg(f07 13”) |2 dx’ - f |Eimage(f07 'T”)I2 dx”
(10)
where I' denotes the loss attributed to the grating or the wave-
guide including the undesired-order loss and the propagation
loss. Here, the fiber coupling loss is not considered. The unde-
sired-order loss, which comes form the diffraction of light into
undesired adjacent orders, is one of the main sources of loss.
To make a comparison between the modified formula de-
rived in (5) and the numerical modeling of the scalar diffraction
theory for the three-focal-point method, we take the TE mode

I1(f)
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Fig.5. E-field distribution for the TE mode within the slab waveguide as shown

in Fig. 4.

for example. All computer program codes for the simulation
are written in Fortran 90. If the subgratings are interleaved, the
ratio of the peak amplitudes of the subimages is approximately
equal to the ratio of the facet numbers of the corresponding sub-
gratings [6]. So we can adjust the ratio of the facet numbers of
subgrating 2 and subgrating 1 to adjust the ratio Ey/F. If the
grating pole is located at the origin of the coordinates, after de-
termining the arrayed sequence of the facets of the subgratings
the x axis coordinate position of the vertex of the sth groove can
be obtained as

Negt - (Sin a + sin )

r, = Ldk = (11)
where dj, denotes the grating period of subgrating k, m denotes
the diffraction order, A\ denotes the central wavelength of sub-
grating k, n.g denotes the effective index in the slab waveguide,
« denotes the incident angle at the grating pole, and § denotes
the diffraction angle at the grating pole. The order m for each
subgrating is identical but with the different grating period and
central wavelength to obtain a flat-top spectral response. Then
the y axis coordinate position ¥; can be obtained from the solu-
tion of the root for (6). This multigrating method in which each
subgrating has its own path-length increment and central wave-
length has also been used in the AWG device design [4].

The optimal half-separation a can be obtained when the spec-
tral response with a minimum ripple is achieved. The ripple
is defined as the maximum difference among three extremum
points within —3-dB passband of one channel. Fig. 6 shows the
ratio E5/ Fy as a function of a for the cases of the Gaussian ap-
proximation and our numerical model where the z axis is cali-
brated in Woutwg. It shows that the deviation between the two
curves becomes serious as the ratio Fy/FE; is close to unity
and the two curves have the same Fy/F; value of 0.7 when
the optimal half-separation a is 1.52wgytwg. For the case of
the Gaussian approximation, only the amplitude term of the

1.0 1 Gaussian approximation
i —m— numerical model
0.8 1
9 0.6+
=
8 1
52 0.4 1
0.2 1
0.0 1
T T T T T T 1
1.lw 12w 1.3w 1.4w 1.5w 1.6w 1.7w 1.8w
outwg outwg outwg outwg outwg outwg outwg outwg

The optimal half-separation a

Fig.6. E,/E; versus the optimal half-separation ¢ as Wimage = 1.19Woutwyg-

imaging field is taken into consideration as shown in (1). For
the case of our numerical model, both the amplitude and phase
terms of the imaging field are taken into consideration as shown
in (9). So there exists the difference between the two curves
for the cases of the Gaussian approximation and the numerical
model as shown in Fig. 6. Without considering the scattering
loss and side-wall tilt loss at the grating facet, the spectral re-
sponses of the central channel for the two cases as Eo/F; =
0.7, a = 1.52Woutwg, aNd Wimage = 1.19Woutwg are shown in
Fig. 7. The spatial dispersion coefficient in our case is Ds =
0.569 pm/GHz. The insertion loss for the case of our numer-
ical model is 4.40 dB, where 2.19 dB comes from the excess
loss for the flat-top design and 2.21 dB comes from the loss T"
in (10) which is predominated by the undesired-order term. The
—1-dB passband width for the case of the Gaussian approxi-
mation is larger than that for the case of our numerical model
due to no phase term of the imaging field being taken into con-
sideration. As mentioned in Section II, for a symmetric spec-
tral response the peak amplitudes £, and E3 are designed to be
identical with identical facet numbers. However, /1 and E5 are
slightly different due to the different effective widths of adja-
cent facets and therefore it increases the ripple in the spectral
response.

The total field distribution Ejp,,ee of the image and the field
profile Foutwg of the output fundamental mode at the ending
facet of the output waveguide are shown in Fig. 8. To obtain a
flat-top spectral response, the imaging field distribution is just
like camelback. For the case of our numerical model, the —1-dB
passband width and the crosstalk versus the ratio Eo/FE; with
the channel spacing of 50 GHz for the central channel are shown
in Fig. 9. It shows that the —1-dB passband width increases as
the ratio F'» / E1 increases, while the decreased (better) crosstalk
is obtained. The optimal half-separation a is obtained with a
minimum ripple, and the ripple is below 0.04 dB which is shown
in Fig. 10. The excess loss, the coupling loss from the slab wave-
guide to the output channel waveguide, versus the ratio Fy/F;
is shown in Fig. 11. Fig. 12 shows the spectral responses of the
central five channels with and without the flat-top designs for
the undesired-order loss of 2.21 dB. It is shown that the flattened
spectral responses can be obtained but the insertion loss will be
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Fig. 7. Flattened spectral responses of the central channel for the two cases

of the Gaussian approximation and the numerical model as Fs/FE; = 0.7,
a = 1.52w5utwg, aNd Wimage = 1.19Woutwe -
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of the output fundamental mode at the ending facet of the output waveguide.

sacrificed. The above simulation results show that the passband
width for the flat-top design can be changed by changing the
ratio E2 / E'1, which then determines the optimal half-separation
a as shown in Fig. 6. More numerical examples in Figs. 13 and
14 show that the value of the intersection point of the two curves
decreases as the spot size of the subimage decreases and the in-
tersection point falls on a point with a ratio F5/FE; of 0.5 and an
optimal half-separation a of 1.24Wqutwg 48 Wimage = Woutwe-
At the intersection point, the optimal half-separation a obtained
from (5) has the same value with that obtained from the com-
puter simulation by using our numerical model. When a changes
as Wimage changes for the assigned values of Ey/Eq and Woutwe
in (5), the intersection points of the two curves in Figs. 13 and
14 also change as w;image changes due to the different changes
of Fimage for the two cases.

The chromatic dispersion characteristic D¢ is expressed as

[6]

. de

Dc(A) = —+

12)
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where 7,4 is the group delay given by [6]
N A3 do()N)
T 2re dA

and where c is the velocity of the light in vacuum, and ®()\)
is the phase response obtained from the overlap integral

Td

(13)
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J Eimage(f, ") - E} g (f, " )dz" . The chromatic dispersion
characteristics are shown in Fig. 15 for the cases with and
without the flat-top designs. It shows that the flat-top design has
the better chromatic dispersion characteristic than that without
the flat-top design. The chromatic dispersion characteristic for
the case of the flat-top design ranges from —12.35 to 8.91 ps/nm
within the —1-dB passband width. The flat-top design has the
flatter spectral response within the passband resulting in the
slowly-changing phase response so it has the better chromatic
dispersion characteristic.

IV. CONCLUSION

In this paper, a modified formula for the three-focal-point
method is proposed and compared with a numerical model of the
scalar diffraction theory by a design example. Simulation results
show that the deviation between the two cases becomes serious
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Fig. 15. Spectral responses and the chromatic dispersion characteristics with
and without the flat-top design as Wimage = 1.19Woutwg-

as the ratio 5 / Fy approaches unity and the optimal half-sepa-
ration a can be approximately obtained using the modified for-
mula. The changed passband width can be achieved by changing
the ratio F5/ 1. The chromatic dispersion characteristic is also
considered in this paper. It is feasible to achieve the flat-top
planar waveguide concave grating using the three-focal-point
method.
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