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Abstract—The authors propose a new wavelength-dispersive
principle based on waveguide group-index modification and apply
this principle in a new type of arrayed waveguide dispersive
element based on modified group index. The element is composed
by an array of waveguides consisting of two sections with different
group indexes. We deduce the applicable dispersion formula and
demonstrate that the group-index modification can be used for
controlling or enhancing device wavelength dispersion. Two device
examples are provided. First, dispersive properties of a waveguide
array with silicon on insulator (SOI) straight waveguides with
group index modified by waveguide widening are calculated.
Then, the authors show that by placing the element with modified group index in a phased array of a conventional arrayed
waveguide grating (AWG) device, the dispersive properties of the
AWG are markedly enhanced. Dispersion-enhancement factor of
up to 60 is calculated for a compact demultiplexer designed for
SOI platform with group index modified by photonic-bandgap
effect.
Index Terms—Arrayed waveguide gratings (AWGs), silicon on
insulator (SOI) technology, waveguide arrays, wavelength division
multiplexing.

I. I NTRODUCTION

T

HE CONTINUOUS demand for Internet and telecommunication services is expected to keep driving the development of wavelength division multiplexed (WDM) networks
[1], [2]. Wavelength multiplexers and demultiplexers, capable
of combining and separating different spectral channels, are
the key components of WDM network. The planar waveguidebased mux/demux devices include arrayed waveguide gratings
(AWG) [3] and echelle grating devices [4]–[6]. State-of-the-art
silica-on-silicon AWGs become prohibitively large for devices
with higher channel counts and narrower channel spacing (CS)
[7], and the integration of different functions on a single chip
is not feasible for practical systems unless the size of the
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based photonic waveguide circuits have recently emerged as
commercially viable optoelectronic devices [8]–[10]. In siliconon-insulator (SOI) waveguide devices, several orders of magnitude reduction of device size can be achieved [11], [12] as
compared to devices based on silica-on-silicon materials. This
is possible because of a very high difference in refractive index
between the waveguide core (Si, n ∼ 3.5) and the surrounding
cladding material (typically SiO2 , n ∼ 1.5). AWG demultiplexers in SOI platform have been demonstrated [8], [11], [13], [14].
Ultracompact AWG devices using silicon wire waveguides have
recently been reported [15], [16], but practical application of
similar devices will require substantial improvements in quality
of silicon waveguides of submicrometer cross-sectional dimensions, particularly the sidewall roughness.
Since conventional AWG demultiplexers require curved
waveguides, the minimum available bend radius, which in turn
is determined by the index contrast, sets the lower limit for
the device dimensions. At the same time, AWG dispersion,
and hence minimum achievable CS, is limited by a maximum
available length difference between the waveguides in the
phased array. Here, we propose a new dispersive element
comprising the straight waveguides with sections of modified
group index that, if placed in the phase array of a conventional
AWG, can enhance dispersion properties of the latter. In
the examples shown here, the group index is modified by
changing the waveguide width or by the photonic-bandgap
effect. Recently, Kawakita et al. [17] also proposed a straight
waveguide AWG in which the refractive index is constant for
each individual waveguide while it linearly increases from
the first to the last waveguide in the phase array. The latter
is achieved by the selected area growth of the waveguide
layers, resulting in a changing waveguide thickness across
the phase array. Fabrication challenges of such approach are
obvious. These difficulties are obviated in our element because
waveguide widths can be simply modified by lithography and
no additional fabrication steps are required.
The proposed dispersive element does not necessary require
curved waveguides, hence potentially yielding low loss devices
compact in one (transversal) direction. In practical applications,
imaging of the input waveguide on the output focal line is required. This can be achieved, for example, using a conventional
AWG, a zero-order AWG geometry [see Fig. 1(a)] with relaxed
requirements on waveguide bending compared to a conventional AWG, or avoiding the bends using waveguide lenses or
mirrors. In the example described here, a conventional AWG
geometry is used for imaging and combined with our element
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Fig. 1. (a) General schematics of a demultiplexing device implementing the dispersive element in a zero order AWG geometry. (b) Schematics showing four
adjacent waveguides of the dispersive element. (c) Receiver geometry.

to enhance AWG dispersion. Another example of utilization of
the proposed dispersive element is for interleaving two AWGs
in transmission geometry of the recently suggested Fourier
transform (FT) Michelson-type AWG spectrometer. It has been
shown [18] that such FT AWG device has a markedly increased
light throughput (étendue) that is relevant in spectroscopic
applications. By interleaving two dispersive elements with different interference orders in a zero order AWG configuration,
the FT AWG device can be made in transmission geometry that
obviates the need for the relay optics and eliminates vignetting
of a reflective configuration, as explained in [18].
II. D ISPERSIVE P ROPERTY OF THE W AVEGUIDE A RRAY
Fig. 1(a) shows a general schematics of a demultiplexing
device in zero order geometry. An incoming beam from the
input waveguide is coupled through slab-waveguide combiner
(splitter) into the waveguide array and propagates through each
individual waveguide toward the output aperture. Waveguides
with modified group index forming the dispersive element are
shown in Fig. 1(b). The element can also be placed in the central
section of a conventional AWG device, as shown in Fig. 2.
First, we calculate the dispersive-element properties for a
simple case of modified group index by changing the waveguide
width. Then, we demonstrate dispersion enhancement in a
conventional AWG device by placing sections of waveguides
with a large group index in the phased waveguide array.

In the dispersive element comprising the waveguides with
modified widths, each waveguide j is divided into three different sections [see Fig. 1(b)]. The first section has a waveguide
width W0 and length Lj ; the second section is a waveguide
taper of length l ; and the third section has a modified
waveguide width W1 and length Lj . We assume that the respective widths of the Sections I and III are constant, while
their respective lengths change linearly between the adjacent
waveguides and define the length increment ∆L (∆L ) of
Section I (Section III) between the adjacent waveguides j
and j − 1 as ∆L = Lj − Lj−1 and ∆L = Lj − Lj−1 . ∆L
is constant for all the waveguides, and ∆L = −∆L. The
total length l of the dispersive element is thus maintained
constant. Adiabatic tapering Section II is identical for all
the waveguides, so that it does not affect the demultiplexer
dispersion.
The length difference ∆L of the arrayed waveguides is chosen such that the phase difference between adjacent waveguides
equals an integer multiple of 2π for the central wavelength λc of
the dispersive element. For this λc , the signals in the individual
waveguides will reach the output aperture with equal phase
modulo 2π. The dispersion of the element is due to the linearly
decreasing (increasing) lengths Lj (Lj ) of Sections I and III.
The wavelength-dependent phase shift between adjacent
waveguides produces a wavelength-dependent tilt angle of the
wavefront in the output combiner, so that different wavelengths
converge toward different points along an arc (Rowland circle)
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Fig. 2. Dispersion enhancement in a conventional AWG by group-index modification. The waveguide group index is modified in the indicated triangular-shaped
region of the phased array.

of a radius R/2 [19], [20], as it is shown in the receiver
geometry in Fig. 1(c).
We denote the effective index in waveguide Sections I and III
as n(λ, W ), with W either W0 or W1 . The phase shift ∆φ
between two adjacent waveguides is
∆φ(λ, W0 , W1 ) =

2π
(n(λ, W1 ) − n(λ, W0 )) ∆L .
λ

(1)

By requiring that the phase shift between the adjacent
waveguides is constant for all the waveguides and is equal to an
integer multiple of 2π for the central wavelength λc , we obtain
∆L (λc , m, W0 , W1 ) =

λc m
n(λc , W1 ) − n(λc , W0 )

(2)

where m is the order of the phase array.
Using (1) and (2) with angle dispersion relation (see, e.g.,
Smit and van Dam [3]) and the approximation sin(x) ∼ x, the
wavefront tilt angle θ and the free spectral range (FSR) are
θ(m, λ, W0 , W1 ) =
FSR(m, λ, W0 , W1 ) =

M (m, λc , W0 , W1 )
∆λ
nFPR da

(3)

∆λ
M (m, λc , W0 , W1 )

(4)

where nFPR is the effective mode index in the free propagating
slab-waveguide region, and da is the waveguide pitch where
the array joins the output combiner [see Fig. 1(c)]. Here, we
have considered the Taylor expansion to the first order in
∆λ = λ − λc . M in (3) and (4) is the modified grating order
defined by
M (λc , m, W0 , W1 ) = m

ng (λc , W1 ) − ng (λc , W0 )
n(λc , W1 ) − n(λc , W0 )

(5)

and ng (λ, W ) is the group index
ng (λ, W ) = n(λ, W ) − λ

dn(λ, W )
.
dλ

(6)

Fig. 3. Group index and effective index as a function of waveguide width.
SOI ridge waveguide, etch depth H − h = 0.5 µm, SOI with a silicon layer of
thickness H = 0.8 µm, and λc = 1550 nm.

The meaning of the modified interference order M defined
in (5) is similar to the modified grating order in a conventional AWG device [3], and it governs the device wavelengthdispersion characteristics. In addition to the parameters
determining dispersion in a conventional AWG such as (m,
nFPR , da ), here, an additional degree of freedom is provided
by adjusting the group and effective index differences in (5).
Fig. 3 shows the calculated dependence of the group index
and the effective index on waveguide width for an example
of SOI ridge waveguide etched 0.5 µm deep in 0.8-µm-thick
silicon layer.
From (5) and Fig. 3, it is observed that the (de)multiplexer
dispersion can be controlled by adjusting the group index and
the effective index values for different sections [Fig. 1(b),
Sections I and III], for example, by a proper selection of the
widths W0 and W1 of the staircase-like waveguides of the
AWG. The modification of the interference order M , and hence,
dispersion properties are a key finding of this paper. Equation (5) assumes the effect of waveguide-width modification
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Fig. 4. Angular dispersion in SOI waveguides as a function of waveguide
width W0 . W1 = 1.0 µm is constant in the calculations. Calculated modified
interference order M is also shown.

according to the schematic shown in Fig. 1(b), but it can be
generalized for any waveguide modification that results in a
change of ∆ng in the group index and of ∆n in the effective
index between the two waveguide sections
M =m

∆ng
.
∆n

(7)

The wavelength dispersion was calculated for a dispersive
element designed for the SOI platform. We assume an array of
N = 200 Si ridge waveguides etched 0.5 µm deep in 0.8 µm Si
of refractive index nSi = 3.476 at 1550 nm, an SiO2 cladding
of thickness of 1 µm, refractive index nSiO2 = 1.5, waveguide
pitch da = 3 µm, effective index in slab waveguide nFPR =
3.44, and central wavelength λc = 1550 nm. The waveguide
width is tapered to 2.5 µm before joining the slab waveguides
to reduce diffraction loss. The mode field distribution and propagation constants are calculated by a vectorial finite element
method (FEM) mode solver.
The taper length [Fig. 1(b), Section II] was assumed to
be 100 µm. Adiabatic gradual tapering between the waveguide
sections of different widths assures that loss is minimized and
no higher order modes are excited where the two waveguides
join. We studied adiabatic SOI tapers theoretically and experimentally elsewhere [21], demonstrating that for taper length
> 50 µm, both the loss penalty and the mode conversion are
negligible; hence, the taper influence was not included in the
simulation here.
Fig. 4 shows spectral dependence of dispersion angle θ
in a first order approximation according to (3). Waveguide
parameters have been chosen such that condition (2) is satisfied
for a length difference ∆L of 100 µm, keeping the size of the
dispersive-element constant.
An approximate estimate of the CS can be obtained using the
Rayleigh criterion
CS(m, W0 , W1 ) =

1.22 λc
.
N M (m, λc , W0 , W1 )

(8)

CS dependence on W0 is shown in Fig. 5 for a waveguide
width of W1 = 1 µm. Square, circle, and triangle data points
show the CS calculated for ∆L = 50, 100, and 150 µm, respectively. CS of 1 nm or less is estimated for the device geometry showed in this example. From (8) and (4), we estimate
approximate number of the output channels for a device designed for the SOI platform with the characteristics N = 200,
λc = 1550 nm, da = 3 µm, W0 = 0.3 µm, W1 = 1.0 µm,
∆L = 100 µm, hence CS = 1.4 nm yielding 442 channels
within FSR.
Fig. 6 shows the far field intensity of the dispersive element
calculated by FEM. An array of N = 200 waveguides was
assumed. The waveguide width was tapered to 2.5 µm, where
the arrayed waveguides join the output slab waveguides. A
Gaussian intensity apodization was assumed across the phased
array, as in a conventional AWG device. The calculated slit
function (dashed curve envelope in Fig. 6) corresponding to the
far-field diffraction by a single waveguide is also shown. A diffraction limited crosstalk is less than −40 dB. Detail of the farfield light distribution near θ = 0 is shown in Fig. 7. Calculated
diffraction loss at the boundary between the waveguide array
and the output slab waveguide is −1.5 dB.
Various geometries providing the imaging of the input
waveguide onto the focal curve can be combined with the
proposed dispersive element, including the zero-order AWG
suggested by Adar et al. [22], schematically shown in Fig. 1(a).
Discussion on such geometries is out of the scope of this paper.
It should be noted that the device based on the modification
of waveguide width is intrinsicaly polarization dependent due
to birefringence variation with waveguide cross-sections. For
application where polarization insensitivity is demanded, this
problem may be resolved for example by depositing a stressinducing cladding material such as stressed silicon dioxide
layer with different thickness over the respective sections.
In such case, the waveguide birefringence can be effectively
eliminated by cladding-stress-induced elastooptical effect, as
proposed by Xu et al. [23].
III. D ISPERSION E NHANCEMENT IN AWG
In the following example, we demonstrate how the proposed
method of group modification can be used to enhance the
dispersion property of an AWG demultiplexer. It can be shown
[by following similar arguments to those leading to (3) and (5)]
that by placing a triangularlike section of the waveguides with
modified group index (see Fig. 2) in a phased array of a
conventional AWG, the following relation for the dispersion
angle in the output combiner slab waveguide is obtained:
θ≈

∆λ ng ∆L + ∆ng ∆Lg
∆λ
(Mconv + M ) =
(9)
nslab Λ
nslab Λ
λc

where Mconv = ng m/neﬀ is the order of a conventional AWG
with length increment ∆L between the adjacent waveguides,
m = ∆Lneﬀ /λc , M is the interference order enhancement
factor (7) due to group-index modification, and ∆Lg is the
length difference between the adjacent waveguides with modified group index.
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Fig. 5. CS as a function of waveguide width W0 for different values of the length ∆L (see inset). Data points are calculated for W1 = 1 µm, and m values
associated to data points are shown.

Fig. 6. Far field intensity of the dispersive element. Calculated by FEM for an
array of N = 200 SOI ridge waveguides with a pitch of 3 µm.

Fig. 7. Dispersive-element far field intensity distribution near θ = 0.

Now, we calculate the dispersion enhancement due to the
element with a modified group index inserted in a nine-channel
SOI AWG device. The waveguides in the array are ridge
waveguides with a nominal width of 2 µm. The phased array
comprises 100 waveguides with a linear length increment of
∆L = 22.68 µm with a grating order of m = 49 and a modified
order M = 50, hence, with an FSR of 31 nm. Minimum separation between the arrayed waveguides is 4 µm at both ends of the
phased array. The arrayed waveguide is tapered from a nominal
width of 2 to 3 µm at the ends of the array. The calculated
linear dispersion is 0.044 µm/GHz. The separation between the
output waveguides at the output coupler focus located at
the Rowland circle is 8.8 µm, and the focal length of the
combiner (coupler) slab regions is 1.5 mm. This design gives
a Gaussian passband with a 200-GHz CS and a calculated
crosstalk of < −30 dB, a total diffraction loss of −4 dB, and
a channel nonuniformity of 0.2 dB. The same design yields
an 18-channel device at 100-GHz grid providing the separation
between the output waveguides at the Rowland circle is reduced

from 8.8 to 4.4 µm. Further design details and experimental
results have been published elsewhere [24]. Upon inserting
our dispersive element with a modified group index into the
phased array of the AWG, the modified AWG dispersion can
be estimated according to (9). It is particularly attractive to
induce the group-index modification by inserting a waveguide
section with a large group index. The latter can be obtained
near the edge of the stopband of various structures, including gratings, resonators, or photonic crystals. Fig. 8 shows
the dispersion enhancement calculated from (9) in the SOI
AWG described above by using a dispersive element with
a group-index modification as measured in photonic-bandgap
SOI waveguides recently reported by Nippon Telegraph and
Telephone (NTT) [25]. A nonlinear dependence of ng (λ) (with
∆ng ∼ 90 near 1520 nm), as in [25, Fig. 4(b)], was used for
dispersion-enhancement estimate in (9). A large enhancement
of modified order M (compared to m), and hence of AWG
angular dispersion, is observed in Fig. 8. The results shown
here are meant to illustrate the potential of the proposed
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Fig. 8. Dispersion enhancement in an AWG device by waveguide group-index
modification. Dispersive element with a modified group index by photonicbandgap effect is inserted into the phased array of a conventional AWG, as
it is schematically shown in Fig. 2. Dispersion enhancement is calculated from
(9) for Mconv = 50 and for the length differences ∆Lg between the adjacent
waveguides with modified group index of 50 and 25 µm. Data for nonlinear
dependence of ng (λ) in (9) were taken from [25].

dispersion-enhancement mechanism. The future work will address the detailed device design and optimization, including
the detailed simulation of photonic-bandgap waveguides and
mode matching between the conventional and the photonicbandgap waveguides.

IV. S UMMARY
We have proposed a new wavelength-dispersive principle
based on the waveguide group-index modification and have
shown how this principle is applied in a wavelength-dispersive
element using a waveguide array with two sections of modified
group index. An advantage of this element is its compactness
as it does not require bent waveguides. Dispersive properties
are estimated for an element implemented in an SOI platform.
It is also shown how the proposed group-index modification
can be used to markedly enhance dispersion of a conventional AWG. This is shown for an example of a conventional
AWG designed in SOI platform using the proposed dispersion
modification formula and the experimental data for groupindex modification in SOI photonic-bandgap waveguides. This
dispersive element is also relevant for a recently reported
interleaved FT Michelson-type AWG microspectrometer with
large étendue [18].
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