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Abstract—This letter reports on 10-GHz and 20-GHz
channel-spacing arrayed waveguide gratings (AWGs) based on
InP technology. The dimensions of the AWGs are 6.8 8.2 mm�

and 5.0 6.0 mm�, respectively, and the devices show crosstalk
levels of 12 dB for the 10-GHz and 17 dB for the 20-GHz AWG
without any compensation for the phase errors in the arrayed
waveguides. The root-mean-square phase errors for the center
arrayed waveguides were characterized by using an optical vector
network analyzer, and are 18 for the 10-GHz AWG and 28 for
the 10-GHz AWG.

Index Terms—Integrated optics, semiconductor waveguides,
waveguide filters, wavelength-division multiplexing (WDM).

I. INTRODUCTION

A DVANCED wavelength-division multiplexing (WDM)
networks can benefit from high-density WDM compo-

nents in support of increased communication capacity and agile
wavelength assignment without associating with increased
chromatic- and polarization-mode dispersion effects. In par-
ticular, nonlinear optical effects and high-power consumption
in high-data rate systems are significant problems in today’s
optical systems [1]. Future ultradense WDM (UDWDM)
systems with channel separations at 12.5 GHz and below [2]
expect to find new applications requiring wavelength agile
services. Furthermore, InP-based high-resolution arrayed
waveguide gratings (AWGs) offer the possibility of integra-
tion with high-frequency electrooptical phase modulation
and electroabsorptive amplitude modulation necessary for
radio-frequency-photonic applications such as optical arbitrary
waveform generation (OAWG) [3]. The main challenge for
such UDWDM systems is the tight wavelength control of
wavelength sources, and multiplexing and demultiplexing
components. For this reason, high-resolution InP-based AWGs
are particularly attractive, because they can be monolithically
integrated with a mode-locked laser [4] or a multiwavelength
laser array (and a multiwavelength photodetector array) [5]
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Fig. 1. (a) Mask layout of the 10-GHz and (b) the 20-GHz channel-spacing
AWG, and (c) a table of the design parameters.

that simultaneously generates (detects) multiple wavelengths
at a fixed channel spacing [6]. However, the narrow-channel
spacing InP AWGs have been limited to 25-GHz spacing due
to fabrication tolerances [7]. In this work, we have designed,
fabricated, and characterized two high-resolution fabrica-
tion-tolerant InP-based AWGs: one with a channel spacing
of 10 GHz, and the other one with a of 20 GHz.

II. DESIGN

Fig. 1 shows the mask layout of the 10-GHz and the 20-GHz
channel-spacing AWGs, and a table listing the most important
design parameters. The AWGs consists of an input and an output
slab region connected by a number of arrayed waveguides that
have a fixed path-length difference from one to the next. Ide-
ally, after traversing the arms, the signal in each arm should ac-
quire a fixed linear phase increment from one to the next. How-
ever, high-resolution AWGs require very long arm lengths such
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Fig. 2. (a) SEM photograph of a fabricated low-contrast buried waveguide, and
(b) contour plots of the three supported modes (gray� fundamental mode, black
� first-order mode, white � second-order mode).

that any slight nonuniformity in the waveguide material-com-
position or dimensions due to fabrication limitations, will result
in nonuniformity of the propagation constant for the different
arms [8], which will then induce nonuniform phase distortions
at the output slab region (so-called phase errors), and lead to
AWG crosstalk degradations [9]. This letter discusses a fabri-
cation-tolerant design for high-resolution AWGs, reducing the
effect of fabrication nonuniformities.

First, as Fig. 2(a) indicates, the designed waveguides consist
of low-contrast buried waveguides with a 0.5- m (1.15) core
layer surrounded by InP. These types of buried-waveguides are
more tolerant to waveguide-width variations than, for instance,
ridge waveguides or high-mesa waveguides.

Second, as Fig. 1(a) and (b) indicates, the design exploits a
so-called box arrangement for the AWG arms [10] with a fixed
bending radius (700 m, in this case). Furthermore, each arm
will experience approximately the same total angle of curvature
as opposed to the traditional horse-shoe configuration.

Third, we have chosen a multimoded waveguide width of
4 m. Finite-difference simulations of the effective index of the
fundamental mode show that the tolerance for width variations
of a 4- m-wide waveguide is improved by a factor of two com-
pared to the standard multimoded waveguide width of 3 m.
A similar technique has been demonstrated by Bogaerts et al.
in silicon technology [11]. An additional advantage of having
a wider multimode waveguide is the reduction in propagation
loss. However, Fig. 2(b) shows that the 4- m-wide waveguide
supports three modes (the fundamental-, first-, and second-order
mode) as opposed to the two modes in 3- m-wide waveguides.

There are three main locations where higher order modes can
be excited and cause so-called ghost images at the image plane
of the AWG [12]: at the input facet while coupling light from
the fiber into the input waveguide, at the offsets from straight-to-
curved waveguides, and at the start of the AWG arms if the phase
front of the diffracted wave from the input waveguide is at a
relatively large oblique angle with respect to the arms [12].

Fig. 3(a) shows a plot of the mode mismatch as a function
of the lateral offset between each InP waveguide mode and the
mode of a commercially available lensed single-mode fiber with
a mode-field diameter (MFD) of 2.5 m. This plot shows that by
accurately positioning the fiber at the center of the waveguide,
the higher order modes are excited at 15 dB lower power than the
fundamental mode. Fig. 3(b) shows a plot of the power coupling
between the fundamental mode and the higher order modes as a
function of the offset from a straight-to-curved waveguide. This

Fig. 3. (a) Simulated mode mismatch between the different modes of our 4-�m
buried waveguide and the mode of a lensed fiber with an MFD of 2.5 �m, and
(b) a simulation of the mode conversion from the fundamental mode to the
higher order modes as a function of the straight-to-curved-waveguide offset.

plot shows that the offset can be designed such that there is at
least 35 dB lower power coupling from the fundamental mode
to the higher order modes. The angle between the phase-front of
the wave diffracted from the outermost input waveguides and the
array arms is, in our case, smaller than 1 , and therefore, we do
not expect much higher order mode excitation at the beginning
of the array arms due to oblique incident waves.

The free-spectral range of both AWGs is equal to 12 times
the channel spacing in order to restrict the size. The 10-GHz
AWG has 31 arms and beam propagation method simulations
of this AWG show a crosstalk level (i.e., the peak-to-noise ratio)
of 35 dB. The 20-GHz AWG has 42 arms and shows a crosstalk
level of 50 dB. The for the 10-GHz AWG is 719.4 m, and
the length difference between the shortest and the longest arm
is 2.23 cm ( cm for the 20-GHz AWG). The pitch be-
tween the input and output waveguides at the slab regions was
chosen as small as possible in order to restrict the size of the
AWG. On the left vertical section of the arrayed waveguides
[see Fig. 1(a) and (b)], the arms are spaced 10 m apart, and
simulations do not reveal any coupling of power between adja-
cent waveguides.

III. FABRICATION

At first, the following layers were epitaxially grown in a
metal–organic vapour-phase-epitaxial reactor on top of an
n-doped InP substrate: an n-type 1.5- m InP layer, an intrinsic
0.5- m (1.15) waveguide core layer, and a p-type 2- m InP
top cladding layer. Then, the waveguides were etched in a
Br –N reactive ion beam etcher using a 550-nm SiO layer as
an etch mask. The waveguides were etched all the way through
the (1.15) core layer, so as to eliminate any nonuniformities
due to etch-depth variations. Finally, Fe-doped semi-insulating
InP was regrown by low-pressure hydride vapour phase epitaxy
[13].

IV. RESULTS

In order to achieve high spectral resolution and phase-error-
sensitive measurements, we used an optical vector network
analyzer (OVNA) to characterize the fabricated high-resolution
AWGs [14]. The OVNA uses a continuously swept laser and
can measure the transmission intensity and phase (i.e., the
transfer function) of the AWG, from which we can calcu-
late the phase errors in each arm (by calculating the impulse
response of the AWG from the measured transfer function)
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Fig. 4. (a) Transmission spectrum of the 10-GHz and (b) the 20-GHz high-
resolution AWG for quasi-TM polarization.

Fig. 5. (a) Measured impulse response (intensity and phase) for the 10-GHz
and (b) the 20-GHz high-resolution AWG.

[15]. Fig. 4(a) and (b) shows the measured transmission spec-
trum for the 10-GHz and the 20-GHz AWG, respectively, for
quasi-transverse-magnetic (TM) polarization. The spectrum for
the quasi-transverse-electric polarization is nearly identical but
shifted in wavelength by 0.1 nm. The 10-GHz AWG shows a
crosstalk level of around 12 dB, and the 20-GHz AWG shows
a crosstalk level of 17 dB. The excess loss, with respect to
a straight waveguide across the chip, is around 10 dB for the
10-GHz AWG and around 5 dB for the 20-GHz AWG. The
waveguide propagation loss was measured by inspecting the
Fabry–Pérot fringes caused by the reflections at the facets of a
straight waveguide. The extracted waveguide propagation loss
is around 2.4 dB/cm.

Fig. 5 shows the extracted impulse response for both AWGs
(intensity and phase). The root-mean-square phase errors be-
tween the different AWG arms are 28 for the 10-GHz AWG,
and 18 for the 20-GHz AWG. Four of the array arms on the
10-GHz AWG [see Fig. 5(a)] were defective, as they show much
higher losses than their neighboring arms.

V. CONCLUSION

We have designed, fabricated, and characterized a 10-GHz
and a 20-GHz high-resolution AWG. In order to increase the

fabrication tolerances, we have used 4- m-wide multimode
buried waveguides and a box geometry for the arms. The
crosstalk levels are 12 dB for the 10-GHz and 17 dB for
the 20-GHz AWG. Compensation for the phase errors in the
arrayed-waveguide-arms can further improve the crosstalk
rejection in the future.
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