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Arrayed waveguide grating based on Si nanowire with
two center wavelengths
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In this paper, a 23-channel arrayed waveguide grating (AWG) demultiplexer with two center wavelengths at 1550 nm and
1310 nm based on silicon nanowire has been presented. If the center wavelength is 1550 nm, the proposed structure
operates as an 8-channel demultiplexer with a channel spacing of 1.6 nm and an insertion loss of 1.1 dB. Otherwise, with
the center wavelength of 1310 nm, our structure behaves as a 15-channel demultiplexer with a channel spacing of 0.67 nm
and an insertion loss of 1.2 dB. When tapered waveguides are introduced at both ends of all waveguides, the input, the
output and the arrayed waveguides, the insertion loss reduces significantly. Therefore, transmission coefficient becomes
very desirable in our structure. Simulations are carried out using the beam propagation method. Due to the minimal
difference between the insertion loss of the center wavelength and the adjacent wavelengths, the spectral response of the
proposed structure is relatively flat for both center wavelengths. The crosstalk values for the center wavelengths of 1550 nm

and 1310 nm are respectively, -46 dB and -38 dB.
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1. Introduction

In recent years, all-optical networks have attracted
great interest. These networks are used in an optical line
terminators (OLT) or electronic switches and wavelength
division  multiplexer/demultiplexer ~ (WDM/DMUX)
networks [1]. The WDM networks are a high performance
network that can have different channels for different
purposes and increase bandwidth using multichannel
techniques. Due to the growth of the use of the Internet,
including the information transformation, multimedia
communications, e-commerce, demand for bandwidth has
increased further. One of the ways to increase bandwidth
and having more channels are to use the WDM system to
improve the network [2]. The all optical networks WDM
provides almost infinitely bandwidth with re-use of optical
fiber wavelengths [3]. To increase data transmission
capacity of optical signals in optical fibers, dense
wavelength division multiplexing (DWDM) can be used
[4].

The arrayed waveguide grating (AWG) was first
proposed by Smit [5] and further developed by Takahashi
et al. [6]. Dragone [7] introduced NxN wavelength routers,
which play an important role in multi-wavelength network
applications [8]. The AWG multiplex is widely used as a
key component in coarse wavelength division multiplexer
(CWDM) and dense wavelength division multiplexer
(DWDM) networks [9,10]. The AWG multiplex device
combines high wavelength selection with compression
design and reduction insertion loss [11]. Arrayed
Waveguide Gratings (AWGs) are considered an attractive

DWDM solution because they represent a compact means
of offering higher channel count technology, have good
performance characteristics, and can be more cost-
effective per channel than other methods [12]. The passive
optical network (PON) includes an OLT used by the AWG
[13].

The costs and the complexity of the network are
reduced significantly using arrayed waveguide grating in
the wavelength routing functions [14]. The performance
characteristics of AWGs depend on the optical properties
of the waveguide materials used. AWGs are divided into
two main groups, as far as the materials used are
concerned. One group, including rectangular waveguides
made up of for example, SiO,, Silica-on-Silicon (SoS)
[15], InP [16,17], silica [18] or polymer [19,20], has a
small difference between the refractive index of the core
and the cladding. In this group, the refractive index
difference between the core (waveguide) and the cladding
is about 0.75%, fiber coupling loss is low and is about 0.1
dB and the propagation loss is also low. However, to have
a low index contrast, a very large bending radius of the
waveguides is needed, which leads to the increase in the
dimensions of the device.

The other group, including waveguides made up of
silicon nanowires [21], Silicon-On-Insulator (SOI) [22-24]
and silicon [25], has a large difference between the
refractive index of the core and the cladding. The
refractive index difference in this group is about 58%.
This is approximately one hundred times higher than that
of typical SoS waveguides. The dimensions of the arrayed
waveguides are reduced by increasing the difference



Arrayed waveguide grating based on Si nanowire with two center wavelengths 357

between the refractive index of the core and the cladding.
Consequently, the dimensions of the arrayed waveguides
can be reduced to sub-micron scale. Therefore, with a high
refractive index difference, light guiding is possible in an
arrayed waveguide with a very small bending radius and
this leads to the smaller dimensions of the device [26].
Such compact devices can easily be implemented on-chip
and have already found applications in WDM systems
especially in metro networks [12] and also in applications
such as optical Q-switch [27]. The problem with this
structure is the coupling of light into the fiber, which leads
to high coupling losses of about 10 dB [28]. Silicon is one
of the elements that is widely found in nature; therefore,
the majority of optical communication systems use silicon-
based optical integrated circuits and systems. Using silicon
in optical integrated circuits leads to reduced speed,
increased noise, and reduced efficiency; we can use all-
optical devices in order to overcome these problems [29].

In recent years, AWG based on silicon nanowire
waveguides [30—37] has attracted much attention for its
compact size owing to the large-index-difference property
of the SOI waveguide, which allows for sharp bends.
Moreover, its fabrication is compatible with CMOS
technology, offering a promising solution for large-scale
integration with other silicon-based devices in a high-
density photonic chip [38].

Three wavelength bands with wavelengths around 850
nm, 1310 nm and 1550 nm are the considered in
telecommunication and devices operating in WDM
systems are such implemented having good performance

input waveguide

in desired wavelength [8,39]. Unlike conventional
demultiplexer which has only one center wavelength, the
proposed AWG demultiplexer operates at two center
wavelengths, namely, 1550 nm and 1310 nm. In addition,
due to using silicon nanowire waveguides, the structure is
relatively compact as compared to [39]. In [39], the
arrayed waveguides are chosen each with a width of 4 um.
The proposed structure operates at the center wavelength
of 1550 nm as an 8-channel AWG with a channel spacing
of 1.6 nm. Otherwise, it behaves as a 15-channel AWG
with a channel spacing of 0.67 nm, at the center
wavelength 1310 nm.

This paper is formed as follows, in Section 2, focuses
on AWG principle. Section 3 analysis and design of AWG
is described. In Section 4, simulation results are
investigated are presented. Finally, the Conclusions is
provide in Section 5.

2. AWG principle

As shown in Fig. 1, the structure of an arrayed
waveguide grating (AWG) demultiplexer consists of input
and output waveguides, two free propagation regions
(FPRs), and arrayed waveguides. The arrayed waveguides
are paths to connect two FPRs. Firstly the light becomes
divergent in the first FPR and then, the divergent beam is
propagated in the arrayed waveguides with different path
lengths being a function of the center wavelength and
finally reach the second FPR [40].

Fig. 1. The structure of conventional AWG demultiplexer

In the arrayed waveguides, there is a constant phase
difference between two each adjacent waveguides and this
phase difference depends on the wavelength. The optical
path length difference, AL, between two successive
waveguides in the array is constant. AL can be expressed
as follows [41]:

ml

AL =

1
Nog (M
where m is the grating order, 4, is the center wavelength of
the grating and N,y is the effective index of the arrayed
waveguide.
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3. Analysis and design of AWG

In the arrayed waveguide grating, the number of
waveguides must be designed in such a way that the low
insertion loss and flat spectral response can be achieved.
In the proposed structure, the arrayed waveguide grating
has been considered as having 8-channel with a channel
spacing of 1.6 nm. This AWG is based on silicon
nanowire with a waveguide refractive index of 3.7 and an
effective refractive index of 2.8. The arrayed waveguides
are chosen with a width of 500 nm and a height of 300 nm.
The diameter of the nanowire is 500 nm. In the proposed
structure, the multi-wavelength light after propagating
through the first FPR and through the AWG structure is
demultiplexed. The amounts of loss and the crosstalk
depend on the number of waveguides in the array. So, one
of the important criteria for having a device with good
performance is the right choice of the number of the
arrayed waveguides. Also, both ends of all waveguides,
including the input, the output and the arrayed waveguides
are tapered. In addition, the length and the width of the
tapered sections are considered to be equal to 2 pm [38]
and 1 pum [8,38], respectively. In the proposed structure, to
determine the number of channels, Eq. (2) has been used
[42].

N, = ok 2

ch ns dD ( )

Where n, are the effective index of the slab region, R is the

minimal length of the free propagation region, and the

effective index of arrayed waveguide, d is the distance

between the adjacent input arrayed waveguides, and D is
the distance between the adjacent receiver waveguides.
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To determine the number of the arrayed waveguides, Eq.
(3 and 4) has been used [42].

N =20R/d+1 3)
Therefore,
N, AAD
N=20—L"" N, +1 @)
Aod

Where 6 and 44 are the aperture angle and the channel
spacing, respectively.

After determining the number of the arrayed
waveguides, the device can be designed in such a way that
in addition to operation at the center wavelength of 1550
nm, it can also be applicable at center wavelength of 1310
nm. Therefore, the proposed structure is very suitable for
telecommunication applications. The schematic of AWG
silicon nanowire is shown in fig. 2(a). According to Fig.
2(a), in the proposed structure, the arrayed waveguide
grating (AWG) has been considered as having 8-channel
at a wavelength of 1550 nm with a channel spacing of 1.6
nm. Using the relationships outlined in the paper, we
construct a structure that works at a wavelength of 1310
nm in the form of a 15-channel demultiplexer with a
channel spacing of 0.67 nm. This AWG is based on silicon
nanowire with a waveguide refractive index of 3.7 and an
effective refractive index of 2.8. The arrayed waveguides
are chosen with a width of 500 nm and a height of 300 nm.
The diameter of the nanowire is 500 nm. The maximum
bending angle for nanowire waveguides equal to 90°. The
AWG is formed by m-shape pattern. Fig. 2(b) shows the
schematic of the output waveguides for (1b) AWG with A
= 1550 nm, (2b) AWG with Xy = 1310 nm, and (3b) the
proposed AWGs.

ABCDEFGHI JKLMNO

(1h) (2h)

d e £ g h
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(3b)

(b)

Fig. 2. Schematic of : (a) AWG Si nanowire, (b) the output waveguides for (1b) AWG with 8-channel, (2b) AWG with
15-channel, and (3b) the proposed AWGs

The following two equations for grating order m are
the most important design equations of an AWG [8,39]:

iONeﬁ,

m=—————- (5)
NgNyAA
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Ng=Nefp 20— > (6)

where N, and 44 are the group index and the channel
spacing, respectively. We considered a silicon nanowire-
based 18 AWG with 4,=1550 nm and channel spacing of
1.6 nm. Choosing 62 arrayed waveguide with width of 500
nm, which is a typical size for such a silicon nanowire-
based AWGs. If we design an AWG with above geometry,
but operating in wavelength bands around 1310 nm, we
can reach to an AWG with two central wavelengths with
combination of two AWGs. Geometrical sameness can be
shown by [8,39]

N, and N; are respectively the group refractive index of
arrayed waveguide and the effective refractive index of the
two FPRs. The parameters with prime symbol are related
to the AWG which is designed and work at the center
wavelength of 1310 nm.

According to the Egs. (5)-(10), the values of the
parameters calculated for both the 8-channel and 15-
channel AWGs are presented in the Table 1. Since the
output waveguides should not overlap one another,
therefore, the distance between the adjacent output
waveguides of the 8-channel demultiplexer is twice that of
the 15-channel demultiplexer (D=2D').

According to Eq. (1), we obtain the distance between
the proposed Arrayed waveguide grating (AWG). Given
the Eq. (2), we determine the number of AWG channels.

mly m'A The amounts of loss and the crosstalk depend on the
wa (M humber of waveguides in the array. So, one of the
important criteria for having a device with good
P performance is the right choice of the number of the
NyDd M ®) arrayed waveguides. Since loss and crosstalk are important
mAL - mAL in the structure, the number of arrayed waveguide obtained
by Eq. (3) and (4) are obtained. The second point is to
, (D'd"\ NymAAd design the structure in such a way that it can work
A= (E) Nom' ©) simultaneously on two wavelengths (1550 nm and 1310
s nm). Using Eq. (5) to (10), the structure with two distinct
;o central wavelengths are designed. The nanowire effect
N A= 20N efr (10) leads to decrease the bending radius and width of
ch m/N; waveguides, Because the structure has compact. The
governing equations do not change in structure, only
design-related values have changed.
Table 1. Design parameters for the three types of discussed AWGs
Ao (nm) AL (nm) | N N, D (um) | d(um) | AL (um) m
AWGI 1550 1.6 8 3.76 5.6 32 36.68 89
AWG2 1310 0.67 15 3.78 2.8 32 36.21 103
Proposed
AWG 1550, 1310 1.6,0.67 | 23 3.7 5.6,2.8 32 36.4 89, 103

Notably, when the center wavelength is 1550 nm, our
structure behaves as an 8-channel structure with a channel
spacing of 1.6 nm. If the center wavelength is 1310 nm,
our structure operates as a 15-channel structure with a
channel spacing of 0.67 nm. The parameters of the first
(AWGI with A = 1550 nm), second (AWG2 with A, =
1310 nm) and the new designed (Proposed AWG with A, =
1550 nm and 1310 nm) AWG demultiplexers are listed in
Table 1.

The proposed structure is very suitable for lowering
the insertion loss, making it flat and also for reducing the
crosstalk. To the extent that we have investigated the
literature, there is no report so far on such an arrayed
waveguide grating based on silicon nanowire with two
center wavelengths.

4. Simulation results
The proposed 8-channel silicon nanowire AWG has

been simulated with a center wavelength of 1550 nm,
channel spacing of 1.6 nm, bending radius of 3 pm and 62

arrayed waveguides by the beam propagation method
(BPM) under TE polarization. The sensitivity of this
structure to polarization is negligible. Thus, the output of
the proposed structure doesn’t depend on polarization.
This AWG is based on silicon nanowire with a waveguide
refractive index of 3.7 and an effective refractive index of
2.8. The length needed to make a phase difference is
calculated to be 36.4 pm. Both ends of all waveguides,
including the input, the output and the arrayed waveguides
are tapered. In addition, the length and the width of the
tapered sections are considered to be equal to 2 pm and 1
um, respectively. Simulations are performed in two stages:
(1) level input light with wavelengths around 1550 nm are
launched to the system, and the spectral response of AWG
in this regime are then -calculated; (2) light with
wavelength band around 1310 nm is launched, and the
transmission is extracted. A spectral response is obtained
by output fields total of each waveguide. For simple
analysis of spectral response, we consider crosstalk and
insertion loss using, Eqs. (11) and (12) [43,44]:
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fa
crosstalk(dB) = 10log ;o| — (11)
by
P,-P
insertionloss(dB) = 10log ((mP—tmt))
in (12)

In this case, the desired power P, and the undesired
power P, at the at the output power. Also, P,, has the
output power corresponding to the P;, input power. Fig. 3
shows the spectral response of AWG which operates at the
center wavelength of 1550 nm with a channel spacing of
1.6 nm. The spectral response of each channel is shown
with a specific color. For example, channel 5 is shown in
pink color. Insertion loss occurs due to the diffraction at
the interface of the planar waveguide and the arrayed
waveguides. This value can be obtained using the spectral
response diagram, as shown in Fig. 3. The insertion loss of
this structure is calculated to be between 1.1 - 2.1 dB.
According to the amount of insertion loss obtained, the
data transmission is about 98.9%. According to Fig. 3, the
crosstalk level for the 8-channel demultiplexer differs
from -46 to -36 dB. Due to the slight difference between
the insertion loss of the center wavelength and the adjacent
wavelengths, it can be concluded that the spectral response
of the device and the transmission are both flat.
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Fig. 3. Spectral response of AWG with Ay = 1550 nm

Using the values shown in Table 1, the 15-channel
AWG has also been simulated. Fig. 4 shows the spectral
response of the proposed 15-channel AWG.
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Fig. 4. Spectral response of AWG with A9 = 1310 nm

From this figure, the insertion loss is calculated to be
between 1.2 - 2.5 dB. Moreover, according to the same
figure, the crosstalk level for the 15-channel demultiplexer
differs from -38 to -32 dB. Table 2 shows the minimum
and maximum values of the insertion loss and the crosstalk
for both center wavelengths of 1310 nm and 1550 nm.

Fig. 5(a) and (b) shows the optical power in terms of
wavelengths for the proposed demultiplexer in two modes
TE and TM. According to these figures, the optical power
in the wavelength range is the same for both TE and TM
modes. For example, the optical power in two modes of
TE and TM at 1550 nm is -36 dB and -36.1 dB,
respectively. As a result, the structure has very low
sensitivity to the polarization.
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Fig. 5. Schematic of the optical power for variation
wavelengths both TE and TM polarization for: (a) Xy =
1550 nm, (b) 29 = 1310 nm

The 3dB bandwidth (AX34s/AL) of 8 and 15 channels
AWG demultiplexer are 68.75% and 55.22%, respectively.
Table 3 describes the comparison between the key
parameters of the proposed structures with other reported
structures. It can be seen that in comparison with other
structures reported up to now, our proposed AWG has a
better performance for both center wavelengths in terms of
both insertion loss and crosstalk.
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Table 2. Insertion loss and crosstalk for the two center wavelengths
8-channel 15-channel
min insertion(dB) 1.1 1.2
max insertion(dB) 2.1 2.5
min crosstalk(dB) -46 -38
max crosstalk(dB) -36 -32
Table 3. Comparison between the key parameters of the proposed structure with other structures
Proposed
20 23
Structure [4] [8] [16] [20] [23] [24] [25] [39] structure
Number of |, 4 7 4 16 4 8 16 8 16 27 8 15
channels
Channel 20
spacing 0.8 0.8 0.33 6.4 0.8 0.8 2 20 3.2 1.6 0.68 1.6 0.67
(nm) '
Center
wavelength 1550 | 1550.12 | 1310.12 | 1310 1550 1550 1550 1451 1550 | 1550.12 | 1310.12 1550 1310
(nm)
Si Polvm Si Si
Substrate | Nano Si Si mp | Y soI | sor | sor Si Silica | Silica | Nano | Nano
wire wire wire
Insertion 4 7.8 5 1 1.3
- 1.2
Joss (dB) 3.5 6.5 112 7 2.19 2.45 1.32 3.74 59 6.06 1.1
Crosstalk -22 -10 -24 -33 -20 -10
- - - -21.37 | - - -
(dB) 20 by 4 By 40 | -17.12 3126 | 35 Iy e 46 | -38

5. Conclusions

The proposed structure of the arrayed waveguide
grating based on silicon nanowire, has been designed and
simulated with two center wavelengths. The simulations
are performed using the beam propagation method.
Spectral response shows that 8-channel AWG with a
channel spacing of 1.6 nm works when the center
wavelength is 1550 nm. Otherwise, 15-channel AWG with
a channel spacing of 0.67 nm operates at the center
wavelength of 1310 nm. Considering the tapered
waveguides at both ends of all waveguides, including the
input, the output and the arrayed waveguides, the insertion
loss is significantly decreased. Due to the minimal
difference between the insertion loss of the center
wavelength and the adjacent wavelengths, the spectral
response of the proposed structure is relatively very flat
for both center wavelengths. The benefit of our proposed
structure for telecommunication applications is that the
value of data transmission in percentage has improved,
when compared to other reported structures. The data
transmission factor for our proposed structure is
approximately 98.9%. The crosstalk for the 1550 nm and
1310 nm center wavelengths are respectively, -46 dB and
-38 dB. The insertion loss for the 1550 nm and 1310 nm
center wavelengths are respectively, 1.1 dB and 1.2 dB.
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