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A 32-channel wavelength division multiplexer with 100 GHz spacing is designed and fabricated by interleaving two
silicon arrayed waveguide gratings (AWGs). It has a parallel structure consisting of two silicon 16-channel AWGs with
200 GHz spacing and a Mach—Zehnder interferometer (MZI) with 200 GHz free spectral range. The 16 channels of one
silicon AWG are interleaved with those of the other AWG in spectrum, but with an identical spacing of 200 GHz. For the
composed wavelength division multiplexer, the experiment results reveal 32 wavelength channels in C-band, a wavelength
spacing of 100 GHz, and a channel crosstalk lower than —15 dB.

Keywords: wavelength division multiplexer, arrayed waveguide grating, silicon photonics, Mach—Zehnder

interferometer
PACS: 07.60.—j, 42.79.Sz, 42.82.Et, 42.25.Hz

1. Introduction

With the development of communication networks, wave-
length division multiplexer has become a crucial device due
to its role in expanding the channel capacity. The pas-
sive wavelength multiplexers in optical transmission sys-
tem mainly include microring resonator (MRR),!"? Mach—
Zehnder interferometer (MZI)[>* and arrayed waveguide
grating (AWG).>7! Since the AWG was proposed by Smit
in 1988, it has been extensively studied due to its compactness
compared to that of MRR and MZI, and it also has lower in-
sertion loss and better crosstalk performance.!3! Specifically,
a 16-channel AWG based on silicon nitride was proposed in
Ref. [10], which achieved —30 dB adjacent channel crosstalk
with 0.5 dB loss. But the footprint of the entire device ex-
ceeded 1 cm? due to the low refractive index difference. A
compact AWG was designed based on the high refractive in-
dex contrast characteristics of silicon,!'!! whose footprint was
about 400 x 600 umz. However, the adjacent channel crosstalk
was only 10 dB. Moreover, some novel designs such as fold
structure were also proposed. For example, add reflectors at
the arrayed waveguide to form a 4-channel folded AWG,[!?]
the crosstalk and insertion loss are about —20 dB and 3.5 dB,
respectively. Therefore, it is still a challenge to realize multi-
channel high performance AWG in compact footprint.

In this paper, a 32-channel wavelength division mul-
tiplexer is designed by cascading two parallel 16-channel
AWGs and an MZI. The channel spacing of 16-channel AWG

DOI: 10.1088/1674-1056/ac2d23

and FSR of MZI are both 200 GHz. The output spectra of
the two AWGs are interleaved and aligned with MZI. Thus,
a 32 channels, 100 GHz channel spacing wavelength division
multiplexer is realized.

2. Design of 32-channel wavelength division
multiplexer

Figure 1 shows the structure of the wavelength inter-
leaved wavelength division multiplexer which is composed of
an MZI and two on-chip AWGs. One AWG mainly includes
input and output waveguides, two slab waveguides and ar-
rayed waveguides. The arrayed waveguides are a group of
strip waveguides with fixed length difference. The incident
light is dispersed and output to the arrayed waveguides with
equal amplitude and phase distribution in the first slab waveg-
uide. As the length of the arrayed waveguide increases lin-
early, the phase change caused by the wavelength change lin-
early changes along the output aperture. As a result, the light is
tilted and the focus moves along the output surface of the sec-
ond slab waveguide. By placing the output waveguide in an
appropriate position, the spatial separation of different wave-
length channels can be obtained.

The parameters of AWG should follow the constraint!!!
Aone

< 20 1

= ChAlng’ M

where m is the order of the phased array, Ay is the central
wavelength, n. and ng are the effective refractive index and
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the group index of the arrayed waveguides, AA is the chan-
nel spacing of the AWG, and N, is the output number of the
AWG. In our design, the parameters are specified as N, = 16,
AA = 1.6 nm, and A9 = 1.55 um. The width of the arrayed
waveguide is 500 nm, and the input mode is the fundamen-
tal transverse electric (TEp) mode. With these parameters and
SiO; cover layer, n. = 2.446 and ny = 4.053 are derived. Ac-
cording to Eq. (1), the R of the slab waveguide can be calcu-
lated by

R— donsdyne :

AAngm

where d, = 2 is the output waveguide spacing, d, = 2 is the

(@)

arrayed waveguide spacing, and ny = 2.848 is the effective re-
fractive index of the slab waveguide. Figure 2 shows the nu-
merical simulation result obtained by IPKISS 3.5.0 with these
parameters. It can be seen that the adjacent crosstalk, which is
defined as a power leakage from a neighboring channel,!'*! is
lower than —50 dB.

output port (even) output port output port (odd)

Fig. 1. Schematic diagram of the interleaved wavelength division mul-
tiplexer.
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Fig. 2. Numerical results of silicon 16-channel AWG.

In order to implement a 32-channel wavelength divi-
sion multiplexer, we mark the outputs of AWG#1 and that of
AWGH#2 as odd channels and even channels, respectively. ]
For this purpose, we set the central wavelength of AWG#2
as A9 = 1550.8 nm. Meanwhile, we keep the m and AL un-
changed. Under these conditions, the center wavelength of
AWG will shift when the effective refractive index of the ar-
rayed waveguide changes. This wavelength shift can be calcu-

lated by

aL="% 3)

ne

Changing the width of the arrayed waveguide is a flexible
way to achieve wavelength shift, while an MZI is cascaded
with two AWGs. As above analyzed, the FSR of this MZI is
200 GHz and it can be calculated by!'®!
2

AA’fsr = Ai_ng’ 4
where AL is the arm length difference of MZI and ny = 4.053
is the group index of the arm waveguide. When Ay =
1.6 nm, we can calculate AL ~ 370 pm. The MZI is formed
by double cascaded MMIs. In order to reduce the loss intro-
duced by MZI, the width of MMI is wymp = 3.6 um and the
position of the port is at x = £wpyr/6. With this condition,
we analyze the transmission responses of MMI under different
lengths. The structure of MMI and analyze results are shown
in Fig. 3.
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Fig. 3. (a) The structure of MMI for designing MZI; (b) transmissivities
of the two output ports for MMI with different lengths; (c) total loss of
output ports for MMI with different lengths.

When the length of MMI is Ly = 15 wm, the output
powers of the two output-ports are both close to 50% and the
total loss is minimized. In addition, we also analyze the trans-
mission responses of the two output ports within the band-
width of 1500 nm—1600 nm, the results are shown in Fig. 4(a).
Based on the above optimization parameters, two MMIs are
cascaded to form an MZI. Figure 4(b) shows its transmission
response and it can be found that the insertion loss is less than
0.7 dB within the bandwidth of 40 nm.

When the MZI is cascade with AWG, the wavelength
should be aligned between two sections through the thermal
tuning embedded in the MZI part. Thermal tuning is achieved
by heating the waveguide to change its effective refractive in-
dex. Therefore, the different heating powers are applied to
tungsten to adjust the waveguide refractive index. It can be
seen from Fig. 5(a) that Aneg is proportional to the heating
power.

In addition, we also simulate the wavelength drift of
MZI under different heating powers. The result is shown in
Fig. 5(b). It can be seen that the wavelength shifts with chang-
ing the heating power.
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Fig. 4. (a) Transmission responses of through and cross ports of MMI.
(b) Transmission responses of MZI.
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Fig. 5. (a) Waveguide refractive index under different heating powers;
(b) wavelength drifts of MZI with different heating powers.

The output of this wavelength division multiplexer is ob-
tained by numerical simulation and shown in Fig. 6. It can
be found that the insertion loss and the crosstalk are less than

3.6 dB and —27 dB, respectively.
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Fig. 6. Numerical result of 32-channel wavelength division multiplexer.

3. Fabrication and tests

In order to verify the proposed design, a composed
32-channel multiplexer is fabricated by E-beam lithography.
AWG #1 and AWG #2 are fabricated with different waveguide
widths of 495 nm and 490 nm, respectively. Figure 7 shows
the experimental setup.

The scanning electron microscope (SEM) images are
shown in Fig. 8(a). Thanks to the waveguide width differ-
ence, a distinction in the effective refractive index is intro-
duced between AWGH#1 and AWG#2, resulting in a required
wavelength shift for the interleaving structure. The insertion
loss and crosstalk of the two AWGs are lower than 5 dB and
—15 dB, respectively, as shown in Figs. 8(b) and &(c).

After adjusting the FSR of MZI to 200 GHz, the transmis-
sion responses of MZI and 32 interleaved channels are mea-
sured and shown in Fig. 9. It is clear that that the crosstalk is
lower than —15 dB.

A comparison between this work and previous 16-channel
AWG:s is listed in Table 1. The footprint of our work is more
compact than that of nitride AWG, even though more channels
are realized in this proposed design. In addition, a compre-
hensive performance comparison between the fabricated 32-
channel wavelength division multiplexer and other AWGs pre-
viously reported is listed in Table 1. Our device provides 32
available wavelength channels for the first time, and excellent
specifications on crosstalk and dense wavelength spacing.

Fig. 7. The experimental setup for 32-channel wavelength division mul-
tiplexer.
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Fig. 8. (a) Microscope images of AWG. Transmission responses of the (b) AWG#1 and (c) AWGH#2.
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Fig. 9. (a) Transmission response of tunable MZI. (b) Transmission response of the 1 x 32-channel interleaved wavelength division multiplexer.

Table 1. Performance comparison of 16-channel AWG based wavelength division multiplexers.

Structure MAT CT (dB) AA (GHz) Nen Footprint

Nano-core AWG!1Y! Si3Ny -30 200 16 20 mmx 15 mm

Si wire AWG!!7} Si -20 200 16 0.4 mx0.575 um

Ultrasmall AWG!! Si -8 100 16 0.4 mmx0.43 m
Ultra-compact AWG!!8] Si -12 400 16 0.58 mmx0.77 mm

Low-loss nitride AWG!!?] SizNy -21 100 16 2.2 mmx0.7 mm
This work si —18 200 16 0.57 mmx0.68 mm

-15 100 32 1.2 mmx1.5 mm

4. Conclusion

We have designed a 32-channel wavelength division mul-
tiplexer with the channel spacing of 100 GHz. This device is
fabricated with two wavelength interleaved AWGs and a tun-
able MZI, using E-beam lithography. Experiment results show
that the crosstalk is lower than —15 dB for the 32 100-GHz
channels. Such silicon wavelength division multiplexer with
dense spacing and large channel capacity will find important
applications in optic commutations, microwave photonics, and
optical sensing.
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